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Preface

Twenty years have passed since I became a professor in the First Department
of Pathology, Hiroshima University School of Medicine. It is my great pleas-
ure that Molecular Pathology of Gastroenterological Cancer—Application to
Clinical Practice has been published by Springer-Verlag Tokyo to commemo-
rate the 20th anniversary of my professorship.

Seeing the academic achievements of our department during these 20
years, | am confident that we could establish a department of oncology to
research the pathogenesis of human cancer through systemic application of a
variety of molecular techniques. We have demonstrated that the develop-
ment and progression of esophageal, gastric, and colon cancer require mul-
tiple alterations affecting DNA mismatch repair genes, oncogenes, and
tumorsuppressor genes, and that common and uncommon genetic changes
exist for esophageal, gastric, and colorectal carcinomas. In addition to these
genetic changes, the majority of gastrointestinal cancers express telomerase
activity, with overexpression of telomerase RNA, indicating a powerful addi-
tional tool for early detection of gastrointestinal cancer.

By transferring these basic observations to the clinic, we now are able to
make accurate cancer diagnoses, thus determing the grade of malignancy and
patient prognosis. We also can identify patients at high risk for developing
cancer and create new therapeutic approaches. In fact, we have routinely
implemented a new molecular diagnosis strategy at the Hiroshima City Medi-
cal Association Clinical Laboratory since August 1993.

This book presents the latest information about molecular diagnosis strat-
egy and gastroenterological cancers. The contributors, some of them my
colleagues, are highly renowned researchers from abroad and from Japan.
Among them are Professors Sugimura, Nakamura, McGee, Lotan, Tarin, Ide,
and Fidler, who have worked with us for these many years. I must express my
sincere gratitude to them and to my sons for their valuable contributions to
this book and for our collaborative studies.

It is hoped that Molecular Pathology of Gastroenterological Cancer will be
of use not only in cancer research but also in the prevention, diagnosis, and
therapy of gastrointestinal cancers as the twenty-first century approaches.

I would like to take this opportunity to express again my appreciation to
the scientists and colleagues who contributed their work to this book and for
their willingness to provide readers with insight into molecular pathology.
Finally, I gratefully acknowledge the dedicated work of the staff of Springer-
Verlag Tokyo.

December 1996

EncHi TAHARA
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Experimental Stomach Carcinogenesis
Hiroko Ohgaki' and Takashi Sugimura®

Summary. Sugimura and Fujimura first suc-
ceeded in selective induction of gastric carci-
nomas in rats by putting N-methyl-N'-nitro-N-
nitrosoguanidine (MNNG) in their drinking water
in 1967. Since then, similar models have been
established for the induction of stomach carcino-
mas in other species using MNNG and its ethyl
derivative  N-ethyl-N'-nitro-N-nitrosoguanidine
(ENNG). N-Methyl-N-nitrosourea (MNU) has
also been demonstrated to induce a high incidence
of gastric adenocarcinomas in rats and mice when
given in their drinking water. Susceptibility to gas-
tric carcinogenesis and the histologic types of
gastric carcinomas depend on the mode of treat-
ment, species, strain, and sex. The organ specificity
of MNNG correlates well with the level of DNA
methylation in target and nontarget tissues follow-
ing oral administration in rats. The high concentra-
tion of methylated DNA bases in the glandular
stomach appears to result from thiol-mediated ac-
celeration of the decomposition of MNNG. Ex-
perimental gastric carcinogenesis is greatly modi-
fied by various factors and agents, indicating that
both host and environmental factors contribute
significantly. Although possible gastric carcino-
gens in humans have not been clearly identified,
results in experimental animals suggest that
avoidance of factors that enhance stomach
carcinogenesis, especially those that enhance cell
proliferation in the gastric mucosa, could help pre-
vent gastric carcinogenesis in humans.

'Unit of Molecular Pathology, International Agency for
Research on Cancer, 150 cours Albert Thomas, 69372
Lyon, France

’National Cancer Center Research Institute, 1-1
Tsukiji, 5-chome, Chuo-ku, Tokyo 104, Japan

Experimental Models
of Gastric Cancer

Rats

Generally, young adult male rats are given N-
methyl-N'-nitro-N-nitrosoguanidine (MNNG) ad
libitum in their drinking water at concentrations
of 50-83ug/ml for 4-8 months. After several
months of additional observation, 60-100% of
rats develop gastric adenocarcinomas (Table 1)
[4-9]. Most tumors induced by MNNG in the
drinking water are located in the pyloric region
of the glandular stomach, but tumors are also
induced in the fundic region, duodenum, and
jejunum at a lesser frequency. Histologically, most
gastric tumors are adenomas or adenocarcinomas,
although sarcomas also develop. Most adenocar-
cinomas developed in rats are well differentiated,
although rare poorly differentiated adenocar-
cinomas and signet ring cell carcinomas are seen.
Gastric adenocarcinomas frequently invade the
muscle layers or serosa, but metastasis of gastric
adenocarcinomas are rare.

Female rats are generally less susceptible to
gastric carcinogenesis induced by MNNG than
male rats [10]. Castration or injection of estradiol
in male rats reduces the incidence of gastric
adenocarcinomas induced by MNNG [11, 12]. The
age at which rats are treated with MNNG is also
an important factor determining susceptibility to
gastric carcinogenesis. Young rats are more sus-
ceptible than old animals [13].

There is a remarkable strain difference in
susceptibility to MNNG in rats [9, 10, 14]. The
incidences of gastric adenocarcinomas in ran-
dombred Wistar, inbred Wistar-May-Furth, and
inbred Buffalo rats were 73%, 10%, and
0%, respectively, after administration of MNNG
(83ug/ml) for 52 weeks [14]. Treatment with
MNNG in susceptible ACI rats, resistant Buffalo
rats, and their F, and F, offspring demonstrated
that susceptibility to MNNG was genetically



2 H. Ohgaki and T. Sugimura

Table 1. Induction of experimental gastric tumors

Experimental ~ Gastric tumor
Species/strain Treatment period® incidence (%)
Rats
Wistar MNNG 50pg/ml for 4 months 10 months 70
Wistar MNNG 84 ug/ml for 7 months 16 months 57
Wistar MNNG 167 ug/ml for 7 months 16 months 70
BN MNNG 83 pg/ml for 7 months 18 months 92
BDIX MNNG 83 pg/ml for 7 months 18 months 75
ACI MNNG 83 ug/ml for 8 months 17 months 80
Buffalo MNNG 83 ug/ml for 8 months 17 months 18
F344 MNU 100ppm for 42 weeks 42 weeks 24
F344 MNU 400ppm for 25 weeks 45 weeks 100
F344 MNU 400 ppm for 15 weeks 35 weeks 38
F344 MNU 100 ppm for 15 weeks 40 weeks 76
Mice
C3H MNU 120ppm for 30 weeks 42 weeks 44
Dogs
ENNG 100 pg/ml for 5-6 months 13-37 months 100
ENNG 100 pg/ml for 8-9 months 17-49 months 100
ENNG 150pug/ml for 5-6 months 20-40 months 100
ENNG 150pg/ml for 9 months 15-22 months 100

MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; MNU, N-methyl-N-nitrosourea; ENNG,

N-ethyl-N'-nitro-N-nitrosoguanidine.
Modified from [8].

“ Total period of experiment including the treatment period.

determined, and resistance to MNNG in the
Buffalo strain was a dominant trait [10]. In-
terestingly, gastric mucosa in these Buffalo
rats showed less proliferative response during
MNNG treatment than did that in susceptible
AClI rats, which may constitute a key factor deter-
mining the susceptibility to MNNG-induced gas-
tric carcinogenesis in these two rat strains [15].
Linkage analysis studies in F, offspring of ACI
and Buffalo strains are ongoing to identify the
genes that control cell proliferation responding to
MNNG and to determine susceptibility to gastric
cancer [16].

A single intragastric dose of MNNG (50-
250mg/body weight) given to ACI or Wistar rats
produced a high incidence of forestomach tumors
but only a few adenocarcinomas in the glandular
stomach [17, 18]. For the development of glandu-
lar stomach carcinomas, continuous administra-
tion of MNNG appears to be essential.

Maekawa et al. [19] reported that gastric
adenocarcinomas developed in 24% of F344
rats exposed to N-methyl-N-nitrosourea (MNU)
in their drinking water (100ppm) for 42 weeks.
These animals also developed simultaneously a

high incidence of tumors in the brain and spinal
cord. F344 rats given MNU (200ppm) in their
drinking water developed, in addition to brain
tumors, a high incidence of squamous cell carcino-
mas in the oral cavity and esophageal papillomas
and carcinomas, but adenocarcinoma in the glan-
dular stomach was rare [19]. In ACI rats given
MNU (200ppm) in their drinking water, renal pel-
vis papillomas developed frequently in addition to
brain tumors, but gastric carcinomas were rare
[19]. Hirota et al. [2] reported that invasive gastric
adenocarcinomas were selectively induced in
100% of rats given MNU (400ppm) in distilled
water for 25 weeks and then maintained without a
carcinogen for another 20 weeks. No neoplastic
lesions were found in the esophagus, forestomach,
or duodenum [2]. Later it was found that adminis-
tration of MNU (100ppm) for 15 weeks was an
optimal condition for the selective induction of
gastric adenocarcinomas in F344 rats [20].

Mice

Mice have been considered to be resistant to
gastric carcinogenesis, as several efforts to induce



gastric adenocarcinomas by MNNG, ENNG, or
catechol in various strains of mice have been un-
successful [5, 21, 22]. In contrast, BALB/c mice
given 10 weekly administrations of MNU by
intragastric intubation (0.5mg/mouse) developed
carcinomas in both forestomach and glandular
stomach at high incidences [23]. Tatematsu et al.
[3] reported that C3H mice given MNU ad libitum
in the drinking water at 30-120 ppm for 30 weeks
selectively developed adenocarcinomas in the
glandular stomach. Adenocarcinomas developed
in a dose-dependent manner and were histolo-
gically well-differentiated, poorly differentiated,
and signet ring cell carcinomas.

Using C3H, BALB/c, and their chimeric mice,
Tatematsu et al. [24] analyzed the clonality of
gastric carcinomas. Mice were given MNU
(0.5mg/mice) once a week for a total of 10 weeks
by intragastric intubation and observed until week
50. In normal gastric mucosa of the chimeras,
each gland was composed entirely of C3H strain-
specific antigen-positive or antigen-negative cells;
no mixed glands were observed. Cells of all
adenomatous hyperplasias and adenocarcinomas
in chimeric mice were, in each case, homogeneous
for one or other of the parental types. Thus it was
clearly shown that individual carcinomas are de-
rived from single cells with multipotential activi-
ties and that cellular differentiation of gastric
cancer cells occurs secondarily [24].

Dogs

Mongrel and beagle dogs given MNNG (50-83 pg/
ml) ad libitum in their drinking water developed a
high incidence of gastric adenocarcinomas [25].
The most common type of gastric carcinoma
in dogs given MNNG was well differentiated ad-
enocarcinoma of the fundic region [26]. However,
MNNG concurrently induced sarcomas in the
small intestine, which caused early death of the
dogs [27].

It has been found that administration of N-
ethyl-N'-nitro-N-nitrosoguanidine (ENNG), ei-
ther mixed with a pellet diet or given ad libitum
in the drinking water (100-150ug/ml for 3-9
months), produced a high incidence of gastric car-
cinomas in mongrel and beagle dogs without de-
velopment of small-intestinel tumors [7, 28, 29].
The preferential sites for the induction of carcino-
mas in dogs were the angulus and antrum, but
carcinomas also developed in the corpus. With
concentrations of ENNG higher than 150ug/ml,
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esophageal squamous cell carcinomas also devel-
oped frequently [30].

Histologically, the gastric carcinomas in dogs
were well- or poorly differentiated adenocar-
cinomas and signet ring cell carcinomas. Different
histologic types of carcinomas often develop in
the same stomach [29]. Only signet ring cell
carcinomas and poorly differentiated adeno-
carcinomas developed in the antrum in 50% of
the dogs treated with ENNG for 3 months (total
dose per dog was 6g). After treatment for 6 and
9 months (total dose per dog was 12-18g),
well differentiated adenocarcinomas developed
in addition to poorly differentiated adenocar-
cinomas or signet ring cell carcinomas (or both)
in 90% of dogs [31]. Thus the concentration of
ENNG and duration of treatment appear to affect
the incidence, histological type, and location of
gastric carcinomas [29, 31]. Metastases of gastric
adenocarcinomas to regional lymph nodes, liver,
and other organs are frequent [30, 32-34]. The
process of gastric carcinogenesis and the effect of
treatment were successfully confirmed by radio-
graphic examination and endoscopy in stomach
cancer in these dogs [33].

Monkeys

Two cynomolgus monkeys given ENNG (100pg/
ml) ad libitum in the drinking water for 10 months
and two rhesus monkeys given MNNG (83 pg/ml)
for 10 months did not develop gastric carcinomas
after 54-104 months of observation [35]. Rhesus
and cynomolgus monkeys given ENNG at a con-
centration of 200 or 300ug/ml in their drink-
ing water for 11-26 months developed gastric
adenocarcinomas after 11-38 months of observa-
tion [35]. All the tumors were located in the
pyloric region. Histologically, they were poorly
differentiated adenocarcinomas and signet ring
cell carcinomas, with a few moderately to well-
differentiated adenocarcinomas. The histological
appearance of these carcinomas was similar to
that in human cancers for the respective histologi-
cal types. Metastasis was not found in any of the
monkeys. One cynomolgus monkey given ENNG
for 26 months was examined sequentially by en-
doscopy and biopsy. A tumor was first detected in
the angulus of the stomach at the 31st month and
was diagnosed as signet ring cell carcinoma. At
autopsy in the 109th experimental month,
this tumor was found to be still in the early
(intramucosal) stage [36].
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O°-Alkylguanine-DNA alkyltransferase was
measured in the gastric mucosa of 15 Macaca
fascicularis monkeys before and during chronic
oral exposure to ENNG in order to investigate
possible causes of interindividual differences in
susceptibility to its gastrocarcinogenic effect.
A wide range of O%alkylguanine-DNA alkyltran-
sferase activity (307-1903 fmol/mg protein) was
found before treatment, which decreased signifi-
cantly during the first year of exposure [37]. It
remains to be clarified whether the level of O
alkylguanine-DNA alkyltransferase and its de-
crease during ENNG treatment correlate with
susceptibility to ENNG-induced gastric carcino-
genesis in monkeys.

Ferrets

Ferrets have Helicobacter mustelae, which natu-
rally colonizes in their stomachs and causes
chronic gastritis. A ferret infected with H. mus-
telae developed a spontaneous adenocarcinoma in
the pyloric region of the stomach [38]. Ferrets
infected with H. mustelae were given a single dose
of MNNG (50-100mg/kg). Nine of ten ferrets de-
veloped adenocarcinomas 29-55 months after the
treatment [39]. Ferrets would be a good model for
studies on the role of Helicobacter during the de-
velopment of gastric cancer [39-41].

Possible Mechanisms of
Experimental Gastric Carcinogenesis

MNNG-Induced Gastric Carcinogenesis

A direct-acting mutagenic and carcinogenic com-
pound, MNNG, causes methylation of nucleic ac-
ids and protein without requiring metabolic
activation [42—44]. On the other hand, nonen-
zymatic decomposition of MNNG, which is accel-
erated by SH compounds (L-cysteine and reduced
glutathione), is necessary for its macromolecular
binding [43]. The major methylated base caused
by exposure to MNNG is 7-methylguanine,
but 3-methyladenine, 1-methyladenine, 3-
methylcytosine, and O°methylguanine are also
produced at smaller amounts [42, 43]. Of these,
O°-methylguanine is considered to be the most
critical adduct leading to mutation.

MNNG was first found to be carcinogenic by
Sugimura et al. [45] and Schoental [46], who in-

duced fibrosarcomas in rats by subcutaneous in-
jection. It was unexpected that rats treated with
MNNG in their drinking water developed
adenocarcinomas selectively in the glandular
stomach without developing tumors in the upper
digestive tract. The organ specificity of MNNG
correlates well with the level of DNA methylation
following oral administration of MNNG in rats
(Table 2). After a single oral dose in rats, the
concentration of methylpurines in the glandu-
lar stomach was 9 times higher than in the
forestomach and 20 times higher than in the
esophagus [47]. Similarly, during chronic adminis-
tration of MNNG (80pg/ml in the drinking water)
to inbred Wistar rats, the amounts of O°-
methylguanine in the pylorus were about 3 times
higher than in the fundus and in the duode-
num [48]. These regional differences in DNA
methylation correlate with the concentrations of
cellular thiols, which enhance the decomposition
of MNNG and the extent of its macromolecular
binding (Table 2) [47]. Under the acidic condi-
tions of gastric juice, MNNG is rapidly converted
to N-methyl-N'-nitroguanidine, which is not
mutagenic or carcinogenic [49]. This conversion
may explain the low tumor incidence in the small
and large intestine despite the high thiol con-
centration in these tissues. The amount of O°-
methylguanine DNA methyltransferase, which
repairs O°-methylguanine, has been reported to
be low in rat glandular stomach (about 15% of the
amount in the forestomach and 2% of that in
the liver) [50]. The low repair capacity for O°-
methylguanine may also play a role in selective
induction of adenocarcinomas in the glandular
stomach by MNNG.

The distribution of cells highly exposed to
MNNG were identified in the surface epithelium
of fundus and pylorus of the glandular stomach in
rats [15, 48]. Most superficial pyloric epithelial
cells are postmitotic and rapidly desquamate into
the gastric lumen; they are therefore considered
not susceptible to the initiation of malignant
transformation. The proliferating cell zone is lo-
cated deeper in the pyloric glands, where the level
of exposure to MNNG is much lower. Owing to
this difference in the location of highly exposed
cells and proliferating cells within the mucosa, the
mutation frequency is predicted to be low when
normal gastric mucosa is exposed to MNNG.
However, during MNNG treatment the number
of proliferating cells increases and the range of the
proliferative cell zone extends greatly [15, 51, 52].
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Table 2. Concentrations of free thiols and DNA methylation in rat tissues

after treatment with MNNG or MNU

MNNG" MNU*
Thiols® 7-meG O°meG
Organ (umol/g wet tissue)  (mol/mol G)  (umol/mol G)
Esophagus 0.279 9.9 124
Forestomach 0.119 222 185
Glandular stomach 1.249 196.8 98
Duodenum 2.149 155.0 109
Jejunum 2.659 16.0 ND
Colon ND ND 59
Liver 5.003 5.7 29
Brain ND ND 228

ND, not determined.
*From Wiestler et al. [47].

" Wistar rats were treated with a single dose of MNNG (80 ppm; 2.5 mg/kg body

weight) in the drinking water [47].

°F344 rats were treated with MNU in the drinking water (400 ppm) for 2 weeks

[55].

With this condition, the gastric mucosa is consid-
ered to be much more susceptible to additional
MNNG exposure, which may explain the need for
continuous MNNG treatment for induction of
glandular stomach carcinomas.

Little is known about the molecular mecha-
nisms of MNNG-induced gastric carcinogene-
sis in experimental animals. c-Ha-ras p21
immunoreactivity was detected in 3 of 17 carcino-
mas but in none of 10 adenomas that developed
in rats given MNNG [53]. Immunoreactivity to
transforming growth factor alpha (TGF-a)
monoclonal antibody was confined to the differen-
tiated compartment of the mucosa, whereas
MNNG caused a significant increase in the inten-
sity of TGF-o expression after 16 weeks of treat-
ment in Wistar rats [54]. TGF-o expression was
perinuclear in adenocarcinomas [54].

MNU-Induced Gastric Carcinogenesis

A multipotent carcinogen, MNU, induces tumors
in various tissues depending on the route of ad-
ministration. In contrast to MNNG treatment,
chronic administration of MNU produced the
highest levels of O°-methylguanosine in the brain
and significant amounts of O°-methylguanosine in
all the digestive tract tissues measured (i.e.
esophagus, forestomach, pylorus and fundus of
the glandular stomach, duodenum, and colon) in
F344 rats given MNU (400ppm) in the drinking
water for 2 weeks [55]. There was no clear corre-
lation between target organ specificity and the

extent of methylation (Table 2). It was also found
that the distribution of cells exposed to MNU was
not restricted to the surface epithelium, but whole
gastric mucosal cells were equally exposed [55].
In contrast to MNNG, MNU is stable under the
acidic condition of the intragastric environment,
and its decomposition to a methylating intermedi-
ate (i.e. methyldiazonium hydroxide) is not af-
fected by intracellular thiols. Thus it is likely that
gastric mucosa is exposed to MNU from the gas-
tric lumen and from the bloodstream when rats
are given this carcinogen in the drinking water.

Mutations in the ras and neu genes were not
found in MNU-induced gastric carcinomas in rats
[56].

Preneoplastic and Related Lesions
During Gastric Carcinogenesis
Induced by MNNG

Biochemical Changes

Expression of Pgl, which is one of three
pepsinogen isozymes normally present in the
pyloric mucosa, decreases beginning 1 week after
the start of MNNG treatment [57, 58]. The de-
crease or disappearance of Pgl is also consistently
observed in gastric adenocarcinomas [59]. Thus
the decrease in Pgl expression is a good biochemi-
cal marker for preneoplastic or neoplastic lesions.
Tatematsu et al. [60] analyzed methylation pat-
terns in CCGG and GCGC sites of the Pgl gene
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in gastric adenocarcinomas and adenomatous
hyperplasias induced by MNNG. The Pgl gene
was more methylated in adenocarcinoma or
adenomatous hyperplasia than in nontreated
pyloric mucosa.

Preneoplastic Lesions

Erosion, regenerative hyperplasia at the margin
of erosions (until 21 weeks), adenomatous hyper-
plasia (21-30 weeks), and adenocarcinoma (31-60
weeks) were sequentially observed in male Wistar
rats given MNNG in their drinking water at
167 ug/ml for 40 weeks and then 84 pug/ml until the
end of the experiment [61]. Ohgaki et al. [52] com-
pared the sequential histologic changes during
MNNG-induced gastric carcinogenesis in suscep-
tible ACI rats and resistant Buffalo rats given
MNNG (83 pg/ml) in the drinking water. In ACI
rats sequential histologic changes were similar to
those observed in Wistar rats. In Buffalo rats the
major histologic changes following MNNG treat-
ment were consistent erosions and hyperplasia of
pyloric glands at the margin of erosions, but no
atypical changes were observed. After cessation
of MNNG treatment, glandular hyperplasia of
pyloric glands subsided followed by atrophy of
these glands [52]. The weak gastric carcinogen N-
propyl-N'-nitro-N-nitrosoguanidine (PNNG) was
found to induce gastric carcinomas in male Wistar
rats without previous ulceration or regenerative
changes [62]. It is suggested that the first
histolégically detectable changes that eventually
lead to adenocarcinomas are atypical glands or
adenomatous hyperplasia. Erosions and regenera-
tive hyperplasia are not directly related to gastric
carcinogenesis in rats.

Intestinal Metaplasia

Because a close relation has been found between
intestinal metaplasia and human gastric cancer,
intestinal metaplasia has been proposed to be
a possible precancerous change. Intestinal meta-
plasia is rare in the stomach of normal rats, but it
is frequently found in rats treated with MNNG or
PNNG, and its incidence increases during these
treatments [63, 64]. Intestinal metaplasia ap-
peared before or at almost the same time as gas-
tric carcinoma in rats [63, 64]. These results
suggest that common factors cause intestinal
metaplasia and gastric carcinoma.

Local x-irradiation of the stomach of Wistar
rats induced intestinal metaplasia but not gastric
tumors [65]. Watanabe and Ito [66] reported that
x-irradiation before or after MNNG treatment
resulted in a lower incidence of gastric tumors
after treatment with MNNG alone, but that the
incidence of intestinal metaplasia in groups irradi-
ated with x-rays before or after MNNG treatment
was significantly higher than that in a group
treated with MNNG alone. A similar inverse
correlation between intestinal metaplasia and
adenocarcinoma has been reported in rats treated
with x-rays and MNU [67].

Tatematsu et al. [68] administered MNNG
50pug/ml to Wistar rats and examined sequential
changes in the incidence of intestinal metaplasia,
adenomatous hyperplasia, and well differentiated
adenocarcinoma. They classified cells into gastric
and intestinal types by paradoxical concanavalin
A staining. Intestinal metaplasia first appeared
in the pylorus of MNNGe-treated rats 16 weeks
after the beginning of MNNG treatment and in
untreated control rats after 40 weeks. Most parts
of the adenomatous hyperplasias and well differ-
entiated adenocarcinomas consisted of gastric-
type cells. Similarly, using polyclonal antibody
against rat intestinal-type alkaline phosphatase, it
was observed that stomach tumors induced by
MNNG in rats consisted mainly of gastric-type
cells [69]. Thus there is no direct evidence that
intestinal metaplasia is a precancerous lesion in
rat stomach.

Factors Modulating MNNG-Induced
Gastric Carcinogenesis

There is increasing evidence that experimental
gastric carcinogenesis is significantly modulated
by various host and environmental factors. Most
factors that enhance gastric carcinogenesis in-
crease cell proliferation in gastric mucosa [70],
and most inhibitory factors have inhibiting effects
of cell proliferation.

Dietary Factors

Epidemiological studies have shown that
populations with excessive intake of highly salted
foods are a high risk group for the development of
gastric cancer. Administration of saturated NaCl
solution by gastric intubation or 10% NaCl in the



diet during MNNG treatment significantly in-
creased the incidence of gastric carcinomas [71,
72]. Treatment with saturated NaCl solution be-
fore a single dose of MNNG increased the inci-
dence of carcinomas in the rat glandular stomach
[73]. An enhancing effect of NaCl was also ob-
served when it was given to rats after cessation of
MNNG treatment [74, 75]. These results indicate
that NaCl enhances both the initiation and pro-
motion stages of gastric carcinogenesis induced
by MNNG in rats. Rats were given MNNG
100ppm in their drinking water for 8 weeks and
then fed a diet supplemented with NaCl at doses
of 10%, 5%, 2.5%, or 0% for the next 82 weeks.
The administration of 10% and 5% NaCl signi-
ficantly enhanced the development of gastric
adenocarcinomas and adenomas in a dose-
dependent manner [76]. Similar but nonsignificant
tendencies to increase were also seen in the group
given 2.5% NaCl compared to that in the MNNG-
alone group. Thus NaCl exerts dose-dependent
tumor-promoting activity on gastric carcino-
genesis in rats, even at doses as low as 2.5%, when
given after MNNG initiation [76].

Populations with poor diets (i.e. low in protein
and high in carbohydrates) have a high risk of
gastric cancer. Tatsuta et al. [77] reported that the
incidence of gastric adenocarcinomas in Wistar
rats given MNNG (50ug/ml) for 25 weeks fol-
lowed by a low protein diet (5% casein) was 63%,
whereas those given a higher protein diet (10%
and 25% casein) were 15% and 18%, respectively.
Serum gastrin, the norepinephrine level, and the
labeling index in the pyloric mucosa were sig-
nificantly higher in rats fed a low protein diet. It
was suggested that the enhanced sympathetic
nervous system resulting from a low protein diet
increased cell proliferation and enhanced gastric
carcinogenesis [77].

Populations who drink milk have a low risk of
gastric cancer [78]. The effect of calcium was
tested in rats treated with MNNG (100 ppm) in the
drinking water for 8 weeks followed by calcium
chloride (0.2%) [79]. The incidence of adeno-
matous hyperplasia was significantly lower in rats
given calcium chloride in a dose-dependent man-
ner. In contrast, rats given a calcium-deficient diet
after MNNG treatment had a higher incidence of
gastric adenocarcinomas [80].

Epidemiological studies have shown a lower
risk of gastric cancer among people who consume
a large amount of green tea. It was found that
crude tea extracts decrease the mutagenic activity

Experimental Stomach Carcinogenesis 7

of MNNG in vitro and in the intragastric tract of
rats [81]. (—)-Epigalloncatechin gallate (EGCG)
is one of the main constituents of green tea, which
inhibited tumor promotion by teleocidin in two-
stage carcinogenesis in mouse skin. The incidence
of gastric carcinomas in rats treated with MNNG
plus EGCG was 31 %, significantly lower than that
in rats treated with MNNG alone [82]. The inhib-
iting activity of EGCG was suggested to be due to
inhibition of cellular kinetics and decrease in the
ornithine decarboxylase activity in the gastric
mucosa [82].

Gastrectomy and Bile Acid

The incidence of human gastric cancer in the rem-
nant of the stomach after surgery for benign le-
sions is higher than that in the general population.
Gastrectomy of rats before or after MNNG treat-
ment resulted in a higher incidence of gastric
adenocarcinomas [83-86]. There was a clear cor-
relation between bile reflux and an increase in the
incidence of gastric carcinomas [83-87]. Even
without MNNG treatment, adenocarcinomas de-
veloped with an incidence of 23% in the remnant
of the stomach of Wistar rats [84]. All of these
carcinomas were located in the vicinity of the
gastrojejunal anastomosis, which is directly ex-
posed to duodenal contents [84]. Among the duo-
denal contents, bile acids (sodium taurocholate
and taurocholic acid) were demonstrated to en-
hance gastric carcinogenesis induced by MNNG
[83, 85]. When gastrectomized rats were fed a high
cholesterol (1%) diet, which increases bile acid
excretion, a significantly higher incidence of gas-
tric carcinomas developed (61%) in the remnant
stomach after MNNG treatment than in gas-
trectomized rats fed a normal diet (36%) [88].
Histologically, undifferentiated adenocarcinoma
was recognized more frequently in the high cho-
lesterol group [88].

Phenolic Compounds

Catechol is a major industrial chemical and a
major phenolic component of cigarette smoke.
Catechol is not mutagenic to Salmonella
(mutagenicity assay), but it greatly enhances cell
proliferation in the gastric mucosa when given in
the diet [70]. Treatment with catechol (0.8% in the
diet) after a single intragastric MNNG dose of
150 mg/kg greatly enhanced both forestomach and
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glandular stomach carcinogenesis [89]. The other
derivatives including p-tert-butylcatechol and p-
methylcatechol also significantly enhanced gastric
carcinogenesis induced by MNNG. Moreover,
catechol and p-methylcatechol alone induced
adenomatous hyperplasia and adenocarcinomas
in the pyloric region [89, 90].

Tanaka et al. [91] analyzed strain differences in
catechol carcinogenicity to the stomach. Groups
of 30 animals were treated with a powdered diet
containing 0.8% catechol for 104 weeks. Induction
of glandular stomach adenocarcinomas occurred
in 67%, 73%, and 77% of Wistar, Lewis, and SD
animals, respectively, but in only 10% of WKY
rats [91].

Hirose et al. [92] treated F344 rats with catechol
(0.8% in the diet) for 12, 24, 48, 72, or 96
weeks. The incidence of submucosal hyperplasia,
adenomas, and adenocarcinomas, the average
number of tumors per rat, and the size of the
tumors increased time-dependently. After cessa-
tion of catechol treatment, although the average
number of tumors per rat and labeling indices in
both tumorous and nontumorous areas decreased,
the size of tumors tended to increase [92].

Helicobacter pylori Infection

Helicobacter pylori was implicated in gastric car-
cinogenesis through the induction of metaplasia of
the gastric mucosa in humans. H. pylori has potent
urease activity and produces ammonia, a factor
causing H. pylori-related gastroduodenal muscu-
lar lesions. Rats were treated with MNNG (83 pg/
ml) for 24 weeks followed by a solution of 0.01%
ammonia or tap water for an additional 24 weeks.
The administration of ammonia solution signifi-
cantly increased the incidence and number of
gastric carcinomas in the glandular stomach [93].
Increased cell proliferation in the gastric mucosa
was observed in rats treated with ammonia
solution [93].

Kawaura et al. [94] examined the co-
carcinogenic activity of H. pylori infection during
gastric carcinogenesis induced by MNNG in
Wistar WKY male rats. Rats received drinking
water containing MNNG (50pg/ml), and intra-
gastric administration of H. pylori for 40 weeks.
However, the frequency of glandular stomach
tumors did not differ between rats given
MNNG alone and those given MNNG and
H. pylori.

Experimental Gastric Cancer
in Transgenic Mice

Several strains of transgenic mice have been
reported to develop preneoplastic lesions or
adenocarcinomas in the glandular stomach. How-
ever, because of the lack of availability of regula-
tory or promoter sequence for specific expression
of transgenes in the glandular stomach mucosa, to
date strains of transgenic mice that selectively
develop adenocarcinomas with histology similar
to that of human gastric cancer have not been
established.

Transgenic Mice Carrying Metallothionein-I
Promoter/TGF-o Fusion Gene

Transgenic mice overexpressing human TGF-a
cDNA under transcriptional regulation with
metallothionein-I (MT-I) promoter developed
spontaneously adenomatous hyperplasia in the
fundic region of the glandular stomach [95] as well
as mammary carcinomas and abnormality in the
pancreas [96]. MNU was administered to MT-I/
TGF-0o. mice (line MT100). Untreated MT100
mice exhibited a severe age-related gastric fundic
hyperplasia. Precancerous lesions, including
atypical or adenomatous hyperplasia, were found
in the fundic regions of 16 of 22 male and 8 of
22 female MT100 mice but not in 27 male and
24 female nontransgenic mice [96]. There was
no significant difference in the incidence of
adenocarcinomas induced by MNU in the pyloric
region between MT100 mice and nontransgenic
mice [97]. Hyperplastic lesions in the gastric
fundus induced by TGF-o overexpression ap-
peared to predispose MT100 mice to carcino-
genesis by MNU [97].

Transgenic Mice Carrying MMTV-LTR/E1a
and E1b Fusion Gene

The adenovirus protein Ela functions to im-
mortalize cells and cooperate with another
adenovirus, protein E1b, to effect complete trans-
formation of cells in culture [98]. Transgenic mice
carrying both the adenovirus 12 (Ad12) Ela and
E1b genes developed gastric tumors but not those
carrying only one of the two transgenes. All male
transgenic mice died between 3 and 4 months.
Most of the mice showed macroscopically visible
lesions in the stomach. Interestingly, tumors were



restricted at or near the transition from squamous
to columnar epithelium. Histologically, they were
classified as adenocarcinomas or adenosquamous
carcinomas composed of glandular elements with
adjacent or overlaying squamous hyperplasia [99,
100].

Transgenic Mice Carrying Bovine Keratin 6
Gene Promoter/Human Papilloma Virus Type
16 Early Region Fusion Gene

Certain human papilloma viruses (HPVs) have
been implicated as important contributory factors
in the development of cervical carcinoma and
other epithelial malignancies. Transgenic mice
carrying papilloma virus type 16 early region gene
under the bovine keratin 6 promoter showed soli-
tary glands with small dysplastic cells within the
gastric mucosa after the age of 100 days. Later this
abnormal cell population spread within the glan-
dular stomach mucosa, invaded the submucosa
and outer muscular wall of the stomach, and com-
monly metastasized to local lymph nodes and the
liver. These tumors were classified as malignant
carcinoids, originating from the neuroendocrine
enterochromaffin-like cells. Increased expression
of HPV mRNA was evident in the tumors. The
mean age at tumor presentation was 246 days in
males and 352 days in females [101].

Transgenic Mice Carrying a Murine
Amylase 2.2 Promoter/SV40 Large T
Antigen Fusion Gene

The mouse pancreatic amylase Amy-2.2 gene was
fused to the structural gene for SV40 T antigen,
and 51 independent transgenic founder mice car-
rying the fusion gene were generated. Most of the
founders and 100% of their offspring in the de-
rived transgenic lines developed pancreatic acinar
cell carcinomas and stomach carcinomas. North-
ern blot analyses and RNA protection assays
showed that Amy-2.2 is expressed in stomach at
a rate of approximately 0.05% that in pancreas.
Expression of the fusion gene in the stomach
therefore appears to represent a previously unrec-
ognized activity of the Amy-2.2 promoter. RNA
protection assays demonstrated the properly initi-
ated large T and small t antigen transcripts in
pancreas and stomach during tumorigenesis. T
antigen protein was also detected in pancreas and
stomach by immunohistochemistry [102]. Early
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stomach lesions consisted of focal or multi-
focal areas and tended to localize in the basal
to midportion of the gland. Such lesions com-
prised cells of uncertain deviation that had hyper-
chromatic nuclei and scant cytoplasm. The
distribution of these cells suggests that the lesions
may be of chief cell origin. Extensive invasion of
the mucosa and submucosa was characteristic of
malignant stomach lesions [102].

Transgenic Mice Carrying Rabbit
Uteroglobin Promoter/SV40 T Antigen
Fusion Gene

All transgenic founders carrying rabbit utero-
globin promoter/SV40 T antigen fusion gene
exhibited bronchoalveolar adenocarcinomas, pro-
bably due to expression of the transgene in Clara
cells. Most founders also developed tumors of
the submandibular salivary gland and adenocar-
cinomas of the stomach [103]. In the stomach,
solid, undifferentiated tumors frequently exhib-
ited disturbed muscularis mucosa and infiltrated
submucosa. Early stages of morphological altera-
tions in the stomach were characterized by
increased numbers of clustered pepsinogen-
producing cells [103].
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Multistep Carcinogenesis
of Esophageal Carcinoma
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Summary. To investigate genetic features of
esophageal cancer, we have examined a large
number of squamous cell carcinomas of the
esophagus (ESCs) for loss of heterozygosity
(LOH) using polymorphic DNA markers repre-
senting all autosomal chromosomes. Allelic losses
at frequencies of at least 30% were observed at
loci on chromosomal arms on 3p (33%), 3q (30%),
5q (36%), 9p (57%), 9q (60%), 10p (33%), 13q
(43%), 17p (62%), 17q (46%), 18q (38%), 19q
(32%), and 21q (37%). By comparing the LOH on
each chromosomal arm with the clinicopathologic
parameters of patients, we found a significant cor-
relation between LOH on 19q and regional lymph
node metastasis. Interestingly, the frequency of
LOH on 17q was significantly higher in tumors
from female patients (12 of 14 cases) than in those
from male patients (20 of 56 cases) (P = 0.0009 by
Fisher’s exact test). Subsequent analysis of allelic
losses in DNA extracts isolated from 106 lesions
among 32 patients with ESCs revealed that allelic
losses on 3p or 17p occurred frequently even in
dysplastic lesions, and that allelic losses on these
chromosomal arms were observed in cancerous
tissues as well. We detected allelic losses of the
short and long arms of chromosome 9 at low fre-
quency in lesions with mild dysplasia but often in
lesions with severe dysplasia and in intraepithelial
cancers. Our results suggested that inactivation
of tumor suppressor genes on 3p and 17p occurs
at an early stage of esophageal carcinogenesis,
and that genes on 9p and 9q are likely to play
important roles in malignant changes.

Laboratory of Molecular Medicine, Human Genome
Center, Institute of Medical Science, University of
Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo 108,
Japan

Allelotype Study

Like other cancers, esophageal cancer is thought to
result from the accumulation of certain genetic
alterations that affect normal control of cell growth
and transform a normal cell to a neoplastic cell.
Some genetic features associated with esophageal
cancer have now been discovered, including
amplifications of the c-myc, human epithelial
growth factor (EGF) receptor, and cyclin D genes
[1, 2]. Metastasis of tumors seems to be associated
with amplification of the cyclin D gene [3]. Muta-
tions in genes of the ras family have been detected
only rarely with esophageal carcinomas [4].
With respect to tumor suppressor genes, loss of
heterozygosity (LOH) studies in esophageal can-
cers have indicated possible involvement of the
TP53, RBI, APC, MCC, and DCC genes [5-8].
Of these candidate genes, additional mutational
analyses have been performed only for TP53; so-
matic mutation in this gene is often detected in
esophageal cancers [9, 10]. Although one group
reported abnormal expression of both TP53 and
RBI in esophageal cancers [11], the authors were
uncertain whether the RB1 gene itself was mutated
or its expression was down-regulated owing to
other genetic changes. In one other study of
LOH on chromosomal loci in a small number of
esophageal cancers, only the chromosomal arms
of 17p frequently showed allelic loss [12].

To investigate localizations of putative tumor
suppressor genes involved in the development or
progression of esophageal carcinomas, we used
41 restriction fragment length polymorphism
(RFLP) markers, including 25 VNTR loci, repre-
senting all chromosome arms, to test for LOH.
Table 1 indicates the frequency of LOH at each of
the 41 loci examined. The most frequent LOH (16
of 21 informative cases, or 76%) was observed at
the D9S17 locus on chromosomal band 9q34. The
short arm of chromosome 9 also showed frequent
LOH at the D9S18 locus (9pter-p13) (17 of 30
informative cases, or 57%). Both arms of chromo-
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Table 1. Loss of heterozygosity in esophageal carcinoma

Chromosome No. patients Allelic loss/
location Probe Locus Enzyme tested informative cases (%)
1p MCT58" D1S77 Taq' 62 4/18 (22)
1q HHH106 D1S67 Msp' 65 3126 (12)
2p TBABS.7* D2S47 Pvu" 72 10/41 (24)
2q YNH24° D2S44 Msp' 66 10/60 (17)
3p C'3-515° D3S685 Msp' 60 15/47 (32)
3p C'3-373 D3S659 Pvu" 66 10/28 (36)
Total of 3p 75 19/55 (35)
3q EFD64.2° D3S46 Msp' 65 13/44 (30)
4p YNZ32° D4S125 Msp' 59 7/40 (18)
4q EFD139.1° D4S163 Msp' 58 9/35 (26)
5q APC/cDNA APC Msp' 76 5121 (24)
5q L5.71 D5S141 Msp' 65 13/35 (37)
Total of 5q 78 16/45 (36)
6p c'6-7 D6S139 Pvu" 73 12/49 (24)
6q Cl6-111° D6S193 Taq' 63 9/56 (16)
7p RMU7.4° D78370 Msp' 64 2/20 (10)
7q Jcze7 D75396 Rsa' 66 5/44 (11)
8p C'8-2125° Taq' 63 9/38 (24)
8q C'8-134° D8S177 Msp' 64 4/42 (10)°
9 HHH220 D9S18 Taq' 73 17/30 (57)
9q MCT112 D9S15 Msp' 64 9/22 (41)
9q EKZ19.3 D9S17 Taq' 76 16/21 (76)
Total of 9q 77 24/40 (60)
10p MHZ15 D10S17 Msp' 65 11/33 (33)
10q EFD75.1° D10S25 Taq' 64 6/36 (17)
11p Ha-RASI* HRAS Msp' 60 4121 (19)
11q MCMP1* PYGM Msp' 60 5/42 (12)°
12p THH14 D12S16 Taq' 72 217 (29)
12q YNHI15 D12S17 Msp' 64 3134 (9)
13q MHZ47° D13S52 Pvu" 70 23/53 (43)
14q CMM101* D14S13 Msp' 65 9/64 (14)
15q THHS55 D15S27 Msp' 63 2117 (12)
16p CMM65° D16S84 Taq' 60 428 (14)
16q CJ52.209MI D16S151 Msp' 64 8/43 (19)
17p YNZ22° D17S30 Taq' 74 40/65 (62)
17q Cc'17-730° D17S874 Msp' 90 20/35 (57)
17q CMMS86* D17S74 Taq' 80 20/54 (37)
Total of 17q 91 32/70 (46)
18p B74 D18S3 Msp' 64 2/18 (11)
18q 0S4 D18S5 Taq' 65 11/29 (38)
19p JCcz3.1° D19S20 Rsa' 61 2125 (8)
19q EFD4.2° D19S22 Pvu" 73 11/34 (32)
20q CMME6® D20S19 Taq' 60 7/59 (12)
21q MCT15° D21S113 Msp' 64 11/30 (37)
22q EFZ31 D22S32 Msp' 64 113 (8)

*Variable number of tandem repeat markers.

® Amplification of alleles was observed: frequency is described in the text.
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some 17 showed frequent LOH: 62% at the locus
defined by YNZ22 (D17S5) at 17p13.3 (40/65 in-
formative cases) and 57% at the locus defined by
C'17-730 (D17S874) at 17q21.3 (20/35 informative
cases).

Figure 1 summarizes the data that revealed
LOH on each chromosomal arm. Allelic losses
at frequencies of 30% or more were observed
on chromosomal arms 3p (35%), 3q (30%), 5q
(36%), 9p (57%), 9q (60%), 10p (33%), 13q
(43%), 17p (62%), 17q (46%), 18q (38%), 19q
(32%), and 21q (37%). LOH on chromosomal
arms 5q, 13q, 17p, and 18q, sites of the APC/MCC,
RBI1, TP53, and DCC loci, had been reported pre-
viously by others [5-8]. In addition to LOH, we
observed increased intensities of bands represent-
ing single alleles on chromosomal arms 8q (12%,
or 5/42 informative cases), and 11q (32%, or 13/41
informative cases). These alleles involve loci of
the c-myc (8q), EGF receptor (8q), and cyclin D
(11q) genes, which are known to be amplified in
esophageal carcinoma [1, 2].

We have also examined a correlation of LOH
on each chromosomal arm with clinical and patho-
logical features (age, sex, location of tumor, TNM
classification, and clinicopathological stage). We
found a significant correlation of LOH on chro-
mosome 19q with regional lymph node metastasis
(P = 0.0128, Fisher’s exact test). For the long arm
of chromosome 17, the frequency of LOH in
tumors from female patients (12/14 informative
cases) was significantly higher than those from
male patients (20/56 informative cases) (P =
0.0009, Fisher’s exact text). No other significant
correlation between LOH and clinicopathological
parameters was detected.

Each of three polymorphic loci on chromosome
9 revealed LOH at high frequency (76% at q34,
41% at q21.1-q13, and 57% at p13-pter). A sig-
nificant proportion of non-small-cell lung cancers,
including squamous cell carcinomas, also have
revealed LOH on chromosomal arms 9p [13].
On the long arm of chromosome 9, a gene re-
sponsible for multiple self-healing squamous
epithelioma, an autosomal dominant disease
causing skin tumors that are morphologic-
ally indistinguishable from well differentiated
squamous cell carcinomas, has been localized
to 9q22-31 by linkage analysis [14]. The gene re-
sponsible for this hereditary syndrome might be
associated with the development of esophageal
squamous carcinomas as well. Analysis of
squamous cell carcinomas of the lung has revealed
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Fig. 1. Frequency of allelic loss at each chromosomal
arm. p, open bars; q, closed bars

frequent LOH on chromosomal arm 9q (67%,
or 12/18 informative cases) [15]. These various
observations suggest that putative tumor suppres-
sor gene(s) on chromosome 9 may play an impor-
tant role in squamous cell carcinomas of the lung,
skin, and esophagus. Loci on both arms of chro-
mosome 3 also revealed frequent LOH: 35% on
3p and 30% on 3q. Loss of 3p seems to be com-
mon among squamous cell carcinomas of the
esophagus, lung, nasopharynx, head and neck, and
skin [15-18].

The LOH for 5q21, including the APC/MCC
loci in esophageal cancer, has already been re-
ported; and the authors suggested that inacti-
vation of MCC or APC might be involved in
esophageal carcinogenesis [7]. However, as we
detected no alteration by screening one-third of
the APC genes in 50 esophageal cancers, it is
likely that a gene on 5q other than APC is related
to the genesis of esophageal cancer [18].

Multistep Carcinogenesis

To further investigate genetic alterations that
may affect the development or progression of
esophageal squamous cell carcinomas (ESCs)
we examined LOH on each of the 12 chromo-
somal arms that showed more than 30% fre-
quency of LOH in -early-stage esophageal
carcinomas. As shown in Table 2, there was
on high frequency of LOH at loci on chromo-
somes 3p21.3, 9p22, 9q31, and 17p13. LOH
frequency on 5q, 13q, 17q, 18q, and 19q was
lower in early-stage carcinomas here than
appeared in our earlier allelotype study of
esophageal carcinomas. These results likely in-
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Table 2. LOH on each of nine chromosomal arms at various stages of

esophageal carcinogenesis

Allelic losses/informative cases

Chromosomal Basal cell Dysplasia Early Advanced
arm hyperplasia carcinoma carcinoma
3p 0/3 (0) 17/30 (57) 15/33 (45) 34/78 (44)
5q 1/8 (13) 1719 (5) 16/45 (36)
9 0/4 (0) 9/38 (24) 19/37 (51) 38/54 (70)
9q 0/3 (0) 11/36 (31) 21/33 (64) 36/46 (78)
13q 0/4 (0) 4/28 (14) 7/38 (18) 36/81 (44)
17p 0/4 (0) 15/32 (47) 20/34 (59) 59/90 (66)
17q 1/8 (13) 3/17 (18) 20/35 (57)
18q 1/5 (20) 219 (22) 11/29 (38)
19q 0/4  (0) 115 (7) 11/34 (32)

Numbers in parentheses are the perce

dicate that the inactivation of genes on these
chromosomal arms is associated with progression
of the esophageal carcinoma.

To explore the genetic changes of these four
chromosomal arms, we analyzed LOH at micro-
satellite loci on chromosomal arms 3p, 9p, 9q, and
17p in DNA extracts from lesions at various
stages from 32 patients who had developed ESC.
No LOH was detected in any of the basal cell
hyperplasias examined. LOH was observed fre-
quently on each of the four chromosomal arms in
intraepithelial cancerous lesions adjacent to the
main cancerous lesions (3p, 32%; 9p, 70%; 9q,
70%; and 17p, 72%). Allelic losses on 3p (9/21, or
43%) and 17p (13 of 24, or 54%) were frequent
even in dysplastic lesions.

The results reported here imply that events that
inactivate tumor suppressor genes located on
chromosomal arms 3p, 9p, 9g, and 17p are likely
to play a significant role in an early stage of
esophageal carcinogenesis. Our results indicate
that accumulation of genetic alterations correlates
with the progression of esophageal tumors (Fig.
2). LOH on 3p or 17p was frequent in both mildly
dysplastic and severely dysplastic lesions and
cancerous tissues. Hence inactivation of tumor
suppressor genes on one or both of these chromo-
somal arms may be important for converting
normal stratified squamous epithelial cells to
dysplastic cells. Because LOH of 9p or 9q was
observed occasionally in mild dysplasias, but fre-
quently in severe dysplasias and in intraepithelial
cancerous lesions adjacent to a main tumor, inac-
tivation of tumor suppressor genes on 9p and 9q
may be important for transformation to the malig-
nant phenotype.

nt.

Detailed Mapping of Putative
Tumor Suppressor Gene on
Chromosome 9q

Allelic losses on 9q have also been found in many
early-stage bladder carcinomas [19, 20], and de-
tailed deletion mapping in those tumors has as-
signed a candidate locus to chromosomal band
9q34.1-q34.2 [21]. Furthermore, genetic analyses
of squamous cell carcinomas of the lung and of the
head and neck have disclosed frequent LOH on
the long arm of chromosome 9q [15, 22, 23]. These
results suggested to us that inactivation of a tumor
suppressor gene on 9q is likely to play a significant
role in the development of squamous cell carci-
noma of the esophagus and other tissues.

To further define a region containing the puta-
tive tumor suppressor gene, we examined LOH in
37 ESCs using 14 microsatellite markers mapped
to 9q31-q34.1. LOH was observed in 30 of 37
(81%) tumors at one or more of the loci exam-
ined, and partial or interstitial deletions at 9q31-
q34.1 were detected in 13 of these tumors. On the
basis of these results, we constructed a detailed
deletion map and defined a commonly deleted
region between the D9S262 and D9YS154 loci at
9q31-q32. The genetic distance between these two
loci is estimated to be approximately 4cM. We
have investigated this region further using six new
microsatellite markers isolated from yeast arti-
ficial chromosome (YAC) clones covering the
deleted region and have narrowly defined the
commonly deleted region to a segment between
two loci: KM9.1 and D9S177. On the basis of the
contig map of cosmid and YAC clones, we esti-
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Fig. 2. Model of multistep
carcinogenesis of esophageal
squamous cell carcinoma

mate the physical size of the region of interest to
be about 200kb. Because the distal 9q region also
has been implicated as the site of a tumor suppres-
sor gene(s) related to squamous cell carcinomas of
other tissues, our map provides useful information
for attempts to identify a common gene for carci-
nomas of this cell type.

We also investigated a possible role of the PTC
gene on chromosome 9q22.3 (identified as the
cause of nevoid basal cell carcinoma syndrome
(NBCCS) [24-26]) during carcinogenesis in the
esophagus and lung. We examined 20 ESCs and
10 squamous cell carcinomas of the lung for muta-
tions in any coding exon of PTC using single-
strand conformation polymorphism (SSCP) and
direct sequencing. We detected no mutations
other than two nondeleterious polymorphisms,
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suggesting that inactivation of tumor suppressor
gene(s) on 9q other than PTC contributes to the
development of squamous cell carcinomas in
these tissues [27].

Infrequent Replication Error
in Esophageal Carcinomas

Genetic defects in the mismatch repair system can
be monitored by RER (Replication Error) at
microsatellite loci in cancer cells. The RER" phe-
notype has been reported in tumors associated
with hereditary nonpolyposis colorectal cancer
(HNPCC) or Muir-Tore syndrome, which develop
multiple primary cancers [28-30]. Moreover, it
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has been reported that genetic instability may play
an important role in the development of multiple
primary cancers not associated with HNPCC or
Muir-Torre syndrome [31]. However, the RER
phenotype has not been investigated in detail in
patients with squamous cell carcinoma of the
esophagus or of the head and neck. Although
esophageal cancer is infrequent in patients with
HNPCC or Muir-Torre syndrome, it is well known
that patients with ESC have a high statistical risk
of developing a second primary cancer in the head
or neck [32]. The increased risk has been attrib-
uted to life style, such as heavy smoking and ex-
cessive consumption of alcohol [33]. It is also
possible that genetic background including an ab-
normality in the mismatch repair pathway may
increase the risk for developing multiple primary
tumors in various tissues including the esophagus.
To investigate whether any genetic backgrounds,
such as defects in the DNA-mismatch repair sys-
tem, influence the development of these multiple
primary tumors, we examined replication errors
(RER) at six microsatellite loci in DNA extracts
of 46 tumors from 33 patients who had developed
primary cancers in various tissues in addition to
the esophagus. The RER™ phenotype was ob-
served in only three tumors from 2 of the 33
patients examined. Our results suggest that devel-
opment of multiple primary tumors in these pa-
tients would not be affected by an abnormality in
the DNA repair system(s) detected as the RER
phenotype. However, it is notable that a single
patient who developed multiple cancers revealed
the RER" phenotype at multiple microsatellite
loci in both tumors, indicating that a defect in the
DNA repair gene(s) may have played an impor-
tant role in the development of tumors in this
patient.
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Oxidative Damage During the
Gastric Precancerous Process

Pelayo Correa', Mark Miller®, and Elizabeth E. Mannick?

Summary. Reactive oxygen species (ROS) and
reactive nitrogen species (RNS) may play a role
in human carcinogenesis. Epidemiologic studies
have indicated that infection with Helicobacter
pylori increases the risk of gastric cancer. This
chapter explores the possibility that such an asso-
ciation is the result of long-standing inflammation
and the release of ROS and RNS by white blood
cells.

Introduction

Research on cancer causation historically has fo-
cused on epidemiologic studies of the association
between external agents and neoplastic events in
affected individuals. Such studies have provided
strong evidence for the carcinogenicity of some
external chemical mixtures, most prominently to-
bacco smoke. Unlike this major cause of cancers
of the lung and other organs, no such equivalent
cause has been found for most other frequent hu-
man cancers. No external carcinogen has been
identified as a major cause of cancers of the
breast, colon, prostate, or most other major causes
of death from neoplasia. This lack has inspired
investigators to focus on the possibility that the
carcinogen(s) responsible may be formed “in
situ.” The long incubation period of such tumors
suggests that the locally synthesized carcinogens
are delivered to the target cells in minute amounts
over a long period, usually decades.
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70112, USA
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In the case of the stomach, it has been shown
that in the presence of chronic gastritis high levels
of nitrite are usually present in the gastric lumen.
Nitrites are mostly formed by bacterial reductases
acting on nitrate derived from food. Nitrites can
nitrosate food-derived species, such as chloroin-
doles, to produce highly mutagenic compounds.
Chloroindoles are abundant in some foods eaten
frequently by populations at high risk of cancer
(e.g. fava beans in Colombia and Chinese cabbage
in China) [1]. Nitrosation of Japanese fish has
been used in experimental carcinogenesis in ro-
dents [2]. As yet, no definitive proof has been
provided that products of food nitrosation are car-
cinogenic in humans.

Chronic infectious diseases are suspected to
play a carcinogenic role in humans. Several major
human cancers have been linked to infectious
agents, but the mechanisms for this association are
unclear. The role of hepatitis virus in primary liver
carcinoma is well documented epidemiologically
[3]. Similarly, papilloma viruses are causally re-
lated to human cervical cancer, and again the
mechanism of carcinogenesis is unclear [4]. The
most recent infectious agent linked to a major
human cancer is Helicobacter pylori. The World
Health Organization has classified the bacterium
as a human carcinogen [5]. This chapter discusses
hypotheses related to possible mechanisms of
action of H. pylori in human carcinogenesis,
especially the role of reactive oxygen species
(ROS) and reactive nitrogen species (RNS). We
describe the process in terms of histopathology,
chemistry, cellular defense mechanisms, and
immunochemistry.

Histopathology

The gastric precancerous process for the most fre-
quent tumor (intestinal type) has been described
in terms of sequential steps identified by their
morphologic characteristics: chronic gastritis, at-
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rophy, intestinal metaplasia, dysplasia [6]. There
is epidemiologic evidence supporting the involve-
ment of H. pylori in all of the steps [7].

Helicobacter pylori produces a potent urease
that splits urea into carbon dioxide and ammonia.
The latter compound damages the mucous layer
(together with bacterial lipases) and stimulates
excessive proliferation of epithelial cells [8]. The
bacteria remain outside the tissue of the gastric
mucosa, in the gastric lumen, close to the sur-
face epithelium. Bacterial chemotaxis attracts
monocytes and polymorphonuclear neutrophils,
which migrate from the capillaries in the lamina
propia. These migrating white blood cells contain
toxins capable of destroying the bacteria, but most
inflammatory cells do not reach the bacteria
present in the lumen. They degenerate and die in
the stroma itself or while traversing the layer of
epithelial cells that line the foveola, around the
gland necks, or in the gastric lumen. The toxins
intended to kill the bacteria are instead released
in “oxidative bursts” and are capable of damag-
ing the DNA and the proteins of the host cells.
This process has been called “frustrated
phagocytosis” and may be of critical importance
in carcinogenesis.

Reactive Oxygen and Nitrogen
Species and DNA Damage

Reactive species are produced as part of the cellu-
lar defense mechanisms stimulated by H. pylori
infection (Fig. 1). These species may initiate a

cascade of effects, including mitochondrial dys-
function, lipid peroxidation, modification of pro-
tein structure and function, and genotoxicity. The
latter effect is of great concern in terms of promot-
ing the precancerous process because if mutations
initiated by these agents are not repaired before
cellular replication they may remain part of the
transformed genomic burden. The types of altera-
tions caused by reactive oxygen and nitrogen spe-
cies are primarily point mutations, particularly
G:C — A:T mutations (Table 1), which are a
common type of transformation in cancer. The 12
potential sites for alkylation of DNA include the
ring nitrogen positions in adenine, guanine,
cytosine, and thymine; the oxygen atoms of
guanine, thymine, and cytosine; and the phos-
phate groups. Experimental data confirm that the
O° alkylation of guanine represents the most im-
portant reaction. Mutations at this site are
strongly linked to carcinogenicity.

Oxygen free radicals and NO-derived products
promote deamination of DNA. Nitric oxide pro-
motes N-nitrosation of aromatic amines (Ar-NH,)
to form the nitrosamine (Ar-NH-NO) intermedi-
ate, which then decomposes and rearranges to

Table 1. Alterations and mutations that may arise
from the deamination of DNA bases by NO,

Conversion Type of mutation
Cytosine + NO, — uracil G:C-> A:T
mCytosine + NO, — thymine G:C> A:T
Guanine + NO, — xanthine G:C-> AT
Adenine + NO, — hypoxanthine A:T—-G:C

Fig. 1. Events related to ROS and
RNS brought about by infection of
the gastric mucosa with H. pylori
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produce the diazonium ion (Ar-N3), which in turn
decomposes to the hydroxyl derivative of the
aromatic amine (Ar-OH). These reactions have
been proposed for the oxidative deamination of
cytosine, methylcytosine, guanine, or adenine
(Table 1) and the observed increased formation of
oxidative DNA adducts following exposure to
oxidative or nitrosative species. It has been de-
scribed that nitro-guanine adducts can be detected
in response to peroxynitrite exposure [9, 10], the
chemical processes and potential endogenous me-
diators for mutations. Nitric oxide has also been
shown to compromise the ability of natural repair
processes, for example, poly(ADP-ribose) or Fpg
to repair DNA damage [11, 12]. Thus in addition
to causing DNA damage, these endogenous com-
pounds may limit the mechanisms to prevent
these mutations from being permanently incorpo-
rated into the genome [13].

An interesting aspect of research in the field of
reactive nitrogen species and inflammation is the
formation of nitroso (NO) and nitro (NO,) ad-
ducts from endogenous sources [14-17]. A wide
range of exogenous nitrosated compounds have
been linked to the development of gastrointestinal
cancer [18, 19], and it appears that they may
operate through mechanisms that are similar, if
not identical, to the effects of endogenous com-
pounds. For example, exogenous nitrosamines re-
semble intermediate products formed during
nitrosative reactions produced endogenously.
Thus the ability of compounds to promote
gastrointestinal cancer may not be some spurious
toxicological phenomenon but, rather, a means of
duplicating the reactions elicited in the natural
precancerous process.

Cellular Defenses Against Reactive
Oxygen or Nitrogen Species

Cellular defenses against both species are similar;
sulfhydryl groups in the form of glutathione
quench these reactive species [20, 21]. Enzymatic
degradation of superoxide and hydrogen peroxide
is mediated by superoxide dismutase and catalase,
respectively. To date, a comparable enzymatic
pathway has not been discovered for the nitric
oxide cascade. The two pathways can also inter-
act. Nitric oxide and superoxide react at almost
diffusion-limited kinetics to form peroxynitrite,
ONOO- [22, 23]. Whereas these substrates
possess unpaired electrons, thereby defining them

as free radicals, these electrons pair up in
peroxynitrite. Peroxynitrite is therefore not a free
radical but an oxidant that is considerably more
reactive than either of its parent molecules, with a
biological half-life of approximately 1s. It reacts
with numerous proteins, enzymes, lipids, and
DNA to cause cell injury and toxicity. Because of
its potency and ephemeral existence, it is difficult
to quantify. In addition to being an oxidant, it also
is an excellent nitrating agent, particularly in the
presence of metals; and it avidly nitrates tyrosine
residues in proteins to form the stable product
nitrotyrosine. Nitrotyrosine formation in vivo can
be evaluated by immunohistochemical staining,
Western blotting, or high-performance liquid
chromatography techniques [14, 17, 24]. Nitroty-
rosine levels are particularly low in noninflamed
states but increase markedly during inflammation
or immune activation and co-localize with induc-
ible nitric oxide synthase expression [14, 25, 26].
Bicarbonate and ascorbic acid [22, 27] rapidly de-
grade peroxynitrite, and ascorbic acid has been
demonstrated to prevent peroxynitrite-induced
cell death in cultured epithelial cells [28]. This
finding may have great relevance for gastritis be-
cause those at the greatest risk for the develop-
ment of gastric cancer have the lowest luminal
levels of ascorbic acid [29].

A cellular defense mechanism against marked
DNA damage is the process of apoptosis, or pro-
grammed cell death [30, 31]. We have noted that
marked apoptosis accompanies gastritis and co-
localizes with sites of inducible nitric oxide
synthase expression and nitrotyrosine formation
{26]. Both nitric oxide and peroxynitrite promote
apoptosis [28]. Importantly, treatment of patients
with antibiotics to clear the H. pylori or use of the
supplemental antioxidants B-carotene and ascor-
bic acid lowers the frequency of such lesions [26].
Thus cell toxicity and death can be manipulated
by clearing the source of immune activation or
modifying the host response.

Antioxidants also have the potential to diminish
the entire immune cascade, including the release
of cytokines, by compromising activation of the
nuclear transcription factor NF-KappaB [32]. H.
pylori infection has been associated with NF-
KappaB activation, a result confirmed in our labo-
ratories. Antioxidants may therefore not only
reduce the bioactivity of free radicals but also
dampen the release of cytokines and expression of
adhesion molecules that contribute to the host
response. To a large extent the activation of NF-
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KappaB involves a proteosome that is activated
by reactive oxygen species, which places greater
importance on the potential utility of antioxidants
for terminating the cascade of events in the
precancerous process.

Immunochemical Studies

Evidence of nitric oxide is assessed by staining the
enzyme-inducible nitric oxide synthase (iNOS),
which is involved in the synthesis of nitric oxide by
inflammatory cells and represents abnormal syn-
thesis of the product, in contrast to the constitu-
tive synthase involved in physiologic functions,
(Figs. 2-4). As seen in the microphotographs in
Figs. 2-4, polymorphonuclear leukocyte cells
stained positive for iNOS in the stroma, epithe-
lium, and lumen, indicating migration into the gas-
tric cavity. Positively stained cells are also seen
around epithelial cells in the glandular necks.
These changes indicate potential for damage to
the normal gastric mucosal cells, specifically the
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Fig. 2. Microphotograph of a gastric foveola of a pa-
tient with H. pylori-associated active gastritis. Immu-
nostaining for proliferating cell nuclear antigen
(PCNA) indicates active DNA synthesis. Polymopho-
nuclear neutrophils (PMNs) are seen migrating from
the stroma to the gastric lumen, where H. pylori was
identified with silver stain. The migrating PMNs break
through the epithelium and come into intimate contact
with dividing epithelial cells. (This topographic setup
allows oxidative bursts to contact dividing cells)

epithelial cells, by oxidative bursts of the
polynuclear cells. Figure 5 shows positive staining
for nitrotyrosine, indicating damage to proteins
associated with H. pylori infection.

iNOS is a marker of activated host defense
mechanisms and, with the exception of pregnancy,
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Fig. 3. Microphotograph of gastric foveola of a patient
with H. pylori-associated active gastritis. Immu-
nostaining for inducible nitric oxide synthase (iNOS)
was used. Positively stained polymorphonuclear
leukocytes are seen migrating from the stroma, through
the epithelium, to the lumen

Fig. 4. Microphotograph of the glandular neck region
of a patient with H. pylori-associated active gastritis.
Immunostaining for inducible nitric oxide synthase
(iNOS) was used. Positively stained polymor-
phonuclear leukocytes are seen in the immediate vicin-
ity of the gland necks, where DNA synthesis normally
takes place
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Fig. 5. Microphotograph of the foveolar region of a
patient with H. pylori-associated active gastritis. Immu-
nostaining for nitrotyrosine. Positive staining of cells
and stroma indicates damages to proteins, presumably
from peroxynitrite

is associated with cell toxicity [33]. Cellular dam-
age, including genotoxicity, may result in different
outcomes. Severe damage to cells usually compro-
mises not only the DNA but also the cellular
membranes, resulting in complete destruction of
the integrity of the cell, namely necrosis. Less
damage may induce DNA fragmentation, which
may be beyond cellular repair mechanisms. Under
these circumstances, a cellular defense may be the
initiation of programmed cell death, (apoptosis),
which prevents the survival of transformed cells.
Apoptosis can be assessed in situ with the
TUNEL assay as shown in (Fig. 6). The normal
site of apoptosis is at the surface epithelium in
cells predetermined to desquamate. In gastric
mucosa with H. pylori-associated chronic gastritis,
apoptosis is abnormally observed at the level of
the glandular necks, where cell replication nor-
mally takes place. It has been suggested that this
abnormally located apoptosis results from disrup-
tion of the normal adhesion of epithelial cells to
their basement membrane (anchorage) by the
cytokines released by the inflammatory cells in
the lamina propia. This phenomenon has been
labeled “anoikis” (homelessness) [34]. As seen in
Figs. 2-6, apoptosis is prominent in the H. pylori-
associated gastritis, indicating a degree of damage
that is insufficient to induce necrosis but sufficient
to induce programmed cell death. This phenom-
enon may explain why H. pylori has been causally
linked to atrophy (gland loss), a precancerous
change, in epidemiologic studies. Reactive oxygen
and nitrogen species can initiate apoptosis in low
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Fig. 6. Microphotograph of the neck and foveolar re-
gions of a patient with H. pylori-associated active gastri-
tis. Immunostaining for apoptosis (TUNEL stain) was
used. Positively stained cells are seen at the surface
(normal location) but also prominently in the neck re-
gion, probably related to the adjacent inflammatory
infiltrate

concentrations, and higher burdens may evoke
necrosis. Thus the co-localization of enzymes that
produce large amounts of nitric oxide with
apoptosis is suggestive of a causal link. This link
has been confirmed in cell culture and is further
suggested by chemotherapeutic approaches
wherein both iNOS and apoptosis staining are re-
duced. It does not prove causality, as other inflam-
matory mediators and cytokines released during
gastritis also promote apoptosis [35].

Apoptotic cells are destined not to replicate and
obviously do not generate neoplastic clones.
These clones could be generated by levels of
DNA damage that are insufficient to induce
apoptosis but sufficient to induce mutations. They
are detected by techniques of molecular biology
dealt with in other chapters.

Conclusions

Whether cell damage by carcinogens synthesized
“in situ” by inflammatory cells is of relevance to
human carcinogenesis is conjectural at the present
time. The process appears to be highly complex,
and further research is justified.
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Strong epidemiologic evidence links H. pylori
infection with gastric neoplasia in humans. At
least three hypothetical pathways are suggested
by the human experience. H. pylori plays an
important role in gastric lymphoma, suggesting
that carcinogenic influences brought about by
the bacterium may target the mucosa-associated
lymphoid tissue (MALT), which colonizes the
gastric mucosa after its infection and apparently
induces trisomy 3 [36] and 1; 14 translocations
[37]. H. pylori is also associated with the intestinal
type of gastric adenocarcinoma in which molecu-
lar alterations of cell proliferation and differentia-
tion similar to those of colon carcinoma have been
described, including involvement of p53, APC,
and DCC genes [37-39]. It has been reported that
the diffuse type of gastric carcinoma is associated
with H. pylori infection [40]. The nuclear altera-
tions indicative of DNA damage are less well
characterized in such tumors; there seems to be
selective damage directed to the synthesis and
preservation of cellular membranes and basal
membrane proteins: adhesion molecules, laminin,
and type IV collagen. Hypothetically, all three
types of alteration linked to H. pylori may be in-
duced by oxygen- and nitrogen-reactive species.
Nitric oxide resulting from H. pylori infection may
be the common link of the three gastric neoplastic
pathways proposed, as an active agent or a marker
of the so far poorly understood processes. Hope-
fully, future research will elucidate the role of
oxygen- and nitrogen-reactive species, their inter-
action with antioxidants, and other defense
mechanisms for determining the outcome of H.
pylori infection.
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Multiple Genetic Alterations and
Abnormal Growth Factor Network in
Human Esophageal Carcinomas
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Summary. Esophageal carcinoma is the most
malignant gastrointestinal neoplasm. Multiple
genetic alterations of oncogenes and tumor sup-
pressor genes take place in esophageal squamous
cell carcinomas. Co-amplification of cyclin D1,
hst-1, and int-2 gene is found in 40% of the pri-
mary tumors and almost all metastatic tumors.
The prognosis of the patient with gene amplifica-
tion is evidently poorer than those without ampli-
fication. Multiple alterations of tumor suppressor
genes and negative cell cycle regulators, including
p53 gene, Rb gene, BRCAI gene, pl6 (MTSI),
pl5 (MTS2), and p21 (WAFI1/CIPI), play an im-
portant role in the development and progression
of esophageal carcinomas. Furthermore, multiple
growth factor-receptor loops exist and participate
in the autocrine growth of the esophageal cancer.
They include epidermal growth factor (EGF),
transforming growth factors (TGF) o and §,
and platelet-derived growth factor (PDGF).
Overexpression of EGF, TGF-o, and EGFR is
closely correlated with the malignant behavior of
tumor cells and patient prognosis. These growth
factors stimulate production of the interstitial
degradation enzymes and down-regulation of E-
cadherin function, which may lead to cell invasion
and metastasis.
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Introduction

Esophageal carcinoma, one of the most malig-
nant gastrointestinal cancers, occurs at a high
frequency in Japan and certain areas of China.
The incidence of esophageal carcinoma in men
is higher than in women; and the prognosis for
men is worse than for women, suggesting that
esophageal carcinoma is closely related to diet
and sex hormones. The development of human
esophageal squamous cell carcinoma is a mul-
tistep, progressive process [1, 2]. An early indi-
cator of this process is an increased proliferation
of esophageal epithelial cells morphologically in-
cluding basal cell hyperplasia, dysplasia, and carci-
noma in situ, which are regarded as precancerous
lesions. In this process, multiple genetic altera-
tions and overexpression of growth factor—
receptor systems are involved [3], including
amplification and overexpression of epidermal
growth factor receptor (EGFR), amplification
of cyclin D1/hst-1/int-2 gene [4-6], loss of het-
erozygosity (LOH) at multiple chromosomal loci
(e.g., 3p, 59, 9p, 94, 13q, 17p, 179q) [7, 8], mutation
of the p53 gene, total deletion or mutation of
the MTSI gene [9, 10], and overexpression of
growth factors. In the present review, the roles of
multiple genetic alterations and growth factor—
receptor systems that contribute to the develop-
ment and progression of esophageal carcinomas
are described.

Genetic Alterations in
Esophageal Carcinomas

The process of tumorigenesis at the cellular level
is related to disorders of the control of cell prolif-
eration and differentiation. Most of the cancer
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cells contain genetic alterations that relate to the
control of this process, including growth factors
and their receptors, signal transduction, and tran-
scription factors [11]. Two basic types of genetic
damage are encountered frequently in cancer
cells: dominant (with targets known as proto-
oncogenes) and recessive (with targets known as
tumor suppressor genes). The genetic events af-
fecting proto-oncogenes often result in increased
stimulatory function, whereas those affecting tu-
mor suppressor genes may cause loss of inhibitory
function. The interaction of signaling molecules
with their receptors induces receptor activation
and initiation of a signal transduction cascade
mediated by multiple second messengers and
receptor-activated protein kinases. In cells with
activated oncogenes many of these pathways be-
come disturbed, often constitutively activated, re-
sulting in autonomous proliferation and other
phenotypic changes. There are several major bio-
chemical mechanisms of action for oncogenes
[11]: (1) abnormal signaling by a structurally
abnormal cytokine/growth factor including ampli-
fication, deletion, rearrangement, and point muta-
tion of the gene; (2) aberrant phosphorylation of
proteins at either serine, threonine, or tyrosine
residues by altered receptors and other signal
transducing kinases; and (3) disturbed regulation
of gene transcription by abnormal transcription
factors. Tumor suppressor genes can be defined as
genes whose repression, inactivation, dysfunction,

Table 1. Genes altered in esophageal cancer
Incidence (%)

Gene alterations

hst-1/int-2/cyclin D (amplification) 40-50
EGFR (amplification) 10-15
c-myc (amplification) 14
p53 (17q13) (LOH, mutation) 30-50
APC (5q21) (LOH) 66
Rb (13q14) (LOH) 36-54
MTS1/CDK4 (9921) (loss, mutation) 50
BRCA (17q) (LOH) 62
LOHof 3p 35
9p 57
9q 60
13q 43
17p 62
17q 46
LOH of 5q, 10p, 18q, 19q, 21p >30

LOH, loss of heterozygosity.
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Fig. 1. Survival curve of an esophageal carcinoma pa-
tient after esophagectomy without cyclin D gene ampli-
fication (A) and with gene amplification (B)

or loss results in cell transformation [12]. They
were initially described in hereditary cancers,
such as retinoblastoma (Rb gene) [13], Wilms’
tumors (WT gene) [14], and familial adenomatous
polyposis coli (APC gene) [15]. It has been shown
through unbridled cellular proliferation that cell
cycle regulators are candidate oncogenes or tumor
suppressor genes. The genetic abnormalities of
oncogenes and tumor suppressor genes involved
in the development of esophageal carcinomas are
shown in Table 1.

Activation of Oncogenes

Regarding oncogenes in esophageal carcinomas,
amplification of hst-1/int-2 genes, EGFR gene,
and c-myc gene has been reported [4-6, 16]. We
analyzed the co-amplification of hst-1/int-2 genes
by slot blot analysis using DNAs from formalin-
fixed paraffin-embedded tissues of 18 dysplastic
lesions, 100 primary esophageal carcinomas after
surgical resection, and 18 metastatic esophageal
carcinomas obtained at autopsy. No amplification
was detected in dysplasia, whereas it was detected
in 41 cases (41%) of primary tumors and 100% of
metastatic carcinomas. The amplification of these
genes correlated with tumor staging and depth of
tumor invasion. Moreover, the prognosis for pa-
tients with gene amplification was poorer than for
those without gene amplification [4, 5] (Fig. 1).
Although the co-amplification of Ast-1 and int-2
genes was frequently associated with esophageal
carcinoma, mRNA expression has not been found
so far.
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Much attention has been paid to this hot
locus for the candidate gene related to the
carcinogenesis of esophageal cancer. Motokura
et al. [17] isolated a potential oncogene, prad 1,
from a rearranged chromosome 11q13 found in
parathyroid tumors. Interestingly, the cDNA se-
quence of the gene was identical to that of cyclin
D1 gene [18]. The cyclin D1 gene encodes a cell
cycle regulatory protein that governs G1 progres-
sion, S phase entry, or both. Three types of cyclin
D genes have been discovered and form com-
plexes with cyclin-dependent kinases (CDKs) 2, 4,
and 5.

What is interesting in the study is that the inci-
dence of distant metastasis and local recurrence
is higher in patients with gene amplification.
Amplification of cyclin D1 gene was detected in
one epithelial tumor and two submucosal tumors.
The patient with the epithelial tumor suffered
from breast cancer 2 years 4 months after eso-
phagectomy. Liver and skin metastases were ob-
served in one case of submucosal tumor, and the
patient died 2 years after esophagectomy. Tumor
cells with amplified and overexpressed cyclin D1
gene might have predominant growth in the local
lesion, with deep invasion into the esophageal wall
and a proliferative course leading to metastasis.
At the time of operation when deciding on the
therapeutic plan for the patient, it would be valu-
able to know if the tumor has amplified cyclin D1
gene. Jiang et al. [19] demonstrated amplification
and expression of cyclin D1 gene in human
esophageal carcinoma cells. Amplification and
overexpression of cyclin D1 gene might lead to
uncontrollable cell growth and proliferation. We
have also confirmed overexpression of cyclin D1
gene with gene amplification in esophageal carci-
nomas. The expression of cyclin D1 gene was in-
creased after treatment with exogenous EGF and
transforming growth factor o (TGF-o). In addi-
tion, the cyclin D2 and cyclin E genes were found
to be amplified in colorectal carcinomas [20].
Although overexpression of the cyclin gene-
provoked cellular transformation is not yet
proved, amplification or overexpression of the
cyclin gene family plays an important role in the
carcinogenesis of human esophageal cancer and is
a good biologic marker of malignancy for human
esophageal carcinomas.

Although the amplification of EGFR gene and
c-myc gene has been reported in esophageal
carcinomas, the incidence of amplification is not
high compared to that of the Ast-1 and int-2 genes.

The significance of this phenomenon is not yet
known. Point mutations of the ras gene family
are rare events in esophageal carcinoma tissue
[21].

Abnormality in Cell Cycle Regulator Genes

Carcinomas are characterized by uncontrolled

~cell growth. Cellular proliferation follows an

orderly progression through the cell cycle, which
is governed by protein complexes composed
of cyclins and cyclin-dependent kinases [22].
These complexes exert their regulatory functions
by phosphorylation of key proteins involved
in cell cycle transitions, such as the product
encoded by the retinoblastoma gene (pRb).
Cyclin D1, functionally forming a complex
with CDK4/CDKG®6, is involved in G1-S transi-
tion and may play an important role in car-
cinogenesis. Mutations and overexpression of
cyclins and cyclin-dependent kinases, mainly
cyclin D1 and CDK4, have been reported [22].
The expression of cyclin D family members is
mediated by many growth factors including
EGF and TGF-a, whereas the expression of
cyclin E and cyclins A and B is cell cycle-
dependent. We have already described the
frequent amplification of cyclin D1 gene in
esophageal carcinomas and its significance for
tumor progression.

Several candidates for CDK-inhibitory mol-
ecules have been identified. Because of their re-
cessive nature in cell. cycle control and the fact
that some of them are mutated in human tumors,
it has been suggested that they may also function
as tumor suppressor genes. These genes include
p21 (SDII/WAFI/CIPI) [23-25], p27 (KIPI) [26],
pl6 (MTSI) [27], and p15 (MTS2) [28]. The pl16
mutations have been reported in a variety of
human tumors, including esophageal carcinomas,
breast tumors, and brain tumors [27]. The P16
protein binds to CDK4 and inhibits the cyclin D1-
CDK complex, which phosphorylates pRb. The
gene encoding P15 (MTS2) also binds to CDK4
and CDK6. Most esophageal cancer cell lines con-
tain homozygous deletions of the pI6 and pl5
genes associated with overexpression of cyclin D1,
CDK4, p27¥"™', and phosphorylated Rb protein,
suggesting loss of the pl6 gene; subsequent
overexpression of cyclin D1 and CDK4 could con-
fer autonomous growth of esophageal cancer cells
[29].
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Tumor Suppressor Genes

The loss of genes at specific chromosomal loci has
been demonstrated to be involved in the develop-
ment of a number of human cancers, including
hereditary and nonhereditary lesions. It is now
believed that gene loss on specific chromosomes is
associated with carcinogenesis, as tumor suppres-
sor genes may be located on or near those loci.
As suggested in Knudson’s two-hit models [30],
allelic loss or LOH and mutations of the other
allele is required to inactivate the tumor suppres-
sor genes. In esophageal carcinomas, allelic losses
at frequencies of at least 30% were observed
at loci on chromosomal arms 3p, 3q, 5q, 9p, 9q,
10p, 13q, 17p, 17q, 18q, 19q, and 21q (7, 8] (Table
1).

The most common type of mutation or LOH in
human tumors seems to be that affecting the p53
gene, which is located on chromosome 17p13. As
mentioned above, alterations in the gene occur at
an early stage of esophageal carcinogenesis (e.g.,
dysplasia and carcinoma in situ) [31]. Point mu-
tation of the p53 gene is detected in about 40%
of esophageal carcinomas, most of which are
missense mutations. Considering the base substi-
tution spectrum, G:C to T: A transversion is com-
mon in esophageal carcinomas, which is similar to
that in carcinomas of the lung and liver and differ-
ent from that observed in colorectal carcinomas,
which share transition of CpG to TpG [32, 33].
Point mutations of the p53 gene result in altered
conformation and increased stability of the prod-
uct, leading to the accumulation of P53 protein.
This protein accumulation and gene mutation
were reported to occur at the early stages of
esophageal carcinogenesis. In addition, the prog-
nosis of the patient with mutated P53 protein-
positive tumors is poorer than those without
mutated P53 protein [34].

The gene encodes a 53-kDa nuclear phos-
phoprotein, which is a negative regulator of the
G1-S phase transition in the cell cycle. A current
model of P53 function is that it is activated when
DNA damage occurs and serves to block DNA
replication; hence it allows time for repair of
DNA. Wild-type p53 functions as a transcription
factor for several genes, such as p21 (SDII/WAFI1/
CIP1), GADDA45, and bax [23-25, 35]. The pro-
moters of these genes have a P53-binding site,
and transcription is activated by wild-type p53
but not by the mutated one. The p21 gene is a
negative regulator of the cell cycle; it does so

by inhibiting enzyme activity of various cyclin—
cyclin-dependent kinase (CDK) complexes.
GADDA4S5 binds to PCNA, a normal component of
CDK complexes, and is involved in DNA replica-
tion and repair synthesis. BAX, complexing with
BCL-2, induces apoptosis. Therefore P53 in-
activation may confer esophageal tumorigenesis
through abnormal cell growth, DNA repair, and
cell survival.

As mentioned in a previous section, the nega-
tive cell cycle regulators are also considered to be
tumor suppressor genes because the loss of cell
cycle inhibitors would lead to unbridled cell pro-
liferation. The loss of p15 and pI6 genes, each of
which is located on chromosome 9p21, may con-
tribute to uncontrolled growth of esophageal can-
cer [9, 10, 27]. Moreover, the loss of P21 protein
contributes to the highly malignant nature of
esophageal carcinoma (unpublished observation).
Although mutations of the APC gene are rare
[36], LOH of the Rb gene on chromosome 13q
[37] and BRCATI on chromosome 17q [38] is fre-
quently observed in human esophageal carcino-
mas. Another candidate tumor suppressor gene,
the FHIT gene on chromosome 3p14.2, has been
isolated [39]. As frequent abnormalities of this
gene are reported in head and neck cancer cells
[40], it is interesting to examine the alteration of
the gene in human esophageal carcinomas.

Genetic instability is also an important phe-
nomenon in human cancers. For example, muta-
tions of MSH2 and MLHI, which are mismatch
repair genes, are responsible for hereditary
nonpolyposis coli cancer (HNPCC) [41, 42].
Mutations of these genes may cause defects in
the DNA-mismatch repair system. Replication

Fig. 2. Microsatellite instability assay showing an
RER-positive result in tumor tissue. N, normal tissue;
T, tumor tissue
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errors (RER) can be detected by examining mi-
crosatellite loci in DNA from tumor tissues and
their normal counterparts (Fig. 2). Whether a de-
fect in DNA repair gene plays an important role in
carcinogenesis of human esophageal carcinoma is
not yet known [43, 44]. Further studies are being
conducted to elucidate the pathogenesis of human
esophageal carcinomas.

Abnormal Growth Factor Network
in Esophageal Carcinomas

The functions of growth factors are mediated
through autocrine or paracrine pathways [45].
Most of the cancer cells produce autocrine growth
factors, which act through receptors on their cell
membrane. Paracrine growth factors, which are
produced by cancer cells or interstitial cells, act on
cells adjacent to the cells that produce them. The
first event of signal transduction through growth
factor receptors is dimerization of the receptors,
which leads to phosphorylation of tyrosine kinase
on the receptors [46]. The interaction between
receptors and their intracellular component is
mediated through src homology domains, which
are commonly identified structures in intracellular
substrate that include phospholipase C-y, Ras
GTPase-activating protein, phosphatidylinositol-
3’-kinase, and members of the src family of
tyrosine kinases [47-49]. The signals through
receptors such as EGFR and PDGFR are me-
diated through Ras and then through the
phosphorylation cascade of raf-1 and MAP
kinase, which is transported to the nucleus of the
cells for proliferation and differentiation [50].

Epidermal Growth Factor
and Receptor Family

Epidermal growth factor and TGF-a act through
the EGFR (Table 2) and share many biological
activities. The expression of either TGF-o or
EGFR alone is not sufficient to induce the
transformed phenotype in NIH 3T3 cells; both
TGF-o and EGFR overexpression is essential to
transform the cells. In many cancer cells both
EGF and TGF-a act as autocrine growth factors
through EGFR [51]. On the other hand,
membrane-bound TGF-o binds to EGFR on the
surface of contiguous cells and induces receptor

autophosphorylation, leading to signal trans-
duction, which is regarded as juxtacrine growth
stimulation [52].

The EGFR is encoded by the proto-oncogene
c-erbB1 [53]. Amplification and overexpression
of the EGFR gene are detected not only in
esophageal carcinomas but in a variety of other
tumors as well, such as brain tumors, breast car-
cinomas, and gastric carcinomas [54-57]. Ozawa
et al. [58] reported that EGFR was expressed in
high numbers in squamous cell carcinomas of the
esophagus. We have demonstrated that EGF
binding capacity ranges from 4.0 X 10° t0 9.0 X 10°
sites/cell with a dissociation constant (K,) of
10™° M [51]. An elevated EGFR level is now re-
garded as a significant prognostic indicator for
esophageal carcinoma [59]. Moreover, esophageal
carcinoma cells express EGF and TGF-a mRNA
and proteins [60]. The expression of EGF mRNA
was detected in 8 (29.6%) of 27 tumors including
the cell lines, whereas the TGF-o. and EGFR
genes were expressed in 21 (77.8%) and 24
(88.9%) of the 27 tumors, respectively [61] (Fig.
3). The EGF content of TE-1 cells is 210pg/10°
cells measured by an enzyme-linked immuno-
sorbent assay (ELISA). The number of EGFR
sites and EGF content are about 10 times higher
than those in gastric carcinoma cells, which might
be one of the reasons for the rapid growth of
esophageal carcinomas compared to that of other
carcinomas. Anti-EGF monoclonal antibody or
anti-TGF-a monoclonal antibody inhibited the
growth of TE-1 esophageal carcinoma cells. These
results suggest that EGF or TGF-a, the ligand of
hyperproduced EGFR in esophageal carcinomas,
may act as autocrine growth factors.

Table 2. Growth factors and receptors in esophageal
carcinomas

Growth factor Receptor
EGF family
EGF EGFR
TGF-a EGFR
Amphregulin ERBB3
ERBB2
PDGF family: PDGF a- and B-receptor
PDGF A- and B-chains
Sex hormone ER
TGF-B family TGF-B type I, 1L, 111
receptor
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The effect of EGF and TGF-a on the expres-
sion of mRNA for EGF, EGFR, and ERBB?2 gene
was different; that is, TGF-a increased EGF,
EGFR, and ERBB2 mRNA expression, whereas
EGF decreased the expression [61]. The mecha-
nism of these effects remains to be elucidated.

Two new members of the EGF family, Cripto
and Amphiregulin, have been identified [62, 63].
Cripto, a protein of 188 amino acids, has a central
portion of the molecule that shares structural ho-
mology with EGF and TGF-o. Expression of this
molecule is widely detected in a variety of tumor
tissues. The expression is correlated with tumor
invasion and patient prognosis in gastric and
colorectal carcinomas [64, 65].

Amphiregulin is a heparin-binding growth
factor whose C-terminal region has homology
to EGF. Amphiregulin induces tyrosine auto-
phosphorylation of the EGFR and indirectly
ERBB3 [66]. EGF or TGF-o. induces mRNA of
amphiregulin by gastric carcinoma cells, indicat-
ing involvement of the molecule in the autocrine
growth stimulatory loop induced by EGF or
TGF-a.

Platelet-Derived Growth Factor/Receptor and
Estrogen Receptor

Platelet-derived growth factor (PDGF) is made
up of two related A- and B-chains, which form
homodimers (AA, BB) and heterodimers (AB).
Two distinct types of PDGF receptor, a- and B-
receptors, have been identified (Table 2). The o-

Fig. 3. Expression of mRNA for
transforming  growth  factor-o
(TGF-a), epidermal growth factor
(EGF), and EGF receptor (EGFR)
in human esophageal carcinoma cell
lines and tissues. 7, tumor tissue; N,
adjacent normal mucosa

receptor binds all three isoforms of PDGF with
equally high affinity, whereas the B-receptor binds
only PDGF BB with high affinity [67]. The PDGF
B-chain precursor bears a close similarity to the
protein of the transforming gene, v-sis, of the sim-
ian sarcoma virus [68, 69].

Esophageal carcinomas express PDGF A- and
B-chains and PDGF B-receptor, suggesting the
existence of a multiautocrine loop in the growth
and progression of tumor cells. We have detected
the expression of PDGF A-chain in all the pri-
mary esophageal carcinomas tested [27]. PDGF
B-chain and PDGF B-receptor mRNA expression
are detected in 66.7% and 74.1%, respectively, of
esophageal carcinomas. PDGF B-type receptor
was detected in 53% of gastric carcinoma tissues,
and its expression was closely related to fibrous
stroma. Esophageal carcinomas examined here
had no relation to fibrous stroma [70].

What is interesting is that EGF or TGF-a in-
duces the expression of EGF, TGF-o, and EGFR
genes, suggesting an autostimulation mechanism.
Moreover, the expression of PDGF A- and B-
chains is also increased after EGF or TGF-o treat-
ment by TE-1 cells [61]. Pandiell and Massague
[71] showed that membrane-bound pro-TGF-a is
cleaved by an elastase-like enzyme, which sug-
gests the existence of mechanisms that control
the switch of TGF-o from a juxtacrine to a
paracrine growth factor. This cleavage is activated
by protein kinase C (PKC)-dependent and PKC-
independent mechanisms. EGFR and PDGF
receptor might activate phospholipase C, resulting
in activation of PKC. These findings suggest that
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EGF and TGF-a regulate the expression of
PDGF, and that PDGF also controls the switch of
TGF a-mediated cell growth.

The initial alteration in the regulation of EGF
or TGF-a might lead to enhanced expression of
the EGF, TGF-a, or EGFR gene. The advantage
conferred by EGFR overexpression may be
subsequently enhanced and stabilized by gene
amplification. EGFR mRNA overexpression can
precede gene amplification, which implies that
EGFR overexpression takes place in the absence
of EGFR gene amplification in human cancers.
These clones may exhibit predominant growth
and then have a proliferative advantage to metas-
tasis [72]. Above all, EGF and TGF-a not only act
as autocrine growth regulators but also function
as multigrowth factor modulators leading to un-
controlled growth and progression in human eso-
phageal carcinomas.

Estrogen receptor (ER) has been found to be
present in a variety of human tumors, includ-
ing breast, uterine, gastric, hepatocellular, pan-
creatic, rectal, and lung carcinomas. Sex hormone
receptors (Table 2), including the ER and
androgen receptor, have been detected also in
human esophageal carcinoma [71]. Interestingly,
Matsuoka et al. [73] reported that growth of the
esophageal carcinoma cell line with ERs and
testosterone receptors was inhibited by adminis-
tration of estrogen and enhanced by testosterone,
which may be one reason for the high incidence
of esophageal carcinomas in men and the good
prognosis in women.

Transforming Growth Factor J3

Transforming growth factor B (TGF-B) exhibits
characteristics different from those of other
growth factors. Although TGF-$ was originally
isolated as a fibroblast-transforming factor, it acts
as a growth suppressor for benign and malignant
epithelial cells. TGF- is a heterodimer peptide of
25kDa and consists of five family members (TGF-
B1-5). The biological activity of the molecule is
regulated by its latent TGF-B-binding protein and
proteolytic enzymes [74]. Three distinct receptors
for TGF-B (types I, II, and 1II) have been identi-
fied (Table 2) [75]. Type I and II receptors are
responsible for its biological functions [76, 77].
The structure of type II receptor includes a
cysteine-rich extracellular domain and a cytoplas-
mic serine/threonine kinase domain. The type II

receptor requires both kinase activity and associa-
tion with type I receptor to signal growth inhibi-
tion. The growth inhibitory mechanism of TGF-
is that it inhibits phosphorylation of CDK2 and
subsequently inhibits phosphorylation of Rb gene
product, which stops the cell cycle to G, phase
[26]. The expression of TGF-B mRNA is com-
monly detected in esophageal carcinoma cells
and tissues [71]. The biological significance of the
molecule in the esophagus is not yet known.

Molecular Mechanism of
Invasion and Metastasis of
Esophageal Carcinomas

Cancer invasion and metastasis involve a compli-
cated process that includes enzymatic proteolysis,
cell motility, and cell adhesion through cancer-
stroma interaction [78, 79]. Extracellular degen-
erative enzymes are assumed to play an important
role in tumor invasion and metastasis [80]. Kerr et
al. [81] demonstrated that transin RNA is induced
by EGF, PDGF, and the tumor promoter 12-
O-tetradecanoylphorbol-13-acetate in NIH 3T3
fibroblasts; other authors have reported an oppo-
site regulatory action of TGF-B on extracellular
proteolytic activities by carcinoma cells and
fibroblasts. It is intriguing that EGF and TGF-o
induce the expression of mRNA for interstitial
collagenase, stromelysin, and type IV collagenase
genes, which might lead to invasive growth of the
tumor cells [61, 82]. The increased Fos protein
with transcription factor JUN/AP-1 binds to the
promoter region of collagenase and stromelysin
genes, which increases the transcription of these
genes. A TGF-J inhibitory element was found to
be present in the promoter region of these genes,
suggesting complicated regulation of their expres-
sion [81]. Further studies are needed on the tran-
scriptional regulation of these genes in esophageal
carcinomas.

E-Cadherin is one of the important components
of cell adhesion molecules and may be a crucial
determinant of tumor metastasis [83]. The expres-
sion of E-cadherin is reduced in 45% of cancers of
various organs, including the esophagus, stomach,
and breast [84]. The frequency of reduced E-
cadherin expression is higher in tumors with infil-
trative growth than those with expansive growth.
For esophageal cancer the frequency of down-
regulation of E-cadherin expression in tumors
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with extensive lymph node metastasis was signifi-
cantly higher compared to that of their counter-
parts [85].

E-cadherin is now regarded as a product of sup-
pression or impairment of transcripts of the E-
cadherin structural gene and protease cleavage of
E-cadherin peptides. Moreover, linkage between
transmembranous cadherins and actin filament
of the cytoskeleton is necessary to form strong
cell-cell adhesion, including the catenins vinculin
and actin [86]. Catenins are a series of cadherin-
associated cytophasmic proteins composed of o-,
B-, and y-catenins. a-Catenin directly binds to the
cytoplasmic domain of cadherin, a connection that
is the first step in the complicated linkage between
cadherin and actin filament. After this connection,
a-catenin binds to vinculin, which can cross-link
actin filaments. The cadherin—catenin complex is
indispensable for cadherin function and cell-cell
adhesion. The reduction of a-catenin expression,
as well as that of E-cadherin, is significantly associ-
ated with tumor dedifferentiation, infiltrative
growth, and lymph node metastasis [87]. In
esophageal carcinomas, reduced a-catenin expres-
sion is more significantly correlated with the inva-
sive phenotype with lymph node metastasis than
is E-cadherin expression [86]. E-cadherin func-
tion is down-regulated through the tyrosine phos-
phorylation of B-catenin induced by hepatocyte
growth factor (HGF) and EGF. B-Catenin may be
a key molecule for cadherin-mediated cell adhe-
sion activity during the process that effects cell
movement and cell migration and eventually cell
infiltration and metastasis. Interestingly, EGF in-
duces tyrosine phosphorylation of B-catenin and
E-cadherin and may modulate cadherin—catenin
adhesion through tyrosine kinase receptors. The
down-regulation of E-cadherin by EGF may be a
significant factor that facilitates cell invasion [29].
Moreover, the APC gene product associated with
o- and B-catenin may be important to malignant
cell transformation [88, 89].

Above all, esophageal carcinomas exhibit mul-
tiple autocrine growth factor-receptor loops that
may participate not only in cell growth but also in
tumor invasion and metastasis. Understanding the
biology of esophageal cancer is indispensable to
precise diagnosis and proper cancer treatment.
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Genetic Alterations in

the Precursors of Gastric Cancer

Atsushi Ochiai and Setsuo Hirohashi

Summary. The presence of multiple genetic al-
terations has been established in human cancers.
The evolution of sequential histological changes
from normal cells through invasive cancer pro-
vides the opportunity to elucidate the molecular
basis of this progression. The paradigm for such
studies involves the identification of molecular
genetic events that occur during the evolution of
various human carcinomas, including gastric can-
cer. Several studies have demonstrated that mul-
tiple genetic alterations, comprising oncogene and
tumor-suppressor gene mutations and loss of het-
erozygosity, play roles in cancer development and
progression. Two histological forms of gastric car-
cinoma (intestinal and diffuse) and their different
histogenetic and etiological backgrounds suggest
that different spectra of genetic changes are in-
volved in different tumor types. That same genetic
alterations, including oncogenes and tumor-
suppressor genes, have been detected in the pre-
cursors of both intestinal- and diffuse-type gastric
cancers, but no specific genetic alterations have
been detected in the latter. The genetic alterations
in precursor lesions of gastric cancer and chronic
atrophic gastritis, a precancerous condition, are
summarized here. Also presented are the results
of investigations into p53 tumor-suppressor gene
mutations in nonneoplastic gastric mucosa exhib-
iting chronic atrophic gastritis with intestinal
metaplasia, an early genetic change.

Introduction

Gastric cancers have been classified by Lauren
into two subtypes—intestinal and diffuse [1]—
which correspond to Nakamura et al.’s classifica-
tion of gastric adenocarcinomas: differentiated
and undifferentiated, respectively [2]. Intestinal-

Pathology Division, National Cancer Center Research
Institute, 5-1-1 Tsukiji, Chuo-ku, Tokyo 104, Japan

type (differentiated) gastric cancer, which is more
prevalent in males and older individuals than fe-
males and the young, is composed of cells resem-
bling intestinal columnar epithelial cells and is
associated with widespread intestinal metaplasia
in the vicinity of the tumor [1, 3, 4]. Diffuse-type
(undifferentiated) gastric cancer is characterized
by poorly cohesive tumor cells that show wide,
diffuse infiltration of the gastric wall. With respect
to the histogenesis of these two gastric cancer
subtypes, the results of morphological and epide-
miological studies support the hypothesis that
there is a link between intestinal metaplasia and
intestinal-type gastric cancer. Results obtained
in histopathological studies on the surrounding
mucosa of minute adenocarcinomas (tumor diam-
eters less than Smm) showed that intestinal-type
adenocarcinomas arise in metaplastic mucosa, and
diffuse type lesions occur in nonmetaplastic gas-
tric mucosa [5, 6].

Chronic infection with Helicobacter pylori [7]
and excess salt and nitrosamine compound intake
[8] are suspected to be important causal factors in
gastric cancer. Correa hypothesized that car-
cinogenesis of the stomach is a multistage process
[9], and the progression from normal epithelial
cells to tumor cells involves at least six stages:
superficial gastritis, chronic atrophic gastritis, in-
testinal metaplasia of the complete (small intesti-
nal) type followed by the incomplete (colonic)
type, gastric adenoma, dysplasia, and carcinoma.
It is not clear which steps of the gastric car-
cinogenetic process such carcinogenic agents af-
fect. Furthermore, no direct correlations between
these carcinogenic agents and intestinal meta-
plasia as a precancerous condition have been
established. Identification of the precancerous
lesions in nonneoplastic gastric mucosa compris-
ing chronic atrophic gastritis and intestinal meta-
plasia should provide important information on
gastric carcinogenetic pathways.

Molecular genetic studies have established that
most human tumors display multiple genetic al-
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terations [10, 11]. The molecular biology of gastric
carcinomas is expected to reflect the heterogene-
ity of their causes and histological subtypes, and
clonal divergence within tumors is likely to add
heterogeneous gene products to those associated
with different cancer types. Such alterations are
also considered to underlie the multistage pro-
cesses of carcinogenesis and tumor progression,
although in most cases the precise sequence of
genetic events is unclear. It has become clear that

gastric carcinomas also display multiple genetic

alterations [12-14], including alterations of
oncognes, tumor-suppressor genes, and chromo-
somal loss of heterozygosity (LOH). The genetic
alterations detected in gastric cancers to date are
summarized in Table 1. An accumulation of ge-
netic alterations was found in both intestinal- and
diffuse-type gastric cancers. Two ras gene family
members (Ki-ras and Ha-ras), c-erbB-2 gene, and
APC and p53 tumor-suppressor genes were found
mainly in intestinal-type gastric cancers, whereas
k-sam and c-met genes were detected in diffuse-
type gastric cancers. Detection of these genetic
alterations in precancerous conditions, such as
chronic atrophic gastritis, should provide informa-
tion useful for identifying precancerous lesions of
gastric carcinomas. However, in general, the fre-
quencies of genetic alterations detected in gastric
cancers are too low to enable the causal genetic
changes that occur at the early stages of gastric
carcinogenesis to be determined.

Among the genetic changes observed in gastric
cancers, p53 tumor-suppressor gene mutations
have been detected most frequently. We and

Table 1. Genetic alterations in gastric cancers

Frequency
Genetic alterations Intestinal Diffuse Reference
Gene mutation
Ki-ras 3/17 0/18 30
p53 40/100 0/18 16
APC 9/36 3/21 34
Gene amplification
c-erbB-2 5/13 0/17 49
k-sam 0/35 10/48 50
c-met 15/64 51
Loss of heterozygosity
5 3/13 52
13q 14/36 53
17 17/23 54
18 8/19 55

other investigators have detected p53 gene muta-
tions in human gastric cancers, even in the early
stages [15, 16]; and about 40% of intestinal-type
gastric cancers had p53 gene mutations in both the
early and advanced stages. We examined the re-
gional differences related to heterogeneous differ-
entiation and invasiveness of p53 mutations in
advanced gastric carcinomas and found that most
of the advanced gastric cancers showed the same
p53 mutations, despite their different histological
morphologies and invasion sites [17]. The finding
that the p53 gene mutation frequecy in both early
and advanced gastric adenocarcinomas is the
same suggests that p53 mutations occur at an early
gastric carcinogenetic step.

As well as accumulating information about ge-
netic alterations in gastric carcinomas, genetic
changes in precursor lesions of, and precancerous
conditions associated with, gastric cancer have
been reported. The genetic alterations in precur-
sor lesions of gastric cancer and chronic atrophic
gastritis, a precancerous condition, are summa-
rized here; and the findings of investigations into
p353 tumor-suppresor gene mutations in chronic
atrophic gastritis with intestinal metaplasia are
presented.

Genetic Alterations in
Precancerous Lesions and
Precancerous Conditions

Precancerous Conditions and
Precancerous Lesions

It has been suggested that precursors of gastric
cancer are divided into two categories: precan-
cerous conditions and precancerous lesions [18].
Precancerous conditions are clinical entities asso-
ciated with an increased incidence of gastric can-
cer development, whereas precancerous lesions
are pathological lesions from which gastric carci-
nomas have been reported to develop. A sum-
mary of precancerous lesions of gastric cancer and
precancerous conditions associated with it is pre-
sented in Table 2.

The precancerous lesion of many gastric can-
cers is adenoma of the stomach. Hirota et al. re-
ported that about 21% of gastric adenomas were
accompanied by cancer [19], whereas the inci-
dence of cancer developing in chronic ulcers last-
ing more than 5 years is around 0.5% to 2.0%, and
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Table 2. Precursors of gastric cancer

Gastric adenoma

Gastric dysplasia

Chronic atrophic gastritis
With intestinal metaplasia
Gastritis Verruciform

Hyperplastic polyp

Chronic peptic ulcer

Postresection gastric stump

Menetrier’s disease

the incidence of cancer in stomachs resected for
clinically benign ulcers is about 2% [20]. The ma-
lignant transformation rate of chronic peptic ulcer
is lower than expected previously, but hyper-
plastic polyps and gastritis verruciform, which
were thought to be reactive changes, have been
proved to develop into gastric cancers. Daibo et
al. reported that 10 of 477 hyperplastic polyps
(2.1%) were associated with a focal carcinoma
[21].

Intestinal Metaplasia and Gastric Cancer

The term “metaplasia” means the replacement of
one adult tissue by another. Intestinal metaplasia
of the stomach is defined as the replacement of
antral or fundic gastric mucosa by glands com-
posed of epithelium resembling that of the small
intestine. Intestinal metaplasia has been classified
into complete (small intestinal) and incomplete
(colonic) types based on the findings of light
microscopy and histochemical studies [22]. The
incomplete type was subdivided into two sub-
types, according to the histochemical characteris-
tics: one with O-acetylated sialomucin and the
other with sulfomucin [23]. Matsukura et al. classi-
fied intestinal metaplasia into complete and in-
complete types according to their enzymological
features [24]. The former exhibited sucrase,
trehalase, leucine aminopeptidase, and alkaline
phosphatase activities, whereas the latter had
sucrase and leucine aminopeptidase, but no
trehalase or alkaline phosphatase, activities. The
classification criteria used in studies are not al-
ways the same. For example, incomplete meta-
plasia has been defined as that without Paneth
cells, lacking certain enzymes, or with the pres-
ence of mucous cells in place of absorptive cells;
moreover, the types of mucin used for distingiu-
shing small intestinal and colonic types of

metaplasia differ. There is a definite need for a
unified concept for classification.

Histological investigations on small gastric
cancers (tumors with diameters <5mm) have
indicated a high degree of association between
intestinal-type gastric cancer and incomplete-type
metaplasia in the surrounding mucosa. Hirota et
al. reported that the frequency of metaplasia sur-
rounding the gastric mucosa decreased, in the fol-
lowing order: gastric carcinoma (87.3%), benign
gastric ulcer (84.1%), gastric polyps (65.0%),
duodenal ulcers (38.4%). The association of non-
metaplastic gastritis with carcinoma is less fre-
quent (12.7%) [25]. These data indicate that there
is a close relation between gastric carcinoma and
chronic gastritis with intestinal metaplasia.

Sipponen et al. reported a correlation between
the occurrence of sulfomucin-positive intestinal
metaplasia and gastric cancer detected in an endo-
scopic survey of a large Finnish population [26].
Thirty-one percent of the patients with gastric
cancer showed sulfomucin-positive intestinal
metaplasia, whereas this lesion occurred in only
6% of the benign cases. Sulfomucin-positive intes-
tinal metaplasia was present frequently in the im-
mediate vicinity of intestinal-type carcinomas; and
the mucin profiles of sulfomucin-positive intesti-
nal metaplasia and intestinal-type carcinomas
were similar, indicating there is a close relation
between intestinal metaplasia and intestinal-type
sulfomucin-producing carcinomas.

Genetic Alterations in Precancerous Lesions

Most investigations into genetic changes in
precancerous lesions have been carried out on
adenomas. The genetic alterations in precan-
cerous lesions of gastric cancer are summarized in
Table 3. Ki-ras, p53, and APC tumor-suppressor
gene mutations have been reported in gastric
adenomas.

Ki-ras Gene

Three members of the ras oncogene family (H-,
Ki-, and N-ras) were first detected in human can-
cers as transforming genes in the transfection as-
say using NIH/3T3 cells [27, 28]. These genes,
which encode closely related 21 kDa proteins, are
highly conserved among species. The Ras proteins
bind guanine nucleotides with high affinity and
serve as transducer molecules for signals regulat-
ing cell proliferation and differentiation. Muta-
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Table 3. Genetic alterations in gastric

adenomas
Gene Reference
Oncogene
Ki-ras 30
Tumor-suppressor genes
APC 35
p53 40

tions at the codon 12, 13, and 61 amino acid posi-
tions confer transforming activity; and point mu-
tation of the c-Ki-ras oncogene has been detected
frequently in adenocarcinomas of the colon, pan-
creas, and bile duct [29]. Fewer than 10% of gas-
tric carcinomas have been reported to show Ki-ras
mutations, which were found in one of seven gas-
tric adenomas [30]. Studies on ras expression have
shown increased Ras p21 protein levels not only
in carcinomas but also in noncancerous epithelia
such as dysplasia, intestinal metaplasia, and regen-
erating epithelium adjacent to peptic ulceration
[31].

APC Tumor-Suppressor Gene

The APC gene, which was isolated as a tumor-
suppressor gene for familial adenomatous
polyposis (FAP), is located at chromosome 5q21
[32, 33], and APC gene mutations have been de-
tected in colorectal carcinomas occurring in FAP
patients and sporadically. Most mutations lead to
truncation of the APC gene product. Among
gastric carcinomas, APC gene mutations were
detected in both intestinal (differentiated) and
diffuse (undifferentiated) types, especially in very
well differentiated adenocarcinomas [34]. Some
signet-ring cell carcinomas were also found to pos-
sess APC gene mutations, and APC gene muta-
tions were present in 6 of 30 gastric adenomas
(20%) [35].

p53 Tumor-Suppressor Gene

The p53 protein, originally identified as a protein
that forms a stable complex with the SV40 large
T antigen, was thought to be an oncogene but is
now defined as a tumor-suppressor gene. It is lo-
cated on chromosome 17p13, the inactivation of
which has been suggested to be involved in car-
cinogenesis of various organs. Mutations of the
p53 gene are clustered at four hot spots in highly
conserved regions; and the locations of the muta-

tions and types of base change they show have
been demonstrated to differ among cancers of dif-
ferent organs [36, 37]. In gastric cancers, approxi-
mately 40% of intestinal-type adenocarcinomas
showed p53 gene mutations [38, 39], and Tohdo et
al. reported that 4 of 10 gastric adenomas pos-
sessed such mutations [40].

Shiao et al. reported that dysplastic epithelium
of the stomach also possessed p53 gene mutations.
Most mutation patterns in gastric adenomas were
G:C to A:T, which is also the main mutation
pattern of gastric adenocarcinomas [41].

Genetic Alterations in
Chronic Atrophic Gastritis

Detection of genetic alterations in mucosa show-
ing chronic atrophic gastritis is considered difficult
because chronic atrophic gastritis is so common
it can be difficult to obtain a sample of the
precancerous lesion present in the mucosa. The
genetic alterations detected in gastric mucosa ob-
tained from patients with chronic atrophic gas-
tritis are summarized in Table 4. The genetic
alterations in chronic atrophic gastritis were also
found in several genes, including ras, tpr-met,
cripto, and p53 tumor-suppressor genes, and tel-
omere reduction in chronic atrophic gastritis has
been reported.

ras Gene

The mutation of the ras gene in chronic atrophic
gastritis has also been reported. Tahara et al. ob-
served the point mutation of the Ki-ras gene in 1
of 10 endoscopic biopsy specimens of metaplastic
mucosa obtained from 10 patients [42].

tpr-met Gene

The tpr-met oncogenic rearrangement was first
observed in MNNG-transformed cells of an
osteosarcoma cell line (HOS). The rearrangement
involved fusion of the translocated promoter re-
gion (tpr) locus present on chromosome 1 to the 5’

Table 4. Genetic alterations in chronic atrophic
gastritis

Genetic alteration Positive cases (no.)

Ki-ras mutation 1/10
Ipr-met expression 9/13
cripto overexpression 10/12
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regions of met gene sequences located on chromo-
some 7 [43]. Soman et al. reported that expression
of tpr-met protein was also detected in gastric can-
cer, and they observed tpr-met expression in 9 of
13 patients with nonneoplastic mucosa associated
with chronic gastritis [44].

cripto Gene

The cripto gene, which encodes 188 amino acids
and is a member of the family of transforming
genes of the epidermal growth factor (EGF), was
cloned from an undifferentiated human teratocar-
cinoma cell line, NTERA2 clone D1 (NT2D1)
[45]. The cDNA of this gene encodes 188 amino
acids, the central portion of which is structurally
homologous with human EGF, human trans-
forming growth factor-o. (TGF-ot), and human
amphiregulin. Overexpression of the cripto gene
has been detected in gastric and colonic carcino-
mas; nonneoplastic mucosa with intestinal meta-
plasia has also been found to overexpress it [46].

Telomere Reduction

Telomere shortening has been proposed to be the
major mitotic clock mechanism whereby cells
know how many times to divide. Telomere DNA
length decreases with in vitro and in vivo division
of human somatic cells [47, 48]. In immortalized
cells in vitro, telomere length is stabilized by
the activation of telomerase, which elongates
telomeres de novo. Tahara et al. reported tel-
omere reduction in gastric mucosa with intestinal
metaplasia [42].

p53 Alteration in
Chronic Atrophic Gastritis

Detection of p53 Protein Nuclear
Accumulation in the Mucosa of Chronic
Atrophic Gastritis

To investigate the earliest genetic alterations that
occur in the mucosa with chronic atrophic gastri-
tis, we carried out systematic investigations of p53
gene mutations in noncancerous gastric mucosa.
Sixteen patients who underwent resection for gas-
tric cancer at the National Cancer Center Hospital
in Tokyo from 1992 to 1993 were selected for a
retrospective study to detect p53 alterations in
nonneoplastic gastric mucosa. Of these 16 pa-
tients, 7 had single early gastric cancer, one had

advanced cancer, and 8 had double or multiple
gastric cancers. All the gastric cancers examined
were intestinal-type adenocarcinomas and com-
prised papillary adenocarcinomas (pap, 1 lesion)
and well differentiated (tubl, 22 lesions) and mod-
erately differentiated (tub2, 6 lesion) tubular
adenocarcinomas, according to the histological
classification of the general rules for gastric cancer
study in surgery and pathology of the Japanese
Research Society for Gastric Cancer [49]. All the
resected stomachs were fixed with formalin, and
step-cut sections of virtually the entire stomach
were examined histologically. To examine the
nonneoplastic gastric mucosa, 756 serial sections
3um thick were cut from blocks of nonneoplastic
gastric mucosa from the 16 gastric cancer patients
and stained with hematoxylin and eosin (H&E).
Intestinal metaplasia was detected in 477 of these
756 sections; complete-type intestinal metaplasia
with absorptive epithelial cells, goblet cells, and
Paneth cells was detected in 125 of the 477, and
incomplete-type intestinal metaplasia lacking ab-
sorptive cells and Paneth cells was observed in
352.

The methods used for immunohistochemical
staining of formalin-fixed paraffin-embedded
sections with the antibody RSP-53 are described
in detail elsewhere [16, 17]. RSP-53 (Nichirei,
Tokyo, Japan) is a polyclonal antibody against
p53 protein raised in rabbits immunized against
amino acids 54-69 of synthetic pS3 peptide; it re-
acts with both wild and mutant forms of p53 pro-
tein. The p53-positive foci detected comprised 5
single lesions in 5 patients with a single gastric
cancer and 14 lesions in 6 patients with multiple
gastric cancers. A total of 19 foci of p53-positive
glands were detected by immunohistochemical
staining among the 756 sections of nonneoplastic
gastric mucosa examined. As shown in Table 5, 17
of the 19 (89.5%) pS53-positive lesions were de-
tected in tissues showing intestinal metaplasia
with or without atypia, and 2 (10.5%) were in
pseudoploric glands of the regenerative gastric
mucosa. Of the 17 (23.5%) p53-positive intestinal
mataplastic lesions, 4 showed mild atypia, which
consisted of round or oval nuclei, structural
atypia, or both.

Figure 1 shows representative features of p53-
positive intestinal metaplasia with slight to mild
atypia (case 8) in comparison with the surround-
ing intestinal metaplastic glands. However, it was
not easy to distinguish p53-positive from sur-
rounding p53-negative metaplastic glands exhibit-
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Table 5. p53 Alterations detected by immunohistochemistry and PCR-SSCP and mucin
histochemistry in nonneoplastic gastric mucosa

Case Histology Histology of Sulfomucin  p53 Alteration delected
no. of cancer pS3-positive glands production by PCR-SSCP
1 tub2 IM, incomplete - ND
2 tubl, tubl IM, incomplete - -
3 tubl IM, incomplete + —
4 tubl, tub2 IM, incomplete + ND
5 Regenerative mucosa - ND
6 Regenerative mucosa - ND
7 IM, incomplete - ND
8 tub2 IM, incomplete - exon 5
9 tubl, multiple IM, incomplete - exon 7
10 IM, incomplete — -
11 IM, incomplete - exon 5
12 IM, incomplete - IS
13 IM, incomplete - IS
14 IM, incomplete - IS
15 tub2 IM, incomplete + exon 5
16 pap, tubl IM, incomplete - -
17 tub2, tub2 IM, incomplete - IS

18 tubl, multiple
19 tubl

IM, incomplete
IM, incomplete

IM, intestinal metaplasia; PG, pyloric gland; tubl, well-differentiated tubular adenocar-
cinoma; tub2, moderately differentiated tubular adenocarcinoma; ND, not detected for com-
plete PCR-SSCP analysis of exons 5 to 8; IS, insufficient specimen.

ing various levels of regenerative atypia. All the
p53-positive intestinal metaplastic lesions were of
the histologically incomplete type and possessed
neither Paneth cells nor brush borders at the base
of the glands. Nuclear accumulation of p53 pro-
tein was not observed in whole metaplastic glands
but was present in their lower halves, which are
thought to be proliferative zones. Slightly fewer
goblet cells were observed in areas showing p53-
positive intestinal metaplasia than in those that
did not. A few scattered foveolar epithelial nuclei
were pS3-positive.

p53 Gene Mutations in
Chronic Atrophic Gastritis

To confirm the presence of p53 gene mutations in
the nonneoplastic intestinal metaplasia associated
with chronic atrophic gastritis, at least two sheets
of 10um thick sections from each lesion were
stained with RSP53, and the p53-positive glands
were excised selectively with microscissors under
a light microscope. The method used to extract
the DNA from formalin-fixed, paraffin-embedded
sections is described elsewhere [15]. Briefly, the

excised tissues containing p53-positive glands
were treated with proteinase K (Sigma) for 24
hours at 37°C followed by phenol/chloroform ex-
traction; the DNAs extracted were examined by
polymerase chain reaction single-strand confor-
mation polymorphism (PCR-SSCP) analysis of
exons 5 to 8 of the p53 gene, as described previ-
ously [15]. To avoid tissue and DNA contamina-
tion from other dysplastic or carcinomatous
tissues, at least two independent experiments
were performed. Oligonucleotide primers with
sequences corresponding mainly to those of the
exons used to amplify exons 5 to 8 were designed
on the basis of the published sequence of the p53
gene and synthesized using a DNA synthesizer
(model 391; Applied Biosystems Japan, Tokyo,
Japan) followed by purification with an oligonu-
cleotide purification column. The primers used for
p53 analysis (exons 5 to 8) in the present study are
described elsewhere [15, 16]. They were labeled
with [y?P]dATP, and a PCR assay comprising 34
cycles, each consisting of amplification for 3 min-
utes at 94°C, 1 minute at 55°C, and 2 minutes at
72°C, was carried out. The PCR products were
diluted serially and applied to 1% (w/v) (exons 5,
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Fig. 1a—d. Histology of p53-positive intestinal metaplasia. a,c H&E staining. b p53 Immunohistochemistry. d

HID-alcianblue staining for sulfomucin

Fig. 2a,b. PCR-SSCP analysis a and direct sequencing
b of DNA from a lesion in patient 9 on exon 7

6, and 7) and 2% (w/v) (exon 8) polyacrylamide
gels without glycerol and to 4% (w/v) (exon 5) and
1% (w/v) (exons 6, 7, and 8) polyacrylamide gels
containing 5% (v/v) glycerol. After electrophore-
sis, the gels were dried on filter paper and

autoradiographed overnight using x-ray film
(Kodak XRP-1) at —80°C. The abnormally mi-
grating bands detected by PCR-SSCP analysis
were eluted from the gels and amplified using
phosphated and nonphosphated oligonucleotide
primers, as described previously [15]. Each ampli-
fied DNA was annealed with the appropriate
[Y*P]dATP-labeled primer, and the sequence re-
action was performed using a Sequenase version
2.0 kit (United States Biochemicals, Cleveland,
OH, USA). These samples were electrophoresed
on 5% to 8% (w/v) acrylamide sequence gel con-
taining 7.5M urea, which was then dried on filter
paper and subjected to autoradiography. The
sequencing primers used for each of the exons
were the same as those used for the PCR-SSCP
analysis.

Not enough DNA could be obtained from the
p53-positive glands in all the samples, and com-
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Fig. 3. Histology of mutant form of p53 in the mucosa of chronic atrophic gastritis a using PAB240 antibody b

plete PCR-SSCP analysis of exons 5 to 8 of the
DNAs from only 10 of 19 lesions was possible.
The DNAs obtained from 4 of these 10 patients
(nos. 8,9, 11, and 15) showed abnormal migration
bands when subjected to PCR-SSCP analysis.
These bands were detected in exon 5 of the DNA
from patients 8, 11, and 15 and in exon 7 of that
from patient 9. Direct sequencing of the DNA
extracted from each abnormal migrating band was
performed by PCR-SSCP analysis, the results of
which, together with those of direct sequencing of
the pS3-positive intestinal metaplastic tissues, are
shown in Table 5 and Fig. 2. Three mutations were
found in exon 5 (patients 8, 11, and 15) and one in
exon 7 (patient 9). Direct sequencing analysis of
these abnormal migrating bands showed a CCC to
CGC mutation at codon 117 in exon 5, TGC to
AGC at codon 182 in exon 5, and GGC to AGC at
codon 245 in exon 7. These findings are summa-
rized in Table 5.

Table 6. p53-Positive cells and glands in 50 cases of
nonneoplastic gastric mucosa

p53-Positive cells Cases (no.)

By antibody to mutant and wild-type p53

(RSP 53)
A few cells 13
Several cells 18
More than 10 cells 3

By antibody to mutant form of p53 (PAB 240)
A few cells
Glands (more than 10 cells) 1

Immunohistochemical Detection of p53
Mutations in Chronic Atrophic Gastritis

To investigate the frequency of p53-mutated le-
sions in chronic atrophic gastritis, 454 sections of
nonneoplastic gastric mucosa obtained from 50
consecutive patients who underwent gastric resec-
tion were stained immunohistochemically with a
p33-mutation-specific antibody. The resected gas-
tric tumors comprised 27 intestinal-type and 22
diffuse-type gastric cancers and one malignant
lymphoma of the stomach.

Mutant form p53 protein in chronic atrophic
gastritis was detected immunohistochemically by
applying a monoclonal antibody, PAb 240
(Novocastra), which is specific for mutant p53 pro-
tein, to AMeX-fixed tissues. A total of 454 sec-
tions of nonneoplastic gastric mucosa obtained
from surgically resected stomachs were fixed with
AMeX and embedded in paraffin. The specificity
of the PAb 240 antibody for mutant forms of p53
protein was confirmed by performing both West-
ern blotting analysis and immunohistochemical
staining of cell lines with and without p53 muta-
tions. This antibody did not react with wild-type
pS3 in human bronchial epithelial cells transfected
with SV40 large T antigen, but it did react with
an HCC cell line. Table 6 shows the im-
munohistochemical staining results. Examination
of the 454 sections revealed that the Pab 240 anti-
body reacted with only one gland from one patient
and one or two cells from four patients (Fig. 3).
The frequency of p53-positive glands is estimated
to be about 0.0087 positive foci/cm of the H&E
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section. These results indicate that p53 gene muta-
tions had occurred in the nonneoplastic mucosa of
chronic atrophic gastritis, especially incomplete-
type intestinal metaplasia.

Conclusions

Evidence obtained from molecular genetic analy-
ses of precancerous conditions, lesions, and gastric
carcinomas suggests that gastric cancers develop
from nonneoplastic gastric mucosa with chronic
atrophic gastritis through multiple steps, thereby
accumulating multiple genetic alterations. First,
some genetic changes occur in gastric mucosa with
chronic atrophic gastritis or intestinal metaplasia,
a precancerous condition. Epithelial cells with ge-
netic alterations, if they acquire growth advan-
tages or genetic instability, expand clonally and
accumulate additional mutations, leading to pre-
cancerous lesions (adenoma and dysplasia), early
carcinoma, a locally aggressive tumor, and finally
an advanced tumor with metastatic capability.

The data accumulated on genetic alterations
during the various steps in gastric cancer progres-
sion also indicate that the multiple gastric
carcinogenetic steps in the two histological sub-
types of gastric cancer, intestinal and diffuse, dif-
fer. The former, which is associated with intestinal
metaplasia in the vicinity of the tumor, may have a
similar carcinogenic pathway to colorectal cancer,
as these two cancers both show ras, p53, and APC
gene mutations. On the other hand, the genetic
changes in the early stage of diffuse-type gastric
cancer have not yet been elucidated, and K-sam
and c-met gene amplification has been detected
only in the late stages of this type of gastric cancer.
Although tpr-met rearrangement in chronic
atrophic gastritis has been reported, all precancer-
ous lesions have been proved to possess this type
of gene rearrangement. The precursor lesion of
diffuse-type gastric cancer remains to be eluci-
dated. To clarity this lesion, further developments
in molecular biological and genetic techniques are
needed.

The genetic alterations discussed here undoubt-
edly play important roles in the multistage pro-
gression of gastric carcinomas. Studies are needed
to clarify the genetic alterations that occur during
the early gastric carcinogenetic stages in order to
discover the risk factors for and mechanisms of
genetic susceptibility to gastric cancer. Elucida-
tion of these multiple genetic alterations in gastric

carcinogenesis should clarify the differences be-
tween the natural histories of intestinal- and dif-
fuse-type gastric cancers and hopefully provide
important information that will help prevent gas-
tric cancer.
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Summary. Multiple genetic alterations, including
inactivation of tumor-suppressor genes, activation
of oncogenes, and reactivation of telomerase, are
implicated in human stomach carcinogenesis.
Among them, replication errors (RERs) at micro-
satellite loci, reactivation of telomerase, activation
of c-met, inactivation of p53, and deranged CD44
transcription are common events of both well-
differentiated and poorly differentiated gastric
carcinomas. In addition to these common events,
K-ras mutation, APC inactivation, loss of DCC,
and amplification of c-erbB2 are preferentially
found in well-differentiated gastric carcinomas,
whereas gene mutations, loss of the cadherin/
catenin system, and amplification of K-sam are
frequently observed in poorly differentiated can-
cers. In addition, a paracrine loop formed between
cancer cells and stromal cells through the
hepatocyte growth factor/c-met system plays an
important role in morphogenesis and invasion of
gastric carcinoma with different status of adhesion
molecules and signal transduction systems in vivo.
Reduction or loss of p27 protein, associated with
overexpression of cyclin E, may confer the pro-
gression and metastasis. In regard to precancerous
lesions of the stomach, some of the intestinal
metaplasias and adenomas exhibited the same ge-
netic alterations (e.g. mutations of APC and p53,
RERs, and reactivation of telomerase) and
telomere shortening as those found in well-differ-
entiated carcinomas. Moreover, human
telomerase RNA overexpression, which correlates
well with the number of Helicobacter pylori
present, may precede telomerase reactivation in
human stomach carcinogenesis. These observa-
tions suggest overall that there are two distinct
genetic pathways in human stomach carcino-
genesis, and some well-differentiated cancers
share the same multistep genetic alterations as
those established for colorectal cancers.

First Department of Pathology, Hiroshima University
School of Medicine, 1-2-3 Kasumi, Minami-ku, Hiro-
shima 734, Japan

Introduction

The most fascinating hypothesis that links the
findings of molecular biology and human carci-
nogenesis is the one by Fearon and Vogelstein
concerning multistep human colorectal carcino-
genesis [1]. The stepwise alterations in several
tumor-suppressor genes, such as adenomatous
polyposis coli (APC) gene, p53 gene, and deleted
in colorectal cancer (DCC) genes, as well as ac-
tivation of oncogenes such as K-ras gene point
mutation, were contrasted chronologically and
morphologically in the so-called adenoma-carci-
noma sequence of the colorectum. The multiple
alterations of genes susceptible for carcinogenesis
are also found in stomach cancer [2] (Table 1). In
this chapter, we offer a detailed overview of
the multistep genetic alterations in stomach
carcinogenesis.

Genetic Instability in Human
Stomach Carcinogenesis

One of the exciting concepts in human carci-
nogenesis is the possible participation of genetic
or genomic instabilities, which can establish a
background of multiple gene abnormalities. The
polymerase chain reaction (PCR)-based assay for
the altered length of cytosine-adenine (CA) re-
peat microsatellites, which are scattered all over
the human genome, can assess part of the genetic
instabilities in human cancers.

Although the frequency of microsatellite insta-
bility in human gastric cancer differs depending
on the number and nature of microsatellites ex-
amined, it is estimated to be around 30% of
primary cancers [3-7]. Han et al. detected micro-
satellite instability in 64 % of poorly differentiated
and 17% of well-differentiated gastric cancers [3].
Rhyu et al. found microsatellite instability in 31%
of gastric cancers [4]. Seruca et al. found that most
gastric cancers with microsatellite instability dis-
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Table 1. Alterations in tumor suppressor genes, cyclins, oncogenes, and telomerase activity in gastric cancer

Well differentiated® Poorly differentiated”

Alterations (%) (%)
Tumor-suppressor genes
p53 LOH, mutation 60 75
APC LOH, mutation 40-60 0
DCC LOH 50 0
LOH of 1p 30 38
LOH of 1q 44 0
LOH of 7q 53 33
Cyclin and CDK inhibitors
Cyclin E gene amplification 33 7
Cyclin E overexpression 57 63
p21 overexpression 77 76
pl6 loss 12 31
p27 loss 46 69
Oncogenes
K-ras mutation 10 0
c-met amplification 19 39
K-sam amplification 0 33
c-erbB-2 amplification 20 0
Receptor and protein
EGFR overexpression 50 25
EGF overexpression 40 20
TGFa overexpression 60 55
Osteopontin 86 65
IL-8 75 86
Adhesion molecules
E-Cadherin, mutation and loss 0 50
CD44 aberrant transcript including intron 9 100 100
Replication error 20-40 20-70
Telomere reduction® 62 53
Telomarase activity 100 90

?In young patients (under 35 years old).
®Under 10Kb.

played abundant T lymphocyte infiltration and
exhibited a relatively good prognosis [8]. We de-
tected CA repeat instability in 33% of well dif-
ferentiated tumors and in 18% of the poorly
differentiated type by analyzing 25 cases of gas-
tric carcinomas [7]. Moreover, we found micro-
satellite instability in 42% of gastric adenomas
and 33% of intestinal metaplasias of the stomach,
both of which are considered precancerous lesions
of well-differentiated gastric carcinomas [7]. Our
results overall indicated that microsatellite insta-
bility may occur as an early event of stomach
carcinogenesis, contributing to malignant progres-
sion, as reported by Strickler et al. [5].

Another important finding on microsatellite in-
stability in human cancer is that multiple primary

cancers, including stomach, colon, and gallbladder
carcinomas arising in a single case, frequently dis-
play replication errors at multiple microsatellites
[9]. This finding indicates the possibility of the
existence of background abnormalities in some of
the DN A mismatch repair genes in these patients.
Moreover, detection of microsatellite instability in
a cancer may serve as a good molecular marker
for the assessment of a second cancer risk in the
same patient.

In addition to microsatellite instabilities,
telomere length reduction may bring about chro-
mosomal instability, additional genetic alterations,
reactivation of telomerase (which is the ribo-
nucleoprotein enzyme that synthesizes telomeric
DNA in germline tissues and in immortal tumor
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cells), and ultimately cancer development [10]. It
is known that in normal somatic cells the length of
telomeres progressively shorten in the absence of
telomerase activity with each cell division and ag-
ing, and this shortening of telomeres may function
as a mitotic clock by which cells count their divi-
sion, leading to replicative cellular senescence
[11]. Intestinal metaplasias and carcinomas of the
stomach display shorter telomere length than that
of the normal gastric mucosa [12]. Interestingly,
telomere reduction in primary tumors is closely
related with increase in tumor staging. However,
long telomeres (over 15kb) are sometimes seen in
poorly differentiated gastric cancer (see chapter
by H. Tahara et al., this volume).

Most tumor tissues, all metastatic tumors, and
all cultured tumor cell lines of gastric cancer ex-
press telomerase activity, which is necessary for
the immortality of the cell [13, 14]. However, the
corresponding normal gastric mucosa is negative
for telomerase activity. Therefore the reactivation
of telomerase and ensuing telomere stabilization
may occur concomitantly with the acquistion of
immortality by tumor cells. More interestingly,
more than 50% of intestinal metaplasias share
short telomeres (under 8 kb). Twenty-three per-
cent of intestinal metaplasias and 50% of stomach
adenomas exhibit detectable telomerase activity,
indicating that reactivation of telomerase may oc-
cur at an early stage of stomach carcinogenesis
[13]. Considering the strong correlation between
telomerase activity and malignant transformation,

selection for cell immortality may be a critical
step in the development of gastric cancers, as
is reported in other organs. Measurement of
telomerase activity may thus serve as a powerful
additional tool for cancer diagnosis.

The RNA component of telomerase (TR) has
been cloned [15] and the expression of TR has
been assessed in several cancer tissues as well as in
cell lines [16]. Blasco et al. [17] reported that TR
expression increased in preneoplastic and early
stage tumors, whereas telomerase activity was evi-
dent only in late-stage tumors in two mouse mod-
els. We also found that most primary gastric
carcinomas expressed higher levels of TR than
that of the corresponding gastric mucosa [18].
Moreover, the expression of human TR, which
correlated well with Helicobacter pylori infection,
may precede telomerase reactivation during hu-
man stomach carcinogenesis [18].

Alterations of Tumor-Suppressor
Genes in Human Stomach
Carcinogenesis

Stomach cancer shows frequent loss or inactiva-
tion of multiple tumor-suppressor genes, includ-
ing p53, APC, and DCC. Loss of heterozygosity
(LOH) on chromosome 17p (p353 locus) and mu-
tation of the p53 gene are observed in more than
60% of gastric carcinomas [19-21], regardless of
histological type. Gastric cancer cell lines also dis-

Table 2. Alterations of tumor-suppressor genes and oncogenes in human gastric cancer cell lines

Cell line p53 mutation APC mutation Gene amplification
KATO-III Deletion Partial deletion (exon 7) K-sam, c-met
HSC-39 Missense mutation codon 245 No mutation c-myc, c-met
GGC-AGC
TMK-1 Missense mutation codon 173 No mutation
GTG-ATG
MKN-1 Missense mutation codon 143 No mutation
GTG-GCC
MKN-7 Missense mutation codon 278 Silent mutation codon 1179 c-erbB2
CCT-TCT TAT-TAC cyclin E
MKN-28 Missense mutation codon 257 Nonsense mutation codon 1470
ATC-CTC CGA-TGA
MKN-45 No mutation No mutation c-met

MKN-74 No mutation

No mutation
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play frequent p53 gene mutations [22] (Table 2).
Moreover, these alterations take place even in
the mucosal cancers. Mutation of the p53 gene
was also found in 33% of gastric adenomas [23].
Among the adenomas studied, most of those with
severe atypia had missense or frameshift muta-
tions of the gene, whereas the ones with mild to
moderate atypia had only silent mutations [23].
Sakurai et al. [24] studied long-term, followed-up
cases of gastric adenomas and reported that p53
missense mutation was the key indicator for ma-
lignant transformation of the lesion. Ochiai et al.
[25] investigated nonneoplastic gastric mucosa in
756 sections from 16 resected stomachs containing
gastric adenocarcinomas and identified p53
mutations in 4 of 19 foci with nuclear accumula-
tion of p53 protein. We also found LOH of the
TP53 polymorphic locus in 14% of intestinal
metaplasias and 22 % of gastric adenomas [7]. Al-
though some investigators insist on the absence of
the adenoma-carcinoma sequence in stomach
carcinogenesis [26], these accumulating findings
overall suggest that some of the adenomas and
intestinal metaplasias of the stomach have irre-
versible genetic alterations and possess definite
characteristics of precancerous lesions.

Because p53 gene mutation is a relatively gen-
eral event in human carcinogenesis, the mutation
spectrum of this gene can serve as an indicator for
the effect of putative carcinogens in a certain or-
gan [27]. The mutation spectrum of p53 in gastric
carcinomas displays an intermediate pattern be-
tween carcinoma of the colon and that of the
esophagus [20, 28, 29]. p53 mutations at A:T
group is frequent in well differentiated gastric car-
cinomas, whereas G:C to A:T transitions are pre-
dominant in poorly differentiated cancers. It is
well known that carcinogenic N-nitrosamines,
which cause predominantly G:C to A: T base sub-
stitutions and comprise one of the candidates for
carcinogens of the stomach carcinogenesis [30],
are frequently contained in the foods noted above
and can be produced from the amines with ni-
trates in the acidic environment of the stomach
[31]. This point can be well applied to poorly dif-
ferentiated adenocarcinoma of the stomach. On
the other hand, in well differentiated adenocar-
cinoma, the main supply for nitroso compounds is
supposed to be the abnormal anaerobic bacterial
flora colonized on the mucosa with atrophic gas-
tritis with a high pH environment [32]. The high
incidence of mutation at the A:T pair may be
explained by DNA depurination from irritants to

the mucosa, including ethanol or scalding tem-
peratures and chemical carcinogens such as the
urethane contained in alcoholic beverages as dis-
cussed for esophageal cancer by Hollstein et al.
[33].

A susceptible tumor-suppressor gene for famil-
ial polyposis coli, APC has been isolated and char-
acterized [34, 35]. Mutations in the APC gene also
occur in sporadic colorectal and gastric cancers.
Nakatsuru et al. [36] reported that more than 50%
of well-differentiated gastric adenocarcinomas
displayed somatic mutations of the APC gene, but
no APC mutation was found in poorly differenti-
ated gastric cancers. We identified APC gene al-
terations in three of eight gastric cancer cell lines
[37]. In addition, there is a distinct difference in
the nature of APC mutation between colorectum
and stomach. That is, missense mutation of the
APC gene is dominant in gastric cancer, whereas
nonsense mutation and frameshift mutation fre-
quently take place in colorectal cancers [36]. APC
alteration is an early genetic event in stomach
carcinogenesis, as has been characterized for
colorectal carcinogenesis [38]. Somatic mutations
of the APC gene were found in 20% to 42% of
gastric adenomas [37, 39] and 6% of incomplete-
type intestinal metaplasias of the stomach [37].
We observed a good corrlelation between the na-
ture of APC gene mutations and histological
atypia of adenomas of the stomach, as has also
been discussed for p53. The adenomas with non-
sense or frameshift mutations in the APC gene
display high grade atypia, whereas the lesions with
silent mutations show low grade atypia [37].
Therefore the nature of the mutations in the APC
and p53 tumor-suppressor genes can serve as a
important biomarker for malignant potential of
gastric lesions.

A tumor-suppressor gene located on the
long arm of chromosome 18, DCC encodes
a transmembrane protein with considerable
homology to neural cell adhesion molecules [40].
LOH at the DCC locus is one of the characteris-
tics of well-differentiated gastric carcinomas and
is detected in 50% to 61% of gastric cancers [19,
41].

Several distinct chromosomal loci have been
reported to be deleted in gastric carcinomas. LOH
at 1q and 7q is frequently observed in well-
differentiated lesions, loss of 1p is relatively com-
mon in advanced poorly differentiated gastric car-
cinomas [19], and LOH at 17q within the BRCAI
locus is common in scirrhous gastric cancer, espe-
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cially that affecting the young age group. Ezaki et
al. [42] conducted an extensive deletion mapping
study on 1q and defined the commonly deleted
region between D1S201 and D1S197, which are
13cM apart. Tamura et al. [43] described two dis-
tinct regions of deletion in well-differentiated gas-
tric carcinomas on 5q apart from the APC locus.
In addition, we reported LOH at the bcl-2 gene
locus was frequently associated with well-
differentiated gastric cancers and colorectal can-
cer [44]. The results of our deletion mapping study
on 7q [45], which is closely related to peritonal
dissemination and a poor prognosis for gastric
cancer, are discussed later in the chapter. From
these assigned loci, candidates for the tumor-
suppressor gene responsible for stomach carcin-
ogenesis may be identified in the future.

Cell adhesion molecules also may function as
tumor suppressors. The expression of E-cadherin,
P-cadherin, and o-catenin is significantly lower
in poorly differentiated or scirrhous gastric carci-
nomas compared with that in well differentiated
cancers [46, 47]. Molecular biological analysis re-
vealed that cell lines derived from scirrhous gas-
tric cancers harbor gene abnormalities in either
E-cadherin or catenins [48]. Mutations in the E-
cadherin gene have been reported to occur prefer-
entially in 50% of poorly differentiated gastric
cancers [49]. These observations strongly suggest
that gene alterations and reduced expression of
cadherin and catenins are involved in the develop-
ment and invasion of poorly differentiated or
scirrhous gastric cancer.

Alterations of Cell Cycle
Regulator Genes in Human
Stomach Carcinogenesis

The molecular regulation of the cell cycle controls
cell growth, differentiation, survival, and death
through positive and negative regulators. The
positive regulators cyclins and cyclin-dependent
kinases (CDKs), which form complexes, regulate
progression through key transitions in the cell cy-
cle. Expression of the cyclin D family members
is mediated by many growth factors, whereas
expression of cyclin E and cyclins A and B is
cell-cycle-dependent. Gene abnormalities and ab-
errant expressions of various cyclins may play a
pivotal role in the pathogenesis of gastrointestinal
cancers.

Studies have uncovered abnormalities in cyclin
E gene expression in most gastric and colorectal
carcinomas as well as breast cancers [50, 51]. The
cyclin E gene was amplified 3- to 10-fold in 6
(13.3%) of 45 gastric carcinoma tissues [52]. The
important additional finding is that all of the cases
with cyclin E gene amplification had regional
lymph node metastases. However, no gene ampli-
fication of the cyclin DI gene was found in any
gastric and colorectal cancers. We have also found
the concurrent amplification of cyclin E and
CDK?2 genes in colorectal carcinomas [53]. Over-
expression of cyclin E is more frequently detected
in adenocarcinomas than in adenomas of the
stomach, and cyclin E overexpression correlates
well with tumor staging, invasiveness, histological
grade, and proliferative activity measured by the
Ki-67 antigen and the abnormal accumulation
of p53 protein [54]. These findings suggest that
overexpression of cyclin E and subsequent de-
regulation of the cell cycle may control the devel-
opment and progression of gastric and colorectal
adenocarcinomas. Cyclin E expression may pro-
vide a biomarker for the detection of malignant
transformations or high malignant phenotypes
of gastric and colorectal cancers. Interestingly,
this situation contrasts with the observations in
esophageal squamous cell carcinoma that co-
amplification of the cyclin DI gene together with
the Ast-1 and int-2 genes occurs in 50% of primary
tumors and in 100% of metastatic tumors [55,
56]. Overall, these findings suggest that cyclins
involved in the development and progression
of gastric or colorectal adenocarcinomas and
esophageal squamous cell carcinomas are
different.

As for the negative regulators, five CDK inhibi-
tor genes have been identified as attractive candi-
dates for new tumor-suppressor genes: p21 (SDI1/
WAF1/CIP1) [57-39], p27 (KIP1) [60], p28 [61],
pl6 (MTS1) [62], and pl5 (MTS2) [63] genes.
Found among them is the mutation and allele loss
of the gene encoding pl6, the so-called multiple
tumor-suppressor-1 (MTSI) gene. It has been
found in diverse primary and cultured cancer cells,
including esophageal cancer, breast cancer, astro-
cytoma, glioma, familial melanoma, and osteo-
sarcoma [62]. The pl6 protein binds to CDK4
and inhibits the cyclin D1-CDK4 complex that
phosphorylates pRb [61]. The gene encoding p15
(MTS2) is located adjacent to the M TSI gene in
the short arm of human chromosome 9. The p15
protein also binds directly to CDK4 and CDK6
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[63]. Although no somatic mutation of the pl6
gene is found in any of the gastric adenomas or
carcinoma tissues [64], three of eight gastric can-
cer cell lines exhibit genetic alteration in the pI16
and pl5 genes, whereas no colorectal cancer cell
lines have any change in either gene [65]. On the
other hand, most esophageal cancer cell lines
harbor homozygous deletions of the p/6 and pI5
genes, associated with overexpression of cyclin
D1, CDK4, p27Kipl, and phosphorylated Rb pro-
tein, suggesting that loss of the p16 gene and sub-
sequent overexpression of cyclin D1 and CDK4
could confer an autonomous growth of esopha-
geal cancer cells [66]. Merlo et al. reported that
5'CpG island methylation is associated with tran-
scriptional block of pl6 in a variety of human
cancers [67]. A question for further study is
whether methylation of the 5'CpG island of the
pl6 gene promoter region associated with tumor-
suppressor gene inactivation occurs in primary
gastrointestinal cancer tissues. Recently we re-
ported that deeply invasive tumors showed a sig-
nificantly higher incidence of p16 protein loss than
did superficial tumors [67a].

The remaining CDK inhibitor, p21, which in-
hibits cyclins/CDK2 kinase, is induced by wild-
type pS3 and is expressed in senescent human
fibroblasts at high levels [57, 68]. However, induc-
tion of p21 by the pS53-independent pathway has
been demonstrated in muscle and fully differenti-
ated epithelial cells of the gastrointestinal tract
[69]. In fact, we found that transforming growth
factor-B1 (TGF-B1) induced p2I expression and
consequently suppressed CDK?2 kinase activity,
followed by a reduction in cyclin A and phos-
phorylation of Rb protein in the gastric cancer cell
line TMK-1 containing mutant p53 [70]. The ex-
pression of p21 in tumor cells of the stomach may
account for both the p53-dependent and p53-
independent pathways, because most gastric
adenoma and carcinoma tissues express p21 pro-
tein [71]. Our results indicate that the expression
of p21 in gastric cancer correlates with tumor
aggressiveness as determined by immunohisto-
chemical analysis and invasiveness. However, no
remarkable alterations in the p2/ and p27 genes
have been uncovered [65], although interferon-a
(IFN-a) dramatically induces expression of p27
mRNA and protein by TMK-1 cells, indicating the
existence of a TGF-B-independent expression of
p27. What is more important is that p27 reduction
or loss correlates significantly with the advanced
stage, the depth of tumor invasion, and lymph
node metastasis [71a]. Moreover, the expression

of p27 shows an inverse correlation with the ex-
pression of cyclin E.

Concerning apoptotic cell death in gastric can-
cer cells, TGF-B1 causes apoptosis in some human
gastric cancer cell lines [72]. Moreover, we found
that IFN-a also induced expression of the 6-16
gene [73] in TMK-1 cells, followed by apoptosis.
Therefore TGF-f and IFN-a, which may act as
autocrine or paracrine growth regulators, are trig-
gers for apoptotic cell death in gastric cancer cells.
Kasagi et al. [74] reported an interesting observa-
tion that apoptotic indices (number of apoptotic
cells/total number of tumor cells) measured by
the terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP biotin nick end-labeling
(TUNEL) method were significantly higher in
well-differentiated than poorly differentiated
adenocarcinomas. This finding indicates that
poorly differentiated adenocarcinomas have a
lower incidence of apoptosis. These results are
compatible with our findings that LOH at the
bcl-2 gene locus is frequently associated with
well-differentiated gastric cancer, whereas bcl-2
overexpression is confined to poorly differenti-
ated stomach cancer [44]. Evidence indicates that
bax is directly induced by wild-type p53 and acts
as an accelerator of apoptosis [75]. The bcl-2 and
bax proteins can form heterodimers that regulate
the ability of bcl-2 protein to block cell death.
Alterations of the bax gene in gastric cancer
should be examined in the future.

Alterations of Oncogenes,
Growth Factors, and Growth
Factor Receptors in Human
Stomach Carcinogenesis

Proto-oncogenes are classified into four groups:
growth factors, growth factor receptors, signal
transducers, and nuclear proteins. Activation of
proto-oncogenes was caused by amplification, re-
arrangement, point mutation, or translocation of
the gene. Receptor tyrosine kinase mediates the
mitogenic signal of growth factors through the
phosphorylation cascade of signal transducers
and nuclear proteins. Several receptor tyrosine
kinases, especially c-met, K-sam, and c-erbB2, have
been reported to be altered in human gastric can-
cer. Among these proto-oncogenes, alteration of c-
met is most implicated in stomach carcinogenesis.

The c-met gene was isolated as a proto-
oncogene corresponding to met oncogene acti-
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vated by the rearrangement between the TPR lo-
cus and the met locus [76]. The c-met proto-
oncogene encodes a receptor tyrosine kinase that
has been identified as a receptor for hepatocyte
growth factor/scatter factor (HGF/SF) [77].
Amplification of the c-met gene is frequently
found with advanced gastric cancer, particularly
scirrhous tumors [78]. This alteration is a rare
event in esophageal or colorectal carcinomas.
Most gastric cancers overexpress two c-met tran-
scripts 7.0 and 6.0kb in size. The 6.0kb c-met tran-
script is expressed preferentially in cancer tissues
and cancer cell lines of the stomach [79]. Expres-
sion of the 6.0kb c-met transcript correlates well
with tumor staging, lymph node metastasis, and
depth of tumor invasion [79]. It is also known that
c-met has several minor transcriptional variants
[80, 81]. Yokozaki et al. [82] reported that gastric
cancer cell lines, gastric carcinoma tissues, and
their corresponding nonneoplastic gastric mucosa
had the 54bp~ splice variant of c-met, which en-
codes mature 190kDa heterodimeric protein as
the major transcript population; the 54bp” vari-
ant, which encodes 170kDa protein (which is dis-
tinct from the met precursor protein), could not
be detected. These findings provide a hypothesis
that interaction between c-met overexpressed on
gastric cancer cells and HGF/SF from stromal
cells has implications for the morphogenesis and
progression of gastric cancer in vivo. Stromal cells,
especially fibroblasts, can secrete HGF with the
stimulation of several growth factors, such as
interleukin-1a (IL-1o), TGF-a, or TGF-B. All of
these growth factors are well known to be pro-
duced by cancer cells and act in an autocrine or
paracrine manner. On the other hand, gastric can-
cer cells so far analyzed do not have the ability to
secrete HGF/SF. When the stromal cells activated
by these tumor-derived growth factors and
cytokines secrete HGF/SF, the HGF/SF could act
as a morphogen and promote tubular formation of
cancer cells in a clone maintaining expression
of adhesion molecules such as cadherins and
catenins, resulting in well differentiated adeno-
carcinoma histologically. Conversely, in the case
of a clone exhibiting reduced expression of cell
adhesion molecules, HGF/SF could act as a
motogen and induce diffuse spreading or scatter-
ing of the cancer cells, resulting in poorly differen-
tiated adenocarcinoma or scirrhous cancer of the
stomach [83, 84]. This hypothesis is supported by
the finding that there is cross-talk between E-
cadherin/B-catenin and receptor tyrosine kinases
including c-met and c-erbB2 [85].

K-sam (KATO-III cell-derived stomach cancer
amplified gene) was isolated from KATO-III
gastric signet ring cell carcinoma by the gel
renaturation method [86-88]. K-sam has at least
four transcription variants. Type I (brain type)
and type II (KATO-III type) encode membrane-
bound receptor tyrosine kinases, and other two
species encode secreted receptors [89]. Type II
transcript, encoding a receptor for keratinocyte
growth factor (KGF), is expressed only in carci-
noma cell lines, not in the cell lines derived from
sarcomas. K-sam amplification takes place prefer-
entially in poorly differentiated or scirrhous
gastric carcinomas but not in well-differentiated
gastric carcinomas [90]. Most of the gastric carci-
nomas with amplified K-sam gene are in the ad-
vanced stage, and some show K-sam amplification
only in metastatic foci, suggesting that amplifi-
cation of the K-sam gene is a late event during
carcinogenesis of the stomach [90]. In addition,
the amplification of K-sam is generally a phenom-
enon independent of c-met amplification.

The c-erbB2 gene is one of the members of the
epidermal growth factor (EGF) receptor gene
family. In contrast to the EGF receptor, which
frequently displays amplification in squamous cell
carcinomas, c-erbB2 is amplified in adenocar-
cinomas, including salivary gland [7], breast, and
stomach [91, 92] cancers. The amplification of this
tyrosine kinase receptor gene is preferentially
found in well-differentiated but not poorly differ-
entiated gastric carcinomas [91, 92]. Moreover,
overexpression associated with amplification of
c-erbB2 is closely related to a poor prognosis [93]
including liver metastasis of gastric cancer [94, 95].
The amplification of c-erbB1 (EGF receptor) and
c-erbB3 was found in 3% [96] and 0% of human
gastric carcinomas, respectively.

Mutational activation of the Ki-ras oncogene is
found in 9% to 18% of gastric cancers, especially
the well differentiated ones [97]. The hst-1 gene,
isolated from a surgical specimen of human gastric
cancer by the NIH/3T3 transformation assay,
rarely (2%) amplifies in gastric cancer [98].

Gastric cancer cells express a broad spectrum of
growth factors, gut hormones, and cytokines,
including TGF-o [99, 100], EGF [101, 100),
amphiregulin [102, 103], cripto [104, 105], TGF-B1
[106], platelet-derived growth factor (PDGF)
[107], insulin-like growth factor (IGF) II [108],
basic fibroblast growth factor (bFGF) [109], IL-1c
[110], IL-6 [108], and IL-8. Among them, the EGF
family growth factors, including TGF-a, EGF,
cripto, and amphiregulin are the common positive
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growth stimulators for gastric cancer. Synchro-
nous overexpression of TGF-a and EGF receptor
correlated well with the biological malignancy of
stomach cancer. Overexpression of these growth
factors and their receptors usually did not accom-
pany gene amplifications [111]. Most of these
genes have consensus sequence for GC factor
(GCF), a negative regulator, as well as a sequence
for Sp-1, a positive regulator for gene expression,
in their promotor region. Our investigation re-
vealed that the levels of the expression of positive
growth factors and their receptors were well cor-
related with the relative expression levels of these
two transcription factors [112]. In fact, an in vitro
transfection study using GCF expression vector
demonstrated repression of transcription of sev-
eral growth factor/receptor genes and caused
growth inhibition of gastric cancer cell lines [113].

The negative growth factor TGF-B1 is commonly
overexpressed in gastric carcinomas [106]. With
regard to the relation between the incidence of
TGF-B1 overexpression and histological types,
overexpression of this negative growth factor is
frequently observed in poorly differentiated
adenocarcinoma of the stomach. Although it is
reasonable that TGF-B1 from cancer cells them-
selves may play a role in desmoplasia in scirrhous
gastric cancer, there must be some escape mecha-
nism from the growth inhibitory effect of TGF-B1
in cancer cells. Our study on the gastric cancer cell
line TMK-1, which expresses TGF-1, demon-
strated that TGF-B1 inhibits DNA synthesis in
TMK-1 and that the type I receptor for TGF-B is
mainly linked to the growth-inhibitory signal by a

cancer cell

TGFa, EGF, cripto
Amphiregulin
IL-1q, IL-6, IL-8
TGFpB
PDGF, IGF-Ill, bFGF
HGF/SF, VEGF,

IL1a Osteopontin

TGFB
TGFa

TGF o/EGF

TGFp
VEGF
HGF/SF FGF,
IFN-B IL1a

decrease in retinoblastoma protein phosph-
orylation by p34cdc2 without suppression of c-myc
expression [114]. Interestingly, more than 80% of
gastric carcinoma tissues display a reduction in
TGF-B1 receptor regardless of histological type
[115]. Moreover, Park et al. [116] reported that four
of seven gastric cancer cell lines that were resistant
to TGF-Bl-mediated growth inhibition had a
genetic alteration, including deletions and
amplifications in the type II TGF-f receptor. Fre-
quent alterations in the poly-adenine tract in the
TGF-B type II receptor gene open reading frame
were reported in the replication error-positive
colorectal cancers and in gastric carcinomas [117].
Intensive study on the mutation of these com-
plexed TGF-B receptor system is required to an-
swer the question of why most the gastric cancer
cells escape the growth inhibitory effect of TGF-B1.

In addition to these EGF-related growth factors
and TGF-B, PDGF, IGF-II, and bFGF are com-
monly overexpressed in poorly differentiated gas-
tric carcinomas including scirrhous cancers [108].
In particular, the development of scirrhous gas-
tric carcinoma may require synchronous over-
expression of TGF-B1, PDGF, IGF-II, and bFGF,
all of which may function mainly as paracrine
growth factors. This situation reflects the close
interaction of tumor cells and stromal cells, in-
cluding fibroblasts, endothelial cells, macro-
phages, and lymphocytes. In addition, we lately
found that most of the gastric cancer cell lines
and gastric cancer tissues produced vascular
endothelial growth factor, whose expression was
up-regulated by several stromal- and cancer-

autocrine

Fig. 1. Interaction of tumor-
derived growth factors and
cytokines with stromal cells of the
microenvironment. TGF, trans-
forming growth factor; EGF, epi-
dermal growth factor; PDGF,
platelet-derived growth factor; IGF,
insulin-like growth factor; bFGF,
basic fibroblast growth factor;

[fibroblast | [ endothelium | [ _macrophage | [ T-lymphocyte]
fibrosis neovascularization cytokine network Immunosuppression

prostaglandin production

HGFISF, hepatocyte growth factor/
scatter factor; VEGF, vascular
endothelial growth factor; IL-1,
interleukin-1



Molecular Bases of Human Stomach Carcinogenesis 63

derived growth factors and cytokines (Yamamoto
et al., unpublished data).

Gastric carcinomas can produce not only
growth factors but cytokines as well. Surprisingly,
IL-1o gene is expressed at various levels by most
of the gastric carcinoma cell lines [110]. More than
60% of gastric carcinoma tissues reveal higher
levels of IL-lo mRNA expression than normal
mucosa. Moreover, we found that IL-1o acts as an
autocrine or paracrine growth factor for some of
the gastric cancer cell lines, and the expression of
IL-10. was stimulated by TGF-o and EGF. We
found that IL-6 was also overexpressed in some of
the gastric cancer cell lines (Ito et al., unpublished
data). Tumor-derived IL-lot may induce an in-
crease in proteolytic enzyme activity, cell adhe-
sion molecules, and cytokine production and a
decrease in extracellulan matrix production by
stromal cells. Recently, we found that IL-8 pro-
duced by tumor cells strongly correlated with
neovascularization [110a]. Therefore cytokines
and growth factors produced by tumor cells not
only affect autocrine or paracrine growth and
motility of tumor cells themselves, they may also
have an effect on stromal cells’ interaction with
their receptors, leading to fibrosis, angiogenesis,
activation of the cytokine network, and immuno-
suppression (Fig. 1).

Conversely, stromal cells stimulated by tumor-
derived growth factors may induce secretion of
multiple growth factors and cytokines, resulting in
proliferation, enhanced motility, and sometimes
apoptotic cell death or necrosis of tumor cells.

Alterations of Metastasis-Related
Genes in Human Stomach
Carcinogenesis

Alterations in multiple genes and multiple growth
factors including cytokines may facilitate the
development of metastasis of gastric cancer.
Well differentiated gastric cancers frequently
metastasize to liver, whereas poorly differentiated
ones often display peritoneal dissemination.
CD44 was originally implicated as a “homing”
receptor that directed the migration of recir-
culating lymphocytes across the high endothelial
venular membranes of the lymph nodes and in-
flamed synovia [118]. It has been confirmed that
CD44 is expressed not only in lymphocytes but in a
wide variety of tissues. It is considered to be an
important cell adhesion molecule for cell-cell in-

teraction [119]. Molecular cloning and analysis of
the genetic structure have revealed that the CD44
gene contains at least 20 exons of which 12 exons
can be alternatively spliced to make up a wide
variety of molecular variants [120]. Expression of
the CD44 splice variant(s) has been found in vari-
ous human malignancies and is considered to be
implicated in tumor progression and metastasis
[121-123]. We also detected expression of abnor-
mal CD44 transcript including exon 11 in all gastric
cancer tissues and metastatic tumors [124]. In addi-
tion, the difference in the CD44 abnormal tran-
script pattern is observed between well-
differentiated and poorly differentiated gastric
cancers, suggesting that two types of gastric cancer
may have different genetic pathways as well as
different biological implications in the expression
of CD44 [124]. What is more important is that
CD44 variants found in cancer tissue frequently
had retention of intronic sequences, especially that
of intron 9 [125, 126]. Therefore overexpression of
abnormal CD44 transcripts containing the intron 9
sequence is presumably a powerful indicator of the
presence of adenocarcinoma in the gastrointestinal
tract [127]. It has been confirmed that CD44 vari-
ants regulate adhesion, movement, and activation
of normal and neoplastic cells through interaction
with hyaluronic acid.

Osteopontin, also termed Eta-1 (early T lym-
phocyte activation-1), was reported to be a protein
ligand for CD44 and to elicit a different cellular
response with its ligation from that of the carbohy-
drate ligand [128]. Moreover, osteopontin has in-
ternal RGD consensus to interact with integrin
family proteins [129]. Our experimental evidence
showed that osteopontin is overexpressed in gas-
tric cancer tissues, compared with corresponding
normal gastric mucosa. It is of considerable inter-
est that gastric cancer cells express the receptor
adhesion molecule (CD44) and protein ligand
(osteopontin) synchronously. Our recent study on
the interaction between CD44 variants and
osteopontin may provide some biological clues to
the mechanisms of lymphogenous metastasis.

A candidate suppressor gene of metastasis,
nm23 encodes nucleotide diphosphate kinase
and c-myc transcription factor. LOH at the nm23
locus has been found in 85 primary gastric cancers,
most of which tumors express nm23 mRNA
at higher levels in primary tumor tissue than in
the corresponding normal mucosa [130]. However,
the reduction of nm23 expression is frequently
associated with metastases of gastric cancer.
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In addition to nm23, elevated levels of
urokinase-type plasminogen activator and plas-
minogen activator inhibitor in tumor tissues are
linked with metastasis of gastrointestinal cancer
[131, 132]. Nekarda et al. [133] found that elevated
iPA and PAI-1 levels were closely correlated with
vascular invasion, lymph node metastases, and
poor prognosis. Additionally, a 31-kDa lactoside
lectin (L-31) is frequently overexpressed in pri-
mary tumors and liver metastases of well differen-
tiated gastric cancers [134], suggesting that
overexpression of this lectin may correlate with
liver metastasis of gastric cancer.

Peritoneal invasion and dissemination may re-
quire not only abnormalities of cell adhesion
molecules but also LOH of the long arm of chro-
mosome 7. Our study on deletion mapping of 7q
demonstrated that LOH at the D7S95 locus was
correlated closely with poor prognosis and a high
incidence of peritoneal dissemination in gastric
cancer [45]. It is likely that the D7S95 locus con-
tains a candidate suppressor gene for the progres-
sion and metastasis of gastric carcinoma.

Future Perspectives

Molecular dissections of human gastric cancers
have revealed that multiple genetic alterations are
involved in stomach carcinogenesis. The overall

Poorly differentiated
type cancer Normal cell

Genetic instability ———————

p53 mutation and allele loss
c-met 6.0kb expression

Telomerase reactivation
Cadherin mutation or loss

\J
1p LOH Early cancer
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reduction in nm23

< 7qLOH

Metastasis

Cyclin E gene amplification

c-erbB-2 amplification
reduction in nm23

observations on this issue may provide supporting
evidence for our working hypothesis that there
are two distinctive major genetic pathways for
stomach carcinogenesis (Fig. 2). K-ras mutation,
APC inactivation, loss of DCC, and amplification
of c-erbB2 are preferentially found in well-
differentiated gastric carcinomas, whereas gene
mutations, loss of the cadherin-catenin system,
and amplification of K-sam are frequently ob-
served in poorly differentiated cancers. In addi-
tion, the present findings support the use of some
molecular biological approaches to the diagnosis
and evaluation of gastric malignancy. Early ge-
netic changes, such as microsatellite instability,
not only serve as good biological markers for
screening precancerous lesions that have malig-
nant potential but also for the possible devel-
opment of secondary cancer. Alterations
preferentially occurring at the point of malignant
transformation, such as reactivation of telomerase
and p53 inactivation, may provide a powerful tool
for the evaluation of malignancy. The late
changes, including amplification of cyclin E gene,
c-erbB2 amplification, and 7q LOH, are good indi-
cators for biological malignancy. Applying these
results to routine clinical practice, we are able to
facilitate and improve cancer diagnosis and to pre-
dict grade of malignancy or patient prognosis and
to discover novel types of therapeutic approaches.

Well differentiated
type cancer

Genetic instability

(RER*, 33%)
Intestinal . cripto overexpression
metaplasia 2.2kb gene deletion

p53 mutation**(37%)

K-ras mutation

APC mutation***(10%)
Telomerase reactivation(33%)
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Fig. 2. Genetic pathway of two
types of stomach cancer. RER, repli-
cation error; LOH, loss of hetero-
zygosity; TGF, transforming growth
factor
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We have implemented and utilized a new strategy
of molecular diagnosis of gastrointestinal tract
cancers based on the above-mentioned overall
findings as a routine service in the Hiroshima City
Medical Association Clinical Laboratory since
1993 [135]. The detailed philosophy and descrip-
tion on this strategy appear in the chapter by W.
Yasui and E. Tahara of this book. Finally, the
major remaining work on this field is identification
of the specific gene(s) responsible for stomach
carcinogenesis.

References

1.

2.

10.

11.

Fearon ER, Vogelstein B (1990) A genetic model
for colorectal tumorigenesis. Cell 61:759-767
Tahara E, Semba S, Tahara H (1996) Molecular
biological observations in gastric cancer. Semin
Oncol 23:307-315

. Han HJ, Yanagisawa A, Kato Y, Park JG,

Nakamura Y (1993) Genetic instability in pancre-
atic cancer and poorly differentiated type of gas-
tric cancer. Cancer Res 53:5087-5089

. Rhyu MG, Park WS, Meltzer SJ (1994) Micro-

satellite instability occurs frequently in human
gastric carcinoma. Oncogene 9:29-32

. Strickler JG, Zheng J, Shu Q, Burgart LJ, Alberts

SR, Shibata D (1994) p53 mutations and micro-
satellite instability in sporadic gastric cancer: when
guardians fail. Cancer Res 54:4750-4755

. Chong JM, Fukayama M, Hayashi Y, Takizawa T,

Koike M, Konishi M, Kikuchi Yanoshita R,
Miyaki M (1994) Microsatellite instability in the
progression of gastric carcinoma. Cancer Res
54:4595-4597

. Semba S, Yokozaki H, Yamamoto S, Yasui W,

Tahara E (1996) Microsatellite instability in
precancerous lesions and adenocarcinomas of the
stomach. Cancer 77:1620-1627

. Seruca R, Santos NR, David L, Constancia M,

Barroca H, Carneiro F, Seixas M, Peltomaki P,
Lothe R, Sobrinho Simoes M (1995) Sporadic gas-
tric carcinomas with microsatellite instability dis-
play a particular clinicopathologic profile. Int J
Cancer 64:32-36

. Horii A, Han HJ, Shimada M, Yanagisawa A,

Kato Y, Ohta H, Yasui W, Tahara E, Nakamura
Y (1994) Frequent replication errors at micro-
satellite loci in tumors of patients with multiple
primary cancers. Cancer Res 54:3373-3375

Counter CM, Avilion AA, LeFeuvre CE, Stewart
NG, Greider CW, Harley CB, Bacchetti S (1992)
Telomere shortening associated with chromosome
instability is arrested in immortal cells which ex-
press telomerase activity. EMBO J 11:1921-1929
Hastie ND, Dempster M, Dunlop MG, Thompson
AM, Green DK, Allshire RC (1990) Telomere re-

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

duction in human colorectal carcinoma and with
ageing. Nature 346:866-868

Tahara E, Kuniyasu H, Yasui W, Yokozaki H
(1994) Gene alterations in intestinal metaplasia
and gastric cancer. Eur J Gastroenterol Hepatol
6(suppl 1):5897-S101

Tahara H, Kuniyasu H, Yokozaki H, Yasui W,
Shay JW, Ide T, Tahara E (1995) Telomerase ac-
tivity in preneoplastic and neoplastic gastric
and colorectal lesions. Clin Cancer Res 1:1245-
1251

Hiyama E, Yokoyama T, Tatsumoto N, Hiyama K,
Imamura Y, Murakami Y, Kodama T, Piatyszek
MA, Shay JW, Matsuura Y (1995) Telomerase ac-
tivity in gastric cancer. Cancer Res 55:3258-3262
FengJ, Funk WD, Wang SS, Weinrich SL, Avilion
AA, Chiu CP, Adams RR, Chang E, Allsopp RC,
YuJ, Le S, West MD, Harley CB, Andrews WH,
Greider CW, Villeponteau B (1995) The RNA
component of human telomerase. Science
269:1236-1241

Avilion AA, Piatyszek MA, Gupta J, Shay JW,
Bacchetti S, Greider CW (1996) Human telo-
merase RNA and telomerase activity in immortal
cell lines and tumor tissues. Cancer Res 56:645-
650

Blasco MA, Rizen M, Greider CW, Hanahan D
(1996) Differential regulation of telomerase activ-
ity and telomerase RNA during multi-stage
tumorigensis. Nat Genet 12:200-204

Kuniyasu H, Domen T, Hamamoto T, Yokozaki
H, Yasui W, Tahara H, Tahara E (1997) Expres-
sion of human telomerase RNA is an early event
of stomach carcinogenesis. Jpn J Cancer Res
88:103-107

Sano T, Tsujino T, Yoshida K, Nakayama H,
Haruma K, Ito H, Nakamura Y, Kajiyama G,
Tahara E (1991) Frequent loss of heterozygosity
on chromosomes 1q, 5q, and 17p in human gastric
carcinomas. Cancer Res 51:2926-2931

Yokozaki H, Kuniyasu H, Kitadai Y, Nishimura
K, Todo H, Ayhan A, Yasui W, Ito H, Tahara E
(1992) p53 point mutations in primary human gas-
tric carcinomas. J Cancer Res Clin Oncol 119:67-
70

Tamura G, Kihana T, Nomura K, Terada M,
Sugimura T, Hirohashi S (1991) Detection of fre-
quent p53 gene mutations in primary gastric can-
cer by cell sorting and polymerase chain reaction
single-strand conformation polymorphism analy-
sis. Cancer Res 51:3056-3058

Mattar R, Yokozaki H, Yasui W, Ito H, Tahara E
(1992) p53 gene mutations in gastric cancer cell
lines. Oncology (Life Sci Adv) 11:7-12

Tohdo H, Yokozaki H, Haruma K, Kajiyama G,
Tahara E (1993) p53 gene mutations in gastric
adenomas. Virchows Arch B Cell Pathol 63:191-
195



66

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

H. Yokozaki et al.

Sakurai S, Sano T, Nakajima T (1995)
Clinicopathological and molecular biological stud-
ies of gastric adenomas with special reference to
p53 abnormality. Pathol Int 45:51-57

Ochiai A, Yamauchi Y, Hirohashi S (1996) p53
mutations in the non-neoplastic mucosa of the
human stomach showing intestinal metaplasia. Int
J Cancer 69:28-33

Maesawa C, Tamura G, Suzuki Y, Ogasawara S,
Sakata K, Kashiwaba M, Satodate R (1995) The
sequential accumulation of genetic alterations
characteristic of the colorectal adenoma-
carcinoma sequence does not occur between gas-
tric adenoma and adenocarcinoma. J Pathol
176:249-258

Harris CC (1991) Chemical and physical car-
cinogenesis: advances and perspectives for the
1990s. Cancer Res 51:5023s-5044s

Uchino S, Noguchi M, Ochiai A, Saito T,
Kobayashi M, Hirohashi S (1993) p53 mutation in
gastric cancer: a genetic model for carcinogenesis
is common to gastric and colorectal cancer. Int J
Cancer 54:759-764

Poremba C, Yandell DW, Huang Q, Little JB,
Mellin W, Schmid KW, Bocker W, Dockhorn
Dworniczak B (1995) Frequency and spectrum of
p53 mutations in gastric cancer—a molecular
genetic and  immunohistochemical  study.
Virchows Arch 426:447-455

Sugimura T, Fujimura S, Baba T (1970) Tumor
production in the glandular stomach and alimen-
tary tract of the rat by N-methyl-N'-nitro-N-
nitrosoguanidine. Cancer Res 30:455-465
Mirvish S (1971) Kinetics of nitrosamine for-
mation from alkylureas, N-alkylurethanes, and
alkylguanidines: possible implications for the
etiology of human gastric cancer. J Natl Cancer
Inst 46:1183-1193

Correa P (1991) The new era of cancer epidemiol-
ogy. Cancer Epidemiol Biomarkers Prev 1:5-11
Hollstein MC, Metcalf RA, Welsh JA, Montesano
R, Harris CC (1990) Frequent mutation of the p53
gene in human esophageal cancer. Proc Natl Acad
Sci USA 87:9958-9961

Nishisho I, Nakamura Y, Miyoshi Y, Miki Y,
Ando H, Horii A, Koyama K, Utsunomiya J, Baba
S, Hedge P (1991) Mutations of chromosome 5q21
genes in FAP and colorectal cancer patients.
Science 253:665-669

Kinzler KW, Nilbert MC, Su LK, Vogelstein B,
Bryan TM, Levy DB, Smith KJ, Preisinger AC,
Hedge P, McKechnie D, Finniear R, Markham A,
Groffen J, Boguski MS, Altschul SF, Horii A,
Ando H, Miyoshi Y, Miki Y, Nishisho I, Nakamura
Y (1991) Identification of FAP locus genes from
chromosome 5q21. Science 253:661-665
Nakatsuru S, Yanagisawa A, Ichii S, Tahara E,
Kato Y, Nakamura Y, Horii A (1992) Somatic

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

mutation of the APC gene in gastric cancer:
frequent mutations in very well differentiated
adenocarcinoma and signet-ring cell carcinoma.
Hum Mol Genet 1:559-563

Nishimura K, Yokozaki H, Haruma K, Kajiyama
G, Tahara E (1995) Alterations of the APC gene
in carcinoma cell lines and precancerous lesions of
the stomach. Int J Oncol 7:587-592

Nakatsuru S, Yanagisawa A, Furukawa Y, Ichii S,
Kato Y, Nakamura Y, Horii A (1993) Somatic
mutations of the APC gene in precancerous lesion
of the stomach. Hum Mol Genet 2:1463-1465
Tamura G, Maesawa C, Suzuki Y, Tamada H,
Satoh M, Ogasawara S, Kashiwaba M, Satodate R
(1994) Mutations of the APC gene occur during
early stages of gastric adenoma development.
Cancer Res 54:1149-1151

Fearon ER, Cho KR, Nigro JM, Kern SE, Simons
JW, Ruppert JM, Hamilton SR, Preisinger AC,
Thomas G, Kinzler KW, Vogelstein B (1990)
Identification of a chromosome 18q gene that is
altered in colorectal cancers. Science 247:49-56
Uchino S, Tsuda H, Noguchi M, Yokota J, Terada
M, Saito T, Kobayashi M, Sugimura T, Hirohashi
S (1992) Frequent loss of heterozygosity at the
DCC locus in gastric cancer. Cancer Res 52:3099~
3102

Ezaki T, Yanagisawa A, Ohta K, Aiso S,
Watanabe M, Hibi T, Kato Y, Nakajima T,
Ariyama T, Inazawa J, Nakamura Y, Horii A
(1996) Deletion mapping on chromosome 1p in
well-differentiated gastric cancer. Br J Cancer
73:424-428

Tamura G, Ogasawara S, Nishizuka S, Sakata K,
Maesawa C, Suzuki Y, Terashima M, Saito K,
Satodate R (1996) Two distinct regions of deletion
on the long arm of chromosome 5 in differentiated
adenocarcinomas of the stomach. Cancer Res
56:612-615

Ayhan A, Yasui W, Yokozaki H, Seto M, Ueda R,
Tahara E (1994) Loss of heterozygosity at the bcl-
2 gene locus and expression of bcl-2 in human
gastric and colorectal carcinomas. Jpn J Cancer
Res 85:584-591

Kuniyasu H, Yasui W, Yokozaki H, Akagi M,
Akama Y, Kitahara K, Fujii K, Tahara E (1994)
Frequent loss of heterozygosity of the long arm of
chromosome 7 is closely associated with progres-
sion of human gastric carcinomas. Int J Cancer
59:597-600

Ochiai A, Akimoto S, Shimoyama Y, Nagafuchi
A, Tsukita S, Hirohashi S (1994) Frequent loss of
alpha catenin expression in scirrhous carcinomas
with scattered cell growth. Jpn J Cancer Res
85:266-273

Yasui W, Kuniyasu H, Akama Y, Kitahara K,
Nagafuchi A, Tsukita S, Tahara E (1995) Expres-
sion of E-cadherin, alpha- and beta-catenins in



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Molecular Bases of Human Stomach Carcinogenesis 67

human gastric carcinomas: correlation with histol-
ogy and tumor progression. Oncol Rep 2:111-117
Shimoyama Y, Nagafuchi A, Fujita S, Gotoh M,
Takeichi M, Tsukita S, Hirohashi S (1992)
Cadherin dysfunction in a human cancer cell line:
possible involvement of loss of alpha-catenin ex-
pression in reduced cell-cell adhesiveness. Cancer
Res 52:5770-5774

Becker KF, Atkinson MJ, Reich U, Becker I,
Nekarda H, Siewert JR, Hofler H (1994) E-
Cadherin gene mutations provide clues to diffuse
type gastric carcinomas. Cancer Res 54:3845-3852
Keyomarsi K, Pardee AB (1993) Redundant
cyclin overexpression and gene amplification in
breast cancer. Proc Natl Acad Sci USA 90:1112-
1116

Keyomarsi K, O’Leary N, Molnar G, Lees E,
Fingert HJ, Pardee AB (1994) Cyclin E, a poten-
tial prognostic marker for breast cancer. Cancer
Res 54:380-385

Akama Y, Yasui W, Yokozaki H, Kuniyasu H,
Kitahara K, Ishikawa T, Tahara E (1995) Frequent
amplification of the cyclin E gene in human gastric
carcinomas. Jpn J Cancer Res 86:617-621
Kitahara K, Yasui W, Kuniyasu H, Yokozaki H,
Akama Y, Yunotani S, Hisatsugu T, Tahara E
(1995) Concurrent amplification of cyclin E and
CDK2 genes in colorectal carcinomas. Int J
Cancer 62:25-28

Yasui W, Akama Y, Kuniyasu H, Yokozaki H,
Semba S, Shimamoto F, Tahara E (1996) Expres-
sion of cyclin E in human gastric adenomas
and adenocarcinomas: correlation with prolifera-
tive activity and p53 status. J Exp Ther Oncol
1:88-94

Tsuda T, Nakatani H, Matsumura T, Yoshida K,
Tahara E, Nishihira T, Sakamoto H, Yoshida T,
Terada M, Sugimura T (1988) Amplification of the
hst-1 gene in human esophageal carcinomas. Jpn J
Cancer Res 79:584-588

Yoshida K, Kawami H, Kuniyasu H, Nishiyama
M, Yasui W, Hirai T, Toge T, Tahara E (1994)
Coamplification of cyclin D, hst-1 and int-2 genes
is a good biological marker of high malignancy for
human esophageal carcinomas. Oncol Rep 1:493-
496

Noda A, Ning Y, Venable SF, Percira-Smith OM,
Smith JR (1994) Cloning of senescent cell derived
inhibitors of DNA synthesis using an expression
screen. Exp Cell Res 11:90-98

El Deiry WS, Tokino T, Velculescu VE, Levy DB,
Parsons R, Trent JM, Lin D, Mercer WE, Kinzler
KW, Vogelstein B (1993) WAF1, a potential me-
diator of p53 tumor suppression. Cell 75:817-825
Harper JW, Adami GR, Wei N, Keyomarsi K,
Elledge SJ (1993) The p21 Cdk-interacting protein
Cipl is a potent inhibitor of G1 cyclin-dependent
kinases. Cell 75:805-816

60. Toyoshima H, Hunter T (1994) p27, novel inhibi-
tor of G1 cdk protein kinase activity, is related to
p21. Cell 78:67-74

61. Hengst L, Dulic V, Slingerland JM, Lees E, Reed
SI (1994) A cell cycle-regulated inhibitor of cyclin-
dependent kinases. Proc Natl Acad Sci USA
91:5291-5295

62. Serrano M, Hannon GJ, Beach D (1993) A new
regulatory motif in cell-cycle control causing spe-
cific inhibition of cyclin D/CDK4. Nature 366:704—
707

63. Hammon GJ, Beach D (1994) p15INK4B is a po-
tential effector of TGF-f induced cell cycle arrest.
Nature 371:257-261

64. Sakata K, Tamura G, Maesawa C, Suzuki Y,
Terashima M, Satoh K, Eda Y, Suzuki A,
Sekiyama S, Satodate R (1995) Loss of hete-
rozygosity on the short arm of chromosome 9
without pl6 gene mutation in gastric carcinomas.
Jpn J Cancer Res 86:333-335

65. Akama Y, Yasui W, Kuniyasu H, Yokozaki H,
Akagi M, Tahara H, Ishikawa T, Tahara E (1996)
Genetic status and expression of the cyclin-
dependent kinase inhibitors in human gastric
carcinoma cell lines. Jpn J Cancer Res 87:824-
830

66. Kitahara K, Yasui W, Yokozaki H, Semba §,
Hamamoto T, Hisatsugu T, Tahara E (1996)
Expression of cyclin D1, CDK4 and p27*™" is
associated with the pI6™™' gene status in human
esophageal carcinoma cell lines. J Exp Ther Oncol
1:7-12

67. Merlo A, Herman JG, Mao L, Lee DJ, Gabrielson
E, Burger PC, Baylin SB, Sidransky D (1995)
5'CpG island methylation is associated with tran-
scriptional silencing of the tumour suppressor p16/
CDKN2/MTSI in human cancers. Nat Med 1:686—
692

67a. Yasui W, Yokozaki H, Kuniyasu F, Shimamoto
R, Tahara E (1996) Expression of CDK inhibitor
pl6 in human gastric carcinomas. In: Tahara E,
Sugimachi K, Oohara T (eds) Recent advances in
gastroenterological carcinogenesis 1. Monduzzi
Editore, Bologna, pp 765-769

68. Tahara H, Sato E, Noda A, Ide T (1995) Increase
in expression level of p2I°*'/cipliwafl with in-
creasing division age in both normal and SV40-
transformed human fibroblasts. Oncogene 10:
835-840

69. Parker SB, Eichele G, Zhang P, Rawls A, Sands
AT, Bradley A, Olson EN, Harper JW, Elledge SJ
(1995) p53-Independent expression of p2I°"" in
muscle and other terminally differentiating cells.
Science 267:1024-1027

70. Akagi M, Yasui W, Akama Y, Yokozaki H,
Tahara H, Haruma K, Kajiyama G, Tahara E
(1996) Inhibition of cell growth by transforming
growth factor B1 is associated with p53-independ-



68

71.

H. Yokozaki et al.

ent induction of p2/ in gastric carcinoma cells. Jpn
J Cancer Res 87:377-384

Yasui W, Akama Y, Kuniyasu H, Semba §,
Shimamoto F, Tahara E (1996) Expression of
cyclin-dependent kinase inhibitor p21**"'/CIPI in
non-neoplastic mucosa and neoplasia of the stom-
ach: relation with p53 status and proliferative ac-
tivity. J Pathol 180:122-128

71a. Yasui W, Kudo Y, Semba S, Yokozaki H, Tahara

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

E (1997) Reduced expression of cyclin-dependent
kinase inhibitor p27%"' is associated with ad-
vanced stage and invasiveness of gastric carcino-
mas. Jpn J Canser Res (in press)

Yanagihara K, Tsumuraya M (1992) Transforming
growth factor beta 1 induces apoptotic cell death
in cultured human gastric carcinoma cells. Cancer
Res 52:4042-4045

Tahara H, Kamada K, Sato E, Tsuyama N, Kim
JK, Hara E, Oda K, Ide T (1995) Increase in
expression levels of interferon-inducible genes in
senescent human diploid fibroblasts and in SV40-
transformed human fibroblasts with extended
lifespan. Oncogene 11:1125-1132

Kasagi N, Gomyo Y, Shirai H, Tsujitani S, Ito H
(1994) Apoptotic cell death in human gastric car-
cinoma: analysis by terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end
labeling. Jpn J Cancer Res 85:939-945

Miyashita T, Reed JC (1995) Tumor suppressor
p53 is a direct transcriptional activator of the
human bax gene. Cell 80:293-299

Park M, Dean M, Kaul K, Braun MJ, Gonda MA,
Vande Woude G (1987) Sequence of MET pro-
tooncogene cDNA has features characteristic of
the tyrosine kinase family of growth-factor
receptors. Proc Natl Acad Sci USA 84:6379-6383
Bottaro DP, Rubin JS, Faletto DL, Chan AM,
Kmiecik TE, Vande Woude GF, Aaronson SA
(1991) Identification of the hepatocyte growth fac-
tor receptor as the c-met proto-oncogene product.
Science 251:802-804

Kuniyasu H, Yasui W, Kitadai Y, Yokozaki H, Ito
H, Tahara E (1992) Frequent amplification of the
c-met gene in scirrhous type stomach cancer.
Biochem Biophys Res Commun 189:227-232
Kuniyasu H, Yasui W, Yokozaki H, Kitadai Y,
Tahara E (1993) Aberrant expression of c-met
mRNA in human gastric carcinomas. Int J Cancer
55:72-75

Rodrigues GA, Naujokas MA, Park M (1991) Al-
ternative splicing generates isoforms of the met
receptor tyrosine kinase which undergo differen-
tial processing. Mol Cell Biol 11:2962-2970
Rodrigues GA, Park M (1993) Isoforms of the met
receptor tyrosine kinase. EXS 65:167-179
Yokozaki H, Semba S, Yamamoto S, Tahara E
(1996) A splice variant of the c-met proto-
oncogene is the predominant population ex-

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

pressed in human gastric mucosa and carcinoma.
Oncol Rep 3:425-428

Yokozaki H, Ito M, Yasui W, Kyo E, Kuniyasu H,
Kitadai Y, Tsubouchi H, Daikuhara Y, Tahara E
(1993) Biologic effect of human hepatocyte
growth factor on human gastric carcinoma cell
lines. Int J Oncol 3:89-93

Tannapfel A, Wittekind C, Tahara E (1994) Effect
of hepatocyte growth factor (HGF)/scatter factor
(SF) on cell adhesion in gastric cancer. Z
Gastroenterol 32:91-93

Ochiai A, Akimoto S, Kanai Y, Shibata T, Oyama
T, Hirohashi S (1994) c-erbB-2 gene product
associates with catenins in human cancer cells.
Biochem Biophys Res Commun 205:73-78
Nakatani H, Tahara E, Sakamoto H, Terada M,
Sugimura T (1985) Amplified DNA sequences in
cancers. Biochem Biophys Res Commun 130:508-
514

Nakatani H, Tahara E, Yoshida T, Sakamoto H,
Suzuki T, Watanabe H, Sekiguchi M, Kaneko Y,
Sakurai M, Terada M, Sugimura T (1986) Detec-
tion of amplified DNA sequences in gastric can-
cers by a DNA renaturation method in gel. Jpn J
Cancer Res 77:849-853

Nakatani H, Sakamoto H, Yoshida T, Yokota J,
Tahara E, Sugimura T, Terada M (1990) Isolation
of an amplified DNA sequence in stomach cancer.
Jpn J Cancer Res 81:707-710

Katoh M, Hattori Y, Sasaki H, Tanaka M, Sugano
K, Yazaki Y, Sugimura T, Terada M (1992) K-sam
gene encodes secreted as well as transmembrane
receptor tyrosine kinase. Proc Natl Acad Sci USA
89:2960-2964

Hattori Y, Odagiri H, Nakatani H, Miyagawa K,
Naito K, Sakamoto H, Katoh O, Yoshida T,
Sugimura T, Terada M (1990) K-sam, an amplified
gene in stomach cancer, is a member of the
heparin-binding growth factor receptor genes.
Proc Natl Acad Sci USA 87:5983-5987

Yokota J, Yamamoto T, Miyajima N, Toyoshima
K, Nomura N, Sakamoto H, Yoshida T, Terada M,
Sugimura T (1988) Genetic alterations of the
c-erbB-2 oncogene occur frequently in tubular
adenocarcinoma of the stomach and are often ac-
companied by amplification of the v-erbA homo-
logue. Oncogene 2:283-287

Kameda T, Yasui W, Yoshida K, Tsujino T,
Nakayama H, Ito M, Ito H, Tahara E (1990) Ex-
pression of ERBB2 in human gastric carcinomas:
relationship between p/85ERBB2 expression and
the gene amplification. Cancer Res 50:8002-8009
Yonemura Y, Ninomiya I, Ohoyama S, Kimura H,
Yamaguchi A, Fushida S, Kosaka T, Miwa K,
Miyazaki I, Endou Y, Tanaka M, Sasaki T (1991)
Expression of c-erbB-2 oncoprotein in gastric car-
cinoma: immunoreactivity for c-erbB-2 protein is
an independent indicator of poor short-term prog-



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Molecular Bases of Human Stomach Carcinogenesis

nosis is patients with gastric carcinoma. Cancer
67:2914-2918

Oda N, Tsujino T, Tsuda T, Yoshida K, Nakayama
H, Yasui W, Tahara E (1990) DNA ploidy pattern
and amplification of ERBB and ERBB2 genes in
human gastric carcinomas. Virchows Arch B Cell
Pathol 58:273-277

Tsujino T, Yoshida K, Nakayama H, Ito H,
Shimosato T, Tahara E (1990) Alterations of
oncogenes in metastatic tumours of human gastric
carcinomas. Br J Cancer 62:226-230

Yoshida K, Tsuda T, Matsumura T, Tsujino T,
Hattori T, Ito H, Tahara E (1989) Amplification of
epidermal growth factor receptor (EGFR) gene
and oncogenes in human gastric carcinomas.
Virchows Arch B Cell Pathol 57:285-290

Tahara E (1993) Molecular mechanism of stomach
carcinogenesis. J Cancer Res Clin Oncol 119:265-
272 (editorial)

Yoshida MC, Wada M, Satoh H, Yoshida T,
Sakamoto H, Miyagawa K, Yokota J, Koda T,
Kakinuma M, Sugimura T, Terada M (1988) Hu-
man hst-1 (HSTF-1) gene maps to chromosome
band 11913 and coamplifies with the int-2 gene in
human cancer. Proc Natl Acad Sci USA 85:4861-
4864

Yamamoto T, Hattori T, Tahara E (1988)
Interaction between transforming growth factor-
alpha and c-Ha-ras p21 in progression of human
gastric carcinoma. Pathol Res Pract 183:663-669
Yoshida K, Kyo E, Tsuda T, Tsujino T, Ito M,
Niimoto M, Tahara E (1990) EGF and TGF-alpha,
the ligands of hyperproduced EGFR in human
esophageal carcinoma cells, act as autocrine
growth factors. Int J Cancer 45:131-135

Tahara E, Sumiyoshi H, Hata J, Yasui W,
Taniyama K, Hayashi T, Nagae S, Sakamoto S
(1986) Human epidermal growth factor in gastric
carcinoma as a biologic marker of high malig-
nancy. Jpn J Cancer Res 77:145-152

Kitadai Y, Yasui W, Yokozaki H, Kuniyasu H,
Ayhan A, Haruma K, Kajiyama G, Johnson GR,
Tahara E (1993) Expression of amphiregulin, a
novel gene of the epidermal growth factor family,
in human gastric carcinomas. Jpn J Cancer Res
84:879-884

Akagi M, Yokozaki H, Kitadai Y, Ito R, Yasui W,
Haruma K, Kajiyama G, Tahara E (1995) Expres-
sion of amphiregulin in human gastric cancer cell
lines. Cancer 75:1460-1466

Kuniyasu H, Yoshida K, Yokozaki H, Yasui W,
Ito H, Toge T, Ciardiello F, Persico MG, Saeki T,
Salomon DS, Tahara E (1991) Expression of
cripto, a novel gene of the epidermal growth factor
family, in human gastrointestinal carcinomas. Jpn
J Cancer Res 82:969-973

Kuniyasu H, Yasui W, Akama Y, Akagi M, Tohdo
H, Ji Z-Q, Kitadai Y, Yokozaki H, Tahara E

106.

107.

108.

109.

110.

69

(1994) Expression of cripto in human gastric carci-
nomas: an association with tumor stage and prog-
nosis. J Exp Clin Cancer Res 13:151-157
Yoshida K, Yokozaki H, Niimoto M, Ito H, Ito M,
Tahara E (1989) Expression of TGF-beta and
procollagen type I and type III in human gastric
carcinomas. Int J Cancer 44:394-398

Tsuda T, Yoshida K, Tsujino T, Nakayama H,
Kajiyama G, Tahara E (1989) Coexpression of
platelet-derived growth factor (PDGF) A-chain
and PDGF receptor genes in human gastric carci-
nomas. Jpn J Cancer Res 80:813-817

Tahara E, Kuniyasu H, Yasui W, Yokozaki H
(1994) Abnormal expression of growth factors and
their receptors in stomach cancer. In: Nishi M,
Ichikawa H, Nakajima T, Maruyama K, Tahara E
(eds) Gastric cancer. Springer, Tokyo, pp 163-173
Tanimoto H, Yoshida K, Yokozaki H, Yasui W,
Nakayama H, Ito H, Ohama K, Tahara E (1991)
Expression of basic fibroblast growth factor in
human gastric carcinomas. Virchows Arch B Cell
Pathol 61:263-267

Ito R, Kitadai Y, Kyo E, Yokozaki H, Yasui W,
Yamashita U, Nikai H, Tahara E (1993) Inter-
leukin 1 alpha acts as an autocrine growth stim-
ulator for human gastric carcinoma cells. Cancer
Res 53:4102-4106

110a. Kitadai Y, Haruma K, Yamamoto S, Ue T,

111.

112.

113.

114.

115.

Omoto Y, Fridler 1J, Tahara E, Kajiyama G (1997)
Inter leukin 8 (IL-8) acts as an angiogenic factor in
human gastric carcinomas. Proceedings of the 88th
Annual Meeting of the American Association for
Cancer Research 38:53

Yoshida K, Yasui W, Ito H, Tahara E (1990)
Growth factors in progression of human esoph-
ageal and gastric carcinomas. Exp Pathol 40:291-
300

Kitadai Y, Yasui W, Yokozaki H, Kuniyasu H,
Haruma K, Kajiyama G, Tahara E (1992) The
level of a transcription factor Spl is correlated
with the expression of EGF receptor in human
gastric carcinomas. Biochem Biophys Res
Commun 189:1342-1348

Kitadai Y, Yamazaki H, Yasui W, Kyo E,
Yokozaki H, Kajiyama G, Johnson AC, Pastan I,
Tahara E (1993) GC factor represses transcription
of several growth factor/receptor genes and causes
growth inhibition of human gastric carcinoma cell
lines. Cell Growth Differ 4:291-296

Ito M, Yasui W, Kyo E, Yokozaki H, Nakayama
H, Ito H, Tahara E (1992) Growth inhibition of
transforming growth factor beta on human gastric
carcinoma cells: receptor and postreceptor
signaling. Cancer Res 52:295-300

Ito M, Yasui W, Nakayama H, Yokozaki H, Ito H,
Tahara E (1992) Reduced levels of transforming
growth factor-beta type I receptor in human gas-
tric carcinomas. Jpn J Cancer Res 83:86-92



70

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

H. Yokozaki et al.

Park K, Kim SJ, Bang YJ, Park JG, Kim NK,
Roberts AB, Sporn MB (1994) Genetic changes in
the transforming growth factor beta (TGF-beta)
type Il receptor gene in human gastric cancer cells:
correlation with sensitivity to growth inhibition by
TGF-beta. Proc Natl Acad Sci USA 91:8772-8776
Myeroff LL, Parsons R, Kim SJ, Hedrick L, Cho
KR, Orth K, Mathis M, Kinzler KW, Lutterbaugh
J, Park K, Bang Y-J, Lee H, Park J-G, Lynch HT,
Roberts AB, Vogelstein B, Markowitz SD (1995)
A transforming growth factor beta receptor type 11
gene mutation common in colon and gastric but
rare in endometrial cancers with microsatellite in-
stability. Cancer Res 55:5545-5547

Stamenkovic I, Aruffo A, Amiot M, Seed B (1991)
The hematopoietic and epithelial forms of CD44
are distinct polypeptides with different adhesion
potentials for hyaluronate-bearing cells. EMBO J
10:343-348

Jackson DG, Buckley J, Bell JI (1992) Multiple
variants of the human lymphocyte homing re-
ceptor CD44 generated by insertions at a single
site in the extracellular domain. J Biol Chem
267:4732-4739

Cooper DL, Dougherty G, Harn HJ, Jackson S,
Baptist EW, Byers J, Datta A, Phillips G, Isola NR
(1992) The complex CD44 transcriptional unit; al-
ternative splicing of three internal exons generates
the epithelial form of CD44. Biochem Biophys
Res Commun 182:569-578

Matsumura Y, Tarin D (1992) Significance of
CD44 gene products for cancer diagnosis and dis-
ease evaluation. Lancet 340:1053-1058

Tanabe KK, Ellis LM, Saya H (1993) Expression
of CD44R1 adhesion molecule in colon carcino-
mas and metastases. Lancet 341:725-726

Heider K-H, Hofmann M, Hors E, van den Berg F,
Ponta H, Herrlich P, Pals ST (1993) A human
homologue of the rat metastasis-associated variant
of CD44 is expressed in colorectal carcinomas and
adenomatous polyps. J Cell Biol 120:227-233
Yokozaki H, Ito R, Nakayama H, Kuniyasu H,
Taniyama K, Tahara E (1994) Expression of CD44
abnormal transcripts in human gastric carcinomas.
Cancer Lett 83:229-234

Matsumura Y, Sugiyama M, Matsumura S, Hayle
AJ, Robinson P, Smith JC, Tarin D (1995) Unu-

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

sual retention of introns in CD44 gene transcripts
in bladder cancer provides new diagnostic and
clinical oncological opportunities. J Pathol 177:11-
20

Yoshida K, Bolodeoku J, Sugino T, Goodison S,
Matsumura Y, Warren BF, Toge T, Tahara E,
Tarin D (1995) Abnormal retention of intron 9 in
CD44 gene transcripts in human gastrointestinal
tumors. Cancer Res 55:4273-4277

Higashikawa K, Yokozaki H, Ue T, Taniyama K,
Ishikawa T, Tarin D, Tahara E (1996) Evaluation
of CD44 transcription variants in human digestive
tract carcinomas and normal tissues. Int J Cancer
66:11-17

Weber GF, Ashkar S, Glimcher MJ, Cantor H
(1996) Receptor-ligand interaction between CD44
and osteopontin (Eta-1). Science 271:509-512
Ruoslahti E, Pierschbacher MD (1987) New
perspectives in cell adhesion: RGD and integrins.
Science 238:491-497

Nakayama H, Yasui W, Yokozaki H, Tahara E
(1993) Reduced expression of nm23 is associated
with metastasis of human gastric carcinomas. Jpn J
Cancer Res 84:184-190

Sier CF, Verspaget HW, Griffioen G, Ganesh S,
Vloedgraven HJ, Lamers CB (1993) Plasminogen
activators in normal tissue and carcinomas of
the human oesophagus and stomach. Gut 34:80-
85

Tanaka N, Fukao H, Ueshima S, Okada K,
Yasutomi M, Matsuo O (1991) Plasminogen acti-
vator inhibitor 1 in human carcinoma tissues. Int J
Cancer 48:481-484

Nekarda H, Schmitt M, Ulm K, Wenninger A,
Vogelsang H, Becker K, Roder JD, Fink U,
Siewert JR (1994) Prognostic impact of urokinase-
type plasminogen activator and its inhibitor PAI-1
in completely resected gastric cancer. Cancer Res
54:2900-2907

Lotan R, Ito H, Yasui W, Yokozaki H, Lotan D,
Tahara E (1994) Expression of a 31-kDa lactoside-
binding lectin in normal human gastric mucosa
and in primary and metastatic gastric carcinomas.
Int J Cancer 56:474-480

Tahara E (1995) Genetic alterations in human
gastrointestinal cancers: the application to mo-
lecular diagnosis. Cancer 75:1410-1417



Galectins in Gastric and Colorectal Cancers:
Implications for Tumor Progression and

Metastasis

Reuben Lotan' and Eiichi Tahara®

Summary. Galectins 1 and 3, galactoside-binding
proteins, have been implicated in cellular interac-
tions, growth, apoptosis, differentiation, transfor-
mation, and metastasis. Galectins’ expression was
detected in normal mucosa and in primary and
metastatic colorectal and gastric carcinomas by
Western blotting of extracts from cultured tumor
cells and surgical specimens and by immunohis-
tochemistry using histological sections of fixed tis-
sues. Galectin-1 was detected in only 7 of 21 cul-
tured human colon carcinoma cell lines, whereas
galectin-3 was found in 20 of 21. In gastric cancer
cell lines, galectin-1 was detected in most (six of
eight) and galectin-3 in all of eight cell lines. Most
of the cell lines expressed carcinoembryonic anti-
gen and lysosome-associated membrane proteins,
which can serve as endogenous ligands for galectins.
Immunoblotting of extracts of malignant colorectal
tissues from 48 patients revealed that the galectin-
3 level was higher in tumor specimens from patients
classified as Dukes’ stage D than in those in other
stages. Immunoblotting of extracts of normal and
malignant gastric tissues from 26 patients revealed
that the galectin-3 level was higher in tumor tissue
than in normal tissue in 9 of 26 cases but lower than
that in normal tissue in only 3 of 26 cases. An im-
munohistochemical analysis revealed that galectin-
3 expression increased in gastric cancers relative
to normal mucosa and in some metastatic lesions
relative to primary tumors. These results implicate
galectin-3 in the progression of certain types of
colorectal and gastric cancers to the metastatic
phenotype.
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Introduction

Normal development, cell growth and differentia-
tion, and tumor invasion and metastasis involve
various types of cellular interactions among cells
and between cells and exogenous soluble or in-
soluble macromolecules. Although most of these
interactions are mediated by a variety of specific
cell surface components that are involved in
protein—protein interactions, such as integrins,
selectins, or members of the immunoglobulin
superfamily, some interactions are mediated by
carbohydrate-recognition mechanisms. Such in-
teractions occur during embryonic development
[1-3], cell growth and differentiation, and cancer
metastasis [4-8].

The expression of cellular glycoconjugates,
including mucins, glycoproteins, glycolipids, and
blood group-associated carbohydrate antigens,
has been found to change during normal dif-
ferentiation, after malignant transformation,
and during progression to metastatic stages in
a variety of cell types including gastrointestinal
neoplasms [1, 9-13]. The various monosac-
charides present in vertebrate oligosaccharides
can be linked in specific sequences and types
of anomeric linkages, and it has been suggested
that they form specific recognition codes that
can specify intercellular recognition and adhesion
[1, 6, 14]. Complementary molecules capable
of binding specific carbohydrates would be re-
quired for recognition and for mediating the
functional consequences of such recognition.
Lectin-like proteins endowed with the ability to
bind different types of saccharides have been
found in various animal tissues [15] and malignant
cells [16-18]. The binding of neoglycoproteins
to tissue sections revealed that the expression
of several endogenous lectins was different in
primary and metastatic lesions of human colon
and lung carcinoma, which suggests a role for
lectins in metastasis [19-21]. Some lectins have
been implicated in mediating the adhesion of
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metastatic tumor cells to target organ cells (i.e.,
lung) [22-24].

Galectins: A family of Galactoside-
Binding Proteins

The most prevalent vertebrate lectins bind f-
galactosides [6, 8, 25, 26]. These lectins constitute
a family of proteins called galectins, which are
related by sharing amino acid sequences [25, 27].
The best studied among the galectins are galectin-
1 (13.0-14.5kDa) [26, 28] and galectin-3 (29-
35kDa) [5, 6, 28-32].

Galectin-1 is developmentally regulated in sev-
eral vertebrate tissues including intestine, skin,
lung, muscle, and nervous system [27, 33-36]. In
most cell types this lectin is present in the cyto-
plasm with a lower but detectable level of expres-
sion on the cell surface. The latter localization is
also supported by the presence of carbohydrate-
binding activity at the cell surface [18, 37].
Galectin-1 is also secreted by some cells [38].

Galectin-3 [5], a 35kDa lactose-binding lectin,
shares regions of complete homology with
galectin-1, including a 39-amino-acid residue se-
quence in which there are 15 invariant amino acids
[6, 25, 27, 32]. These residues are located in the
carbohydrate recognition domain. Site-directed
mutagenesis of galectin-1 revealed that sequences
conserved in this region between galectin-1 and
galectin-3 are critical for the carbohydrate-
binding activity of galectin-1 [39, 40]. Galectin-3 is
identical to the murine macrophage cell surface
antigen Mac-2 [30]. Mouse galectin-2 also exhibits
amino acid sequence homology at its amino-
terminus with heterogeneous nuclear ribonucleo-
proteins (hnRNPs) and can be localized in the cell
nucleus [32].

Functions of Galectins

The developmental regulation of galectin-1 ex-
pression has led to speculation that this protein
may be involved in the control of cellular prolif-
eration and differentiation, and there are indica-
tions for a role of this lectin in cell adhesion as well
[24, 41]. The ability of galectin-1 to stimulate
DNA synthesis in a lactose-inhibitable process
was demonstrated in aortic smooth muscle cells
and pulmonary endothelial cells [42]. Galectin-1

has been implicated in malignant transformation
by the demonstration that BALB3T3 fibroblasts
that had been transfected with the galectin’s
cDNA became transformed as evidenced by their
ability to form colonies in soft agar, and they were
tumorigenic when injected into nude mice [43]. In
contrast, in mouse embryo fibroblasts galectin-1
was found to act as an autocrine negative growth
inhibitor, which is endogenously produced and
secreted by these cells [44]. Because the latter two
activities could not be inhibited by galactosides,
they may be unrelated to the carbohydrate-
binding function of the galectin. The rapid induc-
tion of galectin-1 in cells induced to undergo
apoptosis and its ability to mediate apoptosis of T
cells have implicated this galectin in programmed
cell death [45, 46].

The secretion of galectin-1 suggests that it may
possess an extracellular function [38]. Binding of
the secreted galectin to the cell surface or to extra-
cellular matrix (ECM) stabilizes the protein and
protects it from inactivation [47]. Furthermore,
once bound to the ECM, the secreted galectin-1
can mediate attachment of tumor cells via cell
surface lysosomal-associated membrane proteins
(LAMPs) [41].

In addition to its possible role in cell adhesion,
it has been proposed that galectin-3 may function
in the nucleus in the transport of mRNA to the
cytosol [32], and it may be involved in pre-mRNA
splicing [48]. Furthermore, galectin-3 may play a
role in cell proliferation, as the levels of galectin-3
protein and mRNA are low in quiescent mouse
fibroblasts and increase rapidly after mitogenic
stimulation [49]. The transfection of galectin-3
into immortalized fibroblastic cells increased their
ability to form colonies in agar, to form tumors,
and to colonize the lungs in mice [50]. Thus
galectin-3 may also be involved in transformation
and metastasis.

Galectins in Gastrointestinal Tumors

Colorectal Cancers

A high level of binding of the Mac-2 antibody,
which recognizes galectin-3 [35, 36], has been de-
tected in small intestinal epithelial cells located at
the tips of villi, whereas only a low level of reactiv-
ity was found in cells at the base of the villi [46].
The expression of galectin-3 increases along
the crypt-surface axis in normal colonic epithe-



lium, suggesting a relation with differentiation.
Furthermore, nonmalignant colonic mucosa cells
adjacent to colon carcinomas were found to con-
tain the galectin-3 mRNA and protein [47, 48].

There have been several reports on the pres-
ence of lactose-binding lectins in human colon
carcinoma [20, 51-58]. Most of these studies de-
tected the presence of galectin-1 in primary colon
tissue and tumor samples after affinity chromatog-
raphy on immobilized lactose. Organ-dependent
differences in lectin profiles in metastatic lesions
to either lung or liver from primary colon carcino-
mas have been demonstrated [20].

Other studies have identified the expression
of galectins in cultured colon carcinoma cells.
Galectin-3 expression was detected in six of seven
hepatocellular carcinoma (HCC) cell lines [57].
We found that galectin-3 was present in 20 of 21
colon carcinoma cell lines [37] and in surgical
specimens of colorectal cancers [56]. This expres-
sion was related to progression to metastatic
stages in cancer patients [56]. Specifically, the
levels of galectin-3 in primary tumors of patients
having distant metastases (dukes’ stage D) were
significantly higher than in those from patients
without detectable metastases (Dukes’ stages Bl
and B2). Likewise, the level of galectin-3 corre-
lated significantly with the serum carcinembryonic
antigen (CEA) level in the same patients. In con-
trast, the variation in the level of galectin-1 among
the varirus specimens was smaller, and there was
no correlation between the amount of galectin-1
and cancer stage or CEA level. The results indi-
cated that the relative amount of galectin-3 in-
creases as the colorectal cancer progresses to the
more malignant stage. However, galectin-3 has
been reported to be found primarily in the cyto-
plasm of human colon carcinoma in tissue sections
where staining of adjacent normal colonic epithe-
lium shows most of the lectin localized in the nu-
cleus [59]. The intensity of staining for galectin-3
was also more pronounced in normal colonic epi-
thelium than it was in colon carcinomas. The rea-
son for the differences between results obtained in
different laboratories is not clear but may be re-
lated to the small sample size of the study. This
contention is based on the findings of a large study
in which galectin-3 was analyzed in 153 tissue
specimens, including 29 adenomas containing pre-
malignant lesions, 66 colon carcinomas of known
Dukes’ stage, and 23 other primary carcinomas
with 35 associated metastases [58]. This study has
demonstrated that galectin-3 expression was sig-
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nificantly elevated in high-grade dysplasia and
early invasive cancers relative to adenomatous
tissues from which they derived. The expression
of galectin-3 increased with Dukes’ stage and was
higher in metastases than in the corresponding
primary tumors, thereby confirming with immu-
nohistochemical data the immunoblotting data
of Irimura et al. [56]. Furthermore, enhanced
galectin-3 expression correlated with decreased
long-term patient survival [58]. In conclusion, the
study indicated that galectin-3 expression is re-
lated to neoplastic transformation and metastatic
progression in colon cancer in vivo.

Gastric Cancers

To determine whether galectins also play a role
in the progression of gastric cancer, we analyzed
the expression of galectin-3 by Western im-
munoblotting in extracts prepared from surgical
specimens from 26 patients with gastric cancer
and adjacent nonneoplastic mucosa and from 7
specimens of normal mucosa [60]. The level of
galectin-3 was higher in the tumor samples than in
the normal specimens in 34.6% (9/26) of cases,
similar to the normal specimens in 53.8% (14/26)
of cases, and lower than the normal specimens in
11.5% (3/26) of cases. The difference in lectin
level was not related to the histological type of the
tumor.

We next wused formalin-fixed paraffin-
embedded tissue sections from 39 patients with
various types of primary gastric carcinoma and
adjacent “normal” mucosa, as well as specimens
from primary gastric carcinomas and their
metastases to lymph nodes, liver, lungs, kidney, or
ovaries from 74 cases. The galectin-3 level was
higher in tubular gastric carcinoma specimens
than in normal mucosa specimens in 55% of the
cases, and the mean staining index was higher in
the carcinoma specimens than in the normal tissue
specimens. The difference between the galectin-3
level in the tumor and the corresponding normal
mucosa in 11 cases was statistically significant (P
< 0.05). Galectin-3 levels were not significantly
different between tumor tissue and normal tissue
in cases of well differentiated papillary carcino-
mas or poorly differentiated carcinomas. Like-
wise, there was no significant difference between
galectin-3 levels in tumors at different stages of
disease, although galectin-3 levels tended to be
higher in state III cancer than in normal mucosa
[60].
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There were distinct patterns of galectin-3 stain-
ing in different tumors. In some cases the staining
appeared to be associated with the cell surface
membrane, whereas in others the staining was cy-
toplasmic [60]. These patterns of localization were
observed previously in cultured cells [61].

A comparison of galectin-3 lectin levels in pri-
mary gastric carcinomas and their metastases was
also performed using immunohistochemical meth-
ods on specimens from 74 patients, including pri-
mary gastric carcinoma and metastases to at least
one distant organ (lymph node, liver, lung, kidney,
or ovary) isolated from the same patient. The re-
sults were analyzed according to the histology
and differentiation of the tumors and the site of
metastasis. The galectin-3 level in lymph node
metastases was similar to that of the correspond-
ing primary carcinoma in about 50% of the 51
cases analyzed. A trend (P = 0.1) for a higher
level of galectin-3 in lymph node metastases than
in poorly differentiated primary carcinomas from
which they dervied was indicated by the finding of
such a relation in 38% of the cases, whereas only
6% of the cases showed a higher galectin-3 level in
primary cancers compared to their corresponding
metastases. Furthermore, a higher galectin-3 level
in liver metastases than in well-differentiated tu-
bular primary cancers (P = 0.02) was indicated by
the finding of such a relation in 31% of the cases,
whereas only 11% of cases showed a higher level
of galectin-3 in primary carcinomas than in their
liver metastases. In contrast, no such trend could
be detected when lymph node metastases were
compared with their well differentiated primary
carcinomas or when liver or lung metastases
were compared with their corresponding well-
differentiated papillary or poorly differentiated
primary cancers. The higher expression of
galectin-3 in certain types of primary gastric can-
cers and metastases implicates this lectin in the
metastatic phenotype [60].

Endogenous Ligands for Galectins
in Gastrointestinal Mucosa

Glycoconjugates containing terminal or penulti-
mate lactosyl residues may play a role in cellular
interactions by serving as complementary mol-
ecules for endogenous lactoside-binding proteins
[6, 8, 24, 31, 62]. Important interactions of lectins
may be mediated by glycoconjugates that are ex-
pressed on the surface of adjacent cells or are

present in the ECM and contain mono- or
oligosaccharides that are recognized by the com-
plementary binding site in the lectin molecule.
The ECM is composed mainly of laminin,
fibronectin, type IV collagen, and various pro-
teoglycans, many of which are heavily glyco-
sylated and whose oligosaccharide side chains can
provide recognition determinants for lectins. Al-
though the functions of galectin-3 are not clearly
established, this lectin is thought to play a role in
cellular recognition and adhesion. Galectin-3 iso-
lated from a human lung exhibited a higer affinity
for blood group A-related structures and for
polylactosaminoglycan chains than for lactose [31,
63]. The ability of galectin-3, which is present on
the surface of hepatoceliular carcinoma (HCC)
cells to bind laminin is well established [37, 64—
66]. This activity may play a role in cell binding to
ECM, an important event in cancer cell invasion
and metastasis [67]. However, the mere expres-
sion of galectin-3 on the surface of a cell may not
be sufficient to mediate carbohydrate-specific
adhesion to laminin [66]. The binding of recom-
binant human galectin-3 to mouse EHS laminin
has also been reported [66, 68]. A number of
cellular interactions with laminin have been
shown to be dependent on the state of glycosy-
lation of this glycoprotein [69]. Whether it is re-
lated to important interactions of laminin and
galectins remains to be elucidated. It is notewor-
thy in this regard that one report demonstrated
that galectin-1 may be involved in the adhesion of
cells to laminin [70]

Carcinoembryonic antigen (CD66¢), a 180kDa
member of the immunoglobulin superfamily, is
more than 50% carbohydrate by weight, and some
of its oligosaccharides are lactosaminoglycans
[71], the preferred complementary structure for
galectin-3 [5, 6, 8, 62, 72]. Increased CEA expres-
sion is characteristic of metastatic colon carci-
noma cells [73]. We have demonstrated that
galectin-3 is capable of binding to immobilized
CEA in a carbohydrate-dependent manner. More
importantly, we found that galectin-3 and CEA
appeared to be co-localized on the cell surface,
suggesting that galectin-3 may interact with CEA
at the cell surface. If such interactions can occur
between galectin-3 and CEA on adjacent cells,
they may mediate cell-cell adhesion. In addition,
interactions between galectin-3 and CEA on the
same cell could modulate the distribution of CEA
in the membrane and its efficiency as a cell adhe-
sion molecule because microclustered CEA-lec-



tin complexes would likely participate in multiva-
lent interactions. Our data suggest that another
member of the immunoglobulin superfamily,
most probably nonspecific cross-reacting antigen
(NCA) (CD66c) or a related family member, is
also recognized by galectin-3. CEA and NCA
have been found to be involved in calcium-
independent homotypic and heterotypic adhesion
in colon carcinoma cells [73-75]. Whether
galectin-3 plays a role in these effects of CEA and
NCA remains to be established.

Another class of cellular glycoconjugates we
examined for their ability to bind to galectin-3 was
the lysosome-associated membrane glycoproteins
(LAMP) [76, 77]. LAMP-1 and LAMP-2 were
shown to be heavily glycosylated, with more than
50% of their molecular weights being contributed
by carbohydrate side chains. They are the major
sialoglycoproteins in a variety of cell types and the
major carriers of poly-N-acetyllactosamine [77,
78]. LAMP-1 and LAMP-2, although predomi-
nantly intracellular, are present on the surface of
some cells including the KM12 cell line [79]. Cell
surface LAMPs have been implicated in cell adhe-
sion and metastasis of KM12 cells by several stud-
ies [79, 80]. The ability of galectin-3 to bind
LAMP-1 and LAMP-2 suggests that these mol-
ecules may also be functional ligands for this lec-
tin. Previously, it was reported that galectin-1 was
able to bind LAMPs from Chinese hamster ovary
and ovarian carcinoma cells [41, 81]. We found
that human galectin-3 can also interact with
LAMPs.

To be able to mediate cell-cell and cell-ECM
interactions, galectin-3 should be present on the
cell surface; it should be able to bind exogenous
glycoconjugates; and the cells should express com-
plementary glycoconjugates that could serve as
binding sites for galectin. The presence of various
carbohydrate-binding proteins on the surface of
HCC cells has been shown previously [53]. That
galectin-3 is present on the cell surface was dem-
onstrated by several methods, including cell
surface radioiodination, immunofluorescence
microscopy, and flow cytofluorimetry; that
galactoside-specific, lectin-like activity is present
on the surface of intact KM12 cells was indicated
by the binding of thiodigalactoside-containing
neoglycoproteins; that exogenous biotinylated
galectin-3 can bind in a lactoside-inhibitable fash-
ion to the surface of KM12 cells was shown by
flow cytofluorimetry. The co-localization of
galectin-3 and CEA, observed by double indirect
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immunofluorescence, suggests that CEA is one of
the cell surface ligands for galectin-3. Preliminary
identification of additional potential cell surface
galectin-3 ligands was achieved by analysis
of radioiodinated molecules that were co-
immunoprecipitated with galectin-3 from extracts
of cell surface radiolabeled cells. Some of these
surface molecules are distinct from those labeled
metabolically with sugars (e.g. 120kDa). In this
regard, it is interesting to note that galectin-1 has
been shown to bind to the surface of mouse em-
bryo fibroblasts by means of a carbohydrate-
independent mechanism [44]. Our finding that
only 50% of exogenously added galectin-3 can be
removed from the KM12 cell surface by lactose
also supports the possibility of the existence of
carbohydrate-independent interactions of the lec-
tin with cell surface components.

Thus we have demonstrated that galectin-3 is
expressed in a large number of HCC cell lines,
whereas the expression of galectin-1 seems to be
restricted to more poorly differentiated HCC cell
lines. Focusing on galectin-3, we determined that
this protein can bind in a carbohydrate-dependent
manner to several endogenous and exogenous
glycoproteins shown previously to be involved in
cellular interactions in colon carcinoma cells, in-
cluding CEA, LAMPs 1 and 2, and laminin. Fur-
thermore, the presence of cognate ligands for
galectin-3 on the cell surface suggests that such
proteins may play a role in the function of the
lectin at this location.

The potential complementary glycoconjugates
for galectin-3 in gastric cancer have not been char-
acterized, although some reports (described be-
low) suggest the expression of potential cognate
molecules for galectin-3 on the surface of gastric
carcinoma cells. The patterns of binding of plant
lectins indicated that glycoconjugates are altered
during differentiation of normal gastric mucosa, in
metaplastic lesions, and in gastric carcinomas [82].
Furthermore, several reports suggest that glyco-
proteins play an important role in determining the
malignant behavior of gastric carcinoma and that
such molecules might be promising biochemical
markers of tumor progression [83-87]. For exam-
ple, the binding of Helix pomatia agglutinin, a
blood group A-specific lectin, has been detected in
59% of primary gastric carcinomas; this binding
was significantly correlated with tumor invasive-
ness and metastasis and was inversely related to
survival [86]. Similarly, the pattern of binding of
several plant lectins (Con A, WGA, PNA, UEA-
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1, and DBA) to tissue specimens from normal and
metaplastic gastric mucosa and in adenomas and
carcinomas revealed changes that were related to
tumor progression [87]. Changes in glycocojugate
structure between primary and metastatic gastric
cancer have been found by the binding of
monoclonal antibodies generated against glyco-
proteins isolated from gastric carcinoma by lectin-
affinity chromatography. The expression of this
glycoprotein was lower in liver metastases than in
primary cancers [88]. Lastly, one report described
the increased expression of N-acetyllactosamine
moiety detected by binding of plant lectins in
gastrointestinal neoplasms relative to normal mu-
cosal cells [9]. Among gastric carcinomas, tubular
(intestinal type) carcinomas expressed a higher
level of the carbohydrate than the diffuse-type,
signet-ring, and poorly differentiated carcinomas
[9]. Some of these glycoproteins could be bound
by galectin-3 via their carbohydrate side chains.
We found that galectin-3 binds CEA isolated from
a liver metastasis of a colon carcinoma [37]. This
glycoprotein antigen is expressed on the surface
of gastric carcinomas [89-91], and we found by
immunoblotting that it is also expressed in gastric
cancer surgical specimens and cell lines that con-
tain galectin-3 (unpublished observations). Thus
galectin-3 could bind CEA on adjacent cells and
mediate cell-cell adhesion. Likewise, galectin-3
could bind an asialoglycoprotein antigen that was
detected on gastric cancer cells [83] or blood
group A-containing glycoproteins expressed by
invasive primary gastric tumors [86].

Potential Clinical Relevance
of Galectin Analysis in
Gastrointestinal Cancer

Gastric carcinoma is one of the major causes of
cancer mortality in Japan and is still a frequent
disease in Western countries [92]. The prognosis
of a patient with gastric cancer is related directly
to the disease stage at the time of initial diagnosis.
Thus the pathological type of the lesion, its loca-
tion in the stomach, and most importantly the
presence or absence of lymph node metastases are
the most significant indicators of prognosis [93].
Surgery and adjuvant chemotherapy of gastric
cancer before it has metastasized to lymph nodes
seem to improve survival. Specific cellular and
biochemical markers that change during the pro-

gression of localized premalignant and malignant
gastric lesions to metastatic stages may provide
a means with which to detect highly metastatic
cells within a heterogeneous primary tumor. Such
markers could lead to the design of sensitive diag-
nostic methods to identify patients at risk for the
development of metastases (i.e., methods that
would indicate to the clinician that an aggres-
sive treatment may be appropriate for improving
the patient’s prognosis). Our findings revealed
a higher level of galectin-3 in lymph node
metastases than in primary poorly differentiated
gastric carcinomas and a higher galectin-3 level
in liver metastases than in primary well-
differentiated tubular carcinomas. These results
suggest that galectins, in particular galectin-3, can
serve as a marker of tumor progression and metas-
tasis in gastrointestinal carcinomas.
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Stomach Cancer and Apoptosis: A Review*
Hisao Ito, Masato Ishida, Satoshi Ohfuji, Mitsuhiko Osaki,

Hisae Hayashi, and Shigeru Tatebe

Summary. Apoptosis is a distinct form of cell
death, distinguishable from necrosis. It is a natu-
ral, active process by which cells are eliminated
from normal or neoplastic tissue. We describe
apoptotic cells in human gastric mucosa,
adenomas, and carcinomas with special reference
to the role of the p53 gene. Apoptosis plays a role
in the morphogenesis of gastritis mucosa, includ-
ing intestinal metaplasia to eliminate unnecessary
or possibly DNA-damaged cells. The frequent
occurrence of apoptosis in gastric adenomas may
reflect their rather static nature. Apoptosis corre-
lates with proliferative activity and tumorigenesis
of gastric carcinoma, in which the apoptotic index
(AI) correlates with the histologic type and depth
of invasion. Gastric carcinoma with lymphoid
stroma (GCLS) demonstrated the lowest Al
among the histologic types. This fact might partly
correlate with their favorable postoperative prog-
nosis of GCLS compared with ordinary gastric
carcinomas. Although the mutated p53 gene at-
tenuates apoptotic cell death, apoptosis of gastric
cancer cells occurs in a cell cycle-dependent and a
cell cycle-independent manner in vivo. Anticancer
agents, transforming growth factor beta, and anti-
Fas antibody variably induce apoptosis in the vari-
ous human gastric cancer cell lines. In fact,
preoperative administration of 5-fluorouracil sig-
nificantly increased the number of apoptotic can-
cer cells. Thus apoptosis plays a crucial role in the
tumorigenesis and progression of human gastric
carcinoma. Selective induction of apoptosis of
cancer cells is undoubtedly the best way to treat
gastric cancer patients. Further studies should be
conducted to clarify variable pathways of signal
transduction, which might show a diverse spec-
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trum of biologic effects depending on the
apoptosis-inducible agents.

Introduction

Knowledge about cell death has greatly increased
and even changed since the mid-1970s [1-5]. Dur-
ing the course of this rapid advance, a new con-
cept of cell death, apoptosis, has been extensively
analyzed in the field of basic cell biology and pa-
thology, resulting in confusion about definitions
and terminology [4, 5].

Apoptosis refers to energy-dependent cell
death in which individual cells participate in their
own fragmentation and deletion from living tissue
[1, 3, 4]. It has distinct morphologic features,
including compacting of chromatin against the
nuclear membrane, cell shrinkage with the preser-
vation of organelles, loss of cell-cell contact, and
finally nuclear and cytoplasmic budding to form
membrane-bound fragments known as apoptotic
bodies, which are rapidly phagocytosed by adja-
cent parenchymal cells or macrophages [1, 3-5].
Increased endogenous nuclease activity causes
fragmentation of DNA, showing a “ladder” ap-
pearance on electrophoresis that is known to be a
biochemical feature of apoptosis [2].

Advances in molecular biology have disclosed
the roles of a variety of protein molecules or
oncogenes and suppressor genes in the process
and regulation of apoptosis. They include p53, c-
myc, ras, c-fos, bcl-2, bax, and p21 genes [3]. Many
studies have focused on p53 and bcl-2 expression
[6-8]. For example, the expression of nuclear p53
almost tallies with that of the mutant [9], which
suppresses apoptosis. Thus apoptosis is now de-
fined as a mode of cell death that exhibits distinct
morphologic, biochemical, and molecular biologic
properties (Table 1).

Apoptosis is a basic biologic phenomenon of
critical importance in the regulation of cell
populations in situations as diverse as metamor-
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phosis, embryogenetic growth and modeling,
hormone-induced organ involution, and neo-
plasia. Because of the short duration of the proc-
ess [10] and seemingly low incidence, apoptosis
can be difficult to detect on routine histologic sec-
tions, which is why pathologists have generally
paid little attention to this process in a variety of
human tumors including gastric cancer. Given the
considerable evidence that proliferation indices of
gastric cancer cells may be of prognostic signifi-
cance and that parameters of cell loss are biologi-
cally relevant, enhanced apoptosis may be of
considerable clinical significance. Tumor progres-
sion should be analyzed on the basis of both pro-
liferation and apoptotic cell death (cell loss). The
comparative rates of cell proliferation and cell

Table 1. Definition of apoptosis

Parameter Apoptosis

Morphology  Karyorrhexis, membrane blebbing,
and cell shrinkage, followed by
formation of apoptotic bodies

Biochemistry DNA ladder formation on agarose gel
due to naturally occurring DNA
strand breaks caused by endogenous
nuclease activity

Molecular Cell death accompanying the

biology expression of various oncogenes and

Suppressor genes

death determine how fast cancers can grow. In
fact, studies indicate that estimates of cells show-
ing apoptosis may have prognostic significance in
non-Hodgkin’s lymphomas [11, 12] and prostatic
cancers [13-15]. The apoptotic index becomes
higher with progression of colorectal cancers, with
even higher values detected in metastatic foci [16].
Thus apoptosis might be correlated with a higher
proliferative activity of various human tumors.

The purpose of this chapter is to offer the re-
sults of our investigations and a review of the
literature on apoptosis of human gastric cancer.
Special attention is given to the role of the p53
gene and related molecules.

Apoptosis in Gastric Mucosa,
Adenomatous Dysplasia, and
Carcinoma

Apoptotic cells can be confirmed on routinely pre-
pared hematoxylin and eosin (H&E) sections and
by terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP-biotin nick end labeling
(TUNEL) (Figs. 1-3) [17-21]. This method is
based on detecting naturally occurring DNA
strand breaks caused by endogeneous nuclease
activity in formalin-fixed, paraffin-embedded tis-
sue sections. The histology of TUNEL-positive
apoptotic cells found in gastritis mucosa (Fig. 1),
tubular adenoma (Fig. 2), and carcinoma (Fig. 3)

Fig. 1a,b. Serial section of gastric-
intestinal metaplasia, incomplete
type. a A few apoptotic cells distrib-
ute mainly in the deep portion of
metaplastic glands. (H&E, X140) b
Apoptotic cells obviously demon-
strate a TUNEL signal in their nu-
clei. (TUNEL, X140)



Fig. 2a~d. Histology of apoptosis in tubular adenoma
of the stomach. a Tubular adenoma with low-grade
dysplasia. The location of the nuclei in the cells is regu-
lar at the basal portion. A few goblet cells are evident.
Apoptotic adenoma cell is recognizable even at this
magnification (arrow). (H&E, X150) b Apoptotic cells
with condensed, nonfragmented chromatin having a
clear halo (arrows). Note the apoptotic cell shedding

Fig. 3a—c. Serial sections of P53-positive gastric carci-
noma, well-differentiated type. a A few apoptotic cells
(arrows) are noted. Apoptotic cancer cells are shedding
into the glandular lumen (arrowhead). (H&E. X260) b
Cancer cells showing apoptosis demonstrate an obvious
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into the glandular lumen (arrowhead). (H&E, X600) ¢
Apoptotic cell with fragments of condensed chromatin,
corresponding to apoptotic bodies (arrow). A mitotic
figure is noted at the luminal portion of the gland (ar-
rowhead). (H&E, X600) d Accumulation of apoptotic
bodies in the lumen of the adenoma gland, a rare occur-
rence. Usually only a few apoptotic bodies are detected
in the lumen. (H&E, X300)

positive signal for the TUNEL procedure. (TUNEL,
x260) ¢ Most of the cancer cells contain P53
immunoreactivity in their nuclei. (Immunostaining for
P53, X260)
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is as follows [21-25]: (1) a single structure with
fragments of condensed chromatin, separated
from the surrounding intact cells by a clear halo;
(2) cells with a single nucleus containing con-
densed chromatin and eosinophilic cytoplasm.
The latter has a superficial resemblance to small
lymphocytes but could be differentiated by noting
their scant, noneosinophilic cytoplasm, uniform
pattern of chromatin, and lack of leukocyte com-
mon antigen (LCA) immunoreactivity. We have
confirmed that TUNEL signals are also found in
seemingly nonapoptotic cells that were in the ini-
tial phase of apoptosis. Apoptotic bodies known
as nuclear fragments or dust are occasionally de-
tected in the lumens of a few cancerous and
noncancerous glands and even in the interstitium
of tumor tissue.

Normal Gastric Mucosa, Gastritis Mucosa,
Intestinal Metaplasia

Apoptotic cells are rare in normal gastric mucosa
without atrophy. They exist in the neck zone of
the mucosa, where Ki-67 antigen-positive, prolif-
erative cells are located (generative zone). With
increasing degree of severity of atrophic gastritis,
apoptotic cells move downward and are fre-
quently detected in the basal zone of the mucosa
[22].

Intestinal metaplasia can be classified into two
types: complete and incomplete [26]. The com-
plete type is characterized by the absence of
sulfomucin-containing goblet cells and the pres-
ence of Paneth cells, as in the mucosa of the small
intestine. The incomplete type is categorized by
the appearance of sulfomucin-containing goblet
cells and the absence of Paneth cells. Apoptotic
cells are present in deeper portions of the
metaplastic glands where a generative zone exists
(Fig. 1). The average number of apoptotic cells
per gland is 2.2 in the incomplete type and 1.1 in
the complete type [22]. This difference implies
that DNA-damaged cells appear more frequently
in the incomplete type of metaplasia and are pre-
sumably more frequently eliminated by apoptosis
to avoid cell transformation. This finding is con-
sistent with the previous finding that incomplete-
type metaplasia has a closer relationship to gastric
cancer than the complete type [26]. In fact, we
found P53-immunoreactive cells, and even p53
gene mutation, in cells of the incomplete type but
not in complete-type metaplasia [27-29]. More-
over, the existence of apoptotic cells in the gen-

erative cell zone suggests a cell cycle-dependent
type process in nonneoplastic gastric mucosa.

Tubular Adenoma

Tubular adenoma showing various grades of
dysplasia is now considered to be a precancerous
lesion [30-32]. Although its slow-growing nature
and proliferative activity have been well demon-
strated [33-35], no attention has been paid to
apoptotic cell death (cell loss) until now.

Tubular adenoma is suitable for exemplifying
the histology of apoptotic cells (Fig. 2a-d). The
authors have initially compared the number of
apoptotic cells in tubular adenomas with low-
grade and high-grade dysplasia. The average
number of apoptotic cells within a 10 X 20 magni-
fication field was 4.5 = 1.7 in 25 adenomas with
low-grade dysplasia and 6.4 * 2.2 in high-grade
dysplasias, the number being significantly higher
(P < 0.01) in the latter [23]. The apoptotic cells
showed a relatively uniform pattern of distribu-
tion with no significant regional (field-to-field)
variation. On the other hand, there was no signifi-
cant difference in the number of mitotic figures
between the two categories. Mitotic figures can be
detected, most commonly in the luminal portion
of the glands (Fig. 2c), especially with high-grade
dysplasia. Although they are distributed through-
out the entire gland, there is a tendency to
find them more frequently at the upper portion
of adenomatous glands. This finding might be
a seeming paradox, as frequent cell loss by
apoptosis may reflect a slow-growing or static na-
ture of gastric adenomas. However, careful con-
sideration of the kinetics of both apoptosis and
mitosis partly resolves this apparent inconsis-
tency. Although the mechanisms responsible for
apoptosis and its significance in neoplastic lesions
are still incompletely understood, apoptosis might
be induced in gastric dysplasias as a means of
eliminating nonproliferative or unnecessary cells
to obtain higher proliferative activity.

Table 2 summarizes our results on the apoptotic
cells in tubular adenoma and gastric carcinoma
(well-differentiated adenocarcinoma, poorly dif-
ferentiated type, and gastric carcinoma with
lymphoid stroma) [23-25]. Of these lesions, 15
gastric adenomas and 15 well-differentiated
adenocarcinomas existed simultaneously in the
same stomach. The apoptotic index (AI) was de-
termined by counting the number of TUNEL
signal-positive nuclei in at least 1000 cells; it is
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Table 2. Frequency of apoptotic cells and Ki-67" cells in gastric adenoma and carcinoma

Histologic type

No. of lesions

Apoptotic index” (%)  Ki-67 index (%)

Tubular adenoma
Low-grade dysplasia 7
High-grade dysplasia 8

Gastric carcinoma
Well differentiated

Early 7
Advanced 8
Poorly differentiated: advanced 11
Gastric carcinoma with lymphoid stroma 19

46 + 1.4° 293 + 114
5227 296 = 7.7
3.6 = 1.1 45.1 = 134
41 +1.2 53.6 =134
22*+1.1 431 = 9.2
1.8 = 0.6 40.0 = 10.8

# Apoptotic and Ki-67 indices are expressed as a percentage of TUNEL signal-positive cells and Ki-67 immunore-

active cells in all the tumor cells, respectively.
®Values are means * SD.

expressed as the number of positive nuclei per 100
tumor cells. Of interest is that the Al is signifi-
cantly (P < 0.05) higher in tubular adenomas
than in gastric carcinomas of any type. On the
other hand, the percentage of Ki-67-positive
tumor cells (Ki-67 index) is higher in gastric
carcinomas than in tubular adenomas. Thus
the gastric tubular adenoma is characterized as
having relatively higher AI and lower Ki-67 index
than gastric carcinomas, which may partly explain
the slow-growing nature of gastric tubular
adenomas.

Gastric Carcinoma

The progression of human gastric cancer is slower
than generally considered. Fujita [36] analyzed
clinical observations and proposed a model for the
natural history of human gastric carcinoma. The
total duration of the disease had been estimated at
16.5 to 33.0 years for average cases, with possible
variations ranging from 2.0 years to several de-
cades. He also pointed out that there was a dis-
crepancy between the generation times (cell level)
and doubling times (tissue level) of human gastric
carcinomas. The latter was longer than the former.
This discrepancy might be partly explained by cell
loss rates, including apoptosis. In fact, apoptosis
frequently occurs in gastric carcinomas.

The number of apoptotic cells, or Al correlates
with several factors, including histologic type,
depth of invasion, preoperative chemotherapy,
and gene alterations of the tumor cells. Among
the histologic types, the Al is significantly highest
(P < 0.05) in well-differentiated adenocar-
cinomas, followed by poorly differentiated

adenocarcinomas and gastric carcinomas with
lymphoid stroma (GCLS) [24], in the order given
(Table 2). Of the well-differentiated adenocar-
cinomas, the Al is higher in the advanced carcino-
mas than in the early ones, although there is no
significant difference.

The GCLS has been demonstrated to be associ-
ated with Epstein-Barr virus [37-39]. These carci-
nomas are characterized by a marked degree of
lymphoid stroma with minimal fibrosis, a pre-
dominance in males, relatively preferential occur-
rence in the fundic gland area, less marked
cellular pleomorphism, and rare mitotic figures.
Moreover, several authors have reported a
favorable postoperative prognosis for GCLS com-
pared to that for ordinary gastric carcinomas [40,
41]. The mechanism underlying the rather static
nature of GCLS has not been elucidated.
Apoptosis was noted less frequently in GCLS
than in ordinary carcinomas (Table 2). The Ki-67
index is also lower. Thus GCLSs might be charac-
terized as tumors with a lower cell elimination rate
and lower proliferation activity.

Moreover, there is a tendency for the Al to be
directly proportional to the Ki-67 index (Table 2),
implying cell cycle-dependent apoptosis in gastric
cancer cells.

In summary, apoptosis plays a role in the
morphogenesis of gastritis mucosa including intes-
tinal metaplasia to eliminate unnecessary or possi-
bly DNA-damaged cells. The frequent occurrence
of apoptosis in gastric adenoma might reflect the
rather static nature of these tumors. In addition,
apoptosis is correlated with proliferative activity
as well as tumorigenesis of gastric carcinoma to
obtain higher proliferative activity.
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Apoptosis and p53 Gene

Alterations and overexpression of the p53 gene
are the most common events in various human
tumors, including gastric cancer, which involves
mutation and deletion of the gene [42]. Gastric
cancer has been shown to involve p53 mutation at
a high frequency (20-58%) [42-47]; Sano et al.
[48] found a loss of heterozygosity at the p53 locus
in 13 (68%) of 19 informative cases, regardless of
the histologic type. We found the gene deletion in
10 (77%) of 13 well-differentiated carcinomas by
interphase cytogenetics using fluorescence in situ
hybridization (FISH) [29]. The precise role in gas-
tric tumorigenesis and biologic significance of the
gene, however, is not well understood. Some au-
thors have pointed out that p53 mutations corre-
late with depth of invasion, stage, and poor clinical
outcome [49-52].

The p53 gene product has been shown to be
required for induction of the apoptotic pathway
triggered by oncogenous activation and cytotoxic
genes [53, 54]. The product may sensitize
damaged cells to apoptosis, acting to prevent
the propagation of transforming mutations.
P21"""WAR “induced by the wild-type p53 gene,
might play a crucial role in the process of
apoptosis [6]. These results, however, have been
obtained only in primary cell culture and a
transgenic mouse model.

Table 3 summarizes the status of p53 gene mu-
tation, the average Al (percentage of TUNEL-
positive cells in all the tumor cells), and the
proliferating cell nuclear antigen (PCNA) index
(PI) in 18 nuclear P53-positive cases (category A)
and 17 negative cases (category B). The
polymerase chain reaction-single strand confor-
mation polymorphism analysis (PCR-SSCP)
showed a shifted band, indicating the point muta-

tion in 13 (72%) of category A and in 3 (18%) of
category B, the frequency being significantly
higher in the former (P < 0.05). These results are
in good agreement with previous findings wherein
the mutated p53 gene is coincident with the gene
expression in a variety of human carcinomas [55-
58]. The mutated gene product has been demon-
strated to be accumulated in the nucleus through
binding to oncogenous proteins or by a prolonged
half-life [9, 59]. Thus it might be roughly consid-
ered that nuclear P53-positive tumor cells are in-
volved in point mutation. Carcinomas showing
P53 expression without a shifted band imply possi-
ble false-negative results, which might occur dur-
ing analysis by PCR-SSCP. A nonshifted band
does not necessarily imply the existence of the
wild-type p53 gene. On the other hand, the cases
showing no P53 expression with an abnormal
band might indicate the existence of silent muta-
tion, or non-sense mutation.

As shown in Table 3, the AI was 3.8 * 1.4 in
category A and 4.9 = 1.2 in category B, the value
being significantly higher in the latter (P < 0.05).
The PI was 56.4 = 16.3 in category A and 42.8 =
17.6 in category B, the value being significantly
higher in the former. Moreover, the PI was higher
in advanced carcinomas than in early carcinomas
in both categories. Thus human gastric cancers
with p53 gene mutation might be characterized as
having a lower apoptotic incidence and higher
proliferative activity, reflecting their possibly ag-
gressive nature. This finding is in good agreement
with clinical observations wherein p53 mutations
correlate with depth of invasion, stage, and poor
clinical outcome [49-52].

Apoptosis can occur in a cell cycle dependent or
independent manner [60, 61]. With the former,
apoptosis is induced in cells at the late G1 or G2
phase but not in cells at GO or M. Thus

Table 3. Relations among p53 gene status, expression of p2/ and bax, and apoptotic index in human

gastric carcinomas

No. of cases with

p353 expression No. of Cases with Average Al Average PI cancer cells
cases mutation® (%) (%) p21 bax
Positive 18 13 (72%) 3814 56.4 £ 16.3 } 7 (39%) 11 (61%)
% * %
Negative 17 3(18%) 49 1.2 428 £ 17.6 5(29%) 5(29%)

Al apoptotic index; PI, PCNA index.
“Point mutation was analyzed by PCR-SSCP.

*There is a significant difference by Student’s r-test (P < 0.05).



hyperproliferative cells might be more subject
to apoptosis, resulting in a higher AL Over-
expression of wild-type P53 has been shown to
sensitize transformed cells to apoptosis. More-
over, cells with DNA damage cannot undergo
apoptosis when the p53 gene is inactive [62, 63].
On the other hand, defects in the p53 gene were
associated with attenuated apoptosis and chemo-
and radioresistance in a mouse sarcoma model
[64]. Our results might partly support these obser-
vations. The mutated-type p53 fails to lead to G1
arrest, resulting in increasing survival rate and at-
tenuating apoptosis, and it may offer a selective
advantage for the DNA-damaged cancer cells. A
similar result was obtained by Kobayashi et al.
[65], who examined the correlation of P53 expres-
sion and apoptosis in human colonic adenomas
and carcinomas without analysis of p53 gene sta-
tus. They found that the apoptotic incidence was
significantly less frequent in colonic tumors with
diffuse P53 expression than in those with sporadic
expression.

Attention should be paid, however, to the mean
AT of the category without nuclear P53 protein.
Despite a statistical difference, the Als between
the two categories were not as different as we had
initially expected, implying that apoptotic cell
death occurs via the p53 gene in a cell cycle-
dependent or cell cycle-independent manner in
gastric cancer in vivo. It is likely that apoptosis is
not induced solely by overexpression of the wild-
type P53 and may require accumulation of addi-
tional oncogenous insults to actuate the process of
cell death.

The growth-inhibitory protein P2 is a
potent inhibitor of various cyclin-dependent
kinase, the expression of which is regulated at the
transcriptional level in both a p53-dependent and
pS53-independent manner [66]. The p2I gene is
induced by DNA-damaging agents that trigger G1
arrest in p53 wild-type cells but not in p53 mutated
cells [67]. Immunohistochemistry showed a differ-
ence of P21 expression between the two catego-
ries. P21-positive tumor cells were detected in
eight of category A and five of category B tumors,
suggesting that p2]1 expression is triggered by a
pS53-independent pathway in human gastric carci-
noma. In fact, studies indicate that the existence of
p53-independent pathways induce p2] expression
[68-70]. The bax gene has been shown to be acti-
vated by the p53 gene. The Bax protein promotes
apoptosis, in contrast to Bcl-2, which prevents
apoptosis [71]. We have found that Bax-positive

1WAF1/CIP1
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tumor cells were more frequently detected in the
carcinomas with nuclear P53, which showed less
frequent apoptosis.

Thus the mechanisms of apoptosis induction in
gastric carcinomas are diverse. Other pathways of
apoptosis not involving the p53 gene remain to be
elucidated.

Apoptosis in Human Gastric
Carcinoma Cell Lines

Apoptosis might be induced in the various cul-
tured cell lines by a variety of events or agents,
such as anticancer agents, radiation, growth factor
deprivation, cytokines, and hormones. Only a few
reports, however, are available on the induction of
apoptosis in the gastric cancer cell lines.

That anticancer agents can induce apoptosis of
the various gastric cancer cell lines in our labora-
tory has been confirmed. For example, DNA frag-
mentation was detected in HSC-39 after 6h of
incubation with Adriamycin (ADR) 50ng/ml or
after 24 h with 100ng/ml [72]. On the other hand,
the cell line MKN-28 did not show DNA fragmen-
tation after 6 h of incubation with ADR 100 ng/ml.
5-Fluorouracil (5FU) 1mM induces apoptosis in
MKN-74 but not in MKN-28 or KATO-III [73].
Thus the sensitivity of gastric cancer to anticancer
agents is diverse, and induction of apoptosis
depends on the dose and mechanism of the
antitumor action of the agents, as well as the cell
line involved, each of which possesses different
biologic properties. In fact, we have confirmed
that preoperative administration of SFU in-
creased apoptosis in gastric and colonic cancer
cells in vivo [74, 75].

Transforming growth factor beta (TGF-B) is a
polypeptide homodimer with a molecular weight
of 25kDa that is present in platelets and other
normal and tumor cells. TGF-f has been shown to
act as a growth-inhibitory factor for certain car-
cinoma cell lines, including gastric carcinoma.
Yanagihara et al. [76] reported that exogenous
TGF-B strongly inhibited proliferation of cell lines
HSC-39 and HSC-43, followed by induction of
apoptosis in a dose-dependent manner. The other
five cell lines (MKN-1, MKN-7, MKN-28, MKN-
45, MKN-74) were unresponsive. On the other
hand, Yamamoto et al. [77] found that TGF-§
induced apoptosis in KATO-III but not in other
cell lines, such as MKN-1, MKN-28, MKN-45,
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Table 4. p53 Gene alteration and expression of apoptosis-related protein

in human gastric cancer cell lines

p53 gene status

Expression of antigen®

Cell line Histology (codon) P53 Fas Bcl-2
MKN-1 As 143, 147 ++ + ++
MKN-7 Well 278 + + +
MKN-28 Well 251 ++ ++ ++
MKN-74 Well Wild type - + +
MKN-45 Poorly Wild type + + +
TMK-1 Poorly 173 + ++ —/+
KATO-III  Scirrhous Complete deletion - + ++
HSC-39 Scirrhous 245 ++ ++ ++

*Expressions of P53, Fas antigen, and Bcl-2 protein were examined by Western

blot.

MKN-74, SCH, and AZ521. It is of interest that
exogenous TGF-f induced apoptosis in all three
cell lines derived from scirrhous-type gastric carci-
noma (Table 4). The growth inhibition effect of
TGF-B is mediated by its receptor, especially type
1[78], with the p53 gene not likely participating in
the process [77].

The transmembrane receptor protein Fas was
originally identified on the basis of its ability to
trigger apoptosis, a response similar to that medi-
ated by TNF-R1, upon specific antibody binding
[79]. Fas is expressed in thymocytes, activated B
and T cells, normal liver, heart, lung, ovary, and
several tumors [80]. Anti-Fas antibody has been
reported to induce apoptosis in many leukemia/
lymphoma cell lines in vitro [81]. Fas-mediated
apoptosis has been shown to be induced within
a few hours after anti-Fas antibody treatment.
This mode of apoptosis occurs in a cell cycle-
independent manner and might be affected by
Bcl-2 protein [82].

We confirmed the expression of Fas antigen in
the human gastric cancer cell lines, among which
MKN-74, MKN-45, and HSC-39 demonstrated
the higher expression of the antigen at levels com-
parable to those previously reported for lymphoid
cells, in contrast to lower expression in KATO-III,
HSC-43, and MKN-7 (Fig. 4, Table 4). Simultane-
ous treatment of anti-Fas antigen and interferon
gamma (INF-y) 501U/ml induces apoptosis on the
cultured cell lines to variable degrees (Fig. 5). At
72 h after treatment, approximately 60% of MKN-
74,33% of MKN-45, 25% of KATO-III, and 20%
of TMK-1 cells demonstrated apoptosis (Fig. 6);
MKN-28 was resistant to the antibody-induced
apoptosis. These preliminary results indicate that:
(1) Fas is expressed on cultured human gastric

Fig. 4. Expression of Fas antigen and bcl-2 protein
in the seven gastric carcinoma cell lines by Western
blotting

Fig. 5. Induction of apoptosis in MKN-45 and MKN-74
by simultaneous treatment of anti-Fas antibody and in-
terferon. Both of the cells demonstrate the DNA ladder
at 72h after treatment. The negative control was not
treated with anti-Fas antibody
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Fig. 6. Apoptotic index after simultaneous treatment
of anti-Fas antibody and interferon (INF-y), which in-
duces apoptosis on the cultured cell line to variable
degrees. MKN-28 is resistant to the antibody-induced
apoptosis

carcinoma cells at variable levels; (2) anti-Fas-
induced apoptosis occurs gradually and is pro-
longed compared to that in hematopoietic tumors;
(3) the inherent susceptibility to anti-Fas antibody
is not necessarily correlated with expression of
Fas; and (4) the wild-type p53 gene may promote
the process of anti-Fas antibody-mediated
apoptosis. There might exist a diverse spectrum of
biologic effects induced by anti-Fas engagement
of the Fas protein.

Vollmers et al. successfully induced apoptosis in
stomach carcinoma cells by a human monoclonal
antibody, SC-1, which was isolated from a patient
with signet ring cell carcinoma and identifies a
membrane glycoprotein of 49kDa [83]. SC-1 anti-
body 1 pg/ml dispersed the cultured cells of gastric
carcinoma cell line 23132, followed by induction
of apoptosis, which was confirmed by the DNA
ladder formation and typical morphology of
apoptosis after 24h of treatment. In vivo growth
of the cells in nu-nu mice was also reduced when
the antibody was injected. The pathway of signal
transduction for apoptosis was not investigated in
this model.

Further studies should be conducted to eluci-
date the spontaneously triggered signal trans-
duction pathways as well as the various agents that
mediate apoptosis of gastric cancer cells, which
have remained obscure up to now.
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Pathogenesis of Serrated Adenoma of
the Colorectum: Implication for

Malignant Progression

Fumio Shimamoto', Shinji Tanaka?,

Summary. Hyperplastic polyps of the colo-
rectum are known to show dysplastic changes
and may be mixed hyperplastic adenomatous
polyps. It is proposed that these polyps are
serrated adenomas and represent a morphologi-
cally unique variant of adenoma. The serrated
adenoma, characteristically containing prolifera-
tive activity in the lower portion of the crypts,
is distinctly different from ordinary adenomas,
which are found in the upper portion of the crypts.
In proliferative lesions of the crypts, abnormal
accumulation of P53 protein is frequently
associated with serrated adenomas that display
severe dysplasia and microinvasive serrated
adenocarcinomas, regarded as hyperplastic
polyps with pseudoinvasive glands. Some of the
superficial-type serrated adenocarcinomas arising
from serrated adenomas or hyperplastic polyps
are small and display aggressive behavior, mani-
festing as liver metastasis. The changes found
in both hyperplastic polyps and carcinoma—in-
cluding increased secretion of carcinoembryonic
antigen, altered blood antigen expression, and
reduced secretion of sialomucin—which were
found in hyperplastic polyps, cannot explained
unless serrated adenomas arising in hyperplastic
polyps are recognized as true neoplasia. Here we
describe the relations among hyperplastic nod-
ules, hyperplastic polyps, serrated adenomas, and
traditional carcinomas with the hope of under-
standing this distinct neoplastic lesion of the
colorectum. Recent data are reviewed.
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Introduction

Hyperplastic polyps are the most common polyps
of the large intestine after age 40 and are often
found in the rectosigmoid area, where colorectal
cancers develop most frequently in Japan. It is
also generally accepted that the hyperplastic
polyp rarely progresses to malignancy, although
epidemiological evidence reveals that the
hyperplastic polyp is an indicator of high risk
for colorectal carcinoma [1]. Hyperplastic and
adenomatous polyps have been reported to occur
in the same area [2-8], and hyperplastic polyps
with foci of intramucosal carcinoma have been
reported [9-11].

Hyperplastic polyps in an adenomatous lesion
or mixed hyperplastic adenomatous polyps
(MHAPs), which combine the morphologic fea-
tures of hyperplastic and adenomatous epithe-
lium, are not new forms of colorectal neoplasias,
as they have been already described by patholo-
gists for about 25 years [2-11]. MHAPs have not
been defined as precancerous lesions.

Mixed hyperplastic adenomatous polyps are
rare and are probably overdiagnosed. Moreover,
hyperplastic polyps exhibit pseudoinvasion across
the muscularis mucosa, which often misleads
pathologist to regard them as malignant [12].
Furthermore, no convincing evidence of transi-
tion from a hyperplastic polyp to a traditional
adenoma has been seen even among large num-
bers of hyperplastic polyps of the colorectum [13,
14]. The colorectal hyperplastic polyps examined
came largely from autopsy or surgical specimens,
not from resected tissue removed using improved
colonoscopic procedures, by which the new entity
of colonic tumor seen as a flat neoplastic lesion
(flat adenomas and flat adenocarcinomas) had
been found [15, 16].

Longacre and Fenoglio-Preiser investigated in
detail the histologic features, classification, and
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histogenesis of MAHPs, comparing them with
hyperplastic polyps and traditional adenomas.
They proposed the term “serrated adenoma,”
which reflects a morphologically unique variant
of adenoma. This variant exhibits incomplete
mucinous differentiation, dysplastic serrated
glands, and surface mitoses extended into the up-
per zone of the crypt. These authors also indicated
that an adenoma-to-carcinoma sequence similar
to that seen with ordinary adenomas occurred in
these lesions; 37% of serrated adenomas con-
tained foci of significant dysplasia, and 11% had
areas of intramucosal carcinoma [17]. Our present
aim is to emphasize the importance of under-
standing and diagnosing serrated adenomas of
the large intestine to clarify the relation between
serrated adenoma and malignancy.

Serrated Adenomas

Clinical and Macroscopic Features

The incidence of serrated adenomas of the
colorectum is unknown, aithough it is reported
that these lesions constituted about 0.5% of all
colonic polyps reviewed [17]. It is difficult for
endoscopists to differentiate between hyperplastic
polyps and serrated adenomas.

Histologically, there are two distinct serrated
adenomas: polypoid-type serrated adenomas
[17] and superficial-type (flat type) serrated
adenomas [18-20]. In brief, polypoid-type
adenomas exhibit exophytic polypoid growth
with infolding fibrous or fibromuscular stroma
within the tumor. The superficial type has flat,
elevated or simply flat mucosa, which is never
more than two times the thickness of the adjacent
normal mucosa of the colon without the stroma
[16].

Table 1 shows the clinicopathological features
for 27 polypoid-type (Fig. 1a) and 24 superficial-
type (Fig. 2a) serrated adenomas, including
adenocarcinoma (serrated adenocarcinoma) [18].
Of the patients with polypoid-type serrated
adenomas, 14 were men and 13 women (M/F =
1.1:1.0). They ranged in age from 40 to 84 years
(mean 61.7 years). In contrast, among patients
with the superficial-type adenoma, 21 were men
and 3 women (M/F = 7:1). The age range was 36
to 81 years (mean 57.9 years). The two major sites
for both types were the sigmoid colon and rectum.
Other, somewhat less common sites of the super-

Table 1. Clinical and macroscopic features of polypoid
type and superficial type serrated adenomas

Feature Polypoid type  Superficial type
No. 27 24
Sex (M:F) 1.1:1.0 7:1
Age (years) 40-84 36-81
(mean 61.7) (mean 57.9)
Location
Cecum 0 1(4.2%)
Ascending colon 1(3.7%) 3(12.5%)
Transverse 2 (7.4%) 4 (16.7%)
colon
Descending 1(3.7%) 1(42%)
colon
Sigmoid colon 14 (51.9%) 6 (25.0%)
Rectum 9 (33.3%) 9 (37.5%)
Macroscopic classification
Ip 10 (37.0%) 0
Isp 12 (44.4%) 3 (12.5%)
Is 5 (18.5%) 18 (75.0%)
Ila 0 3 (12.5%)
Size (mm) 4-30 2-12
(mean 10.6) (mean 4.8)

Ip, pedunculated; Isp, subpedunculated; Is, sessile; Ila, flat
and elevated.

ficial type in particular were the ascending
(12.5%) and transverse (16.7%) colon [17, 18].
Macroscopically, the polypoid type was pro-
truded, or pedunculated (37.5%), subpedun-
culated (44.4%), or sessile (18.5%), whereas the
superficial types were subpedunculated (12.5%),
sessile (75%), or flat and elevated (12.5%).

The superficial type, ranging in size from 2 to
12mm in diameter (mean 4.8mm), was signifi-
cantly smaller than the polypoid type (4-30mm;
mean 10.6mm). All of the large adenomas
(>15mm) displayed the polypoid growth pattern,
and more than 50% of adenomas contained
intramucosal carcinoma. In contrast, most of the
small adenomas (=4 mm) were predominantly the
superficial type.

Histology

Serrated adenomas are characterized by varying
degrees of serrated glandular patterns and
dysplastic epithelium, which can be classified as
mild, moderate, or severe atypia [18] according to
the grade of epithelial atypia (structure atypia of
serrated glands, nuclear configuration, nuclear



Fig. 1a—d. Polypoid-type serrated adenoma (sigmoid
colon, 1.5cm in diameter). a This subpedunculated
polyp, composed of both polypoid (single arrow) and
flat lesions (double arrows), has a tubulovillous appear-
ance. (H&E, X10) b Flat lesion of a polypoid-type ser-
rated adenoma shows mild atypia. (H&E, X100) ¢
Ki-67-immunoreactive cells are found in the lower half
of a flat lesion and in the tubulovillous glands of a
polypoid lesion. (X40) d Main proliferative zone of a
flat lesion of the polypoid type occupies more of the
upper lesion of the lower crypt than that of superficial
serrated adenoma. (X100)
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Fig. 2a—d. Superficial-type serrated adenoma of the
cecum, 9mm in diameter. a Lesion is composed of
mucosal dysplasia without an exophytic polypoid con-
figuration and has a submucosal lymphoid follicle.
(H&E, x40) b Higher magnification of a. The lesion
with severe atypia shows dysplastic glands with a promi-
nent nucleolus and complicating branching. (H&E,
X200) ¢ Ki-67-positive staining is localized in the lower
one-third of the crypts. (X100) d P53-positive staining.
Note P53 overexpression in the base of the crypts,
which almost corresponds to the Ki-67-positive prolif-
erative zone. (X200)
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pseudostratification, nuclear/cytoplasmic ratio,
and prominent nucleoli) [17].

In the superficial- and polypoid-type serrated
adenomas, the tumor cells are more dysplastic in
the lower portion of the crypt (which corresponds
with the proliferative zone) than in the upper por-
tion; and they have a tendency to extend to the
upper portion of the crypts with increasing atypia
[20]. Serrated glandular features—differentiation
from the cells of the lower crypt and less atypia—
were more conspicuous in the polypoid-type le-
sions than in the superficial type because of the
difference in their growth patterns.

With mild atypia of both the superficial and
polypoid types, the nuclei are ovoid or elongated,
crowded, and mildly stratified; they also contain
less prominent nucleoli. The nuclear/cytoplasmic
ratio is slightly increased. Varying degrees of
mature and immature goblet cells are usually
preserved in the upper crypts. The overall archi-
tecture is not greatly altered from that of the
hyperplastic polyp, showing serrated glands with-
out complicated branching (Fig. 1b). Although it
is sometimes difficult to discriminate between ser-
rated adenomas with mild atypia and hyperplastic
polyps, it may be useful for the differential diag-
nosis to examine the cryptal endocrine cells, which
can almost always be identified in the glands of
hyperplastic polyps [21].

With severe atypia in both superficial and
polypoid types, the nuclei are greatly enlarged,
are ovoid or round, and often contain a prominent
nucleolus. Mitoses are numerous and extended
into the upper portion of the crypts. Mature
goblet cells decrease markedly but remain imma-
ture. The crypts show irregular branching (Fig.
2a,b).

On the other hand, depending on the degree of
cellular dysplasia within the epithelium, Rubio
and Rodensjoe categorized flat (superficial) ser-
rated adenomas into (1) those with low-grade
dysplasia (LGD) when the dysplastic cells are
present in the deeper half of the epithelium, and
(2) those with high-grade dysplasia (HGD) when
the dysplastic cells are found in the upper half
of the epithelium. Moreover, depending on the
topographic distribution of the dysplastic cells
within the crypts, flat serrated adenomas can be
divided into type I when the dysplastic epithelium
is limited to the lower half of the serrated crypts
and type II when the dysplastic epithelium is
present in the superficial half of the serrated
crypts [22].

Serrated adenomas are histologically sub-
classified into tubulovillous and tubular types [23].
In our study, polypoid-type serrated adenomas
could be histologically subclassified as 10 cases of
the tubulovillous type (including 3 cases with focal
carcinoma) and 17 of the tubular type (1 case with
carcinoma). Superficial-type serrated adenomas
could be subclassified as the tubular type.

Minute Submucosal Invasive
Adenocarcinoma Arising
in Serrated Adenomas

There are few data on small submucosal invasive
adenocarcinomas arising in serrated adenomas
[20, 24]. This lesion may be crucial to understand-
ing serrated adenomas and adenocarcinomas and
might be diagnosed as a hyperplastic polyp with
pseudoinvasion.

In our study, the histological characteristics of
the minute invasive carcinoma arising in a ser-
rated adenoma demonstrated that the upper part
of the crypts is represented by typical serrated
hyperplastic glands with mild nuclear atypia, and
that only the lower part of the crypts is regarded
as invasive microcarcinoma with distinct nuclear
atypia, a prominent nucleolus, and a fused atypi-
cal structure (Fig. 3a—c). It is interesting that five
of six small serrated adenocarcinomas 3 to 12 mm
in diameter and of the superficial type, already
displayed submucosal invasion. Four of the five
submucosal carcinomas were only 4mm in diam-
eter, so, these lesions might be easily missed on
routine colonoscopic examination. Moreover,
they should be recognized to have high malignant
potential because the serrated adenocarcinoma
develops above the thin muscularis mucosa, and
they can invade the submucosa directly, similar to
the traditional small, flat adenoma [16, 25, 26].
Moreover, Kasumi et al. reported that 8-mm and
12-mm flat invasive colon cancers, which derived
from serrated adenoma and serrated hyperplastic
epithelium, respectively, had infiltrated the sub-
serosa and metastasized to the liver [27].

p53 Gene Mutation

To our knowledge, only a few studies of p53 ex-
pression and mutations in serrated adenomas
have been reported [22, 28, 29]. It is now widely
accepted that overexpression of P53 nuclear pro-
tein correlates with mutation in the p53 gene and



Fig. 3a—e. Superficial-type minute submucosal ser-
rated adenocarcinoma in the transverse colon, 4mm in
diameter. a This small polyp (endoscopically the
subpedunculated type) spreads laterally with slight
elevation, which is occupied by dysplastic glands.
(H&E, x40) b Note the serrated appearance with
markedly decreased goblet cells and fewer dysplastic
cells in the upper part of the crypts. (H&E, X200) ¢
Submucosal minute invasive carcinoma shows distinct
nuclear atypia and complex glandular formation of the
lower part of the crypt. (H&E, X200) d Ki-67-positive
cells with proliferation in the lower portion of the
crypts. (X100) e Note P53 overexpression in the lower
half of the crypts and submucosal invasive glands.
(x100)
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plays an important role in the development and
progression of ordinary colorectal carcinomas
[30-35]. Investigation of the accumulation of
P53 protein would be also useful for histological
diagnosis of colorectal tumors, as immunohisto-
chemical expression of P53 protein increases
according to the histological grade in ordinary
adenomas.

Table 2 summarizes the relation between ex-
pression of P53 and the degree of atypia in ser-
rated adenomas [18]. Of the 24 superficial-type
serrated adenomas, 1 (14.2%) with moderate
atypia, 3 (75.0%) with severe atypia, and 4
(66.7%) with focal carcinoma showed highly posi-
tive immunoreactivity (++ or +++) to P53
protein. Of the 27 polypoid-type adenomas, 4
(50.0%) with moderate atypia, 10 (83.3%) with
severe atypia, and 4 (100%) with focal carcinoma
showed highly positive immunoreactivity to P53.
Both superficial- and polypoid-type serrated
adenomas with severe atypia and focal carcinoma
displayed a higher incidence of P53 expression
than those with mild and moderate atypia; the
difference was statistically significant (P < 0.01).
Most of the P53-positive tumor cells could be
identified in the proliferative area of the serrated
adenoma. Therefore P53 overexpression of
serrated adenomas may be useful for the diagnosis
of serrated adenomas of the colorectum, as
serrated adenomas are generally likely to be
underdiagnosed as hyperplastic polyps [11, 17].

Hiyama et al. reported that mutation of the p53
gene was found in 40% of serrated adenomas and
all serrated adenocarcinomas in or with serrated
adenoma; the p53 gene mutations comprised
missense and nonsense changes. Interestingly,
identical p53 gene mutations were detected
in both serrated adenoma and invasive
adenocarcinoma, suggesting a clonal origin for
both lesions [36]. These observations indicate
that serrated adenomas are truly neoplastic and
that p53 gene mutation is the most characteristic
genetic alteration, appearing as a relatively
early event in the multistep process of colorectal
cancer, which may be distinct from the usual
adenocarcinoma  sequence  of  colorectal
carcinogenesis.

Ki-67 Expression

Rubio and Rodensjoe first discovered the differ-
ent patterns of cell proliferation of superficial-
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Table 2. Relation between expression of P53 and Ki-67; and degree of atypia in 24 superficial-type and 27

polypoid-type serrated adenomas

Degree of P53 Ki-67
atypia No. - + ++ +++ - + ++ +++
Mild
Type S 7(29.2%) 2 5 0 0 0 0 7 0
(100%)
Type P 3(11.1%) 1 2 0 0 0 2 1 0
(33.3%)
Moderate
Type S 7(29.2%) 0 6 1 0 0 2 5 0
(14.2%) (71.4%)
Type P 8 (29.6%) 2 2 3 1 0 1 6 1
(50.0%) (87.5%)
Severe
Type S 4 (16.7%) 0 1 3 0 0 0 3 1
(75.0%) (100%)
Type P 12 (44.4%) 0 2 4 6 0 1 5 6
(83.3%) (91.7%)
Focal carcinoma
Type S 6(25%) 0 2 4 0 0 0 4 2
(66.7%) (100%)
Type P 4 (14.8%) 0 0 0 4 0 0 0 4
(100%) (100%)
Total 24 (100%) 2 14 8 0 0 2 19 3
83%) (583%) (33.3%) 83%) (792%) (12.5%)
27 (100%) 3 6 7 11 0 4 12 11
(11.1%) (222%) (259%) (40.7%) (14.8%) (44.4%) (40.7%)

S, superficial-type serrated adenoma; P, polypoid-type serrated adenoma.

type serrated adenomas and flat tubular
adenomas of the colorectum. They used the cell
proliferation marker Ki-67 [20].

Ki-67-positive cells are found predominantly
in the upper portion of the crypts in ordinary
flat adenomas [20], whereas they are situated
mainly in the lower one-third of the crypts in
the superficial-type serrated adenoma (Fig. 2c).
In polypoid-type serrated adenomas with a
histologically flat and polypoid lesion, Ki-67 was
not intensively positive in the lower portion of the
crypts above the muscularis mucosa, whereas it
was positive in the lower to middle portion of
the crypts in the flat lesions and in the lower to
upper portion of the crypts in the polypoid lesions
(Fig. 1c,d). Interestingly, although cell prolifera-
tion of polypoid-type serrated adenomas has
not been reported, the proliferative zone of flat
lesions in the polypoid type, which might be
histologically classified into the superficial type,
is definitely different from that of the superficial
type. This finding suggests that the difference in

growth patterns between the polypoid-type and
superficial-type serrated adenomas may depend
on the site of the proliferation zone in the crypts
regardless of histological subclassification [23].
It would perhaps be useful to investigate the
sites of Ki-67-positive cells in serrated adenomas
to differentiate between the superficial and
polypoid types (if the colonic polyps are small)
and early polypoid-type serrated adenomas,
which may arise from superficial-type serrated
adenomas.

In the minute submucosal carcinoma arising in
superficial-type serrated adenomas, P53-positive
cells and Ki-67 proliferative cells are found in the
lower portion of the crypt and in submucosal infil-
trating tumor cells (Fig. 3d,e) [20, 22, 24]. Rubio
and Rodensjoe suggested that the basal prolifera-
tive cells of the crypts in serrated adenomas aquire
the capability of independent growth and con-
cluded that flat serrated adenomas were a novel,
independent phenotype of neoplastic lesions in
the colorectum [20].



Hyperplastic Polyps and
Hyperplastic Nodules

Clinical and Macroscopic Features

Hyperplastic polyps of the large intestine [37] are
identical to metaplastic polyps [38]. Hyperplastic
polyps show a striking predilection for the
rectosigmoid [39] and are more common and
more likely to be multiple in patients with
colorectal adenomas and carcinomas [4, 40]. They
have often been misdiagnosed in the past as
either normal mucosa or adenomatous polyps
[41]. No convincing examples of transition from
hyperplastic polyp to traditional adenoma have
been seen in large numbers of hyperplastic polyps
of the colorectum [13, 14].

Hyperplastic polyps consist of serrated or saw-
toothed crypts, and those without serrated fea-
tures in the crypts are classified as hyperplastic
nodules according to the histological criteria of
the Japanese Research Society for Cancer of the
Colon and Rectum.

Table 3 shows the clinicopathological features
of 67 cases of hyperplastic nodule and 56 cases
of hyperplastic polyp [42]. Among the patients
with hyperplastic nodules, 50 were men and 17
women (M/F = 2.9:1). They ranged in age from
29 to 83 years (mean 58.3 years). Of those with
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hyperplastic polyps, 48 were men and 8 women
(M/F = 6:1), with an age range of 41 to 81 years
(mean 60.1 years). The major sites of hyperplastic
nodules and hyperplastic polyps were the sigmoid
colon and rectum, similar to the serrated
adenomas. Macroscopically, the hyperplastic nod-
ules and hyperplastic polyps were predominantly
the sessile type (56.7% and 46.4%, respectively).
The hyperplastic nodules ranged in size from 2 to
6mm diameter (mean 3.7 mm) and were almost as
large as the hyperplastic polyps, which ranged
from 2 to 8mm (mean 4.0 mm).

Histology

All hyperplastic nodules are characterized by
nonserrated hyperplastic glands with mature gob-
let cells and no immature goblet cells; these cells
were slightly dilated, distorted, and occasionally
fused (Fig. 4a). The nuclei of the glands are round
to ovoid and the nucleoli almost inconspicuous.
Increased chronic inflammatory cell infiltration,
sometimes with lymphoid follicles, is often found
in the stroma of the lesions. Some hyperplastic
nodules are transformed at an early stage to
hyperplastic polyps, showing serrated patterns
only in the surface epithelium of the upper crypts.
A ordinary tubular adenoma is rarely found in
hyperplastic nodules of the colorectum.

Table 3. Clinical and macroscopic features of hyperplastic nodules and

hyperplastic polyps

Feature Hyperplastic nodule Hyperplastic polyp

No. 67 56

Sex (M:F) 2.9:1 6:1

Age (years) 29-83 (mean 58.3) 41-81 (mean 60.1)

Location
Cecum 6 (8.9%) 1(1.8%)
Ascending colon 6 (8.9%) 4 (7.1%)
Transverse colon 7 (10.4%) 2 (3.6%)
Descending colon 2 (3.0%) 1(1.8%)

Sigmoid colon
Rectum

Macroscopic classification

24 (35.8%)
22 (32.8%)

26 (46.4%)
22 (39.3%)

Ip 1(1.5%) 1(1.8%)
Isp 9 (13.4%) 8 (14.3%)
Is 38 (56.7%) 26 (46.4%)
Ila 5(7.5%) 1(1.8%)
Unknown 14 (20.9%) 20 (35.7%)
Size (mm) 2-6 (mean 3.7) 2-8 (mean 4.0)

Ip, pedunculated; Isp, subpedunculated; Is, sessile; Ila, flat and elevated.
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Fig. 4. Hyperplastic nodule in the rectum, 3mm in
diameter. a Small polyp (endoscopically the
subpedunculated type) is histologically considered to be
a hyperplastic nodule because of the presence of
nonserrated hyperplastic glands without dysplasia.
(H&E, X100) b Ki-67-positive cells in the lower portion
of the crypt of this polyp are slightly increased over
those of the adjacent normal mucosa. (X100) ¢ P53-
positive cells are sporadically detected in the lower por-
tion of the crypts. (X100)

In contrast, in hyperplastic polyps, a serrated
epithelial appearance is found only in the upper
part of the crypts, composed of a varying degree
of mixed mature and immature goblet cells and
showing dilated, distorted, or sometimes fused
glands with oval or round nuclei without promi-
nent nucleoli or atypia (Fig. 5a).

Although most of the small pure hyperplastic
polyps never exhibit dysplastic change, as the
hyperplastic polyps increase in size mixed
hyperplastic adenomatous polyps are occasionally
encountered [2-8]. It is said that foci of dysplasia
may be observed in hyperplastic polyps, but
the incidence is low and dysplasia is probably
overdiagnosed [12, 43]. Hyperplastic polyps
showing pseudoinvasion across the muscularis

mucosa sometimes simulate adenocarinoma [44,
45].

If more than 10 hyperplastic polyps are pre-
sent in the colon, the designation “hyperplastic
polyposis” may be used. Some of these polyps are
combined hyperplastic-adenomatous lesions [5, 6,
43] and are at low but definite risk of becoming
malignant.

Oohara et al. [46] investigated the histogene-
sis of microscopic adenomas and hyperplastic
(metaplastic) glands in nonpolyposis. They
pointed out that when characteristic hyperplastic
glands were followed up using complete serial sec-
tions, they were seen to connect with glands with
reduced serrated patterns as did those in the
above-described hyperplastic nodules. Moreover,
with regard to the histogenesis of hyperplastic

Fig. 5a—c. Hyperplastic polyp in the rectum, Smm in
diameter. a Small polyp (endoscopically the
subpedunculated type) is composed of serrated and
nonserrated glands.- Note serrated epithelium only in
the upper portion of the crypts and no dysplastic change
of the glands. (H&E, X40) b Ki-67-positive cells with
nonserrated epithelium in the lower portion of the
crypts. (X100) ¢ P53-positive cells are sporadically
found in the lower portion of the crypts. (X400)



polyps in the colorectum, Araki et al. first sug-
gested that hyperplastic polyps originated by the
apparent fusion of single abnormal crypts within a
small region of mucosa and grew by fission of the
crypt and fusion of the polycentrically arising
polyp. They also noted that no serration of the
epithelial lining could be seen during the early
stages of hyperplastic polyps, as determined by
advanced tissue digestive techniques and scanning
electron microscopy [47].

p53 and Ki-67

Table 4 summarizes the relation between expres-
sion of P53 and Ki-67 and hyperplastic nodules
and polyps. Of the 64 hyperplastic nodules, 30
(46.9%) showed weakly positive immunoreac-
tivity (+) to P53 protein (Fig. 4c). In contrast, of
the 55 hyperplastic polyps, 32 (58.2%) had weakly
positive immunoreactivity to P53 (Fig. 5c); neither
hyperplastic lesion (nodules or polyps) showed
intense reactivity (++ to +++). The hyperplastic
polyps display a slightly higher incidence of P53
expression than did the hyperplastic nodules. P53-
positive cells were sporadically identified in the
proliferative area, as in the serrated adenoma.

Rubio and Rodensjoe pointed out that weak
P53 expression was unexpectedly demonstrated
by nearly 12% of the flat hyperplastic polyps,
in addition to a high incidence of P53 im-
munoreactivity in flat serrated adenomas,
as shown in our study. The weak P53 immuno-
reactivity in flat hyperplastic polyps should be
considered a false-positive reaction [22]. Exten-
sive study of p53 gene alteration in hyperplastic
lesions and serrated adenomas is necessary for
understanding the carcinogenesis of the serrated
adenoma. In fact, we have found p53 gene
mutation in serrated adenomas and adenocarcino-
mas and suggested a multistep carcinogenesis
pathway for serrated adenoma that is distinct
from the usual adenoma-to-carcinoma sequence
[29].

Serrated Adenoma of Colorectum 101

Ki-67-positive cells of hyperplastic nodules and
polyps are situated mainly in the lower one-third
of the crypts, and they appear in greater numbers
than in normal glands (Figs. 4b, 5b). There was no
statistical difference in the incidence of Ki-67-
positive cells in regard to hyperplastic nodules and
hyperplastic polyps.

Functional Alterations in
Hyperplastic Polyps

There are functional alterations that overlap in
hyperplastic polyps and severe adenomatous
dysplasia and carcinomas of the colorectum [48].
Such changes include increased secretion of
carcinoembryonic antigen (CEA) [49], reduced
secretion of sialomucin [49], changes in blood
group antigen expression [2], and an absence of
cytoplasmic immunoglobulin A (IgA) secretory
activity [48].

Ordinary Adenocarcinoma
and Serrated Adenoma

For a long time normal-appearing hyperplastic
mucosa adjacent to colorectal carcinoma was
studied with particular attention to the morpho-
logical and histochemical changes [50, 51], colon
carcinogenesis, ultrastructural findings [52], and
karyotypic features [53]. Filipe et al.,, who first
termed the adjacent mucosa as “transitional
mucosa,” suggested that the changes in transi-
tional mucosa represented a specific premalignant
alteration in the colon mucosa, represented by a
consistent alteration of mucin histochemistry [50,
51]. Conversely, Isaacson and Attwood pointed
out that mucosa adjacent to large bowel carci-
noma was likely to represent a reactive phenom-
enon because the mucosal alteration described in
the transitional mucosa could be demonstrated in
mucosa from solitary ulcer syndrome and colosto-
mies [54].

Table 4. Expression of P53 and Ki-67 in hyperplastic nodules and hyperplastic polyps

P53 Ki-67
Lesion  No. - + ++ +++ - + ++ +++
HN 64 34 (53.1%) 30 (46.9%) 0 0 0 20(313%) 39(609%) 5(7.8%)
HP 55 23 (41.8%)  32(58.2%) 0 0 0 23(41.8%) 32(582%) O

HN, hyperplastic nodule; HP, hyperplastic polyp.
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Pandey et al. demonstrated that tissue adjacent
(up to 3—-4cm) to a carcinoma has elevated levels
of expression of cell cycle traverse-associated
gene (c-Fos, c-Jun, and Cdc-2 protein) and down-
regulation of non-proliferation-specific gene
expression, such as statin. Consequently, they
supported the concept that the transitional
mucosa may represent a premalignant stage of
tissue [55].

Table 5 summarizes the clinicopathlogical fea-
tures of ordinary colorectal carcinomas with ser-
rated lesions (hyperplastic polyps or serrated
adenomas). In ordinary colorectal carcinomas,
serrated lesions were observed in 37 (32.2%) of
115 submucosal early adenocarcinomas (Fig. 6)
and 12 (24.5%) of 49 advanced adenocarcinomas.
The serrated lesions are seen in the mucosa
bordering the colorectal carcinoma and are
histologically different from the transitional
mucosa, which is thickened and composed of
branched crypts lined by tall goblet cells [21].
Some ordinary colorectal carcinomas with ser-
rated lesions had histological characteristics of
complex pseudocribriform gland formation, sug-

gesting that they arose from hyperplastic polyps
or serrated adenomas [17] (Fig. 6b). Among ordi-
nary carcinomas the incidence of serrated lesions
is higher in the flat-type traditional carcinomas
(IIa, ITa + Ilc, IIc + Ila) than in the polypoid-type
ones (pedunculated, subpedunculated, sessile),
and it is higher in the rectum and sigmoid colon
than at other sites of the colon. The difference
in these sites may be due to the incidence of
hyperplastic polyps, most of which are located
in the rectum and sigmoid colon. That the 37
(32.2%) and 12 (24.5%) serrated lesions were
found in the mucosa immediately adjacent to
early carcinoma and advanced carcinoma, respec-
tively, histochemically and genetically suggests an
early stage of carcinogenesis [51].

Histogenesis of Serrated Adenoma

Two hypotheses have been suggested to explain
the histogenesis of serrated adenomas in the
colorectum [8, 17, 20]. One hypothesis is that ser-

Table 5. Clinical and macroscopic features of early and advanced colorectal
carcinomas with hyperplastic polyp or serrated adenoma

Early Advanced
(submucosal invasion)

No. 37 12
Sex (M:F) 1.6:1 2:1
Age (years) 37-86 (mean 62.7) 55-76 (mean 59)
Location

Cecum 0 0

Ascending colon 1(2.7%) 0

Transverse colon 2 (5.4%) 1(8.3%)

Descending colon 2(5.4%) 0

Sigmoid colon 6 (16.2%) 2 (16.7%)

Rectum 26 (70.3%) 9 (75.0%)
Macroscopic classification

Ip 4 (10.8%) 0

Isp 8 (21.6%) 0

Is 2(54%) 0

Ila 9(24.3%) 0

Ila + Ilc 10 (27.0%) 0

Ilc + Ila 1(2.7%) 0

Ilc 3(8.1%) 0

II type 0 11 (91.7%)

III type 0 1(8.3%)
Size (mm) 8-45 (mean 18.2) 22-80 (mean 43)

Ip, pedunculated; Ips, subpedunculated; Is, sessile; Ila, flat and elevated; Ilc,
depressed; II type, ulcerative and localized type; III type, ulcerative and infiltra-

tive type.



Fig. 6a,b. Traditional submucosal invasive carcinoma
in the descending colon, 17mm in diameter. a Flat
carcinoma, macroscopically type Ila + Ilc, massively
invades the submucosa. (H&E, X40) b Flat carcinoma
surrounded by transitional mucosa of serrated
adenomatous and hyperplastic epithelium with
pseudocribriform formation (single arrow). Serrated
adenomatous glands (double arrows) are composed of
tumor cells with a pseudostratied elongated nucleus and
immature goblet cells. (H&E, X200)

rated adenomas arise from hyperplastic polyps [8,
20], and another is that they arise de novo, possi-
bly owing to the neoplastic transformation of
a more differentiated cell within the crypt than
that which gives rise to the traditional adenoma,
because a significant proportion of serrated
adenomas are small (17.3% of serrated adenomas
are less than 0.5cm in diameter) [17].

Our study of the relations among hyperplastic
nodules, hyperplastic polyps, and serrated
adenomas reveals that some of the hyperplastic
glands, which arise from some of the hyperplastic
nodules or possibly directly from normal mucosa,
may develop large polypoid-type serrated
adenomas. In contrast, small superficial-type ser-
rated adenomas may arise from small hyperplastic
polyps or de novo without progression to a
hyperplastic lesion.
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The chronic inflammatory changes in the
stroma of the hyperplastic polyp, which may be
closely related to its histogenesis, is identified as
often as the hyperplastic nodules. Chronic inflam-
mation with lymphoid follicles drew attention, as
human colonic adenomas and experimental rat
carcinomas often developed in mucosal areas
above lymphoid follicles [56, 57]. The following
explanations have been proposed for the in-
creased occurrence of tumors above colonic
lymphoid follicles: (1) the more rapid turnover of
epithelial cells may be responsible for the in-
creased susceptibility to carcinogens inducing can-
cer above lymphoid follicles; (2) protrusion into
the enteral lumen may cause nonspecific mucosal
damage; (3) carcinogens or co-carcinogens may
undergo increasing concentration here; and (4)
immunologic control (surveillance) may be al-
tered in the immediate perilymphatic surround-
ings [58]. These explanations suggest that the
hyperplastic glands, from which colorectal ser-
rated adenomas or carcinomas may develop,
are particularly susceptible to carcinogenic or
co-carcinogenic substances, such as bile or bile
acids [59], and that they then support the
histogenetically  hyperplastic ~ polyp-serrated
adenoma-—carcinoma sequence.

Hyperplastic polyps, which have been termed
metaplastic polyps [39] and have been empirically
noted to be histologically similar to intestinal
metaplastic foveolar epithelium of the stomach,
have been found to contain neutra/MUCI gene-
related mucin. The latter is closely associated with
the trefoil-peptide pS2, a major component of the
ulcer-associated cell lineage (UACL) [60], which
is expressed within the foveolar epithelium in the
gastric antrum but not at as high a level as in
normal small or large bowel. In additional, the pS2
peptide, epidermal growth factor/urogastrone
(EGF/URO), EGF receptor, and MUCI gene
immunoreactivity has been shown to be present
throughout the hyperplastic polyps [61]. Hanby et
al. suggested that hyperplastic polyps represent
inappropriately activated UACL, switched on in
the absence of ulceration, and that in this inappro-
priate, nonreparative setting EGF/URO-induced
expansion of the proliferative compartment might
lead to the mature and serrated appearances seen
in hyperplastic polyps [61].

Finally, aberrant crypt foci (ACF), which were
first identified in methylene blue-stained colonic
mucosa from carcinogen-treated rodents, are
now of interest in the carcinogenesis of human
colorectal carcinoma [62, 63], Otori et al. reported
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that their main histological finding was hyper-
plasia of glandular epithelium in human ACF
and the high incidence of K-ras mutation
in these ACF was a unique feature [64].
Histologically hyperplastic nodules, hyperplastic
polyps, and serrated adenomas as described
above may be partially included in the ACF
lesions, which have been examined under a
stereomicroscope after staining with methylene
blue. The relations among ACF, hyperplastic le-
sions, serrated adenomas, and ordinary adenomas
should be investigated in detail to further our
knowledge of colorectal carcinogenesis.

Conclusion

One may hypothesize that serrated adenomas
arise from hyperplastic nodules or hyperplastic
polyps, which grow from polypoid-type or
superficial-type adenomas, and are indicators of a
high risk for colorectal carcinoma [1]. Some ser-
rated adenomas show malignant transformation,
similar to that seen in traditional adenomas, and
may eventually develop into invasive, serrated
colorectal adenocarcinomas. In particular, it
should be clinically recognized that serrated
adenocarcinomas arising from small superficial-
type serrated adenomas have aggressive
biological behavior and are difficult to detect
endoscopically. They therefore may create consid-
erable confusion during histological diagnosis [11,
17, 27]. Serrated adenomas should be regarded as
a distinct form of colorectal neoplasia [17] and be
correctly diagnosed, if necessary, using a marker
of abnormal accumulation of P53 protein detected
by immunohistochemistry. In the future, factors
causing hyperplastic nodules or polyps should
be thoroughly investigated to prevent ordinary
carcinoma (or serrated adenocarcinoma) [48, 49].
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Carcinoma Cells at Deeply Infiltrated Sites:
Role in Development of Metastases
in Patients with Advanced Colorectal

Adenocarcinomas

Kiyomi Taniyama', Naomi Sasaki', Hiroshi Maruyama?®, Hayao Nakai’,
Hirofumi Nakatsuka®, Kazushige Toyama®, and Eiichi Tahara®

Summary. Carcinoma cells that infiltrate beyond
the muscularis propria (“ss” lesions) have a sig-
nificant role in developing metastases in patients
with advanced colorectal carcinoma. Examination
of 363 resected colon carcinomas revealed a high
frequency of metastasis when carcinoma cells
invaded beyond the muscularis propria. The
metastases found in 170 patients with advanced
colorectal adenocarcinomas invading this tissue
were divided into five groups according to the
histology of the ss lesions and the overall predomi-
nant histology. Lymph node metastasis was sig-
nificantly increased as the histologic grade of
the ss lesion decreased. Poorly differentiated
adenocarcinoma cells were rapidly infiltrative re-
gardless of the proliferative state and were as-
sociated with peritoneal dissemination, distant
metastasis, or local recurrence. In contrast, mod-
erately differentiated adenocarcinoma cells were
more proliferative with reduced expression of
E-cadherin compared to well differentiated
adenocarcinoma; they were closely associated
with liver metastasis and overexpression of p53. In
the DNA ploidy study, there was a relation be-
tween decreased histologic differentiation and an
increased likelihood of changes of the DNA
ploidy pattern. Overexpression of 02fB1- and
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o4B1-integrins of carcinoma cells preceded dis-
ruption of the cadherin system, which was associ-
ated with the morphologic change, and were
correlated with the high metastatic properties of
the carcinoma cells. Tumor classification based on
histology in the ss is a good indicator of metastasis
or prognosis of advanced colorectal adenocar-
cinomas. Further study based on these findings
will facilitate understanding of the metastasis.

Introduction

Modern molecular techniques have provided de-
tails on the development, invasion, and metastases
of cancer. Gastrointestinal cancers involve genetic
alterations in multiple oncogenes, multiple tumor
suppressor genes, and multiple DNA repair genes.
Alterations of these genes with malignancy
include deletions, amplifications, and single-
nucleotide mutations [1]. Several oncogenes func-
tion synergistically in the pathogenesis of
colorectal cancer, and the same abnormalities are
found with metastatic tumors [2]. Colorectal can-
cer remains one of the leading causes of neoplastic
morbidity and mortality worldwide [3]. In Japan
age-adjusted death rates for colorectal cancer per
100000 population were 22.0 for males and 13.9
for females in 1990. Mortality rates were 10.2%
(males) and 12.9% (females) of deaths resulting
from all malignancies. Moreover, the incidence of
colorectal cancer is increasing [4].

About 30% to 50% of patients undergoing pre-
sumably curative resection have a recurrence
within the first 2 years after surgery, with wide-
spread metastases, particularly hepatic, in 45% of
those patients; one-third develop local recurrence,
which is particularly common after abdo-
minoperineal resection [2]. One of the most im-
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portant and reliable predictors of local recurrence
is the stage of the tumor at the time of surgery [2].
Although the stage is the final determinant of
prognosis [5], several stages for colorectal carci-
noma have been proposed, causing considerable
confusion [6-9].

The classification for lymph node metastasis is
also confusing [6-8, 10], although the number of
lymph nodes with metastasis at the time of sur-
gery has a great influence on the prognosis for
colorectal adenocarcinoma [5]. Histologic classifi-
cation of the tumors has been undertaken by many
pathologists, but histologic grading is subjective
and interobserver agreement poor [11]. Moreover,
the histologic criteria for colorectal adenocar-
cinomas by Japanese pathologists are different
from those used by pathologists in Western coun-
tries. With the classification of the Japanese Soci-
ety for Cancer of the Colon and Rectum and the
Histological Typing of Intestinal Tumors by the
World Health Organization (WHO), malignant
epithelial tumors are classified as adenocar-
cinoma, mucinous adenocarcinoma, signet-ring
cell carcinoma, squamous cell carcinoma, adeno-
squamous carcinoma, undifferentiated carcinoma,
small-cell carcinoma (oat cell carcinoma), and
others. Small-cell carcinoma is included in the
WHO classification but not in the Japanese classi-
fication. In the Japanese classification, small-cell
carcinoma is classified as either undifferentiated
carcinoma or “other.” This difference is not an
important matter because small-cell carcinoma is a
rare tumor in the colorectum. An important differ-
ence is found, however, in the classification of
adenocarcinoma. In Japan colorectal tumors are
classified according to their predominant histology
[9]. In contrast, with the WHO classification, well-
and moderately differentiated adenocarcinomas
are grouped together as low grade, and poorly
differentiated adenocarcinoma and undifferen-
tiated carcinoma are grouped as high grade. When
a tumor shows different grades of differentiation,
the higher grade should determine the final cat-
egorization [12]. Although some suggest that the
disorganized glands commonly observed at the
advancing edge of the cancer should not be consid-
ered a high-grade malignancy [12], this typing sys-
tem pays little attention to the amount or
localization of the higher-grade malignancy within
a tumor. The various classifications for lymph
node metastasis or histologic grading of the
tumors have decreased the significance of tumor
histology on the development of metastases.

In the present study, we clarify that carcinoma
cells infiltrating lesions beyond the muscularis
propria have a significant role in develop-
ing metastasis in patients with colorectal
adenocarcinoma. Only advanced colorectal
adenocarcinomas invading beyond the muscularis
propria were selected for comparing the signifi-
cance of histology at the deeply infiltrating sites
and the potential to develop metastases. We also
report the results concerning the DNA ploidy, cell
kinetics, immunoreactivities for adhesion mol-
ecules or p53 suppressor gene, and serum levels of
carcinoembryonic antigen (CEA) and CA19-9 of
the carcinomas. Other suppressor genes that may
relate to the metastases are also discussed. The
histologic classification described in this study
serves as a useful indicator of metastasis as well
as for the prognosis of patients with advanced
colorectal adenocarcinoma at the time of surgery.

Relations Among Tumor Histology,
Depth of Invasion, and Metastases
of Colorectal Carcinomas

In Japan most colorectal carcinomas are reported
to be well-differentiated adenocarcinoma [13].
Poorly differentiated adenocarcinomas are rare
[14]. In Western countries, however, approxi-
mately 20% are reported to be well-
differentiated, 60% moderately differentiated and
20% poorly differentiated adenocarcinomas [5].
Altogether 363 colorectal malignant tumors
were examined to determine the frequency of the
tumors classified according to their predomin-
ant histology. The tumors were resected
endoscopically or surgically in Kure Kyosai
Hospital from 1993 to 1995 (Table 1). They
consisted of 258 (71.1%) well-differentiated
adenocarcinomas, 83 (22.9%) moderately differ-
entiated adenocarcinomas, 6 (1.7%) poorly differ-
entiated adenocarcinomas, 9 (2.5%) mucinous
carcinomas, 4 (1.1%) carcinoids, 1 (0.3%) endo-
crine cell carcinoma, and 2 (0.6%) malignant
lymphomas. The tumors were also classified ac-
cording to their depth of invasion: 134 tumors
were localized in the mucosa, 45 tumors invaded
the submucosa, 19 tumors invaded the muscularis
propria, and 165 tumors invaded beyond the
muscularis propria. Of the 134 tumors localized to
the mucosa, 132 (98.5%) were well-differentiated
adenocarcinoma; the frequency of well-differenti-
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Table 1. Depth of invasion and histology of 363 resected colorectal malignancies

Adenocarcinoma,

Depth of Tumors by differentiation (no.) Mucinous  Carcinoid ECC ML
invasion (no.) Well Moderately Poorly (no.) (no.) (no.) (no.)
M 134 132 (98.5%) 2 (1.5%) 0 0 0 0 0

SM 45 40 (88.9%) 1(22%) 0 0 4(89%) 0 0

PM 19 11 (57.9%) 8 (421%) 0 0 0 0 0

>PM 165 75 (45.5%) 72 (43.6%) 6(3.6%) 9(55%) O 10.6%) 2(1.2%)
Total 363 258 (711.1%) 83 (229%) 6(1.7%) 9(25%) 4(1.1%) 1(03%) 2(0.6%)

M, mucosa; SM, submucosa; PM, muscularis propria; >PM, beyond the muscularis propria; ECC, endocrine cell carci-

noma; ML, malignant lymphoma.

ated adenocarcinoma decreased as the tumors in-
vaded more deeply. In contrast, moderately dif-
ferentiated adenocarcinoma was found in only 2
(1.5%) of the 134 tumors but increased in fre-
quency as the tumors invaded more deeply. A
total of 8 (42.1%) of 19 tumors that invaded the
muscularis propria and 72 (43.6%) of 165 tumors
that invaded beyond the muscularis propria were
moderately differentiated adenocarcinoma. The
latter frequency is almost equal to that of well-
differentiated adenocarcinoma that invaded be-
yond the muscularis propria. Therefore almost all
adenocarcinomas were considered well differenti-
ated, and the predominant histology changed
gradually as the tumors invaded more deeply.
About half of the tumors were classified as moder-
ately differentiated adenocarcinomas when they
reached the level of the muscularis propria or in-
vaded beyond.

Six poorly differentiated adenocarcinomas
were observed to be invading beyond the
muscularis propria. It has been reported that
poorly differentiated cancers are, in any event,
unlikely to present as an early growth [5]. In
a previous study, 11 poorly differentiated
adenocarcinomas of the colorectum were found to
be invading beyond the muscularis propria. Four
of the adenocarcinomas had minor foci of well- or
moderately differentiated adenocarcinoma in the
upper half of the tumors [14]. Therefore these
poorly differentiated adenocarcinomas were
considered to have changed their predominant
histology from well or moderately-differentiated
adenocarcinoma in the upper half (probably in the
submucosa) of the colorectal wall.

Cancer metastasis is a critical point for treating
patients with colorectal carcinoma. Almost one-
third of the colon adenocarcinomas were reported
to be localized at the time of diagnosis, with 20%

having distant metastases [15]. The risk of lymph
node metastasis has been reported to be approxi-
mately 12% when the tumors extend into the
muscularis propria and increases to 60% with
spread beyond the muscularis propria into the
pericolic or perirectal tissues [5]. To study the
relation between the depth of invasion and
metastases, 229 colorectal carcinomas surgically
resected between 1993 and 1995 were analyzed
(Table 2): We found that 1 (4.3%) of 23 tumors
invading the submucosa, 4 (21.1%) of 19 tumors
invading the muscularis propria, and 98 (60.1%)
of the 163 tumors invading beyond the muscularis
propria had metastases in lymph nodes, liver, peri-
toneum, or other organs at the time of surgery.
The frequency of metastasis for the 163 tumors
was significantly higher than that for other groups.
These frequencies may be lower than the true
frequencies of metastases found during the clini-
cal course of the patients with these tumors or that
found in all patients with the same tumors because
the postoperative course of these patients was not
considered; moreover, some inoperative cases
were excluded from surgical treatment because
of multiple metastases or complicating disease.
These frequencies do suggest, however, that can-
cer metastasis requires a large number of carci-
noma cells, and that carcinoma cells invading
beyond the muscularis propria have a significant
role in developing metastasis in patients with
colorectal carcinoma.

The location of the tumors has been reported to
have some significance for metastasis [16]. Rectal
adenocarcinomas are reportedly associated with
poorer survival than colon adenocarcinomas
[15]. In the present study, carcinomas of the
rectosigmoid were included with rectal tumors [8,
9]. Because metastases found in organs other than
lymph nodes among the 163 patients with tumors
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Table 2. Relation between depth of invasion and metastasis among 229 surgically resected colorectal carcinomas

Depth of Tumors Tumors with metastasis (no.)

invasion (no.) Lymph node Liver Peritoneum Others Total

M 24 0 0 0 0 0

SM 23 1(4.3%) 0 0 0 1(4.3%)*
PM 19 3 (15.8%) 1(5.3%) 0 0 4 (21.1%)**
>PM 163 82 (50.3%) 8 (4.9%) 6 (3.7%) 2(1.2%) 98 (60.1%)
Total 229 86 (37.6%) 9 (3.9%) 6 (2.6%) 2 (09%) 103 (45.0%)

See Table 1 for abbreviations.
* P < 0.001; ** P < 0.01 versus >PM.

Table 3. Relation between predominant histology and metastasis among 163 advanced colorectal carcinomas

Predominant Tumors Tumors with metastasis (no.)

histology of tumor (no.) Lymph node Liver Peritoneum Others Total
Well 75 43 (57.3%) 4 (53%) 1(1.3%) 1(1.3%) 49 (65.3%)
Moderately 72 32 (44.4%) 4 (5.6%) 3 (4.2%) 1(1.4%) 40 (55.6%)
Poorly 6 3 (50.0%) 0 0 0 3 (50.0%)
Mucinous 9 3 (33.3%) 0 2 (222%) 0 5 (55.6%)
ECC 1 1 (100%) 0 0 0 1 (100%)
Total 163 82 (50.3%) 8 (4.9%) 6 (3.7%) 2(1.2%) 98 (60:1%)

Well, well-differentiated adenocarcinoma; Moderately, moderately differentiated adenocarcinoma; Poorly, poorly differ-
entiated adenocarcinoma; Mucinous, mucinous adenocarcinoma; ECC, endocrine cell carcinoma.

invading beyond the muscularis propria were too
small in number to examine, only the relation be-
tween the location of the tumors and lymph node
metastasis found at the time of surgery was com-
pared. The 82 tumors with lymph node metastasis
were grouped according to their location: ascend-
ing colon, transverse colon, descending colon,
sigmoid colon, and rectum; alternatively they
were said to be in right half (including the ascend-
ing and transverse colon) or the left half (includ-
ing the descending and sigmoid colon and
rectum). There was no significant difference in the
distribution between the tumors with lymph node
metastasis and those without lymph node metasta-
sis (data not shown).

Table 3 shows the relations between tumor his-
tology and metastases found at the time of surgery
in the 163 patients. Approximately 50% to 60% of
patients with well-, moderately, or poorly differ-
entiated adenocarcinomas and mucinous carcino-
mas had metastases elsewhere. There were no
significant differences in the frequency of metasta-
sis among these groups. In a previous study we
also found no statistical difference in lymph node
metastasis between the well-differentiated and
the moderately differentiated adenocarcinomas of
the colorectum, although the latter tended to have
more widespread lymph node metastasis than the

former [17]. Therefore classification of the tumors
according to their predominant histology is con-
sidered to have little significance regarding the
development of metastasis.

In Western countries, well- and moderately
differentiated adenocarcinomas are grouped to-
gether as low-grade and poorly differentiated
adenocarcinoma and undifferentiated carcinoma
as high-grade [12]. Jass et al. reported that tumors
were graded as either poorly differentiated or
“other” [18]. These classifications are considered
to be of practical importance concerning the prog-
nosis, as the prognosis is known to be related to
the absolute number of lymph nodes involved
[19]; poorly differentiated tumors have been re-
ported to be frequently associated with more than
four lymph nodes being involved than other
grades [20]. These classifications, however, do not
consider other metastases.

Classification of
Lymph Node Metastasis

In 1932 Dukes proposed a classification scheme
for carcinoma of the rectum based on the depth of
tumor penetration and the presence of regional
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node metastases as follows: A, tumor limited to
the bowel wall; B, tumor extending into the
perirectal adipose tissue; C, tumor with nodal
metastasis, with no regard for tumor penetration
[6]. Since the introduction of this classification
scheme, there have been numerous efforts, par-
ticularly for patients with histologically positive
nodes, to increase the predictive value of clinical
pathologic staging [21]. In 1954 Astler and Coller
introduced a modification of the Dukes scheme
that consisted of subclassifying patients with
histologically positive nodes on the basis of the
depth of penetration of the primary tumor in the
bowel wall. A C1 lesion referred to a tumor with
positive nodes that had not penetrated the entire
thickness of the bowel wall, whereas a C2 tumor
manifested full-thickness penetration [7]. In 1958
Dukes and Bussey divided the C cases into Cl1,
in which only the regional nodes contained
metastases, and C2, in which there was more ex-
tensive lymphatic spread, including the nodes at
the point of ligature of the blood vessels. In 1984
the Gastrointestinal Study Group subdivided pa-
tients with histologically involved nodes into those
demonstrating one to four or more than four posi-
tive nodes. The two subsets were designated
C1 and C2, respectively [10]. Needless to say, the
classification of lymph node metastasis from
colorectal carcinomas is confusing.

With the last TNM staging system (1992),
nodal status was classified as follows: NO, no
nodal metastasis; N1, one to three regional nodal
metastases; N2, four or more regional nodal
metastases; N3, nodal metastasis along the course
of a named vascular trunk, metastasis to apical
nodes, or both [8]. The Japanese Society for Can-
cer of the Colon and Rectum numbers and groups
the lymph nodes according to their anatomical
positions [9]. With this classification scheme,
lymph node metastases confirmed by histologic
examination were classified as follows: n0, nega-
tive lymph node metastasis; n1, metastasis in the
pericolic or perirectal lymph nodes that are lo-
cated mainly within Scm of the carcinoma along
the colorectal wall; n2, metastasis in lymph nodes
located 5 to 10cm from the carcinoma along the
colorectal wall or in the intermediate lymph
nodes; n3, metastasis in lymph nodes located
along the course of a named vascular trunk (al-
most the same as the N3 nodes in the TNM classi-
fication); and n4, metastasis in a more distant
lymph node than n2 or in a more central lymph
node than n3, without regard to the number of
lymph nodes with metastasis. The nl and n2
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lymph nodes are the regional lymph nodes de-
scribed in the TNM classification.

The degree of lymphatic invasion by carcinoma
cells can be classified according to intensity as
ly0, ly1, ly2, and ly3 [9]. We previously reported
that the intensity values of ly2 and ly3 are found
more frequently in moderately differentiated
adenocarcinomas than in well differentiated
adenocarcinomas [17]. Shirouzu et al. reported
that the degree of lymphatic permeation is an im-
portant prognostic factor in patients with rectal
carcinomas of stage I11a of the TNM classification,
with one to three nodes with metastasis. They
differentiated lymphatic invasion from venous
invasion or pseudolymphatic invasion due to
tissue shrinkage by careful observation using
hematoxylin-eosin and elastica van Gieson stains
[22]. Therefore the degree of lymphatic permea-
tion by carcinoma cells might be a useful tool for
estimating lymphatic spread of carcinoma cells.
This estimation, however, is subjective and not
reliable because pseudolymphatic vessels are
sometimes difficult to differentiate from true
lymph vessels, even with careful observation using
the hematoxylin-eosin and elastica van Gieson
stains.

Lymph node metastasis is a result of carcinoma-
tous lymphatic invasion. Classification of lymph
node metastases theoretically reflects the likeli-
hood that carcinoma cells will spread through the
lymph vessels according to the anatomical course.
Therefore in the present study lymph node
metastases were grouped according to the classifi-
cation of the Japanese Society for Cancer of the
Colon and Rectum [9]. The degree of lymph node
metastasis was estimated as being representative
of carcinomatous lymphatic spread.

Histologic Grading at
Deeply Infiltrated Sites

As mentioned previously, cancer cells that in-
filtrate beyond the muscularis propria have an
important role in the development of metastasis
in patients with advanced colorectal ad-
enocarcinoma. We have already reported that
low-grade differentiation of deeply infiltrating
sites is significantly correlated with lymph node
metastasis and that moderate differentiation is
associated with hematogenous metastasis to the
liver from advanced colorectal adenocarcinomas
[16, 17]. These results were obtained with a small
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number of cases. In the present study, a large
number of cases were examined to confirm these
findings.

Lesions of adenocarcinoma invading beyond
the muscularis propria of the colorectum were
described as ss lesions and were classified as 1, 2,
or 3 depending on the number of cancer cells.
According to the histologic criteria described in
previous studies [16, 17], adenocarcinoma cells in
the ss lesions were subclassified based on the de-
gree of their glandular differentiation, including

Fig. 1a—e. Histologic grading of adenocarcinoma. a
Well-differentiated type showing acinar arrangements.
b Well-to-moderately differentiated (W/M) type. ¢
Moderately differentiated (Mod) type showing fused

the following levels of differentiation: well, well to
moderate, moderate, and poor. The well differen-
tiated (Wel) type showed small or large acinar
arrangements, with or without papillary structures
(Fig. 1a). The well-to-moderately differentiated
(W/M) type (Fig. 1b) was intermediate between
the Wel and the moderately differentiated (Mod)
types. The Mod type showed cribriform-like ar-
rangements or fused glands (Fig. 1c). The Wel,
W/M, and Mod types closely corresponded to
the grade 1, 2, and 3 tumors, respectively, re-

glands. d Poorly differentiated adenocarcinoma cells
intermingled with Wel-type cells. e Predominantly
poorly differentiated (poor) adenocarcinoma. (a—e:
H&E, X175)
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ported by Dukes [23]. Poorly differentiated ad-
enocarcinoma cells showed a trabecular arrange-
ment or individual infiltration of cancer cells.
When poorly differentiated adenocarcinoma
cells intermingled with Wel-, W/M-, or Mod-type
cells in the ss lesions of the predominantly well- or
moderately differentiated adenocarcinomas, they
were subclassified as Por subtype (Fig. 1d). Poorly
differentiated adenocarcinoma cells in ss lesions
were found exclusively with the predominantly
poorly differentiated (poor) adenocarcinomas
(Fig. 1e), which corresponded with Dukes’ histo-
logic grade 4.

In 1937 Dukes reported that the most common
form of rectal carcinoma is adenocarcinoma grade
2, which accounts for approximately 50% of the
tumors. Next in order of frequency were grade 3
(26%), colloid growths (12%), grade 1 (6%), and
grade 4 (2%) [23]. Mucinous adenocarcinoma has
been reported to be involved in 10% of colon
carcinomas and approximately 6% of rectal carci-
nomas [15]. As mucinous or colloid colorectal car-
cinomas are biologically different from other
adenocarcinomas [15], they were excluded from
the present study.

Comparison of Tumor Grading
at Deeply Infiltrated Sites and
Metastases

To clarify the significance of histologic typing of
tumors in relation to metastases, 170 colorectal
adenocarcinomas were examined. All adeno-
carcinomas invaded beyond the muscularis pro-
pria and were surgically resected at the
departments of surgery of the Shizuoka General
Hospital, Kure City Medical Association Hospi-
tal, or Kure Kyosai Hospital between 1983 and
1994. Some of these cases were included in previ-
ously reported studies [14, 16, 17]. None of the
patients received any treatment before surgery.
Surgical specimens were fixed in formalin and ex-
amined microscopically by preparing tissue strips
(5-10mm). The tumor tissue was embedded in
paraffin wax for light microscopic examination.
The adenocarcinomas consisted of 71 well differ-
entiated, 86 moderately differentiated, and 13
poorly differentiated types. The 71 well differenti-
ated adenocarcinomas were subclassified into 16
(22.5%) Wel, 42 (59.2%) W/M, 4 (5.6%) Mod,
and 9 (12.7%) Por subtypes. The 86 moderately
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differentiated adenocarcinomas were also
subclassified into 12 (14.0%) W/M, 36 (41.9%)
Mod, and 38 (44.2%) Por subtypes. Although
the moderately differentiated adenocarcinomas
were more likely than the well-differentiated
adenocarcinomas to be subclassified as Por
subtype, it was difficult to predict the histology of
ss lesions from the predominant histology of the
tumor.

Table 4 summarizes the clinicopathologic
findings. Among the five groups there were no
significant differences in the mean age of the pa-
tients. The male/female ratios of the Wel-subtype
tumors and the poor tumors were 0.8 and 0.9,
respectively, whereas those of the other three
groups ranged form 1.4 to 2.2. Male predominance
was not seen in the former two groups. The poor
tumors tended to be found in the right half of the
colorectum, although there were no significant
differences in the colon/rectum ratio or the right/
left ratio among the five groups. Mean tumor di-
ameter of the Por-subtype tumors was 45.1 mm—
significantly smaller than those of the other four
groups. The mean size of the ss lesion, however,
tended to increase as the degree of histologic dif-
ferentiation of carcinoma cells in the ss lesion de-
creased in the well- or moderately differentiated
adenocarcinomas. The mean size of the ss lesion
of the Por-subtype tumors was 2.3 and was not
significantly different from the mean size of the ss
lesion (2.1) among the poor tumors, although the
latter tumors had the largest diameter. From these
results, the Por-subtype tumors were considered
to be the most rapidly infiltrative into the deep
tissue, forming small tumors; and the poor tumors
were rapidly infiltrative in all directions, forming
larger tumors. This difference may be due to the
difference in the amount of poorly differentiated
adenocarcinoma cells.

Por-subtype tumors were differentiated from
W/M- and Mod-subtype tumors by the minor
components of poorly differentiated adenocar-
cinoma cells, not by the predominant histology;
and poorly differentiated adenocarcinoma cells
related to the rapidly infiltrative growth of the
Por-subtype tumors. Therefore they should be
more rapidly infiltrating than well or moderately
differentiated adenocarcinoma cells. This finding
may relate to the tumor size or size of the ss lesion.
Por-subtype tumors may have had poorly differ-
entiated adenocarcinoma cells in the deep tissue,
which formed a minor but deeply infiltrating com-
ponent in the tumor. In contrast, the poor tumors
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Table 4. Relation between tumor histology and clinicopathologic data for 170 patients with advanced colorectal
adenocarcinoma

Predominant Tumor
histology of tumor Patients Diameter $s Colon/  Right/
(differentiation) Tumors Age M/F (mm) rectum left Survival
and subtype (no.) (years) ratio ratio ratio rate (%)
Well (Wel) 16 67.9 0.8 55.8* 1.8 3.0 0.5 91.7
Well or moderate
W/M 54 66.1 22 54.5% 2.0 1.7 0.7 84.1
Mod 40 67.9 14 59.3% 2.2%%% 1.5 0.3 T4, Fkek
Por 47 66.3 1.8 45.1 2.3k 1.8 0.7 53.9% sk
Poor 13 63.4 0.9 64.6* 21 1.6 1.2 4497 Tk

Data for age, M/F (male/female) ratio, tumor diameter, and ss lesion of tumor are mean values.

Wel, well-differentiated type; W/M, well-to-moderately differentiated type; Mod, moderately differentiated type; Por,
admixture of poorly differentiated adenocarcinoma cells with other type cells; ss, amount of cancer cells invading beyond
the muscularis propria of the colorectum; Survival rate, cumulative survival rates 3 years after surgery.

*P < 0.05; #* P < 0.01 versus Por. *#* P < 0.01; **** P < (.05 versus Wel. 'P < 0.001; P < 0.001, *P < 0.05 versus
W/M. P < 0.05 versus Mod.

Table 5. Relation of lymph node metastasis and clinicopathologic data for 169 patients with advanced colorectal
adenocarcinoma

Grade of Lymph nodes with Patients Tumor

lymph node Tumors metastasis Age M/F Size ss Right/left
metastasis (no.) (no.) (years) ratio (mm) (mm) ratio
n0 88 0 67.7+*% 1.9 S57.Q%wxwk D (ke 0.5

nl 34 1.8 66,9k Kk 1.1 51.0 2.2 0.4

n2 33 S5.0* 66.3% %% 0.9 49.2 2.2 0.5
n3,n4 14 6.6%* 58.6 2.5 514 2.5 1.0

Data for lymph node number, patient age, tumor size, and ss lesion of tumor are mean values.
n0, no lymph node metastasis; nl, metastasis in the regional pericolic or perirectal node only; n2, metastasis in the
intermediate lymph node; n3, metastasis in the main lymph node; n4, metastasis in a more distant lymph node than those

in n3.

* P < 0.001; ** P < 0.05 versus nl. *** P < (.01; #*** P < 0.05 versus n3,n4; ***** P < (.05 versus n2.

were considered to have had the poorly differenti-
ated adenocarcinoma cells in the submucosa,
where they formed large tumors.

Metastases at the time of or after surgery were
compared among the five groups. Of the 170 pa-
tients, 19 died of carcinoma and 5 were excluded
from the follow-up study because of non-cancer-
related death within 1 year after surgery. Other
patients were followed more than 1 year (up to 10
years). As most recurrences of the colorectal
adenocarcinomas are reported to be found within
2 years of surgery [24], the follow-up data in the
present study should be sufficient. If different
metastases are observed among the five groups,
they could be attributable, at least in part, to the
different histology or number of carcinoma cells
in the ss lesion.

Lymph Node Metastasis

Table 5 shows lymph node metastases found at the
time of surgery. In 1 of 54 patients with W/M-
subtype tumors, lymph node resection was not
performed because of the presence of multiple
liver metastases. Therefore lymph node metasta-
sis was compared among 169 patients.

Lymph node metastasis was found in 81
(47.9%) of 169 patients. Of the 81 patients, 34 had
nl, 33 n2, and 14 n3 or n4 lymph node metastasis.
The mean numbers of lymph nodes with metasta-
sis found were 1.8 in n1, 5.1 in n2, and 6.6 in n3 or
nd. There was a statistically significant difference
between nl and n2, n3, or n4 in the number of
lymph nodes with metastasis. The patient’s age
with n3 or n4 was younger than that with n0, nl, or
n2. The mean diameters of the tumors were
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Table 6. Relation between tumor histology and lymph node metastasis
among 169 advanced colorectal adenocarcinomas

Predominant Tumors with lymph node metastasis at
histology of Tumors the time of surgery (no.)
tumor and subtype (no.) nl or more* n2* n3 or n4
Well (Wel) 16 3 (18.8%) 1(5.6%) 0
Well or moderate
W/M 53 19 (35.8%) 5(9.4%) 1(1.9%)
Mod 40 17 (42.5%) 8(200%) O
Por 47 32(68.1%) 13(27.7%) 9 (19.1%)
Poor 13 10 (76.9%) 6 (462%) 4 (30.8%)

See Table 4 for abbreviations.
*P < 0.01.

57.1mm for n0, 51.0mm for nl, 49.2mm for n2,
and 51.4mm for n3 or n4. In contrast, the mean
sizes of the ss lesions in these tumors were 2.0
(n0), 2.2 (nl), 2.2 (n2) and 2.5 (n3 or n4). There
was a significant difference in the tumor diameter
between n0 and n2 and in the size of the ss lesion
between n0O and n3 or n4. These results indicate
that lymph node metastases are likely to be found
in tumors with a small diameter but large ss lesion.
Therefore adenocarcinoma cells infiltrating rap-
idly into the deep tissue have a high probability
for developing lymph node metastasis. Although
tumors with n3 or n4 metastasis tended to be
found in the right half of the colorectum, the de-
velopment of lymph node metastasis did not de-
pend on the location of the tumor.

Table 6 shows the relation between the histo-
logic grade of the tumors in the ss lesion and the
degree of lymph node metastasis. The frequency
of nl or more or n2 was significantly increased as
the histologic differentiation of the tumors de-
creased (P < 0.01). In particular, 13 of 14 tumors
with n3 or n4 metastasis were either Por-subtype
tumors or poor tumors. These results indicate that
adenocarcinoma cells with different histologic
differentiation in the ss lesion have different
potentials for lymph node metastasis, and that
poor differentiation, primarily loss of tubular dif-
ferentiation, may have a critical role in form-
ing lymph node metastases. This finding is con-
sistent with the finding that rapidly infiltrating
adenocarcinoma cells in the deep tissue have a
high probability of developing lymph node
metastases, as described above.

Chung et al. examined 246 patients with
colorectal adenocarcinoma and reported that,
irrespective of the size of the primary tumor,

site of the tumor, or depth of invasion, patients
with grade 3 lesions (poorly differentiated adeno-
carcinoma) had an increased likelihood of
nodal metastasis compared to those with grade
1 lesions (well differentiated adenocarcinoma)
or grade 2 lesions (moderately differentiated
adenocarcinoma) [24]. According to their histo-
logic criteria for tumors, both the Por-subtype
tumor and the poor tumor in the present study
might belong to the grade 3 tumor group. Chung
et al. also found distant metastases during a fol-
low-up study of 34 patients. Of these 34 patients,
15 had metastasis in the liver, 6 in the lung, 5 in the
bone, 4 in the supraclavicular area, 3 in the brain,
and 1 in the spinal cord. They reported that pa-
tients with grade 3 lesions had more local recur-
rences, distant metastasis, or both than those with
grade 1 or 2 lesions. They did not find any differ-
ence for grade 3 tumors, however, between pa-
tients with liver metastasis and those with other
metatases.

Liver Metastasis

Liver metastases are reportedly found in as many
as one-fifth to one-fourth of patients operated on
for colorectal carcinoma and are an important
contributory cause of death [25]. Kelvin and
Maglinte reported that with approximately 45%
of colorectal adenocarcinoma distant metastases
were found predominantly in the liver [26]. In the
present study, liver metastasis was found in 22
patients (12.9%) at the time of surgery and in
another 22 patients after surgery, accounting for
approximately one-fourth of the 170 patients ex-
amined. Their clinicopathologic findings are sum-
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Table 7. Relation between liver metastasis and clinicopathologic data for 170 patients

with advanced colorectal adenocarcinoma

Liver metastasis Tumors Patients Tumors

At After (no.) Age  M/F  Size ss  Colon/ Right/

surgery surgery (years) ratio (mm) rectum left
ratio ratio

Positive 22 62.5 1.4 51.7 26 2.1 0.5

Negative  Positive 22 66.5 27 505 23 14 0.3

Negative Negative 126 67.3* 14 549  2.0%* 1.7 0.4

M/F, male/female.

Data for patient age, tumor size, and ss lesion of tumor are mean values.
* P < 0.05 versus positive. ** P < (.05 versus positive.

Table 8. Relation between tumor histology and several metastases for 170 patients with advanced colorectal

adenocarcinoma

Predominant Tumors with metastasis (no.)

histology of Tumors Liver Peritoneum Others

tumor and subtype (no.) At All At All* At All Local rec

Well (Wel) 16 1(6.3%) 1(6.3%) 0 1(6.3%) 0 0 0

Well or moderate
W/M 54 5(9.3%) 13 (241%) 2 (3.7%) 4 (7.4%) 1(19%) 4(7.4%) 3(5.6%)
Mod 40 9(22.5%) 14 (350%) 4 (10.0%) 4 (10.0%) O 2 (5.0%) 1(2.5%)
Por 47 6(12.8%) 17(362%) 6(128%) 10(213%) 2(43%) 7(149%) 6(12.8%)

Poor 13 1(7.7%) 1(7.7%) 3(23.1%) 3(231%) 1(77%) 3(@231%) 2(154%)

At, at the time of surgery; All, all metastases found during the clinical course; Local rec, retroperitoneal recurrence after surgery.

See Table 4 for other abbreviations.
* P < 0.05.

marized in Table 7. The mean age of patients with
liver metastasis at the time of surgery was 62.5
years, which was approximately 5 years younger
than that of patients having no liver metastasis
during the clinical course (P < 0.05). The mean
size of the ss lesion in the tumors with liver metas-
tasis at the time of surgery was significantly
greater than that of tumors without liver metasta-
sis during the clinical course. Moreover, the mean
size of the ss lesion in the former tumors tended to
be larger than that of tumors having liver metasta-
sis after surgery, although this difference was not
statistically significant. Therefore liver metastasis
tended to be found in younger patients and with
tumors having larger ss lesions.

There was no significant difference in the male/
female ratio of the patients, tumor diameter, co-
lon/rectum ratio, or right/left ratio of the tumors
for patients with or without liver metastasis. In a
postmortem study, Schulz et al. examined 26 livers
containing metastases from colon carcinoma and
reported an approximately homogeneous distri-

bution of metastases from colon carcinoma in the
hepatic parenchyma, irrespective of the location
of the primary tumor [27]. Although the highest
frequency of blood-borne metastasis was found in
the middle third of the rectum for rectal carcino-
mas [28], the rectum was not divided into smaller
portions in the present study.

Table 8 shows the relations between the histo-
logic grades of the tumors and liver metastasis. At
the time of surgery, 1 (6.3%) of 16 Wel-, 5 (9.3%)
of 54 W/M-, 9 (22.5%) of 40 Mod-, 6 (12.8%) of 47
Por-subtype tumors, and 1 (7.7%) of 13 poor
tumors had liver metastasis. These frequencies
were different from those observed for lymph
node metastasis. After surgery, 8 W/M-, 5 Mod-,
and 11 Por-subtype tumors were also found to
have liver metastasis. No additional liver metasta-
sis was found in any of the Wel-subtype tumors
or the poor tumors. Overall frequencies of liver
metastasis among these five groups were 6.3%,
24.1%, 35.0%, 36.2% and 7.7%, respectively.
From the findings that greater ss lesion size is
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significantly correlated to liver metastasis, the
smaller ss lesion size of the Wel-subtype tumors
might correlate to the lower frequency of liver
metastasis than in W/M-, Mod-, or Por-subtype
tumors. The ss lesion size of poor tumors, how-
ever, was not different from that of the W/M-,
Mod-, or Por-subtype tumors. Por-subtype tumors
frequently presented with liver metastasis as well
as lymph node metastasis. Differences in liver
metastasis between the Por-subtype tumors and
the poor tumors might be partially attributable to
the difference in the predominant histology of
these tumors. Therefore moderate differentiation
of carcinoma cells may be associated with liver
metastasis.

Peritoneal Dissemination, Metastases
to Other Organs, and Local Recurrence
in the Retroperitoneum

Peritoneal dissemination can occur when carci-
noma cells are exposed to the peritoneal surface at
either the primary or the metastatic site. There-
fore organs covered by the peritoneum are the
sites in which peritoneal dissemination occurs.

Twenty-one tumors were found to be associated
with peritoneal dissemination. Of these 21 tumors,
15 were found at the time of surgery and 6 were
found after surgery. The mean size of the ss lesion
of these tumors was 2.6, and 18 were found in
colon tumors. Thirteen were associated with liver
metastasis, and six of eight tumors without liver
metastasis were associated with lymph node me-
tastasis of n2 or more. Therefore peritoneal dis-
semination of carcinoma cells was likely to be
found with colon tumors that had large ss lesions
and liver or widespread lymph node metastasis
(data not shown). According to the histologic
grade of the tumors with ss lesions less differenti-
ated tumors were associated with a higher fre-
quency of peritoneal dissemination (P < (.05)
(Table 8).

Distant metatases were found in other organs in
16 patients: lung (10), brain (3), spleen (1), skin
(1), and bone (1). Of these 16 patients, 9 had liver
metastasis. Six of the other seven patients had
lymph node metastasis of n2 or more (data not
shown). The distant metastases tended to be
found in the patients with Por-subtype tumors or
poor tumors (Table 8).

Local recurrence in the retroperitoneum was
found in 12 patients. The mean diameter of the
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tumors was 50.1 mm and the mean size of the ss
lesions of their tumors 2.3. Ten had rectal tumors,
and the other two had colon tumors 80 and 75 mm
diameter, respectively. Therefore local recurrence
is related to the rectal tumor or to a large tumor of
the colon (data not shown). Moreover, 8 of the 12
tumors were either Por-subtype tumors or poor
tumors (Table 8). These results indicate that, in
addition to the location and size of the tumors,
poorly differentiated adenocarcinoma cells may
have a role in the development of peritoneal
dissemination, distant metastases, and local
recurrence.

Relations Between Lymph Node
Metastasis and Other Metastases

Newland et al. reported that the survival of 910
patients with no known residual tumor and
no lymph node metastasis after resection of
colorectal carcinoma was equivalent to that of the
general population with the exception of male
patients with stage B tumors (tumors that invade
beyond the muscularis propria with no lymph
node metastasis). They reported that the reduced
survival of the male patients with stage B tumors
was largely due to clinical factors, such as postop-
erative complications, and suggested that the risk
of occult metastasis is low for patients with no
lymph node metastasis at the time of surgery [29].
In the present study, metastasis after surgery in
patients without lymph node metastasis was found
in 16 (18.2%) of 88 patients (Table 9). Therefore
even for patients without lymph node metastasis
at the time of surgery careful follow-up should be
undertaken.

Table 9 shows the relations between the degree
of lymph node metastasis and other metastases
found during the clinical course of 169 patients.
Patients with lymph node metastasis had more
metastases than those with no lymph node metas-
tasis. Peritoneal dissemination significantly corre-
lated with the degree of lymph node metastasis.
The highest frequency of liver metastasis, dis-
tant metastasis, or local recurrence in the
retroperitoneum, however, was found in patients
with n2 lymph node metastasis and not in those
with n3 or n4 metastasis. Moreover, liver metasta-
sis was found in 12 (13.6%) of 88 patients with no
lymph node metastasis. As mentioned previously,
distant metastasis tended to be found in patients
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Table 9. Relation between lymph node metastasis and other metastases for 169 patients with advanced colorectal

adenocarcinoma

Grade of

lymph node Patients Patients with metastasis (no.)

metastasis (no.) Liver Peritoneum Others Local Total

n0 88 12 (13.6%) 7 (8.0%) 4 (4.5%) 3(3.4%) 16 (18.2%)
nl 34 13 (382%)* 3 (8.8%) 2 (5.9%) 2 (5.9%) 16 (47.1%)**
n2 33 14 (424%)% 7 (212%)%** 7 (212%)** 5 (152%)%** 22 (66.7%)*
n3,n4 14 4 (28.6%) 4 (28.6% )*** 2 (143%) 1(71%) 9 (64.3%)*

* P < 0.001; **P < 0.01; *** P < 0.05 versus n0.

with liver or lymph node metastasis of n2 or more;
and local recurrence relates to the rectal tumor or
large tumor of the colon, although both were re-
lated to poorly differentiated adenocarcinoma
cells. These results indicate that the mechanism of
liver metastasis may be different from that of
lymph node metastasis.

It is well known that cancer metastasis is not
formed by chance according to the anatomic
position of organs involved [30]. As indicated
in the present study, moderately differentiated
adenocarcinoma cells are closely associated with
liver metastasis, and poorly differentiated adeno-
carcinoma cells are closely associated with other
metastases or local recurrence. Analysis of the
carcinoma cells in the ss lesion might elucidate the
metastatic mechanisms.

Prognosis

Cumulative survival rates of 170 patients were cal-
culated using the Kaplan-Meier method and were
analyzed using the generalized Wilcoxon test. Dif-
ferences were assumed significant when the P
value was less than 0.05. Cumulative survival
rates after 3 years were 91.7% in 16 patients
with Wel-subtype tumors, 84.1% in 54 patients
with  W/M-subtype tumors, 74.1% in 40
patients with Mod-subtype tumors, 53.9% in 47
patients with Por-subtype tumors, and 44.9% in 13
patients with poor tumors (Table 4). As the 2-year
survival rate is reported to be reliable for the pur-
pose of comparing various treatment results [24]
the 3-year survival rates are also reliable for com-
paring the biologic behavior of the tumors classi-
fied according to the histology of the ss lesion.
These results indicate that the histologic grades of
carcinoma cells in the ss lesion closely relate to the

prognosis of the patients, which reflects the differ-
ent metastases.

In Japan W/M-subtype tumors are classified
as well differentiated tumors and Por-subtype
tumors as well- or moderately differentiated
adenocarcinomas according to their predominant
histology [9]. In contrast, in Western countries,
W/M-subtype tumors may be classified as moder-
ately differentiated tumors and Por-subtype
tumors as poorly differentiated adenocarcinomas
[5]. These differences in histologic classifications
may have failed to provide important data on the
metastasis or prognosis of advanced colorectal
adenocarcinomas.

Factors Relating to
Metastasis or Prognosis

DNA Ploidy

The DNA ploidy pattern is reported to be a useful
prognostic factor for colorectal carcinomas [14,
31]. Intratumoral differences in DNA ploidy were
reported in 7.4% of colorectal carcinomas [32]
and in 71 colorectal carcinomas [14, 17]. All were
adenocarcinomas invading beyond the muscularis
propria and were classified histologically accord-
ing to their predominant histology. Altogether 24
were well differentiated, 36 moderately differenti-
ated, and 11 poorly differentiated. A total of 12
(50%) of the well-differentiated, 20 (55.6%) of
the moderately differentiated, and 8 (72.7%) of
the poorly differentiated tumors were associated
with lymph node metastasis.

The DNA ploidy patterns were analyzed by
flow cytometry (Coulter, EPICS-Profile or Elite,
Hialeah, FL, USA) in paraffin-embedded tissue
using the method of Hedley et al. [33] with some
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modification [14, 17]. The representative paraffin
block of the primary tumor was divided horizon-
tally into two portions, and the superficial and
deep halves were defined as Sup and Deep, re-
spectively. Aneuploid tumors were found in 14
(58.3%) of 24 well differentiated, 22 (61.1%) of 36
moderately differentiated, and 6 (54.5%) of 11
poorly differentiated adenocarcinomas. The
DNA ploidy pattern of Deep differed from that of
Sup in 2 (28.6%) of 14 aneuploid tumors of well
differentiated, 11 (50.0%) of 22 aneuploid tumors
of moderately differentiated, and 4 (66.7%) of
6 aneuploid tumors of poorly differentiated
adenocarcinomas. The aneuploid stem line was
more frequently found in the Deep than in the
Sup in well or moderately differentiated adeno-
carcinomas; however, in poorly differentiated
adenocarcinomas the aneuploid stem line was
more frequently found in the Sup than in the
Deep. These results may indicate a relation be-
tween decreased histologic differentiation and a
greater liability in changing the DNA ploidy pat-
tern of the tumor [17].

Scott et al. reported the DNA histograms of
rectal carcinomas from 121 patients along with a
detailed clinicopathologic assessment of the same
tumors; they also reported the incidence of
postresection tumor recurrence and patient sur-
vival over an extended period of 15 years. They
found that DNA nondiploid rectal carcinomas
had a statistically significant increase in the inci-
dence of vascular invasion, tumor fibrosis, and
high Dukes’ stage and concluded that the most
important independent prognostic variables for
rectal carcinomas were DNA ploidy pattern and
the operative assessment of tumor spread [31].

Goh et al. reported an independent contribu-
tion of DNA content to survival after an analysis
of 203 cases of rectal cancer with a follow-up of at
least 15 years. They reported that the contribution
of DNA content was small [34]. Rowley et al.
reported that the significant effect of ploidy was
restricted to patients with Dukes’ A and C tumors,
representing 51 (28%) of the 179 patients with
colorectal carcinoma, followed for up to 9 years.
There was some doubt as to its clinical value as a
prognostic indicator, and the authors reported
that the Dukes’ classification remains superior to
the ploidy status for prognostication [35].

Cumulative survival rates of the 29 patients
with diploid tumors and the 42 patients with
aneuploid tumors were calculated in the present
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study as being 52.5% and 65.1%, respectively, 5
years after surgery. There was no statistical differ-
ence in cumulative survival rates between these
two groups. This result may be attributable to the
small number of patients examined or the short
duration of the follow-up. On the other hand, we
previously reported that the DNA ploidy pattern
of a primary tumor is correlated with the degree of
metastasis or prognosis in the poor tumors [14]
but also that the histology of Deep should have a
greater significance than DNA content on lymph
node metastasis in well- or moderately differenti-
ated adenocarcinomas of the colorectum [17].
Therefore heterogeneous histology in the deeply
infiltrating sites of the 71 tumors may result in no
significant differences in the cumulative survival
rates between patients with diploid and aneuploid
tumors in the present study. Practically, it is im-
portant to examine the DNA content of Deep to
determine if there is aneuploidy in well- or mod-
erately differentiated adenocarcinoma of the
colorectum [17].

Cell Kinetics

Proliferative activity has been reported to be a
more significant predictor of survival than the
tumor DNA ploidy pattern [36]. Proliferative ac-
tivity has been estimated by use of nonradioactive
reagents, such as the monoclonal antibody to
bromodeoxyuridine (BrdU), [17] proliferating
cell nuclear antigen (PCNA) [37], and Ki-67 [38].
The number of argyrophilic nuclear organizer re-
gions (AgNOR) has also been reported as a tool
to assess the malignant potential of the tumor [39].
Previously, we compared the proliferative activi-
ties of different histologic areas in colorectal
adenocarcinomas by means of PCNA and Ki-67
labeling and by AgNOR impregnation [16, 17].
Twenty-three colorectal adenocarcinomas for
BrdU analysis and 28 colorectal adenocarcinomas
for PCNA labeling and AgNOR impregnation
were examined. Of the latter 28 tumors, 9 were
also used for Ki-67 labeling. All of these
adenocarcinomas had invaded beyond the mus-
cularis propria.

For in vitro BrdU labeling, tumor tissues were
obtained separately from the superficial periph-
eral and deeply invading central lesions of the
tumors immediately after tumor excision. The tis-
sues were treated according to the method of
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Sasaki et al. [40] with some modification [17].
BrdU labeling indices (LIs) of superficial periph-
eral lesions of the well- and moderately differenti-
ated adenocarcinomas were 15.2% and 15.6%,
and those of deeply infiltrating lesions were 6.9%
and 11.8%, respectively. After dividing the deeply
infiltrating regions into well-, well-to-moderately,
moderately, and moderately-to-poorly differenti-
ated areas, their BrdU LIs were 5.5%, 12.1%,
11.0%, and 10.6%, respectively. These areas
corresponded with the Wel, W/M, Mod, and Por
subtypes in the present study. There was no sig-
nificant difference in BrdU LIs among W/M-,
Mod-, and Por-subtype tumor cells, although all
three subtypes had higher BrdU LlIs than did the
Wel-subtype tumor cells.

The PCNA and Ki-67 LIs were reported to be
larger than the BrdU LI in lung tumors [38]. The
PCNA and Ki-67 LIs being higher than the BrdU
LI might make it possible to distinguish between
the proliferative activity of Mod areas in Mod-
subtype tumors and Por areas in Por-subtype
tumors. Hence the PCNA LI and Ki-67 LI for
various histologic areas in the moderately differ-
entiated adenocarcinomas of the colorectum were
determined even when BrdU LI values were simi-
lar [17]. Such analysis revealed that the PCNA LI,
Ki-67 LI, and AgNOR values determined for the
poorly differentiated adenocarcinoma cells in
the Por-subtype tumors were significantly lower
than those of moderately differentiated adeno-
carcinoma cells in the Mod-subtype tumors. In
cells from tumors classified as Por subtype, poor
differentiation was associated with a decreased
PCNA LI but an unchanged Ki-67 LI and
AgNOR values [16]. Therefore adenocarcinoma
cells with high proliferative activity may prolifer-
ate more rapidly in the tubular gland, resulting in
formation of tubulopapillary or fused glands; and
loss of glandular formation (i.e., poor differentia-
tion) is possibly unrelated to the proliferative ac-
tivity of adenocarcinoma cells.

The mechanisms for a decrease in the PCNA LI
and unchanged BrdU LI, Ki-67 LI, or AgNOR
value for poor differentiation is not clear. The
BrdU LI reportedly corresponds with the S phase
of the cell cycle [17]. Ki-67 antigen is present at all
stages of the cell cycle except GO [41]. The Ki-67
LI has been reported to correlate best with the
BrdU LI when compared with the PCNA LI and
DNA polymerase alpha LI [38]. PCNA is an aux-
iliary protein of DNA polymerase delta and is
expressed in normal and neoplastic cells during

the proliferation cycle, particularly during the late
G1 and S phases of the cell cycle [42]. PCNA LI
does not necessarily express the reproduction
rate, however (unpublished work). The decreased
PCNA LI may reflect a shorter late G1 phase of
the poorly differentiated adenocarcinoma cells
[16].

Cadherin and Integrin

It is reported that varying genetic abnormalities of
cell adhesion molecules may participate in the
processes of invasion and metastasis of carcinoma
cells [43]. For formation of a metastatic nodule,
carcinoma cells must leave the primary tumors,
invade the surrounding host tissue, enter the
circulation, lodge in the distant vascular bed,
extravasate into the target organ, and proliferate,
resulting in formation of a metastatic nodule [44].
The most crucial step is the dissociation of carci-
noma cells from the tumor [43].

Cadherins are reported to be a family of cell
adhesion receptors crucial for the mutual associa-
tion of vertebrate cells. The regulated expression
of cadherins also controls cell polarity and tissue
morphology [45]. Basal lamina formation is not
necessary for glandular structure formation in co-
lon cancer cells [46]. In humans the gene for
epithelial (E)-cadherin is located on chromosome
16q22.1 [47, 48]. Its expression is reportedly strong
in well-differentiated carcinomas, whereas it is
generally reduced in undifferentiated carcinomas
having a strong invasive property [43]. It has been
reported that E-cadherin expression in colorectal
carcinomas is related inversely to tumor differen-
tiation. Down-regulation of E-cadherin levels was
associated with cellular dissociation, progression,
invasion, and metastasis [49-51].

Adhesion of cells to basement membranes and
extracellular matrices is mediated by members
of the integrin family of cell surface receptors
[52]. Integrins are heterodimeric cell surface
glycoproteins comprised of noncovalently linked
o and B chains [53]. a2B1-Integrin is a receptor for
collagen and laminin [54], and o4p1-integrin is a
receptor for fibronectin and vascular endothelial
cells [48]. Both are reported to relate to the metas-
tasis [55]. Immunoreactivity for the o2-subunit,
but not for odpl-integrin, is found in normal co-
lonic epithelium [56].

In a previous study, the expressions of E-
cadherin and integrins (021 and o4fl) in the
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predominant histology of the tumors were exam-
ined in 61 acetone-methanol-fixed colorectal
adenocarcinomas [57] which were included in
the 170 tumors. They consisted of 30 well-
differentiated and 31 moderately differentiated
adenocarcinomas, divided into 26 W/M-, 17
Mod-, and 18 Por-subtype tumors. Reduced ex-
pression of E-cadherin (Fig. 2a) was observed in
11.5% of W/M-, 353% of Mod-, and 27.8% of
Por-subtype tumors. There was no difference in
frequency of reduced expression of E-cadherin
between the latter two groups. Predominant his-
tology revealed that W/M- and Mod-subtype
tumors were composed mainly of well- and mod-
erately differentiated adenocarcinomas, respec-
tively. The predominant histology of the Por-
subtype tumors, however, was a mixture of well-
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or moderately differentiated adenocarcinoma.
Moderately differentiated adenocarcinoma cells
had a more reduced expression of E-cadherin
than did well differentiated adenocarcinoma cells,
indicating that E-cadherin expression was closely
associated with the morphology. Its reduction,
however, cannot precede the morphologic change
from well- or moderately differentiated to poorly
differentiated [57].

Cadherins form a complex with the actin-based
cytoskeleton via catenins [58]. It is reported that
cells in epithelial proliferative breast lesions pro-
liferate within the basement membrane-bound
spaces, losing their evenly spaced arrangement,
and form secondary lumens. In these lesions the
actin-binding, cytoskeletal protein fodrin (part of
the cadherin cascade) is abnormally distributed

Fig. 2a—c. Immunohistochemical expressions of E-cadherin and integrins (021 and 04B1) in acetone-methanol-
fixed adenocarcinomas. a Expression of E-cadherin on the cell membrane is reduced in W/M-type cells. b,e
Overexpression of 02B1-integrin (b) and o4f1-integrin (¢) is observed in Mod-type cells of Por-subtype tumors.
(a-c: labeled with avidin-biotin, X400)
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[59]. As W/M- or Mod-subtype carcinoma cells
are more proliferative with higher BrdU LlIs
than Wel-subtype carcinoma cells, they are con-
sidered to form papillary, cribriform-like, or fused
glands associated with reduced expression of
E-cadherin.

On the other hand, expressions of a2p1-integrin
(Fig. 2b) in the predominant histology were found
in 76.9%, 76.5%, and 94.4%; and those of o4f1-
integrin (Fig. 2c) were in 7.7%, 5.9%, and 27.8%
of W/M-, Mod-, and Por-subtype tumors, respec-
tively. Although these differences were not statis-
tically significant, stronger expression of o2p1-
and o4Bl-integrins in the predominant histology
of the Por-subtype tumors than in the W/M- or
Mod-subtype tumors suggest that overexpression
of 02P1- and o4fl-integrins in the predominant
histology relates to the poor differentiation at the
deeply infiltrating sites from well- or moderately
differentiated carcinoma cells or more metastases
of the Por-subtype tumors than W/M- or Mod-
subtype tumors.

Overexpression or underexpression of integrins
is reportedly correlated with dedifferentiation of
carcinoma and acquisition of metastatic proper-
ties [13]. During the early stages of tumor growth
(i.e., release from the tumor mass), decreased ad-
hesion to the basement membranes or matrix pro-
teins may be advantageous. Enhanced expression
of integrins on tumor cells after they reach the
circulation, however, might aid implantation and
promote metastasis [55]. Overexpression of B1-
integrin is implicated in the invasive growth of
gastric scirrhous carcinomas [60] and the liver
metastasis of human gastric carcinoma cells [61].
Overexpression of o4fl-integrin relates to the
invasive ability by an enhanced interaction
with fibronectin, increased mRNA for type
IV collagenase, and pulmonary metastasis of
osteogenic or fibrosarcoma cells [62]. To form
metastatic foci in the lungs, however, laminin
receptors such as o2Bl-integrin on tumor cells
might be necessary to bind to subendothelial base-
ment membranes because 04fB1-integrin on tumor
cells is reported only to initiate adhesion to lung
endothelial cells [62].

Sakamoto et al. [13] examined alterations of cell
morphology and adhesion molecules in response
to phorbol ester treatment of a human colon can-
cer cell line, which forms a well-differentiated
tubular structure even under standard culture
conditions. They suggested that activation of the
integrin system in association with tyrosine

phosphorylation of paxillin, which is a focal adhe-
sion protein [63], secondarily promotes disruption
of the cadherin system [13]. Taken together, those
results indicate that overexpression of o2f1-
and oad4Pl-integrins precedes disruption of the
cadherin system in well- or moderately differenti-
ated adenocarcinoma cells to change their
morphology to poorly differentiated cells; and it
relates to the high probability of metastases of the
Por-subtype tumors.

Serum Levels of CEA and CA19-9

Serum levels of CEA and CA19-9 are well-known
serologic markers for colorectal carcinoma [64].
CEA is a heavily glycosylated 180-kDa protein
that was described not only as an oncofetal tumor
marker of colorectal carcinoma [65] but also as a
homotypic intercellular adhesion molecule [66,
67] of the immunogloblin supergene family [68]. A
CEA level elevation of more than Sng/ml is
observed with advanced disease and has been cor-
related with diminished survival [2]. Liver metas-
tasis of human colon carcinomas is reported to
produce high levels of CEA mRNA, and CEA
protein [69]; and patients with metastatic liver
tumors tend to have high serum CEA levels [70].
Increased homotypic intercellular adhesion favors
the metastatic process, probably because cell ag-
gregates, rather than single cells breaking away
from the primary tumor, have a greater chance of
survival in the circulation and lodging in other
organs [71]. A decreasing CEA tissue concentra-
tion was reported to be significantly related to
increasing dedifferentiation of colorectal carcino-
mas [64].

CA19-9 is defined as sialyl-Lewis-a (SLA) and
is a product of the Lewis gene [72]. SLA serves as
a ligand for members of the selectin family [73]
and is noted to have an important role in the
process of vascular invasion and hematogenous
metastasis of carcinomas in vitro [74]. CA19-9 has
been reported to be significantly related to liver
[25], lung, or lymph node [75] metastasis from
colorectal carcinoma [76)].

To evaluate the relations between the serum
levels of these tumor markers and the histol-
ogic grade of the colorectal adenocarcinoma,
preoperative serum levels of CEA (normal <
2.5ng/ml) were measured in 85 patients and
CA19-9 (normal < 37 U/ml) in 53 patients (Table
10). All of the tumors, resected at Kure Kyosai
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Table 10. Relation between preoperative serum CEA and CA19-9 and
lymph node metastasis, liver metastasis, and tumor histology

Serum Serum
Tumors CEA CA19-9
Factor (no.) (ng/ml) (U/ml)
Lymph node metastasis
n0 44 49 33.4 (n = 28)
nl 18 6.5 36.0 (n = 10)
n2 14 8.4 313 (n =11)
n3 9 8.3 443 (n = 4)
Liver metastasis
Present
All 18 11.3 259 (n = 10)
At surgery 6 13.2 273 (n = 3)
After surgery 12 103 253 (n="17)
Absent (other metastases present) 29 6.2 35.4 (n = 20)
Absent (no metastasis) 38 3.7#*  37.0 (n = 23)
Tumor histology and subtype
Well (Wel) 5 5.5 13.5(n = 2)
Well or moderately
WM 31 3.8 36.6 (n = 18)
Mod 16 4.8 18.4 (n = 12)
Por 29 9.9% 47.0 (n = 19)
Poorly 4 4.2 9.0 (n =2)

All data are mean values.

CEA, carcinoembryonic antigen. See Table 4 for other abbreviations.
* P < 0.05 versus W/M. ** P < 0.05 versus All.

Hospital between July 1992 and September 1995,
had invaded beyond the muscularis propria of the
colorectum. Sixty-two of the patients were in-
cluded among the 170 patients of our study, and
all patients were followed for more than 5 months
after surgery. Lymph node metastasis at the time
of surgery was found in 41 patients, of which 18
had n1, 14 had n2, and 9 had n3 grade lymph node
metastasis. Preoperative serum levels of CEA and
CA19-9 in patients with lymph node metastasis of
n3 grade were 8.3ng/ml and 44.3 U/ml, and those
in patients with no lymph node metastasis were
4.9ng/ml and 33.4 U/ml, respectively. Serum CEA
levels in patients with lymph node metastasis of nl
and n2 were 6.5ng/ml and 8.4ng/ml, respectively.
Elevated serum CEA or CA19-9 levels tended to
related to the lymph node metastasis, although
there was no statistical difference.

Of the 85 patients, liver metastasis was found in
6 patients at the time of surgery and in 12 after
surgery. Twenty-nine patients had no liver metas-
tasis but had other metastases during their clinical
courses. Thirty-eight patients had no metastases
during their clinical courses. Serum CEA levels of

these patients were 13.2, 10.3, 6.2, and 3.7ng/ml,
respectively. The serum CEA level of 18 patients
with liver metastasis during their clinical courses
was 11.3 ng/ml, which was significantly higher than
the 3.7ng/ml in the 38 patients without metastases.
No significant difference was found in serum
CA19-9 levels among those patients. Hence the
serum CEA level relates more significantly to
liver metastasis than to lymph node metastasis.
The serum CA19-9 level does not relate to liver
metastasis, although it has some relation to lymph
node metastasis.

The 85 tumors were classified as 5 Wel, 31 W/M,
16 Mod, and 29 Por subtypes and 4 poor tumors.
Serum CEA levels were 3.8ng/ml for the 31
patients with W/M-subtype tumors, 4.8ng/ml for
the 16 patients with Mod-subtype tumors, and
9.9ng/ml for the 29 patients with Por-subtype
tumors. Serum CA19-9 levels of these patients
were 36.6, 18.4, and 47.0 U/ml, respectively. Hence
serum CEA and CA19-9 levels were expressing
well the high malignant potential of Por-subtype
tumors.
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p53 and Other Suppressor Genes

The p53 tumor suppressor gene is involved in the
pathogenesis of a large number of human neo-
plasms as a major biochemical regulator of growth
control [77]. p53 mutant tumor cells have been
reported to have a survival advantage over cells
with intact p53 [78]. Starzynska et al. reported that
immunohistochemical detection of p53 protein is
correlated with a poor prognosis [79], although
literature on the prognostic value of p53 im-
munoreactivity is controversial [77]. Ayhan et
al. discussed the diversity of p53 alterations in the
development and progression of colon carcinoma
and found no relation between p53 immuno-
reactivity and histologically defined tumor
subtype [80]. We previously reported that p53
immunoreactivity tended to be correlated with
liver metastasis, and the Mod-subtype tumors had
a stronger immunoreactivity for p53 than did the
Por-subtype tumors. However, p53 overex-
pression was not well correlated with the histo-
logic change at the deeply infiltrating sites [16].
With colorectal carcinoma, loss of heter-
ozygosity (LOH) on chromosome 17p is reported
to be correlated with vascular invasion, whereas
18q LOH is correlated with lymphatic invasion
and hepatic metastasis, and 22q LOH correlates
with lymph node metastasis [81]. The p53 gene
mapped on chromosome 17p13 [82] and the DCC
gene on 18q [81]. Nm23-hl has been located on
17q21.3-22. Deletions of Nm23-hl are reported to
be relatively more frequent in poorly differenti-
ated adenocarcinomas and to be associated with
shorter patient survival [82]. The close relation
between tumor histology at deeply infiltrated sites
of advanced colorectal adenocarcinomas and me-
tastasis and the genetic alterations of those carci-
noma cells, with special attention to the LOH of
suppressor genes, must be further elucidated.
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Glycoprotein Histochemistry and
the Histogenesis of Colorectal Cancer

Jeremy R. Jass

Summary. The nature and synthesis of the car-
bohydrate and protein components of colorectal
mucin are discussed before drawing together
particular carbohydrate structures, types of
apomucin, and associated cell lineages. In normal
goblet cells MUC2 is co-expressed with type 1
carbohydrate chains and sialylated structures in-
cluding SLe?, SLe*, and STn. MUCI1 is expressed
normally by immature crypt base cells and shows
co-localization with type 2 carbohydrate chains
(Le* and Le"). Colorectal cancers may secrete
mucin-like material that is mainly MUC2 and
non-mucin-like material that is mainly up-
regulated MUCI. These secretions are character-
ized by distinct patterns of morphologic distribu-
tion, MUC2 being within goblet cells and
extracellular pools, MUC1 being glycocalyceal,
luminal, and within intracytoplasmic lumens. It
appears that cancer “mucin” is derived from dif-
ferent lineages and needs to be characterized ac-
cordingly. The distribution of mucins in normal
tissue, precancerous and cancer-associated le-
sions, and cancer is considered in light of the
lineage-based model. The essential molecular
processes involved in carcinogenesis must be
largely independent of the genetic control of
mucin synthesis. By relating the characterization
of mucin to cell lineage, it may be possible to
derive classifications that are biololgically mean-
ingful and relevant to the pathogenesis and
behavior of colorectal cancer.

Introduction

It is accepted that structural differences exist be-
tween mucins expressed by normal colorectal epi-
thelium and those expressed by adenocarcinoma,
but there is little appreciation of the pathogenesis

Department of Pathology, University of Queensland,
Queensland, Australia

of these differences or of their biologic or clinical
significance. Colorectal mucins have been studied
by various technologies including histochemistry,
biochemistry, and molecular biology. These tech-
niques have their own limitations and pitfalls, and
the findings associated with each must be inte-
grated to provide a comprehensive overview. This
presentation focuses on the histochemical ap-
proach but begins with an account of the chemical
structure of epithelial mucin.

Mucins are glycoproteins containing up to 85%
carbohydrate, and it is necessary to consider the
carbohydrate and protein components separately.
The carbohydrate component is best approached
from the standpoint of blood group biochemistry,
as the peripheral region consists of blood groups,
substances that provide the main structural
(antigenic) variability. The protein component
(apomucin) includes several distinct species coded
for by different genes. Many of these genes have
been cloned, and monoclonal antibodies have
been raised to the specific repetitive amino acid
sequences. It is then necessary to combine the
carbohydrate and protein components and relate
the unified molecule to particular regions and
cell lineages within the gastrointestinal tract. This
exercise provides a firm basis for studying the
changes that occur during the course of neoplastic
evolution.

Carbohydrate Component

The carbohydrate component is arranged in
oligosaccharide chains of varying length and
degree of branching, and the chains are attached
to the protein backbone by covalent linkage.
Oligosaccharide chains containing 2 to 12
monosaccharides have been demonstrated in
colonic mucin [1-3]. During the course of
biosynthesis, monosaccharides are added in
stepwise fashion by specific glycosyl transferases.
Compositional analysis has demonstrated the
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presence of five saccharides: the hexosamines N-
acetyl-p-galactosamine (GalNAc) and N-acetyl-
p-glucosamine (GlcNAc); the hexose D-galactose
(Gal); smaller amounts of 6-deoxyhexose L-
fucose (Fuc); and a variety of neuraminic (sialic)
acid derivatives. Sulfation of certain sugars con-
tributes further to the acidity [4]. Examples of
long and short oligosaccharide chains are shown
in Fig. 1.

The oligosaccharide chains can be considered to
have three structurally distinct domains: a core
region incorporating the linkage to the protein, a
backbone, and a peripheral region [5, 6]. Among
the four best-established core structures, core 3
structure is the best represented within colorectal
mucin: GIcNAcB1—3GalNAc-O-serine/threonine
[1, 2]. The precursor of core structure 3 is the Tn
antigen (GalNAc-O-R). The presence of core 1
structure (GalB1—->3GalNAc-O-R) (T antigen)
within either normal or cancerous mucin is gener-
ally accepted [7] but may be an erroneous view.
The abnormal expression of T antigen within
colorectal cancer was apparently demonstrated
by means of the lectin peanut agglutinin (PNA)
[8-10] and by immunohistochemistry [11].
However, apart from the fact that core 3 structure
predominates in structural analyses of human
colonic mucin [1, 2], PNA is not in fact specific
for T antigen, binding also to the backbone
disaccharide sequence (Galp1—3/4GlcNAc-R) [5,

Fig. 1. The shortest carbohydrate chain is formed
through 02,6-sialylation of Tn, the precursor of core
structure 3. Sialosyl Tn (STn) is expressed within nor-
mal goblet cell mucin, but O-acetylation of sialic acid

6]. Furthermore, highly specific monoclonal anti-
bodies to the T antigen fail to localize this struc-
ture in either normal or malignant tissues of the
colorectum [12].

The backbone of the oligosaccharide chain is
made up of one or more disaccharide repeats
(Galp1—3/4GlcNAc-). There are two types of
backbone depending on whether the linkage is
153 (type 1) or 1—4 (type 2). This variable also
determines the type of peripheral blood group
substance (see below). The mucins of normal
colorectal goblet cells are constituted pre-
dominantly but not exclusively of type 1
oligosaccharide chains (hence type 1 blood group
substances). Increased amounts of type 2 chain
are found in colorectal cancer mucin [13, 14].

As noted above, the terminal component of the
oligosaccharide chain is a blood group substance,
the type (1 or 2) being determined by the underly-
ing backbone. The terminal component is the
most variable part of the molecule, and the vari-
ability is genetically determined. There are sev-
eral models to explain the genetic basis of blood
group substance expression, and they center on
the Lewis (Le) system and the secretor (Se) gene.
The simplest, most recently formulated model is
probably the correct one [15]. The synthesis of
blood group substances begins with the precursor
structure Le®, which is the most peripheral back-
bone disaccharide (Galpl—3GIcNAc-R). Fucose

renders the structure cryptic without prior alkaki sa-
ponification. The long chain is made up of core struc-
ture 3, a repetitive backbone, and peripheral blood
group A. Sialylation is shown at several sites



is linked to galactose to give substance H. How-
ever, there are two o-2-fucosyltransferase genes,
one for type 1 chains (Se) and one for type 2
chains (H). About 75% of caucasians [5] carry
the Se gene (which is expressed in endoderm),
and these individuals therefore secrete
gastrointestinal mucins that carry blood group
structures. The Se gene converts Le® to Le! (H
type 1) substance. The Le gene converts Le® to
Le® and Le® (H Type 1) to Le’. The Le and Se
genes compete with each other and with other
transferases involved with chain elongation or
branching, as well as with sialyltransferases (giv-
ing sialosyl-Le®). Additionally, substances A or B
may be produced according to blood group status.
The structures and synthetic pathways are illus-
trated in Fig. 2. The type 2 chain homologs of Le’,
Le®, and sialosyl-Le® are Le*, Le’, and sialosyl-Le”,
respectively. The latter show limited expression
in normal mucosa and increased expression in
colorectal cancer mucin. Le* is synonymous with
Hapten X, CD15, and stage-specific embryonic
antigen (SSEA) and is recognized by a variety of
monoclonal antibodies [16] including Leu-MI1.
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Protein Component

Seven mucin genes (MUC1-MUC7) have been
cloned, and three of them are expressed by nor-
mal colorectal goblet cells: MUC2 [17-20], MUC3
(19, 21, 22], and MUC4 [21, 23, 24]. MUC2 is
regarded as the predominant goblet cell mucin
[17]. MUCS3 is secreted within small vesicles by
both columnar cells and goblet cells [19]. One
study indicated that MUC?2 is expressed by colum-
nar cells as well as goblet cells [18], but MUC2 is
otherwise held to be goblet cell-specific [19] (Fig.
3). Immunolocalization studies have revealed
MUC2 to be in a characteristic perinuclear distri-
bution [19] (Fig. 3), a finding confirmed by in situ
hybridization of MUC2 mRNA [19]. The repeti-
tive amino acid sequences characteristic of human
mucins MUC1 to MUC4 are shown in Table 1.
The MUC1 gene differs from the other mucin
genes in that it codes for the protein backbone of
membrane-bound, nonsecretory glycoproteins.
The latter, distributed along the apical membrane
(glycocalyx) of columnar cells of glandular tissues
such as breast and pancreas, are characterized as
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Fig. 2. Synthetic pathways for the formation of type 1
Lewis structures within goblet cell mucin. All subjects
express Le" and sialosyl Le" within goblet cell mucus
with a pancolonic distribution. H and Le” are found
only in secretors (Se”) and are expressed in the proxi-
mal but not distal colon. A and B are expressed in the
proximal colon according to blood group status. The

type 2 equivalents of Le”, Le® and SLe® are Le*, Le’, and
SLe*, respectively. Of the latter, only SLe" is demonstra-
ble within goblet cell mucin. Although both SLe’ and
SLe* are components of goblet cell mucin, sialic acid
is heavily O-acetylated, rendering these structures
nonantigenic with respect to available monoclonal anti-
bodies. Antigenicity can be unmasked by saponification
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EMA and are structures recognized by the
monoclonal antibodies HMFG-1 and HMFG-2
[25, 26, 31]. Increased expression of MUC1 is a
feature of a variety of adenocarcinomas (Fig. 4).
MUCI is acknowledged to be minimally ex-
pressed in normal colorectum [26], though
immunoreactivity is influenced by the choice of
monoclonal antibody and use of pretreatments.
When periodate oxidation precedes immunostain-
ing with MUSEI11 [32], a distinctive pattern of
immunolocalization is observed, highlighting
the apical membranes of immature columnar
cells within the crypt base (Fig. 5). Colorectal
adenocarcinomas may show marked up-
regulation of MUCI [26].

The protein backbone of the mucin molecule is
termed an apomucin. It comprises a central do-

Fig. 3. MUC2 showing restricted immunolocalization
to the perinuclear cytoplasm of normal goblet cells.
(Immunoperoxidase reaction with CCP58 [18])

Table 1. Mucin genes expressed in large intestine

Fig. 4. MUCI expression within a moderately differen-
tiated adenocarcinoma showing typical glycocalyceal
and intraluminal distribution. The intraluminal material
was “non-mucin-like,” being dense, eosinophilic, and
weakly positive with mild PAS (specific for non-O-
acetyl sialic acid). The material is assumed to be derived
from cells of columnar lineage. (Immunoperoxidase
reaction with MUSE11 [32])

main bearing the carbohydrate chains and periph-
eral domains [31]. Apomucins are linked together,
forming a polymeric macromolecule through
disulfide bonds within the peripheral domains.
The central domains include multiple tandem re-
peating amino acid sequences. In MUC2, for ex-
ample, the length of each repeat is 23 amino acids,
which is repeated 51 to 115 times [20]. Fourteen
of the amino acids are threonine (Table 1),
and it is to this hydroxy amino acid that the
oligosaccharide chain is attached covalently.
Monoclonal antibodies have been developed that

Mucin Amino acid sequence Chromosome Tissue expression References
MUC1 PGSTAPPAHGVTSAPDTRPA 1q21-24 Multiple epithelia 25-29
MUC2 PTTTPITTTTTVTPTPTPTGTQT 11p15 Intestine, lung, cervix 1720
MUC3 HSTPSFTSSITTTETTS 7922 Small and large intestine 19, 21,22, 30
MUC4 TSSASTGHATPLPVTD 3929 Large intestine, trachea 21,23,24




Fig. 5. MUCI1 expression along the apical membrane
of immature crypt base columnar cells within normal
large bowel mucosa. MUCI reactivity was evident only
after periodate oxidation. (Immunoperoxidase reaction
with MUSEL11 [32])

recognize the amino acid sequences forming the
repeats [33]. Antibodies to MUC2 do not recog-
nize the glycosylated apomucin but may do so
following neuraminidase digestion and periodate
oxidation (Fig. 6).

Relation Between Classes of
Apomucin and Carbohydrate Chain

It is likely that different classes of apomucin are
associated with particular oligosaccharide struc-
tures. It is known, for example, that MUC2
predominates in normal colorectal goblet cell
mucin, which is constituted mainly of type 1
oligosaccharide chains. Conversely, cancer
secretions may show up-regulation of MUCI
and type 2 carbohydrate chains with associated
blood group structures (Le*, Le, SLe"). Interest-
ingly, in normal colon MUC1 and type 2
oligosaccharide chains (Le* and Le') are co-
expressed within crypt base columnar cells (Fig.
7). Up-regulated MUCI and type 2 blood group
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structures show a similar apical or glycocalyceal
distribution within colorectal cancers. On the
basis of these observations, it is clear that the ex-
pression of particular carbohydrate structures
may be determined by the underlying apomucin,
which in turn is influenced by lineage differentia-
tion. For example, if a colorectal cancer shows
loss of the goblet cell lineage (expressing MUC2),
the secretory material described loosely as
“mucin” may be up-regulated MUC1, MUC3, or
both, expressed by cells of columnar lineage. It
would then be unnecessary to invoke the induc-
tion of altered pathways of oligosaccharide syn-
thesis to explain mucin changes. The “changes”
would, rather, reflect the substitution of one
secretory lineage by another owing to an altered
program of differentiation.

Fig. 6. Demonstration of MUC2 within mucin-like
secretory material of colorectal cancer following
sialic acid removal (saponification followed by
neuraminidase digestion and periodate oxidation. Sa-
ponification presumably denatures the nonglycosylated
apomucin that would normally be present within the
cytoplasm of subjacent goblet cells. The unmasking ef-
fect is not seen in the normal goblet cell theca, perhaps
because of the presence of longer oligosaccharide
chains that would conceal MUC2 apomucin despite
pretreatment. (Immunoperoxidase staining with CCP58
[18] preceded by KOH-neuraminidase-periodate)
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Fig. 7. Expression of Le* within the normal crypt base.
Note the granular staining within the apical cytoplasm
of crypt base columnar cells. (Immunoperoxidase reac-
tion with monoclonal antibody CMRF7 [16])

Characterization of Colorectal
Cancer Secretions

A fundamental  characteristic  of  all
adenocarcinomas is the production of diastase-
periodic acid Schiff (dPAS)-positive mucin. In
some cancers this material is clearly a product of
cells belonging to the goblet cell lineage, most
obvious in mucinous adenocarcinomas. The secre-
tory material appears foamy or wispy and is
basophilic; goblet cells may be identified in the
adjacent malignant epithelium. In other cancers,
secretions are more eosinophilic, homogeneous,
and admixed with necrotic debris. Such non-
mucin-like material may be seen within lumens
lined by columnar epithelium lacking goblet
cells. Similar material occurs in intracytoplasmic
lumens (ICLs), which are intracytoplasmic
invaginations of the apical membrane of columnar
cells. Mucin stains identify a ring representing the
glycocalyceal covering of microvilli projecting
into the ICLs together with a central secretory
droplet (Fig. 8). The mucin-like and non-mucin-
like secretions have been classed type I and type II
and differ in their histochemical profiles [34].

Type I secretions are strongly mild periodic acid
Schiff (mPAS)-positive and stain with antibodies
to sialylated carbohydrate structures (STn, SLe?,
SLe") [35, 36]. When treated with neuraminidase
and periodate oxidation, MUC2 apomucin may be
demonstrated (Fig. 6). Type II secretions are less
obviously mPAS-positive and stain with anti-
bodies or lectins specific for sialylated and
nonsialylated type 2 blood group substances (Le”,
Le’, SLe") and the core structure Tn [35]. Type II
secretions include the MUCI apomucin (Fig. 4).
In the past there has been little attempt to link
histochemical staining patterns with secretory
material originating from different cell lineages.
Although the attempt to do so is logical, it is not
simple to achieve in practice. Malignant cells may
show either lineage infidelity or failure of differ-
entiation (expressing simultaneously the products
of two different lineages). In addition, there is
mixing of intraluminal secretions derived from
different cell types. Furthermore, some carbohy-

Fig. 8. Intracytoplasmic lumens (ICLs) within a mod-
erately differentiated adenocarcinoma (arrow). The
outer ring, equivalent to glycocalyx coating microvilli,
surrounds a secretory droplet, and both express MUCI.
The ICL is a marker of the columnar cell lineage, being
a cytoplasmic invagination of the columnar cell apical
membrane. ICLs co-express Le’ (identified with UEA-
1), Le*, and SLe". (Immunoperoxidase with monoclonal
antibody MUSET11 [32])



drate structures, such as sialosyl-Le*, may be com-
mon to different classes of mucin (MUCI and
MUC2) [27, 36, 37]. Nevertheless, recognition of
the fact that dPAS-positive secretions are not nec-
essarily derived from cells of goblet cell lineage is
of fundamental importance for the proper charac-
terization of colorectal cancer mucin. It is likely
that the type I, or mucin-like, secretions are in-
deed of goblet cell origin, whereas type II, or
non-mucin-like, secretions are the up-regulated
products of columnar cells [35]. Although data are
far from complete, it appears that cancer mucin
derived from cells of the goblet lineage differs
only in subtle ways from normal colorectal goblet
cell mucin. Central to this difference is an altera-
tion in the structure of sialic acid.

Sialic Acid and Goblet Cell Mucin

Sialic acid differs from the other four sugars mak-
ing up the carbohydrate chain in goblet cell mucus
in having an acidic carboxy group, a three-carbon
side chain (C,5,) and existing in a number of
variant forms [38-42]. Sialic acid is added at a
relatively late stage during chain synthesis, either
to the backbone or to terminal blood group
structures (Fig. 1). The sialic acid variants are
of two major types, with or without O-acetyl
substituents. The O-acetyl groups are substituted
within the three-carbon side chain (C,,) or at C,.
O-Acetyl substitution renders sialic acid resistant
to neuraminidase digestion. O-Acetyl sialic acid is
found in the large intestine, whereas small intesti-
nal goblet cell mucin is largely non-O-acetylated.
These main structural forms confer different
antigenicities. Structures incorporating non-O-
acetyl sialic acid are recognized by the mono-
clonal antibodies AM-3 [43] and TKH2 [35] and
a panel of antibodies to small intestinal mucin
antigen (SIMA) [44]. Structures incorporating
O-acetyl sialic acid are recognized by the
monoclonal antibodies PR3AS [45], 3NM [46, 47],
and MMM-17 [48].

In colorectal cancer mucin secreted by cells of
goblet cell lineage, sialic acid is consistently al-
tered from the usual colonic O-acetylated type to
the small intestinal non-O-acetylated type [34].
The increased or neoexpression of sialylated
blood groups substances (SLe", SLe*, STn) within
colorectal cancer mucin is more apparent than
real, being due merely to the alteration in sialic
acid structure. Appreciation of the cryptic pres-
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ence of SLe® SLe*, and STn within normal
colorectal goblet cells renders invalid many of the
conclusions promulgated in prestigious journals
over the last decade. The cryptic presence of SLe?,
SLe*, and STn within normal colorectal mucosa
can be appreciated following alkali saponification
to remove O-acetyl groups. STn is then revealed
within goblet cells of the lower crypt, whereas
SLe® and SLe" (representing the peripheral blood
group structures characterizing longer chains) are
expressed by more mature goblet cells of the
upper crypt and surface epithelium [35, 36, 49]
(Fig. 9). The short-chain STn is presumably in-
cluded within mature goblet cell mucin but is ob-
scured by the presence of surrounding long-chain
oligosaccharides. Type 1 blood group substances
(A, B, H, Le*, Le®) and the sugar GalNAc (identi-
fied with the lectin DBA) are also (when present)
displayed within goblet cells of the upper crypt
and surface epithelium [50-52].

The simplest technique for demonstrating
small intestinal-type non-O-acetyl sialic acid is
mPAS staining. Interestingly, the normal

Fig. 9. Presence of sialosyl-Le* within normal goblet
cells of the upper crypt and surface epithelium of the
large bowel mucosa (arrow). Normally cryptic due to
O-acetylation of sialic acid, SLe* can be demonstrated
following alkali saponification. (KOH-immunoperoxi-
dase reaction using monoclonal antibody Km-93:
Serotec)
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colorectal goblet cells in about 9% of caucasians
[53] and a higher proportion of Asians [54] are
stained with mPAS. This secretion of non-O-
acetyl sialic acid is explained by genetic varia-
bility in the expression of the enzyme O-acetyl
transferase (OAT). Nine percent of the caucasian
population is homozygous for inactive OAT genes
(OAT /OAT"). This subgroup shows no in-
creased susceptibility to cancer or any other
colorectal disease. From the Hardy-Weinburg
equilibrium, approximately 42% of the popula-
tion would be predicted to be heterozygous
(OAT*/OAT"). The presence of one active OAT
gene allows O-acetylation to proceed because
the inactive gene has a recessive effect. However,
inactivation of the OAT" gene (through muta-
tion or mitotic loss) would canvert the stem cell
and its clonal progeny to the genotype OAT"/
OAT". This situation is visualized as a single
mPAS-positive crypt, thereby proving that the
crypt is a clonal unit [55]. The same crypt can be
shown to express sialylated blood group structures
(STn) without requiring the saponification step
(49, 56].

The switch to the small intestinal phenotype by
colorectal cancer is not limited to sialic acid but
implicates the expression of type 1 blood group
substances (in cancers of the distal large bowel)
[14, 52, 57] and small intestinal brush border en-
zymes [58-61]. The concerted expression within
colorectal cancer of type 1 blood group substances
(SLe? SLe*) and STn is likely to be due to a single
underlying switch in direction of differentiation
toward the small intestinal phenotype (as occurs
in gastric cancer) [4, 62].

Sialic acid generally shows an 02,3 linkage with
the underlying sugar. Colorectal cancer mucin
shows increased 02,6 sialic acid linkage as demon-
strated with the lectin Sambucus nigra agglutinin
(SNA) [63]. This need not necessarily indicate
induction of a new sialyltransferase, as STn is
characterized by 02,6 linkage and is present in
cryptic form (due to O-acetylation of sialic acid)
in normal large bowel goblet cells. This lectin-
detected change may merely be “seeing” the sialic
acid modification described above. The lectin
Trichosanthes japonica has a high affinity to sialic
acid in 02,6 linkage with type 2 blood group struc-
tures, although the expression of such a structure
[64] could be a component of concerted up-
regulation of MUCI in association with type 2
blood group substances.

Regional Variation Within
Normal Colorectum and
Intracryptal Variability

In the fetus, blood group substances are expressed
throughout the gastrointestinal tract (as deter-
mined by Se and blood group genes—see above)
but disappear from the distal large bowel during
postnatal life [52, 65-67]. The sugar that is central
to the Lewis blood group system is fucose. Ulex
europaeus agglutinin-1 (UEA-1) binds to fucose,
but its greatest affinity is for fucose in the configu-
rations found in the type 2 chains H type 2 and Le’
[68]. UEA-1 binds to goblet cells in the proximal
bowel (presumably H type 2 substance) and
the columnar cell glycocalyx throughout the
colorectum. In the distal bowel, UEA-1 binding is
restricted to the apical membrane of crypt base
columnar cells. Unlike goblet cell binding, the
glycocalyceal pattern is independent of secretor
status and presumably reflects the expression of
Le’. In cancers UEA-1 binding is enhanced, and
its distribution follows non-mucin-like luminal
material, MUCI, and sites that would indicate
up-regulation of columnar cell secretory activity
(glycocalyx and intracytoplasmic lumens) [69-
73].

The binding pattern with the lectin Dolichos
biflorus agglutinin (DBA) shows a pancolonic dis-
tribution [51, 69-71, 74, 75]. Binding is most
marked within goblet cells of the upper crypt and
surface epithelium (as with blood group sub-
stances) (Fig. 10). In the proximal colon it is re-
stricted mainly to goblet cells within the surface
epithelium, whereas in the distal bowel goblet
cells are stained within the upper two-thirds of the
crypt. DBA binds to GalNAc in terminal loca-
tions. GalNAc is also the first sugar to be added to
the apoprotein (Fig. 1). STn is generated by 02,6
sialylation of core GalNAc, which acts to stop
further chain elongation [76, 77]. STn can be dem-
onstrated indirectly within normal colorectal gob-
let cells by removing the sialic acid through the
step of saponification-neuraminidase digestion
[35]. DBA then binds to core GalNAc (Tn anti-
gen) within goblet cells of the lower crypt. These
observations indicate that mucins within goblet
cells of the lower crypt contain a relatively high
proportion 