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1.1 Introduction

Colorectal cancer is a common form of cancer in Western Europe and the United
States, second only to lung cancer and prostate cancer in males and breast cancer
in females (1,2). In the U.S., 140.000 new cases are diagnosed and 60.000 deaths
are caused by this disease every year (3). In The Netherlands, over 7000 new
cases are diagnosed every year, representing 12% of invasive cancers and 10%
of cancer deaths in men and 14% of both invasive cancers and cancer deaths in
women (2). Colorectal carcinoma death rates in The Netherlands have not
decreased during the past decades (4).
Surgery so far is the only effective treatment for colorectal carcinoma, with
about 80% of patients considered operable at the time of diagnosis (5). However,
even after "curative" resection, 5-year survival is only in the order of 50% (6).
Death is related to recurrent disease, probably due to occult residual tumor foci
outside the area of the primary tumor. Local radiotherapy effectively reduces
local recurrence in rectal cancer, but has no impact on survival (7). Systemic
"adjuvant" chemo- and immunotherapy have not shown convincing and repro-
ducible evidence of significant benefit (8), although recently some success has
been reported for fluorouracil combined with levamisole in Dukes C colon
cancer and with leucovorin in Dukes B and C rectal cancer (9). To reduce
morbidity and mortality from minimal residual disease, development of alterna-
tive modes of systemic (adjuvant) therapy is necessary. Manipulation of colorec-
tal tumorgrowth by peptide hormones or biogenic amines, produced by
gastrointestinal endocrine cells (ECs), has barely been explored (10,11).
Accurate pathologic investigation and reporting of colorectal cancer specimens
is essential not only for diagnosing the disease, but especially for assessing
prognosis and planning treatment (12). For colorectal carcinoma, the best
available prognostic indicator still is tumor stage, based on the Dukes' classifi-
cation (13). However, within a certain stage, tumor behavior is not uniform.
Histologic grading (14) does not solve this problem. Though it does correlate
with prognosis, it can not predict behavior of individual tumors, is subjective
and therefore may fall short of reproducibility. Moreover, it correlates with
Dukes' staging and therefore does not contribute as an independent prognostic
factor. For this reason, additional tumor markers accurately predicting tumor
behavior have been sought (15). Ideally, such markers should not only be
prognostically relevant, but also portend response to specific forms of therapy.
One of the markers that has received relatively little attention, is the presence of
endocrine cells. The present study was performed to elucidate the biological and
clinical relevance of endocrine differentiation in colorectal cancer.
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1.2 Normal colorectal epithelium

1.2.1 Functional histology
The main functions of the human large intestine are absorption of salt, water and
proteins from the bowel lumen (16,17), secretion of potassium and bicarbonate
into the bowel lumen (18), and propulsion and elimination of undigested faecal
material, which is facilitated by secretion of mucus. The most important ana-
tomical and functional units in colorectal mucosa are the crypts of Lieberkiihn,
which are regularly spaced tube-shaped invaginations lined by epithelium, with
an apical opening in contact with the bowel lumen. The crypts reach from the
more or less flat luminal surface to the muscularis mucosae, which separates the
mucosa from the underlying submucosa. The crypt- and surface epithelium is
one cell layer thick, and consists of three different cell types: columnar cells
capable of absorption and secretion, goblet cells producing mucin, and ECs
producing biogenic amines and peptide hormones. A fourth intestinal cell type,
the Paneth cell, normally found in the small intestine, is only occasionally found
in normal caecum or proximal ascending colon (16,17). Gradual differences in
distribution of the three cell lineages along the crypt length can be noted. ECs
are most prominent in the deep parts of the crypts (16). Goblet cells predominate
in the crypt epithelium and columnar cells in the surface epithelium (17).

1.2.2 Cell renewal
The study of cell renewal in the digestive tract has been greatly facilitated by the
introduction of radioactive DNA precursors such as ^H-thymidine, which can be
visualized by autoradiography, for labeling of cells in the DN A-synthesis phase
of the cell cycle (19). By administering this compound as a pulse-dose, labeled
gut mucosal cells in S-phase can be visualized, and by establishing the fraction
of labeled mitoses at different time intervals, the duration of the phases in the
cell-cycle can be determined (20). In recent years, also non-radioactive methods
for identification of S-phase cells have been developed, including the thymidine
analogue 5-bromo-2'-deoxyuridine (BrdU), which can be visualized by im-
munocytochemistry (21,22).
Cell kinetic studies indicate that colorectal epithelium is continuously renewed
from the crypt base, where a stem-cell common for all cell lineages is presumed
to reside (23,24). Proliferation is restricted to the lower half or two-thirds of the
crypt, where mitotic figures occur (25,26). The cells differentiate and maturate
as they migrate up the crypt into the surface epithelium, where they desquamate
into the bowel lumen from the mid-zone between adjacent crypt orifices (27).
Turnover time of colorectal epithelium is about 3 to 8 days in humans (28-30)
and 2 to 5 days in rodents (26,31). ECs in gastrointestinal epithelium tradition-
ally have been considered to be a static non-dividing subpopulation (32).
Recently, evidence has accumulated showing that ECs are also subject to
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continuous renewal. Discussion remained whether these cells themselves are
capable of proliferation (33-35), or lack proliferative activity and are derived
from immature precursor cells (36,37). Most authors agree that ECs have a
slower rate of migration and replacement than other cell types, with an estimated
turnover time for large intestinal enterochromaffin (serotonin containing) cells
ranging from 23 to 100 days (33,36,37).

1.2.3 Regulation of epithelial cell differentiation
The functional integrity of intestinal epithelium does not only depend on con-
tinuous cell-renewal, but also on appropriate and balanced differentiation of
epithelial cells. Intestinal epithelial differentiation is a complex process, in-
fluenced by steroid- and peptide hormones (38,39), growth factors (40-42), and
vitamins (43). These substances can exert their action via endocrine, paracrine
and luminal routes. An important role in differentiation induction is played by
the extracellular matrix (ECM), which appears to mitigate the effects of locally
or systemically acting differentiation inducers (44). Numerous studies involving
in vitro recombination of endo- and mesoderm or co-culturing of epithelial cells
and ECM components indicate that direct contacts between epithelial and
mesenchymal structures are essential for the fulfillment of this role (45-49). For
normal colorectal epithelium, the support of an intact basement membrane and
a pericryptal (myo)fibroblast-sheath are essential elements for control of migra-
tion and differentiation (50,51). The basement membrane is the product of the
concerted interaction of epithelial and mesenchymal cells. Epithelial-stromal
interactions are established by integrins, heterodimeric transmembrane
molecules consisting of different combinations of a and [3 chains, which can
bind to one or more ECM molecules. Via intracellular filaments such as talin
and actinin, the cytoskeleton is connected with the ECM. Thus, integrins func-
tion by integrating stroma and epithelium. Integrins also elicit diverse intracellu-
lar responses (52). In normal epithelium of the large intestine, the ppfamily is
expressed (53).
Epithelial-stromal contacts have also been proven pivotal for induction of the
endocrine phenotype in the intestines. This has been demonstrated in embryonic
recombination experiments, where direct contact of endoderm with the appro-
priate type of mesenchyme determines the extent and pattern of endocrine
differentiation (54). In neoplasia, ECs are mainly encountered in nude mice
xenografts, suggesting a role for ECM in inducing endocrine features (55). In
vitro, growth factors appear to be necessary to maintain the endocrine character
of neoplastic cells in primary tumor cultures (56). These observations could
indicate that the induction of endocrine differentiation, resulting from the direct
contact between epithelium and ECM, is mediated by stromal modification of
the epithelial response to growth factors.
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1.3 Enteroendocrine cells

1.3.1 History
The diffuse neuroendocrine (NE) system is a complex of ECs, widely distributed
in numerous organs and tissues, including the gastrointestinal tract, where the
cells are collectively named enteroendocrine cells (57,58). Solitary cells or more
or less clearly defined clusters of these cells are localized intraepithelial (59),
although the mucosal lamina propria is also known to contain ECs (60-62).
Enteroendocrine cells are preferentially situated in the basal crypt-regions, and
to a lesser extent also occur in a more superficial position (59,63). Ever since
their first discovery, cells of this system have been an intriguing subject for
many researchers. Already in the late 19th and early 20th century, the existence
of these cells in humans was demonstrated by investigators as Schmidt (64),
Masson (65) and Oberndorfer (66). The discovery of ECs was based on their
capacity of binding metal from solutions of chromium or silver salts, which led
to names as chromaffin (67), enterochromaffin (68) and argentaffin (65) cells.
Their most striking light microscopical trait, a clear cytoplasm and finely
dispersed nuclear chromatin, resulted in terms as "Gelbe Zeilen", "Helle Zeilen"
(69), or "Cellules Claires". Alternatively, they were named after the investiga-
tors themselves (e.g. Feyrter cells (69), Kultschitzky cells (70)). Gradually, with
the aid of sophisticated microscopical, histochemical and immunological tech-
niques, more and more became known of their subcellular morphology and, by
disclosure of their specific secretory products, a substantial amount of knowl-
edge developed on their function as a regulatory system forming a part of, or
co-operating with nervous and endocrine systems in various parts of the body.

1.3.2 Origin
One of the investigators who has been of major importance in constructing the
concept of a diffuse or dispersed NE system is Pearse (71), who was the first to
fit together cells from a number of different organs on the basis of their common
morphological, cytochemical and embryological characteristics. He called the
units of this system "APUD cells", an acronym for Amine Precursor Uptake and
Decarboxylation, referring to their capacity of taking up amino acid precursors
such as dihydroxyphenylalanine (DOPA) and 5-hydroxytryptophan (5-HTP)
from which the biogenic monoamines dopamine and 5-hydroxytryptamine or
serotonin (5-HT) can be produced by enzymatic decarboxylation (72). Apart
from the production, storage and secretion of polypeptide hormones (73), this is
the most typical common cytochemical property of the cells in question. The
APUD system as proposed by Pearse over the years has grown to contain cells
of a great variety of organs, ranging from endocrine glands as the anterior
pituitary (74), thyroid gland (75), parathyroids (76), and adrenal gland (77) via
the carotid body and paraganglia (78) to primarily non-endocrine organs such as
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the lungs (79), digestive tract including the pancreas (80), urogenital tract (81)
and skin (82). To explain the common characteristics of these widely varying
cell types, Pearse proposed that the cells were derived from a common embry-
onic precursor cell, and originally considered the NE cell of the neural crest to
be the most likely candidate. Later, when such an origin was disputed by other
investigators (83-86), he suggested that all peptide-hormone producing cells
derived from the "NE programmed epiblast" (87), which is difficult to refute by
scientific investigation, because of the very early phase in embryogenesis.
Although for some of the cell types mentioned above (e.g. thyroid C-cells,
adrenal medullary cells and melanoblasts in the skin) a neuroectodermal deriva-
tion is very likely, for the ECs occurring in respiratory and digestive tracts an
endodermal stem cell, shared with the other lineages in these tissues, is clearly
favored (88-91). Pearse proposed that this "unitarian" origin for all enteric cell
lineages should be modified to an "extended unitarian" hypothesis for gut ECs,
implying that the progenitor of these cells arises from a primary stem cell
ancestor only after an undetermined number of doublings (92). Although a
common endodermal stem cell now seems generally accepted, what remains to
be established is whether differentiation takes place along strictly separate lines
or, alternatively, if transitions between the various phenotypes occur. Further-
more, whether or not each cell type represents an equally mature state of
terminal differentiation is still undetermined.

1.3.3 Visualization
In routine histochemical staining the only apparent morphological feature of
ECs is their relatively clear appearance. To visualize them properly, histochem-
istry, immunohistochemistry and/or electron microscopy are necessary. A com-
bination of at least two of these techniques is advisable for positive identification
of endocrine features (93).

/ -
Three methods deserve to be mentioned here:
a) Silver impregnations, either the argentaffin reaction of Masson-Fontana
(65,94), reflecting the presence of serotonin (95), and based on reduction of
ionic silver by an endogenous reductase, or a variety of argyrophil methods
(Grimelius, Churukian-Schenk, Under etc.)(96-100), which demonstrate dense
core granules, and require an exogenous reducing agent.
b) Formalin (vapor) induced fluorescence of biogenic amines (101,102).
c) Aniline dyes (lead-hematoxylin, "masked" metachromasia in toluidine blue
after acid hydrolysis), either singly (103,104) or in combination (105).
Especially the silver impregnation techniques are rather useful and remain fairly
commonly used histochemical staining procedures.
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2-
This technique constitutes the most sensitive and specific way of demonstrating
ECs. EC markers can be subdivided in general or "pan"-NE markers (neu-
rosecretory granule related or -independent), which identify ECs as such, and
neurohormonal synthesis products, which define subsets of ECs. The polypep-
tide hormones and biogenic amines of gastrointestinal ECs are listed in Table 1.
The following general NE markers are most commonly used.
a) Neuron ,s/?ea/(C eno/ase (7VSEJ was one of the first general NE markers to be
described (106). Enolases are soluble cytoplasmic metallo-enzymes which cat-
alyze the interconversion of 1-phospho-D-glycerate and phosphoenolpyruvate
in the glycolytic pathway, and are present in every cell. The enolases are dimeric
proteins (Mr 87 kD), composed of a, P and y subunits. The y-y dimer is present
in neurons and NE cells. NSE immunoreactivity has been demonstrated in NE
tissues (107) and NE tumors (108). Moreover, it has been used as a serum
marker for NE tumors (109). However, NSE immunoreactivity is not "specific"
for NE cells, because the y-ydimer is not restricted to NE cells, and because cross
reactivity of antibodies with the various subunits can occur. The use of NSE in
the diagnosis of NE characteristics is attractive when NE cells are only sparsely
granulated, because its demonstration is independent of the presence of neu-
rosecretory granules.
b) /Votem gene prodwcr 9.5 (TCP 9.5j, like NSE, is a soluble cytoplasmic
protein, originally isolated from the brain (110), widely distributed in nerves
(111) and reported to occur in NE tumors (112). Its function is unknown. Its
immunoreactivity is also NE granule independent.
c) C/iromogranms are a group of acidic monomeric proteins of various sizes,
which form a major part of the soluble proteins in the secretory granules of the
adrenal medulla (113). Chromogranin A (CGA, Mr 68 kD), the most applied
member of this group, was originally isolated from bovine chromaffin granules
(114-116) and later was found to be similar to secretory protein I (117). Human
CGA shares homology with bovine CGA in the N-terminal amino acid
sequence. The function of CGA is unknown. It might be a precursor for smaller
peptides or may play a role in binding intragranular calcium (118-120). Also, it
may help to stabilize the granule osmotic pressure by interaction with nu-
cleotides and catecholamines (121), or be involved in packaging and/or pro-
cessing of peptide hormones (122). There seems to be a close relationship
between argyrophilia and CGA immunocytochemistry (123,124). Other mem-
bers of the chromogranin family are chromogranin B (Mr 100 kD, identical to
secretogranin I) and chromogranin C (Mr 86 kD, identical to pituitary TSP
(tyrosine sulfated protein) or secretogranin II) (117,125). Smaller molecular
forms have also been identified. The chromogranins are known to be constitu-
ents of all types of ECs (126-128), and are produced and secreted by NE tumors
(129). As a dense-core granule (> 80 nm) related marker, antibodies to chromo-
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TABLE 1.

Cell type

G

IG

TG

D

S

I

K

Mo

N

L

ECi

EC2

ECn
ECL

Di

P

PP

PYY

X

Secretory Products of gastrointestinal ECs'

Product(s)

Gastrin, ACTH, Met-enkephalin,

Gawk

Gastrin, Gawk

Tetragastrin

Somatostalin

Secretin, Gawk

Cholecystokinin

GIP

Motilin

Neurotensin

Enteroglucagon, PYY

5-HT, Substance P, Leu-enkephalin

5-HT, Motilin-like, Leu-enkephalin

5-HT, unknown

Histamine

unknown

Bombesin/GRP

Pancreatic Polypeptide

PYY

unknown

Localization

Stomach (Antrum)

Duodenum

Small Intestine

Small Intestine (proximal)

Stomach

Small Intestine

Large Intestine

Small Intestine

Small Intestine

Small Intestine

Small Intestine (proximal)

Small Intestine (distal)

Small Intestine

Large Intestine

Small Intestine
Large Intestine

Small Intestine (proximal)

Stomach

Stomach (Corpus)

Stomach

Small Intestine

Large Intestine

Stomach (Antrum)

Duodenum

Large Intestine

Large Intestine

Stomach (Corpus)

' The table shows the secretory products and anatomic distribution of endocrine cell types in

the gastrointestinal mucosa (239). Nomenclature is based on the Lausanne classification

(141). ACTH=adrenocorticotropic hormone; Gawk=chromogranin B 420493; GIP=gastric

inhibitory peptide; GRP=gastrin-releasing peptide; 5-HT=serotonin; PYY=polypeptide YY.

granins are excellent markers for NE differentiation when the (tumor) cells are

sufficiently granulated.

d) Sy/iaptop/ry.sjn is a glycosylated polypeptide (Mr 38 kD), isolated from bovine

neurons (130). It is an integral membrane protein, localized in the membrane of
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small (40-80 nm) presynaptic secretory vesicles (131). In neurotransmitter
vesicles of nervous tissue, synaptophysin occurs as a homo-oligomeric protein,
spanning the membrane of these vesicles and binding calcium (132). It has also
been proposed that synaptophysin is capable of forming transmembrane chan-
nels similar to gap junctions, which may be involved in the accumulation and/or
release of vesicular contents (133). Synaptophysin can be found in almost all
neurons, in NE cells and NE neoplasms of neural and epithel i al origin (134-136).
e) Lew-7 originally was identified as an epitope present on the cell surface of
natural killer (NK) cells. Antibodies also react with myelin associated glyco-
protein in peripheral nerve fibres and normal and neoplastic NE cells (137).
Immunoblotting showed that the involved epitope is a carbohydrate moiety of a
protein (Mr 75 kD), localized in the matrix of chromaffin granules. It has been
suggested that Leu-7 immunoreactivity might be a marker for certain subsets of
secretory granules (138).

5- £/<?rtrofl microscopy.
The ultrastructural hallmark of NE differentiation is the presence of membrane-
bound secretory granules, which can be visualized by electron microscopy as
vesicles with a size of 100-400 nm, with osmiophilic contents of variable
electron density (139). ECs have been classified according to their variation in
granule morphology, which has led to disclosure of many different cell types,
and to formulation of the first universally accepted classifications of gut ECs
(140-142). Combination of electron microscopy and immunocytochemistry has
been developed and forms a powerful technique to combine morphology and
function (143).

1.3.4 Function
Ultrastructural studies have generated important information on the function of
gastrointestinal ECs. These cells are often of so-called "open type", implying
that they are interspersed between adjacent epithelial cells, to which they are
connected by specialized cell connections (tight- and gap junctions). They
furthermore possess apical cytoplasmic extensions, which are in contact with the
bowel lumen through a distinct border of microvilli at the cell surface (144).
These cells are polarized, with the majority of hormone storing granules located
subnuclear in the basal cytoplasm (145). Furthermore, ECs have been shown to
be located close to capillaries and nerve endings of the lamina propria (146).
These observations have led to the proposition that enteroendocrine cells per-
form as chemoreceptors, capable of noticing and reacting to changes in the
extracellular environment. After adequate stimuli they release their transmitter
substances by basolateral exocytosis in the direction of vicinal neurons or
vessels, thus acting in a "neuroendocrine" or "endocrine" fashion (147,148).
Another option is that ECs serve as "paracrine" regulators, which implies that
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they can influence cells in their direct surroundings by local release of their
regulatory substances. Cells for which this has been postulated are for example
the somatostatin containing D-cells of the oxyntic and antral mucosa of the
stomach (149). These have long lateral cytoplasmic extensions, reaching
towards neighboring cells. These cells do not make contact with the lumen and
therefore are of "closed type". They also occur elsewhere in the intestines, but
do not exclusively produce somatostatin. Thus, by variable routes of secretion,
cells of the diffuse endocrine system are capable of influencing a number of
bodily functions. In the gastrointestinal tract these cells are considered to act in
close co-operation with a complex intramural network of adrenergic, cholinergic
and peptidergic neurons, to regulate the digestive process (150).

1.4 Growth regulation by gast: ointestinal neurohormones

Through production and secretion of bioactive substances, ECs participate in the
regulation of intestinal functions, such as secretion, absorption and motility. ECs
also play an important role in controlling the continuous renewal of mucosal
epithelium and in maintaining mucosal integrity (151). There are ample indica-
tions that gut neurohormonal peptides and biogenic amines can modulate pro-
liferation of normal and neoplastic gastrointestinal epithelium. In the context of
this thesis, only the neurohormones that may be relevant to the large intestine
are summarized.

1.4.1 Gastrin
Gastrin is known for stimulation of gastric acid secretion (152). It also is the best
documented hormone known to influence proliferation in the gastrointestinal
tract. It stimulates growth of oxyntic, duodenal and colonic mucosa in rats
(153,154). Growth of intestinal epithelial cells correlates well with physiologic
serum levels of gastrin (155). Trophic effects correlate with the presence of
specific high affinity receptors for gastrin in the newborn rat (156). Cholecys-
tokinin, a member of the gastrin family, and proglumide, a gastrin antagonist,
competitively bind to the gastrin receptor, and inhibit both acid secretion and
growth promotion by gastrin (157.158). Kusyk et al. showed increased DNA and
protein content in the human colon cancer cell line LoVo upon stimulation with
gastrin (159). Sirinek et al. found a 60% increase in the number of both normal
and malignant human colonic as well as gastric epithelial cells upon stimulation
with gastrin (160,161). Singh et al. found stimulation of growth in carcinogen
induced MC-26 mouse colon carcinoma cells by gastrin, which was antagonized
by proglumide. These effects correlated with the presence of both low and high
affinity gastrin receptors (162,163). Other reports from this group mention the
occurrence of high affinity gastrin receptors on several cell lines derived from
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gastric and colonic cancer (164). Watson et al. found enhanced growth of the
colorectal and gastric cancer cell lines HT 29 and M KN45 in vivo when the cells
were xenografted in nude mice. This did not occur in vitro, possibly because the
growth promoting effect was lost during cell culturing. They also found a
proliferative response to gastrin in 55% of primary cell cultures from gastric and
colorectal carcinomas (165-167). Imdahl et al. reported growth stimulation by
pentagastrin, which was antagonized by proglumide, in SW 403 colon cancer
cells, but only a minor effect in LoVo and LS 174T cells, which might be related
to the differentiation level of these cell lines (168).

Simopoulos et al. found growth stimulation of intestinal epithelial-like cells by
gastrin, neurotensin, glucagon, VIP, somatostatin and bombesin, whereas
secretin and CCK seemed ineffective (169). Hoosein et al. demonstrated auto-
crine growth stimulation by gastrin in HCT 116 and CBS colon carcinoma cells
(170).

1.4.2 Enteroglucagon-Glucagon
Glucagon belongs to the VIP-secretin peptide hormone family and is present in
two molecular forms in the digestive tract: pancreas glucagon and entero-
glucagon (171), derived from the same 180 amino acid preprohormone (172). A
positive correlation has been observed between proliferative activity and serum
enteroglucagon levels in the small intestine (173-175), but contrasting results
have also been presented (176). A proliferative effect of enteroglucagon on
colorectal epithelium has not unequivocally been demonstrated (177). The
definitive status of enteroglucagon as a potential trophic hormone for the
intestine awaits isolation of the peptide. Pancreas glucagon has been shown to
increase DNA synthesis and content in oxyntic glands, colonic mucosa and
intestinal epithelial-like cells (153,169).

1.4.3 Bombesin/GRP
Bombesin (Gastrin Releasing Peptide in mammals) stimulates gastrin release
(178), and therefore could be of potential interest as an indirect growth promo-
tor. It has been found to increase gastrin levels through enhanced antral gastrin
cell proliferation (179). Bombesin also has a direct effect on proliferation. It is
a potent mitogen for 3T3 fibroblasts and its role as an (autocrine) growth factor
in e.g. small cell lung cancer is well established (180). Specific receptors for
bombesin/GRP have been found in colon cancer specimens (181).

1.4.4 Somatostatin
Somatostatin was originally described as a hypothalamic hormone inhibiting the
release of growth hormone (SRIF, Somatotropin Release Inhibiting Factor)
(182). It is located in mucosal endocrine cells throughout the gastrointestinal
tract and pancreas, where it is believed to function as a paracrine inhibitor of
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release of several gut peptides (183,184). Growth inhibitory effects have been
described in normal and neoplastic gastrointestinal cells (185-189). Tumor
growth inhibition by SRIF can be either indirect or direct. Indirect inhibition
might take place via inhibition of secretion of other hormones (e.g. growth
hormone, insulin, gastrin); via inhibition of growth factors (e.g. EGF, IGF-1);
via inhibition of angiogenesis; or by modulation of immunological activity
(190). Direct inhibition is possible via somatostatin receptors (SSTRs) on tumor
cells. SSTRs are present in numerous normal and neoplastic cells of NE and
non-NE origin, including the digestive tract (181,190-193). In colorectal adeno-
carcinomas SSTRs occur in 10-50% of cases (181,190).

1.4.5 Serotonin
The largest bodily supply of serotonin (5-HT) is present in the digestive tract, in
enterochromaffin cells and in intramural neurons (194). In the small intestine,
crypt cell proliferation is stimulated by 5-HT, acting on a 5-HT1 receptor,
stimulating cAMP synthesis and presumably activating type I cAMP dependent
protein kinase (195). No effect is found for colonic crypt cells (196). In celiac
disease, crypt cell production is accelerated, corresponding with increased tissue
and serum levels of 5-HT (197,198). The same holds true for partial intestinal
resection, in which the 5-HT content of the remaining intestinal mucosa is
increased (199). Low doses of 5-HT stimulate cell proliferation in carcinogen
induced tumors of rat colon. 5-HT antagonists inhibit cell proliferation in both
rat colonic tumors and xenografts of human colonic tumors, an effect which can
also be found with 5-HT uptake inhibitors (200).

In summary, in the large bowel, gastrin has been reported to stimulate growth of
both normal and neoplastic epithelium, whereas growth stimulation by 5-HT
appears restricted to cancer. SRIF has been demonstrated to act as a growth
inhibitor for both normal mucosa and cancer. The effect of bombesin/GRP is not
clearly established, but receptors for this peptide have been demonstrated in
colorectal tumors. The effect of enteroglucagon is questionable. In future stu-
dies, the search for proliferative effects induced by these substances should be
guided by neurohormonal receptor assays. In view of the concept of autocrine
or paracrine growth regulation, studies should be directed at neurohormones
produced by endocrine tumor cells in colorectal cancer.

1.5 Pathology of enteroendocrine cells

1.5.1 Hyperplasia
Pathologic conditions of gastrointestinal ECs can be subdivided in hyperplasia
and neoplasia. Hyperplasia of ECs is difficult to assess for various reasons: 1)
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ECs by definition are dispersed in gastrointestinal mucosa and therefore difficult
to quantify, 2) the mucosa with EC hyperplasia may itself be atrophic or
hypertrophic, and 3) there is a great variation in morphometric methodologies
used by different investigators (201). Nevertheless, hyperplasia of ECs in the
intestines has been noted in cases of celiac disease (202,203), chronic ulcerative
colitis (204), and radiation enteritis (205). These circumstances have in common
the occurrence of chronic mucosal damage, increased turnover of the epithelium
and in some instances also dysplasia and increased risk of malignancy. Hyper-
plasia of ECs may or may not be associated with hyperf unction of the hy perplas-
tic cell type. It is not clear whether increased epithelial proliferation and higher
levels of 5-HT in celiac disease are causally related. EC hyperplasia theoretically
could be attributed to: 1) enhanced proliferation of ECs, 2) increased differen-
tiation of precursor cells to ECs, 3) slower migration and/or maturation of ECs
and 4) increased life span of ECs (201).

1.5.2 Neoplasia
Endocrine features in gastrointestinal tumors originally were considered to be
restricted to carcinoids, which were initially described more than a century ago
(66,206). These tumors were recognized for their typical histological charac-
teristics, with insular, trabecular and acinar arrangements of relatively mono-
morphous tumor cells, and for their relatively benign clinical behavior. Later,
with further development of histochemical staining methods, the relation be-
tween carcinoids and gut ECs became clear (207). Then, "composite" tumors
were recognized, consisting of combined carcinoid and acinar growth patterns,
including both argyrophilia and mucus secretion (208). An example is found in
the appendix, the so-called goblet-cell carcinoid (209). In the last two decennia,
systematic application of histochemical, immunohistochemical and ultrastruc-
tural techniques in the study of gastrointestinal neoplasms has led to the recog-
nition of the fact that ECs occur rather frequently in nonendocrine tumors. It now
appears that a continuous spectrum of tumors exists, ranging from classical
adenocarcinoma at one end, through various types of mixed exocrine-endocrine
tumors, to classical carcinoids on the other end (210). Representatives of this
spectrum have been described along the entire length of the digestive tract.
1- In the esop/iagiü, ECs are extremely rare in pure squamous cell carcinoma,
but combinations of small cell carcinoma with NE features and squamous cell
carcinoma have been reported. In adenocarcinomas, associated with Barretts'
esophagus, ECs are encountered (211). Composite or mucin-producing car-
cinoid tumor of the esophagus has also been reported (212).
2- In the stomac/; carcinoids are relatively common, especially in connection
with atrophic gastritis (213). ECs in non-endocrine gastric neoplasms occur in
about 20% of adenocarcinomas (210). Both composite tumors (214) and ade-
nomas/adenocarcinomas with a scattered subpopulation of endocrine cells have
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been described (215). In adenocarcinomas, ECs significantly correlated with
higher tumor stages (216).
3- In the sma// in/esfine, carcinoids are the most prevalent type of rumors. In
these tumors, glandular differentiation and mucin production are not infrequent
observations (217). Especially somatostatinomas of the duodenum can show
these features (218). Goblet cell carcinoids, most frequently occurring in the
appendix, occasionally are found in the duodenum (210). Although adenocarci-
nomas are uncommon in the small intestine and systematic search for endocrine
cells in these cases has barely been performed, some reports indicate that
combined endo- and exocrine differentiation is by no means rare in small
intestinal cancer (219,220). Moreover, in animal models, ECs are found in
experimentally induced duodenal adenocarcinomas (210).
4- The app^/uftx, together with the ileum, is the most common site for intestinal
endocrine tumors. Appendiceal carcinoids have been postulated to arise from
ECs in the lamina propria (61). A typical variant of classical appendiceal
carcinoid is the goblet cell carcinoid (mucin-producing carcinoid, adenocar-
cinoid, crypt cell carcinoma), characterized by the presence of goblet cells with
abundant mucin and small glandular structures with intraluminal mucin
(209,221). The clinical behavior of this type of tumor is intermediate between
classical carcinoid and adenocarcinoma (222). In these tumors, the whole
spectrum of intestinal epithelial differentiation can be encountered (223), among
which so-called "amphicrine" cells, with combined exo- and endocrine features
(224).
5- In the /arge inferff ne, carcinoids occur most often in the rectum, which is the
part with the highest density of ECs (225). ECs occur in over 50% of adenomas
(226,227). The frequency of ECs in colorectal carcinomas varies from 10-30%
(228-231) There are indications that carcinomas with endocrine features behave
relatively poorly, although this matter is still open to discussion (228,230,231).
ECs occur in experimentally induced colonic carcinomas in animals (232), and
occasionally also in colorectal cancer cell lines (55,233).
Several patterns of combined differentiation occur in colorectal carcinomas:
typical adenocarcinomas with scattered ECs (234), composite tumors combin-
ing typical adenocarcinoma and carcinoid patterns (235), diffusely infiltrating
goblet cell or signet-ring cell carcinomas with argyrophilia (236), mucin-pro-
ducing carcinoid tumors (237) and highly aggressive, poorly differentiated small
cell carcinomas, which apart from NE features can also show exocrine and
squamous differentiation (238).
The biological and clinical significance of ECs occurring in primarily non-en-
docrine tumors remains to be elucidated.
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1.6 Aim of the study

The present study focusses on endocrine differentiation in normal and neoplastic
colorectal epithelium, in an attempt to elucidate the mechanisms of growth and
differentiation of ECs, to evaluate growth regulation of colon tumor cells by
neurohormonal substances, and to establish the clinical relevance of endocrine
differentiation as a prognostic marker in colorectal adenocarcinomas. The study
basically consists of three sections. The first part describes an animal model of
normal intestinal EC turnover, the mid section deals with in vitro studies of
colorectal cancer cells, and the final part represents an assessment of the clinical
relevance of endocrine differentiation in colorectal neoplasia.
Chapter 2 describes the kinetics of renewal of enterochromaffin (5-HT produc-
ing) cells in the rat caecum, employing the thymidine analogue 5-bromo-2'-
deoxyuridine (BrdU), as a marker for S-phase cells, in parallel pulse-chase and
continuous labeling experiments. The questions addressed in this study can be
summarized as follows: 1) are enterochromaffin cells capable of proliferation?
2) are enterochromaffin cells recruited from primitive precursor cells? 3) are the
pattern of renewal and turnover time of enterochromaffin cells comparable to
what is known of the other epithelial cell lineages? 4) Is the preferential basal
localization of enterochromaffin cells in the intestinal mucosa related to the
pattern of cell renewal?
Chapters 3-6 are based on in vitro studies with cell lines derived from colorectal
adenocarcinomas displaying endocrine features. In vitro models can be applied
to study the factors which regulate endocrine differentiation, the position of
endocrine cells in the spectrum of intestinal epithelial differentiation and the role
of neurohormonal peptides in the growth regulation of colon cancer. In Chapter
3, detailed characteristics of NCI-H716 cells, derived from a poorly differen-
tiated human adenocarcinoma of the caecum, are described. The findings indi-
cate that NCI-H716 cells can be used as a model to study endocrine
differentiation in colorectal cancer. In Chapter 4 NCI-H716 cells are further
investigated, focussing on the mechanisms governing endocrine differentiation
and the hypothesis is tested that endocrine differentiation might be regulated by
epithelial-stromal interactions. This hypothesis was based upon the observation
that endocrine differentiation in colorectal cancer cell lines is virtually confined
to tumor xenografts in vivo. The same theme is addressed in Chapter 5, in which
the cell line Caco-2, representing a moderately differentiated colonic adeno-
carcinoma, is introduced as a model for endocrine differentiation. In this study,
tumor cells transfected with a point-mutated c-Ha-ras gene, are studied with
regard to tumorigenicity in immunedeficient mice and with regard to endocrine
differentiation. In Chapter 6, a study regarding the presence of specific neuro-
hormonal receptors in a number of colon cancer cell lines, growth modulation
of these cells in vitro by several neurohormones, and correlation of the observed
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proliferative effects with the presence of receptors is reported. For the cell line
NCI-H716, proliferation inducing effects are further analyzed by flowcy-
tometric studies of changes occurring in various phases of the cell-cycle.
In Chapter 7, a study on the occurrence of ECs in 350 cases of colorectal
adenocarcinoma by immunohistochemistry forchromogranin A is reported. The
hormonal profile of endocrine tumor cells, the correlation between endocrine
differentiation and other colorectal epithelial cell lineages within the tumors, and
the prognostic relevance of endocrine differentiation in colorectal cancer are
described.
Chapter 8 embodies the general discussion of the various elements of the study,
the results of which are summarized in the Summary.
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2.1 INTRODUCTION

The diffuse neuroendocrine system is a complex of endocrine cells, widely
distributed in numerous tissues -and organs, including the gastrointestinal and
respiratory tracts. The cells are usually localized in the epithelial compartment,
either solitary or in more or less clearly defined clusters. In the intestines, the so
called enteroendocrine cells are preferentially situated in the basal crypt regions,
although to a lesser extent they also occur in a more superficial position (1).
Numerous studies have focussed on the morphology, localization and neurohor-
monal peptide content of enteroendocrine cells. These studies have contributed
to the understanding of the role of the enteroendocrine cell in the regulation of
gastrointestinal growth and function (2,3). However, little is known about the
lifespan and renewal of these cells (4). Also, it remains unclear whether the
endocrine cells are a relatively isolated cell lineage or, alternatively, have a
differentiation pathway in common with the other epithelial cell types. Knowl-
edge of endocrine cell-kinetics in the digestive tract may contribute to better
understanding of intestinal mucosal growth and differentiation in both normal
and pathologic circumstances. In a variety of intestinal conditions endocrine
cells appear to be involved. For instance, when metaplasia occurs in gastroin-
testinal epithelium, the component of endocrine cells is altered according to the
type of metaplastic epithelium (5). This points to a common origin of the various
epithelial components, a notion which is supported by differentiation patterns in
intestinal neoplasms. Endocrine differentiation is by no means rare in gastroin-
testinal carcinomas and endocrine cells form an integral part of a carcinoma (6).
The number of intestinal endocrine cells can increase in cases of celiac disease,
ulcerative colitis, Crohn's disease and radiation enteritis, all characterized by
chronic mucosal damage and ensuing regeneration (4,7). The cause of endocrine
cell hyperplasia under the latter circumstances is not clear, but might be related
to increased cell turnover or decreased maturation.
Relatively few cell-kinetic studies have been performed in the colon. In connec-
tion with our interest in colon cancer and endocrine differentiation in colorectal
carcinoma, we chose to study the renewal of endocrine cells in the rat caecum.
In rodents, the caecum is a fairly well developed, easily identifiable part of the
colon, of great importance for the digestive process, on account of its role in
metabolizing complex carbohydrates, which form a major part of the diet (8).
Current knowledge on the kinetics of gut endocrine cells mainly concerns
serotonin producing or enterochromaffin cells (EC cells) (9). These cells to-
gether contain the largest bodily supply of this important neurotransmitter (10)
and represent the single largest fraction of enteroendocrine cells (11), occurring
along the entire length of the digestive tract. Kinetic studies so far have em-
ployed combinations of tritiated thymidine (^H-thymidine) autoradiography and
conventional histochemical identification methods. We elected to use combined
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immunohistochemical detection of serotonin (5-HT) and 5-bromo-2'-deoxy-
uridine (BrdU) for analysis of the renewal of EC cells.
In this study we attempted to answer the following questions: 1) Are EC cells
capable of proliferation? 2) Are EC cells recruited from primitive precursor
cells? 3) Are the pattern of renewal and turnover time of EC cells comparable to
what is known of the other epithelial cell lineages? 4) Is the preferential basal
localization of EC cells in the intestinal mucosa related to the pattern of cell
renewal?

2.2 MATERIALS AND METHODS

2.2.1 Experimental Design
Renewal of EC cells was studied by labeling DNA synthesizing cells with the
thymidine analogue BrdU, which is incorporated in replicating nuclei during the
S-phase of the cell-cycle (12). In a time-course experiment, combining pulse
labeling and continuous labeling, EC cell turnover was analyzed through
changes in labeling index (LI, the percentage of labeled EC cells). Also, the
disappearance of labeled EC cells from the mucosa was monitored at two points
after termination of labeling. The LI of labeled EC cells was determined for the
whole population and for the upper and lower crypt segments separately. The LI
directly after administering the pulse label demonstrates whether EC cells are
capable of proliferation. Changes in the LI and localization of labeled EC cells
after pulse-labeling supply information on possible recruitment and migration.
Continuous labeling for a sufficient period of time allows determination of the
turnover time of the population and of the percentage of cells participating in the
process of renewal.

2.2.2 Animals
54 inbred female Sprague-Dawley rats (Charles River Wiga, Sulzfeld, Ger-
many) were used, weighing 250-350 grams and aged 22-36 weeks, depending
on the duration of the experiment. They were randomly assigned to groups of
three animals for each labeling period. The animals were housed separately in
perspex wire-topped cages, with standard laboratory food and tap-water ad
libitum, constant ambient temperature of 20-22°C and alternating periods of
artificial light and darkness (LD 12:12 with light from 0600 to 1800 hours).

2.2.3 Labeling Experiments
A solution of BrdU (Serva, Heidelberg, Germany) was administered either as a
single bolus or continuously. Continuous labeling was done with ALZET mini-
osmotic pumps (ALZA, Palo Alto, California USA) type 2001 (capacity 200 jxl.
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standard deliverance 1 |il/hour for 7 days) or type 2002 (capacity 200 ^ ,
standard deliverance 0.5 ^.I/hour for 14 days).
BrdU was dissolved in phosphate buffered saline (PBS) in concentrations of 30
mg/ml (pulse and type 2001) or 60 mg/ml with 0.75% NH3 (type 2002), and
subsequently sterilized by means of a sterile pyrogen free microfilter.
For pulse-labeling 0.5 ml of the least concentrated solution, equalling a dose of
approximately 50 mg/kg bodyweight, was given by intraperitoneal injection
under light ether anaesthesia. The mini-osmotic pumps were filled with the
appropriate solution and placed subcutaneously in the neck-region, also under
light anaesthesia, by semi-sterile operating conditions. Prior to implantation of
the pumps they were kept in sterile isotonic saline at 37 °C for at least 4 hours,
to reach a steady state pumping value. Pumps were replaced as often as needed
to sustain a constant release during the labeling period.
To avoid diurnal variation, pulse labeling was always performed around 10 a.m.,
and the pumps were consistently implanted around 1 p.m..
After pulse-labeling, animals were sacrificed at the following time points: 1,12,
24, 48, 96 and 192 hours. For the continuous labeling experiment, the same
intervals were chosen, with the exception of the 1 hour period, and additional
groups were terminated after continuous labeling for 16,25, 31 and 73 days. To
study the loss of labeled EC cells from the mucosa, three separate animals were
continuously labeled for 31 days and, after removal of the pumps, were sacri-
ficed 4, 8 and 16 days following the end of the labeling period. Similarly, two
groups of three animals labeled during 73 days were sacrificed 16 and 30 days
after removal of the pumps.

2.2.4 Tissue sampling
Animals were exsanguinated by aortic puncture after opening of the abdomen
through a mid-line incision under deep ether anaesthesia.
The colon was removed, carefully opened and gently cleaned from faecal
contents by rinsing in ice-cold PBS.
The caecum was pinned onto a piece of cork covered with filterpaper, with the
mucosa upwards. The tissue was fixed in freshly prepared phosphate buffered
10% formalin at 4°C for a maximum of 12 hours.
Tissue was routinely processed and embedded in paraffin. Sections were cut at
2 |im thickness, and mounted on chromalum-gelatin coated glass slides.

2.2.5 Immunohistochemistry
To visualize the enterochromaffin cells and to assess the labeling index of these
cells at the same time, a double indirect immunofluorescence procedure was
applied.
Briefly, after deparaffinization in xylene and rehydration in graded ethanol
series, the sections were pretreated with pepsin 0.04 % in 0.1 N HC1 (30 min.,
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RT) and, after thorough rinsing in PBS, were immersed in 2 N HC1 (30 min.,
37°C), to obtain single-stranded DNA for presentation of the antigenic BrdU
sites (13). Subsequently, the pH was neutralized by washing in sodium tet-
raborate (pH 8.5) and PBS, and the sections were preincubated (10 min., RT)
with 20% (v/v) normal goat serum.
Following this, the sections were incubated (1 hr., 37°C) with a mixture of
rabbit-anti-serotonin antiserum and an anti-BrdU mouse-monoclonal antibody.
The serotonin antiserum was raised in our laboratory by immunizing rabbits
with serotonin-ovalbumin conjugate. The titre and specificity of the antiserum
were assayed by solid phase enzyme immunoassay as described previously (14).
In this test system the antiserum was highly specific for serotonin. The anti-
BrdU antibody was also prepared in our laboratory and has been described
previously (13).
After washing in PBS the sections were incubated (lhr., 37°C) with a combina-
tion of goat anti-rabbit IgG-fluorescein isothiocyanate (FITC, Nordic, the
Netherlands) and goat anti-mouse IgG-tetramethyl rhodamine isothiocyanate
(TRITC, TAGO, Burlingame, USA). Finally, the sections were washed in
distilled water and mounted in UV-resistant mounting medium (UV Inert, BDH
Gurr, England). As negative control for serotonin, parallel sections were in-
cubated with normal rabbit serum instead of the anti-serotonin antibody, and for
BrdU the primary antibody was omitted or was applied without prior denatura-
tion of DNA. Negative controls were consistently negative.

2.2.6 Determination of Labeling Indices
By fluorescence microscopy, EC cells and BrdU-positive or -negative nuclei
could clearly be visualized (Colorplate 1, page 81).
Scoring was performed as follows. Serotonin containing cells were localized in
longitudinally sectioned crypts. Nuclei of all EC cells, including open type and
closed type cells, were counted as positive or negative for BrdU. The number of
EC cells in the upper or lower crypt segment was determined. The boundary
between upper and lower crypt segment was established using a calibrated
eyepiece and was chosen as the point exactly halfway between muscularis
mucosae and surface epithelium. In the rare occasion that an EC cell was
precisely in the middle of the cryptcolumn, it was alternately counted as lower
or upper.
All slides were encoded prior to examination. In every animal at least 240 EC
cells were counted in two or more different, non-serially cut sections. Two
observers took part in the scoring and regularly checked interobserver variation
by counting the same section; this never exceeded 6 percent.
For each group of 3 animals, representing a certain timepoint, the mean LI and
standard deviation were determined. This was done for the total population of
EC cells and for upper and lower crypt halves separately.



46 Endocrine Differentiation in Colorectal Cancer

2.2.7 Statistics
Data were statistically analyzed by t-tests for independent groups with separate
variances. Whenever the F-test (Fisher-Snedecor) of equal variances was re-
jected at a of 0.05, a Mann-Whitney test was performed.

2.2.8 Histochemical Control Experiments
In the rat intestines also serotonin containing mucosal mast cells occur (15).
Therefore, in consecutive sections we compared serotonin-immunohistochemi-
cal staining patterns with the pattern obtained by staining with 0.5% toluidine
blue at pH 0.5 (5 days), which stains mucosal mast cells (16).
To discover which proportion of enteroendocrine cells could be identified by our
immunohistochemical approach, we stained serial sections immunohistochemi-
cally for serotonin and histochemically with the argyrophil silver impregnation
technique of Grimelius (17).

To find out whether any changes in crypt cell proliferation had been induced by
long term administration of BrdU, the animals from the group labeled continu-
ously for 73 days received a pulse dose of 0.75 jlCi/kg of ^H-thymidine (New
England Nuclear, s.a. 1 Ci/mmol) i.p. half an hour prior to termination. Auto-
radiography was performed on 2 |im sections of caecum. The slides were
covered with Ilford K2 emulsion (Ilford, UK) and developed after 3 weeks of
exposure with D76 (Kodak). Nuclei were counterstained with haematoxylin.
Total number of nuclei and the number of labeled nuclei in longitudinally
sectioned crypts were counted.
Our crypt cell model presupposes that the upper and lower crypt-cell compart-
ments contain an equal number of cells. To test this, in 5 experimental animals
the number of cells in the upper and lower half of 10 longitudinally sectioned
(1 Hm) crypts was counted, starting from the mid-part of the cryptbase, going up
along the right side of the crypt and ending with the surface epithelium exactly
between two adjacent crypts.

2.3 RESULTS

2.3.1 Histochemical Control experiments
Staining of sequential sections for mucosal mast cells and serotonin showed that
there was no overlap between mucosal mast cells and EC cells, which is
consistent with the literature (18). The majority of mast cells occurred in the
lamina propria, and few intraepithelial mast cells were mainly localized super-
ficially in the epithelial lining.
Grimelius staining showed more than 95% of the argyrophil cells to be im-
munoreactive for serotonin. EC cell distribution was remarkably constant, with
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Figure 1. BrdU-LI of EC cells as a function of time in the pulse-chase
experiment (mean and sld for each timepoint, n=3). a. LI for the whole
population of EC cells. **=p<0.05 (t-test), +=p<0.1 (Mann-Whitney), vs.
t=l hr. b. LI for EC cells in LC and UC separately. **=p<0.05, *=p<0.1
(t-test) vs. t=l hr. and [**]=p<0.05 (t-test) vs. t=48 hrs.

approximately 70% in the lower and 30% in the upper crypt segment, both
segments containing an equal total number of epithelial cells.
The percentage and distribution of •'H-thymidine labeled crypt cells in rats
treated for 73 days with BrdU did not differ from that observed in animals
initially receiving a pulse dose of BrdU. In both, the LI was approximately 15%
and labeled cells were only found in the lower crypt half (data not shown).
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These results indicate that our histochemical approach is reliable and that BrdU
does not significantly influence the proliferative behavior of intestinal epithelial
cells.

2.3.2 Pulse-chase experiment
The LI of EC cells one hour after flash labeling with BrdU was found to be 2.0%,
which represents the number of EC cells in S-phase, implying that a small
portion of EC cells in the rat caecum is capable of self-replication. As is shown
in Figure la, the LI increased to a maximum of 7.6% at 96 h (with a transient
wave in the first 24 h). In the lower crypt half the LI increased to 10% at 96 h,
but in the upper crypt half labeled cells did not appear until 48 h, gradually
increasing to a level of 7.0% after 192 hours. This increment continued while
the percentage of labeled cells in the lower crypt half was already decreasing
(Fig. lb).

2.3.3 Continuous labeling experiment
As shown in Figure 2a, continuous labeling resulted in a gradual linear increase
of the LI to approximately 65% after 16 days. Then the increment leveled off to
reach 80% after 73 days.
As in the pulse-chase experiment, labeling commenced in the lower half of the
mucosal crypt, followed by the upper crypt half after 24-48 hours of labeling.
Subsequently the rise in labeled cells for both parts of the crypt showed a gradual
increase and followed a parallel course (Fig. 2b).
The LI leveled off at the same timepoint for both the lower and upper crypt half,
but at different heights: the LI for the lower crypt half at this point was 65-70 %,
for the upper half 45-55 %. After 73 days of continuous labeling, the LI in the
lower crypt half was still higher than in the upper part of the crypts (84% vs.
71%).

2.3.4 Loss of labeled EC cells
4 days after continuous labeling for 31 days, the LI of EC cells was 65%.
Subsequently an almost linear decline in LI took place to 3.5 % after 16 days
(Fig. 3a). The LI in the lower mucosal half exceeded that of the upper half until
day 16, when the LI in the upper crypt half was 5% versus 2.6% in the lower half
(Fig. 3b).
The loss of labeled EC cells after labeling for 73 days is shown in Figure 4a. A
biphasic decline was found, the LI decreasing to 8.0% after 16 days and to 1.6%
after 30 days. The LI in the upper crypt half consistently remained higher than
in the lower crypt half (Fig. 4b).
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Figure 2. BrdU-LI of EC cells as a function of time in the
continuous labeling experiment (mean and std for each timepoint,
n=3). a. LI for the whole population of EC cells. **=p<0.05 vs.
t=0.5 day, [**]=p<0.05 vs. t=16,25 and 31 days (t-test). b. LI for
EC cells in LC and UC separately. **=p<0.05 (t-test), vs. t=0.5
day; [**]=p<0.05 (t-test) vs. t=25 and 31 days, [+]=p<0.1 (Mann-
Whitney) vs. t=16 days; [oo]=p<0.05 vs. t=16, 25 and 31 days
(t-test).
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Figure 3. Decrease of BrdU-LI of EC cells as a function of time
after continuously labeling for31 days (n= 1 for each timepoint).
a. LI for the whole population of EC cells, b. LI for EC cells in
LC and UC separately.
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Figure 4. Decrease of BrdU-LI of EC cells as a function
of time after continuously labeling for 73 days (mean
and std for each timepoint, n=3). a. LI for the whole
population of EC cells, b. LI for EC cells in LC and UC
separately. **=p<0.05 (t-test) vs. t= 16 days for LC; n.s.
for UC and the whole population (p<0.05 for all obser-
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2.4 DISCUSSION

The colonic crypt epithelium is considered to be renewed by proliferation in the
basal parts of the crypts and subsequent migration of newly formed epithelial
cells towards the surface, with concomittant differentiation. Conceivably, differ-
entiating cells might retain proliferative capability until terminally differen-
tiated.
The LI of 2% one hour after BrdU administration indicates that a minor portion
of EC cells has self-replicative capacity. This does not only apply to the large
intestine. Our group previously demonstrated similar low labeling indices of
serotonin-, gastrin-and somatostatin immunoreactive cells in rat gastric and
duodenal mucosa (19). Furthermore, mitotic activity in endocrine cells has been
reported (20,21).

The rise in LI of EC cells between 1 and 96 hours (Fig. la), after a BrdU pulse,
can be explained by recruitment from undifferentiated precursor cells, which
were in S-phase at the moment of pulse-labeling. The relatively sharp increase
in LI especially in the lower crypt half (Fig. lb), indicates that, as expected, these
immature precursors are located in the basal crypt regions. This is also supported
by the phase difference in labeling of EC cells between lower and upper crypt
half (Fig. 1 b), which indicates that renewal of EC cells is initiated in the lower
part of the mucosal crypt and that these cells migrate towards the mucosal
surface.
The EC cell population must remain in a dynamic steady state, in which every
lost EC cell is replaced by a newly formed EC cell. By continuous labeling, one
would expect a linear increase of the LI, lasting until practically all EC cells are
labeled. The bifasic pattern which was observed (Fig. 2a) can be explained by
assuming that there are at least two kinetically distinct subpopulations of EC
cells, as is schematically shown in Figure 5. One of these represents a fairly
rapidly renewing fraction of 60-65% of the EC cell population, reaching its
maximum LI and therefore having a renewal time of 16 days at the most; the
other is a relatively slowly renewing fraction, consisting of about 35-40% of the
EC cells with a renewal time of approximately 150 days. The possibility of two
kinetically distinct subpopulations of enteroendocrine cells has been considered
previously (22,23).

Studying the loss of labeled EC cells from the mucosa supports this notion. The
remaining 3.5% of labeled EC cells (Fig. 3a) 16 days after continuous labeling
for 31 days, presumably belongs to the compartment of slowly renewing cells,
because the rapidly renewing cells would have been replaced at this point. This
3.5% represents about 10% of the whole population (35-40%) of slowly renew-
ing EC cells. Theoretically the LI of slowly renewing EC cells would be 20%
after 31 days of continuous labeling, which would result in a renewal time of
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Figure 5. Hypothetical renewal of rat caecal EC cells (EC),
assuming a relatively rapidly (REC) and relatively slowly (SEC)
renewing fraction.

approximately 155 days for the whole population of slowly renewing EC cells,
as was also estimated from the continuous labeling experiment.
Similar inferences can be derived from studying the loss of labeled EC cells after
continuous labeling for 73 days. The decline of the LI is biphasic, comparable
to the increase during continuous labeling (Figs. 4a and 4b).
Summarizing the three labeling experiments, renewal of EC cells in the rat
caecum is a combination of self-replication and recruitment from proliferating
precursor cells, not (yet) belonging to the endocrine lineage. The population of
newly formed endocrine cells is subject to migration from basal parts of the
intestinal crypts towards the mucosal surface, where they probably die and are
shed into the gut lumen. In these aspects endocrine cells do not fundamentally
deviate from the other crypt-cell lineages. They do differ in the slower rate of
cell turnover, which for other cell types has been reported to take 2 to 4.6 days
(9,24). In this experiment, labeling of caecal crypt cells approached 100% after
continuous labeling for 96 hours.
The EC cell population in the rat caecum remains in a steady state, in which
always approximately 70% of the cells is located in the lower crypt half and 30%
in the upper part of the crypts. This pattern is surprising, given a constantly
renewing and migrating population as the EC cells are. The basal localization
has been considered to result from a slower turnover- and migration rate of the
endocrine lineage as compared to other cell types (22,25).
The data from our experiments offer an alternative explanation for the specific
mucosal distribution of enteroendocrine cells. During continuous labeling, the
LI in the lower crypt half always exceeds the LI in the upper crypt region (Fig.
2b). This implies that endocrine cells are lost during the process of migration
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along the crypt. Moreover, for labeling periods of 16 days or longer, one can
simply calculate that the absolute difference in labeled EC cells between upper
and lower crypt halves more or less accounts for the overall difference in EC
cells, whereas the unlabeled EC cells at these timepoints are roughly equally
distributed over upper and lower parts of the crypts. This implies that the loss of
endocrine cells mainly takes place in the relatively rapidly renewing population
and that the fairly slowly renewing fraction is evenly distributed over the crypts,
indicating that the EC cells with shorter turnover time represent the major
portion of migrating cells, whereas their slower renewing counterparts represent
a more static, resident population. Further search for morphologic, functional or
ontogenetic differences between these two kinetically distinct subpopulations of
EC cells is mandatory.

The loss of endocrine cells during migration, resulting in their characteristic
basal localization, can have various reasons. It could simply be accounted for by
extrusion of a part of the endocrine population into the crypt lumen before
reaching the mucosal surface. This is unlikely, for it has been demonstrated that
endocrine cells share the fate of the other cell lineages, which is cell death and
desquamation from the villus tip in the small intestine or between crypt mouths
in the large bowel (26-28).

We would favor an alternative explanation, namely that endocrine cells disap-
pear by differentiating into one of the other cell types. In this way, a fair portion
of the endocrine population would serve as precursor cells for the apparently
more differentiated goblet- and columnar cells. In this concept, the endocrine
phenotype would partly represent a transient phase during normal growth and
differentiation in intestinal epithelium. The existence of "amphicrine" cells,
containing both mucin and neurosecretory granules, in normal and neoplastic
intestinal epithelium (29), supports transitions between the various cell lineages.
In conclusion, EC cells in the rat caecum are renewed by combination of
self-replication and recruitment from primitive precursor cells. They are subject
to migration towards the mucosal surface. There appear to be two kinetically
distinct subpopulations, a relatively rapidly renewing fraction (60-65%) with a
turnover time of approximately 16 days and a relatively slowly renewing
fraction (35-40%) renewed in about 150 days.

The preferential basal localization in the intestinal crypts results from loss of
immunohistochemically identifiable EC cells during migration.
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3.1 INTRODUCTION

Normal colonic epithelium contains resorptive columnar cells, mucin producing
goblet cells and endocrine cells, which probably all originate from a common
endodermal stem cell located in the mucosal crypt base (1-6).
In gastrointestinal cancer, endocrine differentiation occurs relatively often (7).
The biological and clinical significance of endocrine differentiation in gastroin-
testinal neoplasia has not yet clearly been elucidated, although there have been
reports in the literature suggesting a poorer prognosis for tumors with endocrine
components as compared to non-endocrine tumors (8,9). In this respect, small
cell undifferentiated carcinomas or stem cell carcinomas (10,11), consisting of
primitive cells with endocrine features, form the most salient example of imma-
ture, highly aggressive endocrine tumors. This behavior might be explained
through growth regulatory effects of polypeptides and amines which might
influence tumorgrowth by para- or autocrine mechanisms (12,13). Alternatively,
endocrine cells might reflect the presence of a more immature and therefore
more aggressive tumor stem cell (14).
In vitro models might be used to study the factors which regulate endocrine
differentiation, the position of endocrine cells in the spectrum of intestinal
epithelial differentiation and the role of neurohormonal peptides in growth
regulation of colon cancer. Unfortunately, contrasting with the relatively high
prevalence of endocrine differentiation in colorectal tumors, most cell lines
derived from these tumors merely display columnar- and goblet cell charac-
teristics. Only sporadically a colon cancer cell line has been obtained with
endocrine differentiation, which exclusively occurred in vivo (15).
We studied growth and differentiation in the NCI-H716 cell line, which was
originally derived from a poorly differentiated adenocarcinoma of the caecum
(16). The cells were studied in vitro and in vivo as tumor xenografts in athymic
mice. DNA flowcytometry, karyotyping, immunohistochemistry using a panel
of differentiation related antibodies, Northern blot analysis and electronmicros-
copy, were used to characterize the tumor cells. Receptors for biogenic amines
and peptide hormones were quantitated by ligand binding assay.

3.2 MATERIALS AND METHODS

3.2.1 NCI-H716 cells
NCI-H716 cells, originally developed from a poorly differentiated caecal ade-
nocarcinoma, were obtained from the American Type Culture Collection
(ATCC, Rockville, Maryland, USA).
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3.2.2 Cell culture
Cells were cultured at 37°C in an atmosphere of air with 5% CO2. The medium
consisted of Dulbecco's modified Eagles' minimal essential medium (DMEM,
Flow Laboratories), either serumfree, supplemented with 10% fetal bovine
serum (FBS, Boehringer) or with 10% dialyzed FBS. Penicillin (100 IU/ml),
streptomycin (100 |ig/ml) and amphotericin B (2.5 |!g/ml) were added. The
culture medium was modified by addition of the differentiation inducing agents
sodiumbutyrate (NaBT, 2 mM), dimethylsulfoxide (DMSO, 2% v/v), dimethyl-
formamide (DMF, 1% v/v), retinoic acid (RA, 35 |lM) or phorbolmyristate
acetate (PMA, 10 ng/ml). Culture vials were either uncoated or coated with
soluble extracted type I, III and IV collagen, fibronectin and laminin (all 100
Jig/ml).

3.2.3 Xenografts
In vivo growth was investigated by injection of 3-5x10^ single tumor cells in
phosphate buffered saline (PBS) at various sites in female CD nu/nu mice aged
3-5 weeks (Charles River Wiga, Sulzfeld, Germany).

3.2.4 Cell and Tissue Processing
Cells growing in suspension were collected by aspiration; attached cells were
gently removed with a rubber cell scraper. After washing twice in icecold PBS,
cells were fixed in a mixture of ethanol 100%, formalin 36% and acetic acid 97%
(15:4:1 v/v), or in ethanol 70%. Cells were resuspended in 4% agarose gel, prior
to routine processing and paraffin embedding. Xenografts removed from nude
mice were fixed and processed similarly.

3.2.5 Immunocytochemistry
Paraffin sections (4 ujm) were stained with haematoxylin & eosin, Grimelius,
and periodic acid-Schiff with and without diastase pretreatment. For immunocy-
tochemistry, an indirect peroxidase labeled antibody technique was applied (17),
using a panel of markers identifying the four cell lineages in intestinal
epithelium (Table 1). As a positive control normal intestinal mucosa was chosen.
As negative controls primary polyclonal antibodies were replaced by normal
rabbit serum; primary monoclonal antibodies were omitted or replaced by
normal mouse serum. Negative controls were consistently negative.

3.2.6 Northern Blot Analysis
The expression of the chromogranin A gene in NCI-H716 cells grown in vitro
and in vivo was compared by Northern blot analysis of mRNA. RNA was
extracted (overnight, 0°C) from a subcutaneous (s.c.) xenograft tissue homo-
genate with 3 M LiCl/6 M ureum. After centrifugation (10000 rpm), RNA was
purified with a mixture of phenol, chloroform and isoamylalcohol (25:24:1 v/v)
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TABLE 1. Applied Antibodies (nature, source, type and dilution)

I. Intestinal Differentiation Markers
Paneth Cells Lysozyrae DAKO-pc-1:2500
Columnar Cells Villin Serotec-mc-l:1000

Secretory Component DAKO-pc-1:1000
Goblet Cells Mucin (Parlam 3/9») own lab-mc-1:1000/2000
Endocrine Cells Chromogranin A Hybritech-mc-1:12500

Synaptophysin Progen-mc-1:500
General Marker CEA (Parlam 4*>) own lab-mc-1:1000

II. 2nd Antibodies
Swine-anti-rabbit peroxidase DAKO-1:150
Rabbit-anti-mouse peroxidase DAKO-1:200

a Ref. 35; •> Ref. 36

and precipitated with 96 % ethanol. Lysis of tumor cells cultured in standard
conditions was performed with 0.65% NP40,10 mM vanadyl-ribonucleoside-
complex (GIBCO/BRL) in 10 mM Tris (pH 7.8), 0.15 M NaCl. After centrifu-
gation, 1 % SDS and 10 mM EDTA were added to the supernatant and RNA was
extracted and precipitated as described. RNA was size-fractionated by overnight
electroforesis at 1.5 V/cm in 1% agarose/6% formaldehyde gel in MOPS buffer
(20 mM 3-morphiline propanesulfonic acid, 5 mM sodiumacetate, 1 mM
EDTA) and transferred to Hybond-N+ filters. Chromogranin A mRNA was
detected with a 1.8 kb cDNA probe (clone pHCGA-4, ATCC). As positive
control RNA from a human pheochromocytoma was hybridized; RNA from
cultured HT-29 colon carcinoma cells was used as a negative control. Parallel
hybridization for 6 actin mRNA was performed as an internal standard for the
total amount of RNA, with a 1.3 kb cDNA probe (courtesy of Dr. T. Berkvens,
University of Leiden).
The Northern blots were prehybridized overnight at 42°C in 50% formamide,
1 M NaCl, 1% SDS, 10% dextran sulphate and 0.1 mg/ml denatured salmon
sperm DNA. For hybridization, denatured chromogranin A and |3 actin probes
radiolabeled with " P by the random primer method (18,19) were added. After
overnight incubation, the filters were washed in 2xSSC (2x15', RT), 2xSSC and
1 % SDS (2x15', 60°C). The filters were exposed to Kodak-XAR film, at -70°C
with an Ilford intensifying screen. Autoradiograms were scanned by laser
densitometry (Ultrascan 2202, LKB, Sweden). The relative amount of chromo-
granin A mRNA was calculated as the ratio of the densitometrically measured
hybridization signals of chromogranin A and p actin.
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3.2.7 Electron Microscopy
For electron microscopy, cells or tissues were fixed for 2 hours in 2.5% buffered
glutaraldehyde, postfixed during 1 hour in 1.0% osmiumtetroxide (both in 0.1
M phosphate buffer), dehydrated in graded ethanol series and embedded in
Epon. Ultrathin sections were stained with uranyl acetate and lead citrate.

3.2.8 DNA Flowcytometry
Cells were harvested and fixed in ethanol 70%. Nuclei were isolated in 0.25%
trypsin in Tris-citrate buffer (pH 7.6), stained with propidium iodide and ana-
lyzed on a FACS IV flow cytometer (Beckton & Dickinson, Sunnyvale, CA,
USA). As an internal standard, parallel DNA analysis of chicken and trout red
blood cells was performed.

3.2.9 Cytogenetics
Karyotyping of cells growing in suspension was performed on spontaneously
occurring metaphases. Cells were exposed to 0.075 M KC1 and fixed in three
changes of methanol/glacial acetic acid (3:1 v/v). Chromosomes were stained by
a Giemsa-trypsin-G-banding procedure.

3.2.10 Receptor Assay
Receptors for gastrin, serotonin and somatostatin were determined by radioli-
gand binding assay. For this purpose, gastrin (Sigma, St. Louis, USA) was
labeled with '" i carrier free Nal (specific activity (s.a.) 2000 Ci/mmol) by the
lodo-Gen method (Pierce Chemical Company, Rockford, 111., USA)(labeling
efficiency 25-30%) (20). Serotonin receptors were quantitated with tritiated
5-hydroxytryptamine creatinine sulphate (^H-5-HT, s.a. 12.3 Ci/mmol). Soma-
tostatin binding sites were assayed with ' ^1 lodo-Gen labeled somatostatin-14,
substituted at position 1 with a tyrosine residue. Isotopes were purchased from
Amersham International, UK.
Briefly, 10* tumor cells in 200 )j.l PBS were incubated for 2 hours at room
temperature with an equal volume of receptor stabilizing buffer (25 mM
HEPES, 2.5 mM MgCl2,5 mM KC1,137 mM NaCl, 0.7 mM NaHPC>4, 10 mM
glucose, pH 7.4) containing 10 nM radiolabeled ligand with or without a
1000-fold excess of unlabeled ligand. After washing 4x in this buffer, radioac-
tivity was determined with a yor P counter. The receptor content was calculated
from the amount of specifically bound radioligand, and expressed as the number
of binding sites per cell. Multi-point assays were performed for Scatchard plot
analysis, to determine the maximum number of binding sites and the dissocia-
tion constant (K<j) of the three ligands.
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3 3 RESULTS

3.3.1 Genotyping
By DNA flowcytometry and karyotyping NCI-H716 cells were aneuploid (Fig.
1 a), which was supported by karyotyping. The modal chromosome number was
55 chromosomes with up to 14 marker chromosomes (Fig. lb). All investigated
cells contained numerous double minute chromosomes. These findings closely
agree with the original description of the cell line (16).

3.3.2 Cell Culture
In vitro NCI-H716 cells grew in suspension as floating aggregates. Adherent
growth was achieved by coating culture surfaces with type IV collagen, which
resulted in cell-attachment and growth in sheets and three-dimensional cell
clusters (Fig. 2). Coating with type I or type III collagen, laminin or fibronectin
did not result in adherence.

3.3.3 Xenografts
Tumors developed in nude mice at several sites after latency periods of between
5 (s.c.) and 16 weeks (caecum). The highest take rate was achieved by inoculat-
ing the cells subcutaneously (Table 2). Historically, the tumors showed a solid
growth pattern with marked cytonuclear atypia, high mitotic activity and mod-
erate necrosis. Invasive growth in surrounding structures was observed in both
subcutaneous tumors and in the caecum (Fig. 3). Distant metastases were not
found.

3.3.4 Phenotyping
Histochemically, mucin production was detected in a moderate number of cells,
both in vivo and in vitro (Fig. 4). Endocrine differentiation, as reflected in
argyrophilia or chromogranin A and synaptophysin immunoreactivity, was
observed in less than 1% of the cells in vitro (in suspension and on type IV
collagen), but in more than 50% of the cells in xenografts (Colorplate 2, page
84). Neither addition of various differentiation inducing agents (21), nor cultur-
ing in serumfree conditions or with dialyzed serum enhanced endocrine differ-
entiation. Staining sections serially for mucins and chromogranin A showed
cells which expressed both antigens (Colorplate 2). This was confirmed by
electron microscopy: mucin vacuoles and neurosecretory granules (0 200 nm)
were found in separate cells but also together in the cytoplasm (Fig. 5). Stains
for Paneth cells (lysozyme), columnar cells (villin, SC) and CEA (Parlam 4)
were consistently negative.
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Figure 2. Phase-contrast micrograph of NCI-H716 cells in vitro. The
cells which normally grow in suspension, can adhere to substrate coated
with 100 Hg/ml soluble extracted type IV collagen (bar = 30 urn).

TABLE 2. Xenografting (Female CD nu/nu mice, 3-5 weeks old, 3-5x10* cells/site)

Inoculation site

s.c.
Caecum

Spleen

Caecum

Spleen

Time (wks.)

5-8
8
8
16
16

No. of animals

6
4
4
2
2

No. of tumors

6
0
0
1
0

3.3.5 Northern Blot Analysis
The cDNA probe for human chromogranin A weakly hybridized with RNA of
NCI-H716 cells in vitro. On RNA, extracted from a s.c. xenograft of NCI-H716
and from a human pheochromocytoma, an intense signal was obtained: a 2.1 kb
sequence was detected, corresponding with the expected size of chromogranin
A mRNA (22). In vivo the chromogranin A/B actin mRNA ratio, as determined
by densitometry, increased about ten-fold (Fig. 6). The non-endocrine colon
carcinoma cell line HT-29 was negative.
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Figure 3. Nude mice xenogratts of NCI-H716. The cells form solid
tumors without gland formation. Invasive growth can be noted in
surrounding striated muscle in a subcutaneous tumor (a) and in the
mucosal lamina propria in a caecal intramural xenograft (b) (H&E, bar
= 30 urn (a) and 60 urn (b)).
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Figure 4. Mucin production in NCI-H716 cells in vitro (a) and in vivo (b).
Cells show strong cytoplasmic staining with a mixture of Parlam 3 and 9
monoclonal antibodies, detecting a 87 kD protein moiety of goblet cell mucin
glycoproteins in intestinal and colonic mucosa (Verstijnen et al. 1989)
(indirect immunoperoxidase with DAB, bar = 30 urn).
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Figure 5. Transmission electron microscopy of an amphicrine
NCI-H716 cell, containing both mucin vacuoles (mv) and dense-
core secretory granules (dcg). a. Overview (bar = 1.2 Jim) b. Detail
of inset in a. (bar = 340 nm).
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Figure 6. Comparison of chromogranin A mRNA expression
in NCI-H716 cells growing in vitro under standard conditions
and in a subcutaneous xenograft. a. Northern blots hybridized
with 32p labeled cDNA probes for chromogranin A and 8
actin. A human pheochromocytoma was used as a positive
control; HT-29 colon carcinoma cells as a negative control.
Hybridization for (i actin was performed as an internal standard
for the amount of RNA. b. Densitometric quantification of the
amount of chromogranin A mRNA (CGA), corrected for the
amount of p actin mRNA. The CGA/p actin mRNA ratio is
given as percentage of the control (pheochromocytoma 100%,
HT-29 0%). The amount of mRNA for chromogranin A in
NCI-H716 cells shows an approximate 10-fold increase in
vivo vs. in vitro.
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Scatchard plot NCI-H716
Somatoatatin receptor determination
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Figure 7. Representative Scatchard plot analysis for binding
of '^I-Tyr'-Somatostatin-I4 to NCI-H716 cells. In this
experiment the Bmax was 1.8x10* binding sites/cell, with a
KdOf0.73nM.

3.3.6 Neurohormonal Receptors
NC1-H716 cells contained considerable amounts of high affinity receptors for
gastrin (mean: 5.2x10^ binding sites/cell, Kj 3.6 nM), serotonin (mean: 5.2x 10*
binding sites/cell, Kj 4.9 nM) and somatostatin (mean: 2.2x10* binding
sites/cell, K<j 0.75 nM) (Fig. 7).

3.4 DISCUSSION

In the colorectum a spectrum of tumors with endocrine differentiation occurs.
Endocrine features are characteristic of relatively benign carcinoid tumors but
also occur in poorly differentiated, aggressive small cell undifferentiated carci-
nomas (23). As an intermediate group, adenocarcinomas with endocrine tumor
cells occur, which account for + 30% of colorectal carcinomas (24).
The significance of endocrine differentiation in colorectal neoplasia has not
been unambiguously established. Some reports indicate a poorer prognosis for
this subset of tumors (8,9). This might be explained by assuming that carcinomas
with endocrine differentiation arise from a more immature and therefore more
aggressive tumor stem cell. An alternative possibility might be autocrine growth
stimulating effects of polypeptides and amines produced by the endocrine cell
population.
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The tumor stem cell theory is based upon the biology of enteroendocrine cells
in normal mucosa. In intestinal crypts, endocrine cells mainly occur in a basal
position, adjoining the proposed location of intestinal stem cells (25,26), which
suggests that they are relatively immature. Also, the occurrence of multiple lines
of differentiation in a carcinoma suggests pluripotentiality and therefore relative
immaturity of the tumor stem cell.
That the growth of normal and neoplastic gastrointestinal epithelial cells is
regulated by neurohormonal peptides and biogenic amines has been conclu-
sively demonstrated in several reports (27-31). Both stimulatory (gastrin, sero-
tonin) and inhibitory (somatostatin) effects have been claimed.
To definitively clarify the relevance of endocrine differentiation in colorectal
cancer, combined clinical and basic research is needed, which requires well
documented patient trials as well as defined tumor models. The latter depends
on the availability of in vitro cell systems. However, contrasting with the
relatively high prevalence of endocrine features in colorectal carcinomas in
vivo, cell lines derived from colorectal carcinomas with endocrine differentia-
tion are extremely rare. So far, the only established tumor cell line displaying
endocrine characteristics is the HRA-19 cell line, which was derived from a
rectal adenocarcinoma (15). This cell line can be induced to differentiate into
columnar, goblet and endocrine direction. Endocrine cells in this cell line occur
only in tumor xenografts in immunedeficient mice, and not in vitro. This finding
indicates that (putatively stromal) host factors induce endocrine differentiation
in vivo.

Our studies show that NCI-H716 cells display limited endocrine differentiation
in vitro, which can be highly increased by xenografting the cells. Chromogranin
A expression as a parameter for endocrine differentiation was detected both at
the protein level by immunohistochemistry and at the mRNA level by Northern
blot analysis, and demonstrated that enhanced endocrine differentiation is not
merely a matter of increased peptide storage but also of increased gene expres-
sion. The possibility that rate limiting growth conditions in xenografts induce
endocrine differentiation was ruled out by culturing the cells in proliferation
restricting conditions (e.g. in medium with dialyzed serum or in serumfree
medium). This led to reduced growth (data not shown) but not to augmented
endocrine differentiation. We propose that interactions between tumor cells and
stroma in vivo play an important role. This fits with the ability of NCI-H716
cells to adhere to extracted solubilized extracellular matrix components such as
type IV collagen. However, the induction of endocrine differentiation must
involve complex interactions, because individual extracellular matrix com-
ponents did not induce endocrine differentiation.
NCI-H716 cells were found to produce mucin, more or less constantly, regard-
less of the growth conditions. Immunohistochemical and electron microscopical
studies disclosed amphicrine cells, which combined exo- and endocrine differ-
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entiation as described previously (32-34). This finding lends credit to the theory
of transitional differentiation from one intestinal epithelial cell type into another

(14).
We found NCI-H716 cells to contain considerable amounts of high affinity
binding sites for gastrin, somatostatin and serotonin. These neurohormonal
substances have been implicated in regulation of gastrointestinal epithelial
growth. Models enabling investigations of cellular growth modulation by gut
peptides and biogenic amines are scarce. Therefore, NCI-H716 cells constitute
a valuable tool for studies concerning the function of neurohormonal substances
in modulation of colorectal cancer growth.
In summary, NCI-H716 cells comprise undifferentiated, endocrine, mucin-pro-
ducing and amphicrine cells, with plasma membrane receptors for gastrin,
somatostatin and serotonin. Endocrine differentiation is increased in vivo, sug-
gesting a role for stromal components in inducing the endocrine phenotype.
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7 6 Endocrine Differentiation in Colorectal Cancer

4.1 INTRODUCTION

Normal colonic epithelium contains columnar cells, goblet cells and endocrine
cells (ECs), which are all considered to be the progeny of acommon endodermal
stem cell, presumed to reside in the mucosal crypt base (1-7). ECs in the
intestines have been widely studied for their role in maintaining gut functions,
through production and secretion of a wide array of polypeptide hormones and
biogenic amines (8-10). Comparatively little is known on the role of ECs and
their synthesis products in regulating intestinal growth (11) and on the position
occupied by ECs in the spectrum of intestinal differentiation (12). The potential
relevance of endocrine cells for the regulation of growth and differentiation in
the normal epithelium also has a bearing on neoplasia. In the large intestine,
endocrine differentiation in tumors covers a spectrum, ranging from highly
differentiated, relatively indolent carcinoid tumors to poorly differentiated,
extremely aggressive small cell undifferentiated carcinomas (13,14), via a het-
erogeneous group of combined exo- and endocrine tumors, including adeno-
carcinomas, which in ± 30% of cases contain scattered endocrine tumor cells
(15). Although tumors with endocrine differentiation might have a relatively
poor prognosis (16-18), this matter has not been completely resolved. A more
aggressive behavior could be related to a relatively low differentiation level of
endocrine cells (19), or to secretion of growth regulating neurohormonal pep-
tides by endocrine tumor cells (20).
To study the biological relevance of endocrine differentiation in adenocarci-
nomas, in vitro models are needed. However, endocrine characteristics in
colorectal tumor cell lines are rare and have mainly been found in xenografts
(21). This suggests a role for extracellular matrix in generating endocrine
features. From embryological studies it is known that the development of
intestinal endocrine cells depends on contact between epithelium and appro-
priate mesenchyme (22). Epithelial-stromal interactions conceivably may also
be necessary for the induction of the endocrine phenotype in tumor cells. This
hypothesis was studied in the NCI-H716 cell line, derived from ascitic fluid of
a patient with a poorly differentiated caecal adenocarcinoma (23). In the original
description of the cell line, endocrine differentiation was demonstrated by
DOPA-decarboxylase activity and dense core secretory granules. Commonly
occurring colorectal tumor markers such as CA 19-9, TAG-72 and CEA were
absent. We recently further characterized this cell line, and in addition to
endocrine characteristics, also identified mucin production and the presence of
high affinity receptors for several neurohormones, which makes the cell line
NCI-H716 a suitable model to study endocrine differentiation in colorectal
adenocarcinomas (24). In the current study we compared endocrine differentia-
tion in vivo and in vitro and attempted to identify the factors governing the
expression of the endocrine phenotype in vitro. As parameter for endocrine
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differentiation, we studied expression of chromogranin A (CGA), a 75-85 kD
soluble monomeric acidic protein present in neurosecretory granules of practi-
cally all neuroendocrine cell types, and currently the most sensitive marker for
endocrine differentiation in normal and neoplastic tissue (25).

4.2 Materials and Methods

4.2.1 Tumor cells
NCI-H716 cells were obtained from the American Type Culture Collection
(ATCC, Rockville, Maryland, USA).

4.2.2 In vitro studies
Cells were cultured in 25 cm flasks or 6-well plates (Costar) at 37°C in an
atmosphere of air with 5% CO2. The culture medium consisted of Dulbecco's
modified Eagles' minimal essential medium (DMEM, Flow Laboratories),
either serumfree, with 10% fetal bovine serum (FBS, Boehringer) or 10%
dialyzed FBS, supplemented with penicillin (100 IU/ml), streptomycin (100
(ig/ml) and fungizone (2.5 |lg/ml). Culturing conditions were modified by
addition of the differentiation inducing agents sodiumbutyrate (NaBT, 2 mM),
dimethylsulfoxide (DMSO, 2% v/v), dimethylformamide (DMF, 1 % v/v), trans-
retinoic acid (RA, 35 u,M) or phorbolmyristate acetate (PMA, 10 ng/ml).
(DMSO was obtained from Merck, Darmstadt, Germany; all other chemicals
from Sigma, St. Louis, USA).
Furthermore, cells were cultured in fibroblast conditioned medium and in
serumfree, defined medium (DMEM with hydrocortisone 50 nM, insulin 5
|lg/ml, transferrin 5 flg/ml, sodiumselenite 5 nM, ethanolamine 100 flM,
putrescine 1 jiM, spermidine 4 U.M, spermine 4 | iM and 0 .1% bovine serum
albumin) in the presence or absence of basic fibroblast growth factor (bFGF, 10
ng/ml) and transforming growth factor (} (TGFp\ 1 ng/ml).
The culturing substrate was modified by coating vials with soluble extracted
extracellular matrix components (types I, III and IV collagen, fibronectin,
laminin and heparan sulphate proteoglycan (HSPG), all 100 ^ig/ml). Cell adhe-
sion to type IV collagen was further analyzed by culturing cells in calcium and
magnesium free medium, and by pretreating coated surfaces with a polyclonal
rabbit anti-type IV collagen antibody (produced in our laboratory (26)) and with
110mMdithiotreitol(DTT)or 120 mMiodoacetamide (Sigma, St. Louis, USA).
In addition the cells were cultured on amnion membranes and on various
mesenchymal substrates. Amnion membranes were stripped by washing in 1 M
sodiumchloride (NaCl), 2 mM N-ethylmaleimide (NEM), 20 mM ethylenedi-
aminetetraacetic acid (EDTA) and 4% deoxycholate and by scraping with a
rubber policeman. Lamina propria was prepared from fragments of colon mu-
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cosa obtained from fresh colectomy specimens, by removal of the crypt
epithelium with 1 mM EDTA/1 mM EGTA/0.5 mM DTT in phosphate buffered
saline (PBS) as described by Whitehead et al.(27). Several types of human
fibroblasts were used as feeder layers for the tumor cells: adult fibroblasts,
explained from dermis of human skin obtained at autopsy, fetal fibroblasts,
explained from umbilical cord and embryonal fibroblasts, purchased from the
ATCC. Fetal rat mesenchymal cells were isolated from the intestines of 16d. old
Lewis rat fetuses (28). Also, tumor cells were grown on surfaces conditioned by
confluent layers of fibroblasts, after removal of the fibroblasts with 25 mM
NH40H.

Three-dimensional culturing was performed in two types of extracellular matrix
gels. Vitrogen 100, a gel made from purified, pepsin-solubilized bovine dermal
collagen, consisting of 95-98% type I collagen and 2-5% type III collagen, was
purchased from the Collagen Corporation, Palo Alto, CA, USA.
Basement membrane Matrigel, a solubilized basement membrane preparation
containing laminin, type IV collagen, heparan sulphate proteoglycans, entactin,
nidogen and several growth factors (TGFJ3, FGF, TPA etc.), was purchased from
Collaborative Research Incorporated, Bedford, Mass., USA.

4.2.3 In vivo studies
Immunedeficient female CD nu/nu mice (Charles River Wiga, Sulzfeld, Ger-
many), aged 3-5 weeks, were inoculated in the dorsal subcutis (n=6) or in the
wall of the caecum (n=6) with suspensions of 3-5 x 10̂  single tumor cells in
phosphate buffered saline (PBS).

4.2.4 Cell and tissue processing
Cells growing in suspension were collected by aspiration; attached cells were
removed by gentle cellscraping. After washing twice in icecold PBS, cells were
immersed (3 hrs., 4°C) in fixative containing ethanol (100%), formalin (36%)
and glacial acetic acid (97%) (15:4:1 v/v). Cells were resuspendedin4% agarose
gel prior to routine tissue processing and paraffin embedding. Xenografts re-
moved from nude mice were fixed and processed similarly. For assay of cell
surface receptor molecules, cytocentrifuge preparations of cultured tumor cells
were prepared on poly-L-lysine coated slides and fixed in 1:1 (v/v)
methanol/acetone (10 min, -20°C).

4.2.5 Immunocytochemistry
Paraffin sections (4 [im) were immunocytochemically stained, by a standard
indirect immunoperoxidase technique as previously described (29). Endocrine
differentiation was identified with a monoclonal antibody against human CGA
(LK.2H10 (30), Hybritech). The presence of cell adhesion molecules was de-
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TABLE 1. Applied Antibodies (Antigen, Clone, Source, Type and Dilution)

Specificity

I. Endocrine differentiation
-Chromogranin A

II. Intercellular Adhesion
-L-CAM

III. Integrin receptors
-<X2 (VLA2)

-<x3 (VLA3)

-a6 (VLA6)

-P3

IV. Secondary Antibodies
-Rabbit-anti-mouse HRP

-Rabbit-anti-rat HRP

Antibody

LK2H10 (Hybritech-mouse me-1:12500)

6F9 (Eurodiagnostics-mouse me-1:80)

Thromb/4-CLB '-mouse me-1:10
1143-CLB-mouse mc-l:10
G0H3-CLB-ratmc-l:10
Cl 7-CLB-mouse me-1:10

DAKOp270-1:200

DAKOpl62-l:100

'Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam.

tected with a panel of antibodies recognizing integrin receptor molecules and
L-CAM (Table 1).
Paraffin embedded or frozen sections of normal colonic mucosa were chosen as
appropriate positive controls. As negative controls primary monoclonal antibo-
dies were omitted or replaced by normal mouse serum. Negative controls were
consistently negative.

4.2.6 Quantification and Statistical Analysis
Immunohistochemical expression of CGA in NCI-H716 cells grown in various
culturing conditions was compared with control cells, grown in suspension or
attached to type IV collagen. A readily apparent increase in the fraction of CGA
immunoreactive cells was semiquantitatively scored, as indicated in Table 2 and
illustrated in Figure 4. Experiments were performed at least in triplicate. The
effect of bFGF on CGA immunoreactivity was compared with control cells, and
evaluated by counting CGA immunoreactivity in 2x10^ cells per experiment
(n=3). These data were statistically analyzed by t-test for independent groups
with separate variances.
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TABLE 2. Effect of Substrate on Endocrine Differentiation

Substrate Adhesion'

Coll.IV
Coll.I/III
Laminin

Coll.IV/Laminin
Fibronectin

HSPG
Coll.IV/HSPG
Fibroblasts

Colon ECM
Amnion
Vitrogen 100
BM Matngel

+
-
-
+
-
-
+
+
+
+
0
0

'Adhesion: - = no, + = yes, 0 = not applicable; ^CGA: Immunohistochemical Chromogranin

A expression; - = no increase compared to standard culture; + = increased, <50% of cells

positive; ++= increased, >50% of cells positive

4.2.7 Northern Blot Analysis
The expression of the chromogranin A gene in NCI-H716 cells grown in vitro
and in vivo was compared by Northern blot analysis of mRNA. RNA was
extracted (overnight, 0°C) from a subcutaneous (s.c.) xenograft tissue homo-
genate with 3 M LiCl/6 M ureum. After centrifugation (10000 rpm), RNA was
purified with a mixture of phenol, chloroform, and isoamylalcohol (25:24:1 v/v)
and precipitated with 96% ethanol. Lysis of tumor cells cultured in standard
conditions was performed with 0.65% NP40,10 mM vanadyl-ribonucleoside-
complex (GIBCO/BRL) in 10 mM Tris (pH 7.8), 0.15 M NaCl. After centrifu-
gation, 1 % SDS and 10 mM EDTA were added to the supernatant and RNA was
extracted and precipitated as described. RNA was size-fractionated by overnight
electrophoresis at 1.5 V/cm in 1 % agarose/6% formaldehyde gel in MOPS buffer
(20 mM 3-morphiline propanesulfonic acid, 5 mM sodiumacetate, 1 mM
EDTA) and transferred to Hybond-N+ filters. Chromogranin A mRNA was
detected with a 1.8 kb cDNA probe (clone pHCG-A, ATCC). As a positive
control RNA from a human pheochromocytoma was hybridized; RNA from
cultured HT-29 colon carcinoma cells was used as a negative control. Parallel
hybridization for P actin mRNA was performed as an internal standard for the
total amount of RNA, with a 1.3 kb cDNA probe (courtesy of Dr. T. Berkvens,
University of Leiden).
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PLATE 1. Double indirect immunofluorescence staining of rat caecum for 5-bromo-2'-deox-
yuridine (BrdU) positive nuclei (TRITC fluorescence, red), and serotonin containing enter-
ochromaffin (EC) cells (FITC fluorescence, green), a. BrdU-negative EC cell, b. BrdU-posi-
tive EC cell. (Arrows, bar=5 Jim).
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The Northern blots were prehybridized overnight at 42°C in 50% formamide, 1
MNaCl, 1%SDS, 10%dextran sulphate and O.lmg/ml denatured salmon sperm
DNA. For hybridization, denatured chromogranin A and P actin probes radi-
olabeled with ^ P by the random primer method (31,32) were added. After
overnight incubation, the filters were washed in 2xSSC (2x15', RT), 2xSSC and
1% SDS (2x15', 60°C). The filters were exposed to Kodak-XAR film, at -70°C
with an Ilford intensifying screen. Autoradiograms were scanned by laserdensi-
tometry (Ultrascan 2202, LKB, Sweden). The relative amount of chromogranin
A mRNA was calculated as the ratio of the densitometrically measured hybrid-
ization signals of chromogranin A and (3 actin.

4.2.8 Electron microscopy
Cells or tissues were fixed for 2 hrs. in 0.1 M phosphate buffered 2.5%
glutaraldehyde, postfixed (1 hr.) in 0.1 M phosphate buffered 1% osmium-
tetroxide, dehydrated in graded ethanol series and embedded in Epon. Ultrathin
sections were stained with uranyl acetate and lead citrate.
To study the interaction between NCI-H716 cells and fibroblasts, co-cultures of
confluent fibroblast feeder-layers and tumor cells were grown on Thermanox
coverslips (Nunc Inc., Naperville, 111., USA), and processed accordingly.

4.3 Results

4.3.1 Cell culture
NCI-H716 cells in vitro grew in suspension as floating aggregates. Adherent
growth could be achieved by coating the culture vessels with type IV collagen,
which resulted in cell attachment and growth in sheets and three-dimensional
cell clusters. This interaction with type IV collagen appeared to be Ca^ and
Mg * dependent. Treatment of type IV collagen coated surfaces with a poly-
clonal rabbit anti-type IV collagen antibody did not block cell adhesion. This
antibody is directed against epitopes in the triple helix domain and is im-
munoreactive with reduced and non-reduced type IV collagen (26). Reduction
of type IV collagen with 110 mM DTT and 120 mM iodoacetamide, abolished
cell adhesion, although type IV collagen immunoreactivity could still be demon-
strated on the coated surface. This indicates that cell adhesion is mediated by the
globular carboxy-terminal domain of the type IV collagen molecule, where
disulfide bonds are present to stabilize the associations between collagen
molecules (33,34).

Coating of culturing vessels with type I or III collagen, laminin, fibronectin or
HSPG did not result in cell adhesion. Culturing on the basement membrane side
of stripped amnion membranes resulted in good attachment of the cells. Mod-
erate attachment was observed on extracellular matrix prepared from colonic
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Figure 1. a. Selective adherence of NCI-H716 cells to feeder
layers of fibroblasts. This specific interaction occurs independent
of the type of fibroblasts. No attachment is observed to the
fibroblast-free culturing surface (bar = 60 um). b. Transmission
electron micrograph demonstrating the close intercellular contact
between a NCI-H7I6 tumor cell (TC) and a fibroblast (F). The
contact is of a non-junctional type. No extracellular matrix is
deposited at the intercellular interface, (bar = 420 nm).

mucosa. When cells were grown on feeder-layers of fetal rat mesenchyme and
various types of human fibroblasts (irrespective of type), this resulted in firm
and selective adherence to the mesenchymal cells (Fig. la). NCI-H716 cell
attachment was also observed on surfaces conditioned by fibroblasts. Ultrastruc-
tural observations demonstrated close cell contacts of a non-junctional type
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PLATE 2. Endocrine differentiation in NCI-H716 cells growing in vitro (in suspension/at-
tached to type IV collagen, (a & c)) and in vivo (in a subcutaneous xenograft, (b & d)), as
expressed by immunoreactivity for chromogranin A (a & b) and synaptophysin (c & d).
Endocrine differentiation in NCI-H716 cells greatly increases in vivo (indirect immunoperox-
idase with DAB, bar = 30 urn (a&b) and 24 jxm (c&d)).
Serial paraffin sections (2 urn) of a NCI-H716caecal intramural xenograft stained immuno-
histochemically for chromogranin A (e) and Parlam 3/9 (f), identifying "amphicrine" cells,
with expression of both endo- and exocrine markers, e. Indirect immunoperoxidase with DAB,
(bar = 18 |im). f. Indirect alkaline phosphatase with Vector Red (Vector Laboratories,
Burlingame, USA) (bar = 18 (im).
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between NCI-H716 cells and mesenchymal cells (Fig. lb). Similar close con-
tacts were also seen between tumor cells and these appeared to increase in
number when they were cultured on feeder-layers of fibroblasts. No extracellu-
lar matrix components appeared to be deposited at the interface between
epithelial and mesenchymal cells.
NCI-H716 cells grown in suspension showed a low level of L-CAM (E-cad-
herin, uvomorulin (35)) expression on the plasma membrane. L-CAM expres-
sion increased by culturing on amnion membranes (Fig. 2a), indicating an
increase in intercellular adhesion. Integrin immunoreactivity was found inde-
pendent of culturing conditions. The cells strongly expressed a 2 p l (Fig. 2b),
which has been shown to be a cell surface receptor for collagen types I, II, III
and IV (36-39) or for both collagen and laminin, depending on the cell type
(40,41). a3pM, a receptor for collagen, laminin and fibronectin (42), was only
weakly expressed. (33 integrin receptors, interactive with several ligands (e.g.
vitronectin, fibrinogen, thrombospondin (43)), were also strongly expressed.
NC1-H716 cells did not express a6pM, which has been identified as laminin
receptor (44).

4.3.2 Xenografts
All 6 mice inoculated subcutaneously (s.c.) developed tumors after an average
period of 5 weeks. Of the 6 mice inoculated intracaecally, 4 were sacrificed after
8 weeks but did not show tumorgrowth. The remaining 2 mice were sacrificed
after 16 weeks and showed tumorgrowth in one case. Histology of subcutaneous
and intracaecal xenografts was identical, showing a poorly differentiated adeno-
carcinoma (Colorplate 3, page 101).

4.3.3 Phenotyping
Endocrine differentiation was demonstrated by immunostaining for CGA, and
by electron microscopy (dense core neurosecretory granules, 0 approximately
200 nm) (Fig. 3). CGA expression was sporadically observed in cells growing
in suspension (< 1 % of the cells) but was strongly enhanced in xenografts (>50%
of the cells) (Colorplate 3). Modifications of the culture medium did not lead to
induction of the endocrine phenotype. In proliferation restricting conditions
(medium with dialyzed serum or serumfree medium), cell growth was clearly
impaired but this was not associated with altered CGA expression.
Endocrine characteristics were considerably enhanced by culturing on fibro-
blasts, colonic mucosal lamina propria and amnion (Colorplate 3) (Table 2).
Cell-adhesion to type IV collagen alone or in combination with laminin did not
lead to enhanced endocrine differentiation, whereas adhesion to a combination
of type IV collagen and HSPG resulted in significant increase of CGA im-
munoreactivity (Colorplate 3). Neither adhesion to surfaces conditioned by
fibroblasts nor culturing in fibroblast-conditioned media caused any induction
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I
Figure 2. Expression of cell-cell and cell-stromal adhesion
molecules, a. Membranous intercellular expression of L-CAM
(arrows) on NCI-H716 cells cultured on amnion membranes, b.
Strong expression of the a2|il (VLA2) integrin receptor in a
similar pattern, (indirect immunoperoxidase with DAB, bars =
25 urn).

of endocrine differentiation. Endocrine features were slightly increased by
culturing in Vitrogen 100 and strongly by culturing in basement membrane
Matrigel (Colorplate 3). When cells were cultured on type IV collagen coated
surfaces in defined serumfree medium, addition of bFGF (10 ng/ml) resulted in
enhanced endocrine differentiation (Fig. 4), whereas TGFP had no effect.
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Figure 3. Transmission electron micrograph of a
NCI-H716 cell containing a cluster of dense-core
secretory granules with an average diameter of
200 nm (arrow)(bar = 200 nm).

NCI - H 7 1 6

CONTROL bFGF

• p < 0.05

Figure 4. Increased immunohistochemical expression of
chromogranin A in NCI-H716 cells cultured for 5 days on type
IV collagen coated surfaces in defined, serumfree medium
with bFGF (10 ng/ml), as compared to control cells. Bars
represent the mean percentage and standard deviation of
chromogranin A positive cells in three experiments. (p<0.05;
t-test for independent groups with separate variances).



SS Endocrine Differentiation in Colorectal Cancer

4.3.4 Northern Blot Analysis
As reported previously (24), the cDNA probe for human CGA strongly hy-
bridized with RNA extracted from a s.c. xenograft of NCI-H716 and from the
human pheochromocytoma. A sequence of approximately 2.1 kb was detected,
which is the expected size of the messenger (45). Only a weak signal was found
in RNA from cultured NCI-H716 cells, whereas the non-endocrine colon cancer
cell line HT-29 was negative. The CGA/P actin mRNA ratio in vivo showed an
approximately ten-fold increase compared with cultured cells (Fig. 5).

a:

O)

•• 1

CGA -

B Actin -

- CONTROLS-

Figure 5. Northern blot analysis. Comparison of chromogranin A (CGA) mRNA expression
in NCI-H716 cells growing in vitro under standard conditions and in a subcutaneous
xenograft. A human pheochromocytoma was used as a positive control (+); HT-29 colon
carcinoma cells as a negative control (-). Hybridization for (3 actin was performed as an internal
standard for the amount of RNA. Bars represent densitometric quantification of CGA mRNA,
corrected for B actin mRNA (CGA: B actin ratio). The amount ofmRNA for CGA in NCI-H716
cells shows an approximate 10-fold increase in vivo vs. in vitro.



CHAPTER 4 89

4.4 Discussion

For the study of endocrine differentiation in normal and neoplastic intestinal
epithelium in vitro models are indispensable. Colorectal adenocarcinoma cell
lines with endocrine differentiation are extremely rare, despite the relatively
high incidence of endocrine differentiation in colorectal adenocarcinomas (46).
Apart from the NCI-H716 cell line, derived from a poorly differentiated caecal
adenocarcinoma with endocrine characteristics (23), the only other adenocarci-
noma cell line of human origin convincingly demonstrating endocrine features
is the HRA-19 cell line, which was derived from a moderately differentiated
rectal adenocarcinoma (21). This cell line contains cells of each of the three large
intestinal lineages (5), making it an attractive model to study differentiation in
colorectal epithelium. However, endocrine cells are only encountered in HRA-
19 xenografts in nude mice, suggesting that some factor present in vivo may be
necessary to induce the endocrine phenotype. Recently, it was shown that
endocrine differentiation of HRA-19 cells in xenografts depends on direct
contact between tumor cells and host stromal cells (47). In both murine and
human cells systems, extracellular matrix components have been demonstrated
to play an important role on intestinal epithelial differentiation (22,48-50).
Similar results have been obtained from embryologie studies involving recom-
bination of embryonal intestinal epithelium with mesenchyme from various
parts of the developing intestine (51,52). These studies have demonstrated a
leading role for mesenchyme on the evolution of the endocrine phenotype.
Endocrine differentiation can be induced when epithelium is recombined with
the appropriate type of mesenchyme.
The present studies on NCI-H716 cells primarily focussed on the mechanisms
involved in the induction of endocrine differentiation. Interestingly, as in the
HRA-19 model, expression of a general neuroendocrine marker was signifi-
cantly more intense in xenografts than in cultured cells, suggesting a role for the
extracellular matrix or mesenchymal stroma in induction of the endocrine
phenotype. We tested this hypothesis by performing differentiation induction
experiments in vitro. The main purpose was to identify which factor(s) would
be capable of enhancing endocrine differentiation in vitro. In the experiments
either the culture medium was modified, by adding differentiation inducing
agents, or the culturing substrate was modified to expose several extracellular
matrix components.
None of the agents which are known to induce differentiation in colon cancer
cell lines augmented endocrine differentiation. Growth restriction did not lead
to altered differentiation either.
The experimental modifications of the culturing substrate indicate that cell-ad-
hesion is a prerequisite for induction of the endocrine phenotype. When cells
were seeded on surfaces coated with type I/III collagen, laminin, fibronectin or
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HSPG, the lack of cell adhesion was parallelled by the absence of phenotypical
changes. However, cell-adhesion to an individual extracellular matrix com-
ponent alone also failed to induce endocrine differentiation. On type IV col-
lagen, NCI-H716 cells did adhere, but did not show significant increase of
endocrine characteristics. The cells also adhered to a combination of type IV
collagen and laminin, but enhanced endocrine differentiation was not seen. In
combination with the absence of the a6p 1 laminin receptor on NCI-H716 cells,
this finding does not substantiate a major role for laminin in the induction of
endocrine differentiation.
However, growth on surfaces coated with a combination of type IV collagen and
HSPG resulted in both adhesion and induction of endocrine characteristics.
Apparently, type IV collagen is necessary for cell-adhesion and HSPG induces
differentiation. Contrasting with individual ECM components, endocrine differ-
entiation was found to be highly stimulated by cell growth on intact, naturally
occurring stroma (amnionic membranes, stripped colonic mucosa, fibroblasts).
This indicates a role for cell surface adhesion molecules in mediating the
induction of endocrine differention. Extracellular matrix receptors differ from
other cell-surface receptors (e.g. peptide hormone receptors) in their lower
binding affinity, and much higher concentration at the cell- surface (53). There-
fore these receptors probably cooperate in binding cells to combinations of
matrix ligands rather than to individual components. In support of this, in-
dividual extracellular matrix components usually fail to elicit the cellular re-
sponses induced by the same components in a complex matrix. An extracellular
matrix did not appear to be indispensable: co-culturing on feeder-layers of
fibroblasts induced endocrine differentiation, without involvement of extra-
cellular matrix components at the intercellular interface. The inductive effect of
fibroblasts seemed to be primarily dependent on the close contact with the tumor
cells: culturing of tumorcells on type IV collagen coated surfaces in fibroblast
conditioned media did not induce endocrine differentiation.
The enhancement of endocrine differentiation by direct contact with fibroblasts,
and the absence of this effect when employing fibroblast-conditioned culturing
media suggests that one or more factors produced by cultured fibroblasts could
have local paracrine activity as a differentiation inducer. Such a factor would be
present in too low concentrations in conditioned medium, but would accumulate
in sufficient amount in extracellular matrix to account for the differentiation
inducing effect of complex stroma. One possible candidate is bFGF. This factor
is present in several mesenchymal tissues, associated with mesoderm and neu-
roectoderm-derived cells, and their extracellular matrices (54,55). It is not
actively secreted owing to the lack of a signaling peptide (56) and therefore it
remains bound to heparin-like ECM molecules such as the basement membrane
component HSPG (57), from where it can exert its specific effects (58). The
surmised role of a factor as bFGF is supported by the observed increase in
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endocrine differentiation of NCI-H716 cells grown in direct contact with ex-
tracted HSPG and in basement membrane Matrigel. The latter substance con-
tains basement membrane components and several growth factors among which
bFGF. Moreover, a specific effect of bFGF was confirmed by the observed
increase of CGA expression, after addition of bFGF to cells growing in
serumfree defined culture medium.
As the mesenchymal origin of bFGF was not investigated in our study, an
alternative source for such a factor can not be excluded. NCI-H716 cells are
known to produce substances, which are involved in autocrine growth regulation
(59). Conceivably, these tumor cells could also produce factors inducing differ-
entiation. In this respect, it is noteworthy that bFGF has been demonstrated in
secretory granules of adrenal medullary chromaffin cells (60), where it main-
tains differentiation by enhancing survival and transmitter storage of cultured
cells (61). If this would also apply to NCI-H716 cells, direct contact with ECM
components might cause release of similar factors from the tumor cells, and lead
to enhanced endocrine features by auto- or paracrine mechanisms. The presence
of heparin-like growth factor binding substances in the ECM might modulate
this response.

In summary, in the NCI-H716 cell line, endocrine differentiation is readily
observed in vivo but is scarce in vitro. Endocrine differentiation can be induced
in vitro when tumor cells interact directly with specific extracted basement
membrane components, natural extracellular matrix or mesenchymal cells.
Therefore, the induction of endocrine differentiation involves a combination of
cell adhesion, probably mediated by cell adhesion molecules of the integrin
family, and the influence of local factors which function by auto- or paracrine
mechanisms and/or are bound to extracellular matrix molecules.
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5.1 INTRODUCTION

In the colorectum, endocrine neoplasms in their most characteristic form are
encountered as classical carcinoid tumors (1). However, endocrine differentia-
tion in large intestinal epithelial tumors has been recognized to occur in a much
wider spectrum of tumors, comprising poorly differentiated small cell undiffer-
entiated carcinomas (2,3) and mixed exocrine/endocrine carcinomas with vari-
able numbers of endocrine tumor cells (4). In colorectal adenocarcinomas,
endocrine differentiation can be found in approximately 30% of cases (5). This
relatively high frequency and the fact that some reports state a poorer prognosis
for colon carcinomas with endocrine cells (6,7) is indicative for the potential
importance of this phenomenon. The more aggressive behavior could be related
to growth stimulatory effects of peptides and/or amines produced by endocrine
tumorcells (8), which may act as autocrine or paracrine growth factors (9).
To study the biological relevance of endocrine differentiation in colorectal
adenocarcinomas, well defined tumor models are of utmost importance. This has
been hampered by the relative scarcity of colorectal adenocarcinoma cell lines
with endocrine features. So far, only two colorectal cancer cell lines with
endocrine differentiation have been well documented: HRA-19 (10) and NCI-
H716 (11). In HRA-19 endocrine differentiation exclusively occurs in tumor
xenografts, which are morphologically well differentiated adenocarcinomas.
This finding suggests that stromal factors are involved in the induction of
endocrine differentiation (12). NCI-H716 xenografts are morphologically
poorly differentiated adenocarcinomas, not fully representative of the predomi-
nant type of colorectal adenocarcinoma. Endocrine differentiation is observed
extensively in NCI-H716 xenografts, but can also be induced in vitro by specific
extracellular matrix components (13). The availability of more cell lines, mor-
phologically corresponding with the predominant (well differentiated) type of
colorectal carcinoma and harboring all colorectal epithelial cell lineages, would
be useful in order to elucidate the mechanism regulating endocrine differentia-
tion.

In view of their high level of differentiation (14), we chose to investigate Caco-2
cells for endocrine characteristics. Initial experiments demonstrated that under
standard conditions of xenografting a low take rate is attained. We therefore
transfected these cells with a point mutated c-Harvey (Ha)-Ras-gene, as Ras
overexpression has been associated with tumor progression (15), metastatic
capacity (16,17), and endocrine differentiation (18,19). The present report de-
scribes the c-Ha-Ras transfection of Caco-2, the properties of the obtained cell
lines and their use as a model to study endocrine differentiation in colorectal
cancer.
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5.2 MATERIALS AND METHODS

5.2.1 Tumorcells
Caco-2 cells were purchased from the American Type Culture Collection
(ATCC, Rockville, Maryland, USA). Caco-2 EJ6 cells were established from
this native cell line by transfection.

5.2.2 Transfection experiments
The plasmid pSV^neo, containing the neomycin gene (20), the plasmid
pSV2neoEJ, containing a 6.6 kb genomic Bam HI fragment of the c-Ha-Ras
oncogene with a G to T mutation in codon 12(21), and the plasmid pSX^neoCO,
containing the 6.6 kb genomic Bam HI fragment of the c-Ha-Ras proto oncogene
(22), were a kind gift of Prof.Dr. Cerutti (Swiss Institute for Experimental
Cancer Research, CH-1066Epalinges, Switzerland). Plasmids were isolated by
the alkaline lysis method (23) and further purified by precipitation with 7.5 M
ammoniumacetate (NRjAc).
For transfection, 5 jxg of plasmid DNA was coprecipitated with calcium-
phosphate according to the protocol of Graham and van der Eb (24), with the
modifications described by Chen and Okayama (25). The addition of the
plasmid/calciumchloride mixture to N,N-bis(2-hydroxyethyl)-2-arninoethane-
sulfonic acid buffered saline was carried out in continuous airflow. It was added
to 2x10'' exponential growing Caco-2 cells in a 75 cm^ culture flask with 10 ml
medium. After two days, the cells were trypsinized and plated into 96-well
plates, where selection was started by adding 800 |ig/ml of gentamycin (G418,
GIBCO, Paisley, Scotland) to the culture medium. After three weeks, selection
was completed. Only wells containing one colony were used for further experi-
ments. In the present study, the clones Caco-2 EJ6 (containing pSV^neoEJ),

TABLE 1. Tumor take rate upon xenografting under various conditions

Cell line

Caco-2
Caco-2 EJ6
Caco-2 CO1
Caco-2 CO2
Caco-2 D5 Neo

Standard
conditions

0/8
14/14 (4)
0/2
0/2
0/3

Vitrogen 100
gel

3/3(12)
3/3 (4)
n.t.
n.t.
n.t.

Vitrogen 100
soluble

1/1 (19)
1/1 (5)
n.t.
n.t.
n.t.

Vitrogen
-KxASGMl

2/2 (2)
1/1 (2)
n.t.
n.t.
n.t

No. of animals with tumors obtained per total no. of animals inoculated; between brackets the
latency time (in weeks) is indicated; n.t. = not tested.
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Caco-2 CO1 and Caco-2 CO2 (containing pSV^neoCO), and Caco-2 D5 Neo
(containing pSV^neo), were used (Table 1).

5.2.3 Southern blot analysis
After lysis of cells with 1% (v/v) proteinase K (10 mg/ml) and 0.5% sodium-
dodecylsulfate (SDS) (1 h r , 56°C), DNA was extracted with a mixture of
phenol, chloroform and isoamylalcohol (25:24:1 v/v), followed by chloroform
and isoamylalcohol (24:1 v/v), and precipitated with isopropanol and 0.1 M
sodiumacetate (NaAc). The pellet was washed with 70% ethanol, suspended in
TE buffer (10 mM Tris pH 7.4, 0.1 mM ethylenediaminetetraacetic acid
(EDTA)) and stored at 4°C.

Bam HI digested DNA was size-fractionated by overnight electrophoresis at
23 V in 0.7% agarose gel in TAE buffer (0.04 M Tris-acetate, 0.001 M EDTA)
and transferred to Hybond N+ filters by overnight blotting (RT). Filters were
neutralized (30 sec. in 2xSSC, 0.5 M Tris-HCl, pH 7.4) and dried at RT.
Filters were prehybridized (overnight, 42°C) in 40% formamide, 1 M sodium-
chloride (NaCl), 0.05 M sodiumphosphate, 1% SDS, 10% dextransulphate and
0.1 mg/ml denatured salmon sperm DNA. A 3 kb Sac I fragment containing the
four coding regions of the c-Ha-Ras gene was radiolabeled with ^P by the
random primer method (26,27), and added to the hybridization mixture. Hybrid-
ization took place overnight at 42°C. Washing steps were 2xSSC (2x5', RT),
O.lxSSC and 1% SDS (2x15', 60°C) and 2xSSC (2x15', RT). The filters were
exposed to Kodak-XAR film, at -70°C with an Ilford intensifying screen.

5.2.4 Northern blot analysis
RNA was extracted with the cesiumchloride gradient method after lysing cells
in a 4 M guanidinium thiocyanate solution, and precipitated with 96%
ethanol/30 mM NaAc. RNA was size-fractionated by electrophoresis (3 hrs.,
RT) at 100V in 1 % agarose/6% formaldehyde gel and transferred to Hybond N+
filters by overnight blotting.
Ras mRNA expression was detected using the same probe as in Southern blot
analysis. Parallel hybridization for P actin mRNA was performed as an internal
standard for the total amount of RNA, with a 1.3 kb cDNA probe (courtesy of
Dr. T. Berkvens, University of Leiden). The Northern blots were prehybridized
overnight at 42°C in 50% formamide, 1% SDS, 1 M NaCl, 10% dextran sulphate
and 0.1 mg/ml denatured salmon sperm DNA. For hybridization, denatured Ras
and P actin probes, radiolabeled with ^P by the random primer method, were
added to the hybridization mixture. After overnight incubation (42'C), the filters
were washed in 2xSSC (2x5', RT), 2xSSC and 1% SDS (2x15', 60°C) and 0.1
SSC (2x15' , RT). Exposure of the filters was as described.



CHAPTER 5 101

45ft

1 rs

PLATE 3. Chromogranin A (CGA) immunoreactivity in NCI-H716 cells in various condi-
tions, a. Standard culturing conditions (suspension/attached to type IV collagen coated
surfaces). Rare cells show weak immunostaining (arrows), b. S.c. xenograft. A poorly
differentiated adenocarcinoma, in which a major proportion of cells shows C G A immunore-
activity. c-f. Increased CGA immunoreactivity in NCI-H716 cells cultured on various extra-
cellular matrix components (compare with a), c. Co-culture with fibroblasts. d. Cells grown
on amnion membrane, e. Cells grown on surfaces coated with type IV collagen combined with
heparan sulphate proteoglycan. f. Cells cultured in basement membrane Matrigel. (indirect
immunoperoxidase with DAB, x360).
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5.2.5 Cell culture
Cells were cultured at 37°C in a humified atmosphere with 5% CO2. The
medium consisted of Dulbecco's modified Eagles' minimal essential medium
(DMEM, Flow Laboratories, Zwanenburg, The Netherlands), supplemented
with 10% fetal bovine serum (FBS, Boehringer, Mannheim, FRG). Caco-2 EJ6
cells were maintained in selective medium containing 800 ng/ml gentamycin.
Induction of endocrine differentiation in Caco-2 cells was attempted by sup-
plementing the medium with glucose (final concentration 25 mM), sodium
butyrate (NaBT, 2 mM), dimethylsulfoxide (DMSO, 2% v/v), or retinoic acid
(RA, 35 p.M). Cells were also cultured in serum free medium and in glucose free
medium supplemented with 2.5 mM inosine. (DMSO was obtained from Merck,
Darmstadt, FRG; all other chemicals from Sigma, St. Louis, USA).
Furthermore, both Caco-2 and Caco-2 EJ6 cells were cultured in serumfree,
defined medium (DMEM with 50 nM hydrocortisone, 5 (ig/ml insulin, 5 Hg/ml
transferrin, 5 nM sodiumselenite, 100 ^M ethanolamine, 1 |lM putrescine, 4 |iM
spermidine, 4 [J.M spermine and 0.1% bovine serum albumin (BSA)) in the
presence or absence of basic fibroblast growth factor (bFGF, 10 ng/ml) and
transforming growth factor P (TGF(i, 1 ng/ml). Several modifications of the
culturing substrate were tested for their capacity to induce endocrine differen-
tiation. Cells were cultured on amnion membranes, prepared as described
previously (28), on feeder layers of two types of human fibroblasts (adult
fibroblasts, explanted from dermis of human skin obtained at autopsy, and
embryonal fibroblasts, purchased from the ATCC), and in two types of artificial
extracellular matrix gels. Vitrogen 100 was purchased from the Collagen Cor-
poration (Palo Alto, CA., USA), and basement membrane Matrigel from Col-
laborative Research Incorporated (Bedford, Mass., USA).

5.2.6 In vivo studies
For the xenografting experiments, immunedeficient female CD nu/nu mice
(Charles River Wiga, Sulzfeld, FRG) aged 3-5 weeks, were inoculated subcu-
taneously (s.c.) with suspensions of 3-5x10^ single tumor cells in phosphate
buffered saline (PBS), obtained by gentle trypsinization (0.25% trypsine,
DIFCO, Detroit, Mich., USA) at 37°C.
To enhance the take rate, s.c. injection of single tumor cell suspensions in
soluble Vitrogen 100, or s.c. implantation of Vitrogen 100 gels containing
0.5x10^ tumor cells cultured for 5 days (12) were attempted. Furthermore,
animals were injected intraperitoneally every fifth day with 0.5 mg of polyclonal
antibody against asialo GMI (aASGMl, Wako Chemicals GmbH, Neuss,
FRG), to eliminate natural killer (NK) cell activity (Table 1).
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5.2.7 Cell and tissue processing
Cells were harvested by gentle scraping. After washing twice in icecold PBS,
cells were immersed (3 hrs., 4°C) in fixative containing ethanol (100%), for-
malin (36%) and glacial acetic acid (97%) (15:14:1 v/v) or in ethanol 70%. Cells
were resuspended in 4% agarose gel prior to routine tissue processing and
paraffin embedding. Cells grown in Vitrogen 100 or basement membrane
Matrigel and nude mouse xenografts were fixed and processed similarly. Xeno-
grafts were additionally snap frozen in liquid isopentane cooled to -70°C.

5.2.8 Histochemistry and immunohistochemistry
Paraffin sections (4 urn) were screened for endocrine differentiation by combin-
ed histochemical staining for argyrophilia (Grimelius technique) and immuno-
histochemical staining with a monoclonal antibody against human
chromogranin A (LK2H10, Hybritech, San Diego, CA., USA). For the latter, a
standard indirect peroxidase labeled antibody technique was applied as was
previously reported (29).
Phenotypical characterization of xenografts of Caco-2 and Caco-2 EJ6 was
designed to identify the various intestinal epithelial cell lineages and to establish
the neurohormonal profile of the endocrine lineage. The histochemical staining
methods and the applied antibodies for immunohistochemistry are listed in
Table 2. Immunohistochemical staining results were evaluated with appropriate
positive and negative controls.

5.2.9 Electron microscopy
Tissues were fixed for 2 hours in 2.5% buffered glutaraldehyde, postfixed during
1 hour in 1.0% osmiumtetroxide (both in 0.1 M phosphate buffer), dehydrated
in graded ethanol series and embedded in Epon. Ultrathin sections were stained
with uranyl acetate and lead citrate.

5.2.10 Receptor assay
The presence of somatostatin receptors was determined on cultured Caco-2 and
Caco-2 EJ6 cells. For this purpose, '^1 labeled octreotide (a long acting soma-
tostatin analogue), with a tyrosine residue at position 3, was used (' ^I-Tyr3-oc-
treotide, courtesy of Prof.dr. S.W.J. Lamberts, Dept. of Internal Medicine,
Erasmus University, Rotterdam). Briefly, 5x10"'' tumor cells were seeded in a
6-well tissue culture dish and cultured for 3 days under standard conditions.
After washing in PBS, the cells were incubated (2hrs., RT) with 400 p.1 of
receptor stabilizing buffer (170 mMTris, 5 mM MgCb, lOflg/mlbacitracin, 1%
BSA, pH 7.4) containing 1 nM radiolabeled ligand with or without a 5000-fold
excess of unlabeled competitor (somatostatin-14). After washing steps (2x
receptor stabilizing buffer, lx PBS) the cells were trypsinized and again washed
in PBS. Radioactivity was determined with a y-counter. The receptor content
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PLATE 4. Mucin production and endocrine differentiation in subcutaneous xenografts of
both Caco-2 and Caco-2 EJ6.
a. Neutral mucopolysaccharides (PAS after diastase pretreatment)
b. Acid mucopolysaccharides (Alcian Blue, pH 2.4)
c. Sulfomucins (black) and sialomucins (blue) (H1D-AB)
d. Goblet cell mucin glycoproteins (Parlam 3/9)
e. and f. Endocrine cells peripherally in tumor lobules, in contact with stroma (s) (Grimelius
(e) and chromogranin A (f))
g. Neuron specific enolase
h. Focal immunoreacti vity for somatostatin (arrows), (c: bar=56 ̂ , all other ban =



CHAPTER 5 105

TABLE 2. Applied Staining Techniques

Histochemistry
Grimelius, Periodic-acid Schiff (PAS, with/without diastase pretreatment), Alcian Blue
(pH 2.4), High-Iron-Diamine Alcian Blue (HID-AB)
Applied Antibodies (nature, source, type, dilution)

I. Intestinal Differentiation
-Enterocytes

-Goblet cells
-Endocrine cells

-Paneth cells
-General marker

II. Hormone Profile
-Gastrointestinal-Colon

-Gastrointestinal-Other

-Extra-intestinal

III. 2nd Antibodies

Markers
Sucrase-lsomaltase*
Secretory Component
Mucin (Parlam 3/9,13)
Chromogranin A
Chromogranin A/B
Synaptophysin
NSE
Leu-7
EGC
Lysozyme
CEA (Parlam 4)

Serotonin (5-HT)
Somalostatin
Glicentin
Substance P
PYY
Gastrin
Bombesin
Insulin
Glucagon
Pancreas Polypeptide
Neurotensin
pHCG
aHCG
ACTH
Growth Hormone

Swine-anti-rabbit
Rabbit-anti-mouse

HBB2/614/88-mc-1:16000
DAKO-pc-1:1000
own lab-mc-1:1000/2000
Hybritech-mc-1:12500
Milab-pc-1:2560
Progen-mc-1:500
DAKO-pc-1:!000
BD-mc-l:50
Milab-pc-1:400
DAKO-pc-1:2500
own lab-mc-1:1000

own lab-pc-1:2000

own lab-pc-1:1500

ED-pc-1:200

Milab-pc-1:600
ED-pc-l:50
own lab-pc-1:250
ICN-pc-1:10000
own lab-pc-1:1500

own lab-pc-1:500

own lab-pc-1:250

Amersham-pc-1:2000

DAKO-pc-1:2000

own lab-pc-1:3000

own lab-pc-1:100

Progen-pc-1:8000

DAKO-1:150
DAKO-1:200

•Generous gift of Dr. H.P. Hauri, Biozentrum der Universitat, Basel, CH.
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was calculated from the amount of specifically bound radioligand, and ex-
pressed as the number of binding sites per cell.

5.2.11 Quantification and statistical analysis of endocrine cells
The number of endocrine cells in xenografts of Caco-2 and Caco-2 EJ6 was
assessed by counting immmunoreactive tumor cells in 4 [im thick sections of
xenografts immunostained for chromogranin A. The density of endocrine cells
was expressed per mm^ surface area of tumor. Using a gridded eyepiece, at a
magification of 312.5x, 30 contiguous random fields of tumor were scored,
representing a total surface area of 120 mm^ per tumor (n=3 for both cell lines).
Scores were statistically compared by t-tests for independent groups with sepa-
rate variances.

5.3 RESULTS

5.3.1 Caco-2 cells
In vitro Caco-2 cells grew in monolayers of columnar cells with formation of
domes (Fig. 1). In extracellular matrix gels glandular structures lined by flat-
tened or cuboidal cells were formed (Fig. 2). In vitro, endocrine differentiation
was not observed in Caco-2 cells. None of the applied tissue culture modifica-
tions induced endocrine differentiation.

Figure 1. Phase-contrast micrograph of Caco-2 in vitro. Cells grow in confluent monolayers
with formation of domes, a. Focussed on the monolayer. b. Focussed on the surface of the
dome. Caco-2 EJ6 shows identical morphology in vitro, (bar = 120 urn)
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Figure 2. Three dimensional growth of
Caco-2 EJ6 in basement membrane
Matrigel. Cells are arranged in glandu-
lar formations lined by columnar cells.
The same growth pattern was observed
for Caco-2 cells. (H&E, bar = 25 urn)

Figure 3. Subcutaneous xenograft of
Caco-2 EJ6 in nude mouse. The histo-
logical pattern is representative for
both native and transfected cells, and
shows a moderately well-differen-
tiated adenocarcinoma with expansive
growth, not invading neighbouring
skeletal muscle. (H&E, bar = 100 urn)

Under standard xenografting conditions Caco-2 cells did not yield tumors (Table
1). The tumor take rate could be increased by inoculating Caco-2 cells in soluble
Vitrogen 100 or as solid Vitrogen 100 collagen gels. Treatment of the animals
with an antibody eliminating NK cell activity also improved the take rate.
Xenografting of Caco-2 C01 and Caco-2 CO2 cells (containing the wild type
Ras oncogene) and of Caco-2 D5 Neo cells (containing the empty plasmid) did
not result in tumor growth under standard conditions. The tumors obtained after
xenografting Caco-2 cells were moderately-well differentiated adenocarci-
nomas with expansive growth, without evidence of invasion (Fig. 3).
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5.3.2 Caco-2 EJ6 cells
Of the cell lines obtained after transfection of Caco-2 cells with point mutated
c-Ha-Ras, Caco-2 EJ6 cells showed the highest level of Ras expression, and
therefore these cells were further characterized. Southern blot analysis con-
firmed the integration of the point mutated Ras oncogene (Fig. 4a). By Northern
blot analysis, expression of c-Ha-Ras mRNA was clearly increased compared
with normal Caco-2 cells (Fig. 4b). Caco-2 EJ6 cells in vitro were morphologi-
cally identical to native Caco-2 cells, and did not show endocrine differentiation
either. As in Caco-2, the applied tissue culture variants did not induce endocrine
differentiation in vitro.
In all xenografting conditions, except treatment with the aASGM 1 antibody, the
growth properties of Caco-2 EJ6 were more favorable (higher take rate or shorter
latency) than of untransfected Caco-2 (Table 1). Histologically, xenografts were
identical to Caco-2 tumors, displaying the morphology of moderately well
differentiated adenocarcinomas. Invasion was not observed. Cells representative
of all intestinal cell lineages were present in xenografts from both the native and
transfected cell line. Enterocytic differentiation in vivo was reflected in brush-
border staining for sucrase-isomaltase and plasma membrane or cytoplasmic
staining for secretory component (Fig. 5).
Both neutral (PAS staining after diastase pretreatment) and acid (Alcian Blue,
pH 2.4) mucopolysaccharides could be demonstrated (Colorplate 4, page 104).
The HID-AB stains showed a combination of sulfo- and sialomucins. Immuno-
histochemically, the tumors showed reactivity for various mucin-associated
antibodies. Both expression of Parlam 3/9, identifying a protein moiety of
glycoproteins present in normal goblet cells, and of Parlam 13, identifying a
carbohydrate epitope in glycoproteins increasingly expressed in neoplastic
colonic epithelium (30), were found (Colorplate 4).
Endocrine differentiation in Caco-2 EJ6 as well as Caco-2 xenografts was
reflected in positive staining for several general neuroendocrine markers
(Grimelius, chromogranin A, chromogranin A/B, synaptophysin, NSE)(Color-
plate 4). Variable numbers of endocrine cells were found, scattered between the
other cells. No significant increase in the number of endocrine cells was noted
in Caco-2 EJ6. (Endocrine cell density 2.04/mm* (s.e.m. 0.42) for Caco-2 EJ6
vs. 1.76/mm^ (s.e.m. 1.10) for Caco-2; p=0.83). Most endocrine cells were
located peripherally in the tumor lobules, in direct contact with the extracellular
matrix (Colorplate 4 and Fig. 6a). Ultrastructurally, a well formed basal lamina
was present at the epithelial-stromal interface (Fig. 6b). Complete loss of
endocrine differentiation occurred within three passages when Caco-2 EJ6
tumor xenografts were explanted in vitro. Endocrine differentiation was restored
upon renewed xenografting of the cultured cells. This effect was consistently
seen in both early and late in vitro passages of Caco-2 EJ6. Because of the
difficulties in xenografting, these experiments were not performed for Caco-2.
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Figure 4. Integration and expression of pSX^neoEJ in Caco-2
a. Southern blot. Lane I. Caco-2, 2. Caco-2 EJ6, 3. Caco-2 EJ7, 4. Caco-2
EJ8. Chromosomal DNA was digested with Bam HI and hybridized with the
3.0 Sac I fragment of the c-Ha-ras gene. The 6.6 kb Bam HI fragment of
pSV2neoEJ in Caco-2 EJ6 can be distinguished from the endogenous 8.6 kb
Bam HI fragment of Caco-2. b. Northern blot. Lane I. Caco-2,2. Caco-2 EJ6.

Figure S. Enterocytic differentiation in vivo.
a. Frozen section of Caco-2 EJ6 xenograft showing apical luminal staining for the brush-
border associated hydrolase sucrase-isomaltase.
b. Caco-2 xenograft with focal cytoplasmic and apical staining of columnar cells for secretory
component (arrows), (indirect immunoperoxidases with DAB, bars = 25

The neurohormonal profile of the endocrine cells in Caco-2 EJ6 and Caco-2 was
restricted to somatostatin (Colorplate 4) and PYY, which both occur in normal
colonic enteroendocrine cells (31,32). Other colorectal endocrine secretory
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Figure 6. Ultrastructural morphology of Caco-2EJ6 xciw^uii.
a. Endocrine cell containing neurosecretory granules (arrow) in contact with extracellular
matrix (s). (bar = 2.3 urn)
b. Well-developed basal lamina (arrows) at the interface of stroma (s) and tumor cells, of
which one contains dense core granules, (bar = 490 nm)

Figure 7. Cluster of Caco-2 cells with
Paneth cell differentiation. (Ly-
sozyme, bar = 25 Jim)
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Figure 8. Intraluminal staining forCEA
in a xenograft of Caco-2. (Parlam 4, bar
= 25um)

products (5-HT, glicentin, substance-P) were not identified. Focal expression of
aHCG was found. Neither hormone production indigenous to other gastroin-
testinal sites (gastrin, bombesin, neurotensin, glucagon, insulin, pancreatic pol-
ypeptide), nor ectopic hormone production (ACTH, growth hormone) were
found. Both Caco-2 and Caco-2 EJ6 in vitro demonstrated specific binding of
the long-acting somatostatin analogue octreotide, with approximately 1900 and
800 binding sites per cell, respectively.
In addition to expression of markers for the three normal colorectal cell lineages,
Paneth cell differentiation (lysozyme) (Fig. 7) and CEA production (Parlam
4)(33) (Fig. 8) were found.

5.4 DISCUSSION

The colon adenocarcinoma cell line Caco-2 in vitro forms monolayers of
polarized enterocyte-like cells with tight junctions, well developed brush-
border-membranes with associated hydrolases (34), and domes (35). The cell
line has been frequently applied as a model to explore intestinal physiology and
pathology, e.g. secretory processes (36); uptake and transport of electrolytes
(37), nutrients (38-43) and drugs (44); activity, transport and organization of
small and large intestinal enzymes (45-48); and intestinal infections (49-51).
Under standard conditions in vitro, we did not find endocrine differentiation in
Caco-2 cells. However, in xenografts, which only could be attained by inoculat-
ing tumor cells in collagen gel or by suppressing NK cell activity in recipient
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animals, large numbers of endocrine cells could be demonstated. To our knowl-
edge, endocrine differentiation has not been previously recorded in Caco-2 cells.
In view of the difficulty encountered in obtaining Caco-2 xenografts, we decided
to transfect Caco-2 cells with a point mutated c-Ha-Ras gene, because of the
reported association between overexpression of the point mutated c-Ha-Ras
gene and tumor progression (15-17). Furthermore, these experiments would
allow us to test wether or not overexpression of a point mutated Ras gene might
induce or enhance endocrine differentiation. The latter question derived from
experiments by Nakagawa et al. (18) and Mabry et al. (19), who demonstrated
enhanced endocrine differentiation in medullary thyroid carcinoma cells and in
small cell lung cancer cells respectively after transfection with v-Ha-Ras. After
transfection and selection a cell line was obtained which showed overexpression
of the c-Ha-Ras oncogene at the mRNA level: Caco-2 EJ6. This cell line showed
improved growth in vivo: co-injection of extracellular matrix components was
not necessary and the latency period was considerably shorter than that of
Caco-2 cells.
We consider the improved take rate to be a result of the overexpression of the
point mutated Ha-Ras oncogene and not the result of the transfection procedure,
because xenografting of cells transfected with the wild type oncogene or the
empty plasmid did not result in tumor formation under standard conditions.
In xenografts of Caco-2 and Caco-2 EJ6 endocrine differentiation occurred to a
similar extent. Evidently, the potential for endocrine differentiation was not
enhanced by overexpression of the c-Ha-ras oncogene. This finding supports an
earlier report indicating that there is no correlation between increased Ras
oncogene expression and endocrine differentiation in colonic neoplasms (52).
The hormone profile in both cell lines was identical and corresponded with
hormone expression of normal colonic endocrine cells. In both cell lines en-
docrine cells produced immunohistochemically detectable somatostatin and
specific somatostatin binding sites were found. Inhibition of growth of a colorec-
tal adenocarcinoma cell line by somatostatin has been reported (53). This makes
Caco-2 and Caco-2 EJ6 cells of potential interest to study autocrine or paracrine
regulation of colorectal tumor growth.
On the basis of our observations we hypothesize that in Caco-2 and Caco-2 EJ6
cells, stromal factors in xenografts induce the endocrine phenotype, as has been
observed for HRA-19 and NCI-H716 cells. Circumstantial evidence in favor of
this hypothesis can be summarized as follows. Firstly, endocrine cells were
found preferentially at the periphery of tumor lobules, apposed to the extracellu-
lar matrix, with a well developed basal lamina at the interface. Secondly, in vitro
cell cultures of Caco-EJ6 xenografts indicate that endocrine differentiation in
vivo is most likely a matter of differentiation induction and not of selection,
because endocrine cells rapidly disappeared in vitro but reappeared when cells
were again xenografted in nude mice. However, it is unclear which stromal
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components are involved. In preliminary experiments we were unable to induce
endocrine differentiation in vitro by specific extracellular matrix componen ts ,
which have been shown to enhance endocrine differentiation in vitro in N C I -
H716 cells. The ability to induce endocrine differentiation in vitro therefore
might depend on the level of differentiation of the cell line under investigation,
because Caco-2 cells in this respect resemble HRA-19 cells, which also display
a moderately well differentiated phenotype and do not show endocr ine features
in vitro either.
In conclusion, we have shown that endocrine differentiation occurs in xenografts
of Caco-2 cells. Endocrine differentiation is not enhanced by overexpression of
the c-Ha-Ras oncogene. Growth properties in vivo, however , are improved by
overexpression of a (transfected) c-Ha-Ras oncogene. The obtained cell l ine,
Caco-2 EJ6, is a useful addition to the available colorectal cancer cell lines in
which endocrine differentiation can be induced in vivo and/or in vitro.
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6.1 INTRODUCTION

In the gastrointestinal tract many endocrine cells occur, which produce and
secrete a variety of neurohormonal substances. These substances, mainly small
polypeptides but also amino acid derivatives such as biogenic amines, are
regulators of gastrointestinal tract function (1). It has been demonstrated that
several of these substances do not only influence the growth of normal mucosal
epithelium, but also of cancer cells in the digestive tract (2). Evidence for the
growth modulating effects of these neurohormonal factors has been obtained
from clinical observations, animal model studies and in vitro experiments (3,4).
A stimulating effect on the growth of normal and malignant gastrointestinal
epithelial cells has been reported for the peptides gastrin, bombesin/GRP,
glucagon, and the biogenic amine serotonin (5-12). In contrast, the tetradecapep-
tide somatostatin was found to inhibit cellular proliferation (13).
Growth stimulating effects of gastrin on colon cancer cell lines in vitro have
been well documented. In these studies the culture conditions and the parameters
to measure growth varied widely. Using 'H-thymidine incorporation, gastrin
appeared to stimulate growth of HT 29 cells (13) and of LoVo cells after
synchronization (14). Using cell counting, Sirinek et al. (15) reported enhanced
growth after exposure of HT 29 cells to gastrin in vitro. Imdahl et al. (11) found
that synchronized LoVo cells are stimulated by gastrin, using a spectrofo-
tometric method to measure the cell number. These authors also reported growth
stimulation of SW 403 cells by gastrin. For LS 174T cells no effect of gastrin on
the proliferative activity in vitro was found by Imdahl et al. (11) and Watson et
al. (16). Watson et al. (16) used the incorporation of ^Se-methionine as a
parameter for growth, measuring the rate of protein synthesis which does not
necessarily represent cell proliferation. Also for serotonin stimulating effects on
the proliferative activity of normal and neoplastic cells have been reported
(8,17). Inhibitory effects might be expected from somatostatin, because it
inhibits the release of growth stimulating hormones, impairs the action of growth
factors and inhibits proliferation directly (18). Palmer Smith and Solomon (13)
found a decreased growth rate in HT 29 cells after exposure to somatostatin,
whereas Simopoulos et al. (12), Pelicci et al. (19), and Conteas and Majumdar
(7) did not find an inhibiting effect of somatostatin on proliferation in vitro. In
contrast, Moyer et al. (6) and Simopoulos et al. (12) reported stimulatory actions
of somatostatin.
The effects of neurohormonal factors are mediated by specific membrane bound
receptors. The presence of receptor is therefore a prerequisite for a cellular
response to a signaling molecule (9). In several studies receptor expression on
gastrointestinal cancer cells has been determined, but only rarely has this been
correlated with the proliferative response to the ligand (3,20-22).
Evidently the studies on the growth modulating effects of neurohormones on
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colorectal cancer cells yield conflicting results. Also the presence of receptors
for these neurohormones on colorectal cancer cells and their relation with
proliferative activity is not well documented. Therefore, we determined gastrin,
serotonin and somatostatin receptors on HT 29, LoVo, LS 174T, NCI-H716 and
SW 403 cells. In parallel, the proliferative response to these factors was
measured by incorporation of ^H-thymidine. For NCI-H716 cells a detailed
cell-kinetic analysis was performed by flow cytometry using receptor agonists
and antagonists. Effects of neurohormones on proliferation were correlated with
the receptor status of the cells.

6.2 MATERIALS AND METHODS

6.2.1 Cell culture
The human colon cancer cell lines HT 29, LoVo, LS 174T, SW 403 and
NCI-H716 and the human breast cancer cell line ZR-75 were obtained from the
American Type Culture Collection (ATCC, Rockville, Maryland, USA). LoVo
cells were cultured in HAM F12 medium, the other cells in Dulbecco's modified
Eagles' minimal essential medium (DMEM) purchased from Flow Laboratories
(Zwanenburg, The Netherlands). Cells were maintained in medium supple-
mented with 10% fetal bovine serum (FBS, from Boehringer Mannheim, Ger-
many) without antibiotics. As NCI-H716 cells grow in suspension they were
harvested by centrifugation. The other cell lines were harvested by mild try-
psinisation (0.25% trypsine, from DIFCO, Detroit, Mich., USA). After each
passage cells were allowed to accomodate and adhere in 10% FBS. Serum free
medium contained hydrocortisone (50 nmol/1), transferrin (5 Hg/ml), EGF (1
Hg/ml), sodiumselenite (5 nmol/1), and HEPES (15 mmol/1).

6.2.2 Hormones, antagonists, analogues
Gastrin-17 (human Gastrin I), serotonin and somatostatin (human somatostatin-
14) were purchased from Sigma Chemical Co. (St. Louis, USA). The gastrin
antagonist CAM 958 was a generous gift from Dr. J. Hughes, Parke Davis
Research Unit, Cambridge, U.K. The serotonin antagonist methysergide was a
kind gift from Dr. H. Struyker Boudier, Department of Pharmacology, Univer-
sity of Limburg, The Netherlands. The long-acting somatostatin analogue oc-
treotide (Sandostatin, SMS 201-995) was purchased from Sandoz (Basel, CH).

6.2 J Receptor assays
Receptors for gastrin, serotonin and somatostatin were determined by radioli-
gand binding assay. For this purpose, gastrin-17 and Tyr-1-somatostatin-14
were labeled with carrier free Na'^I (specific activity 2000 Ci/mmol) using the
lodo-Gen method (Pierce Chemical Company, Rockford, 111., USA), essentially
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according to Singh et al. (23). Free iodine was removed by elution of the reaction
mixture over a C18 silicagel column (SEP-PAK^ Cartridge, Millipore Corp.,
Milford, Mass., USA) with a 10-80% methanol gradient in 1% trifluoroacetic
acid. The labeling efficiency was 25-30% for both peptides. Serotonin receptors
were quantitated with tritiated 5-hydroxytryptamine creatinine sulphate (̂ H-
serotonin, specific activity 12.3 Ci/mmol). All isotopes were purchased from
Amersham International, UK.
After harvesting, the cells were washed in PBS. Cells were collected by centrif-
ugation, suspended in culture medium supplemented with 10% FBS and seeded
at a concentration of 2x 10^ cells per well in six-well culture plates (Greiner, The
Netherlands). After culturing for 18-24 hours, the supernatant was removed, 200
(il PBS was added to the wells and the cells were incubated (2 h at 25°C) in
triplicate with an equal volume of receptor stabilizing buffer (25 mM HEPES,
2.5 mM MgCl2, 5 mM KC1, 137 mM NaCl, 0.7 mM NaHPO4,10 mM glucose,
0.5% BSA, 0 .1% soybean trypsin inhibitor and bacitracin 20 ug/ml, pH 7.4)
containing 10 nM radiolabeled ligand with or without a 1000-fold excess of
unlabeled ligand. After washing four times in this buffer at 4°C the cells were
harvested after incubation with buffer containing 1% trypsin (15 min at room
temperature). Radioactivity in this solution was determined with a gamma or
beta counter. The receptor content was calculated from the amount of specifi-
cally bound radioligand, and expressed as the number of binding sites per cell.
For NCI-H716 cells, the maximum number of binding sites (Bmax)and the
dissociation constant (K<j) for the three neurohormones was determined by
Scatchard plot analysis.

Competition experiments were performed at a fixed concentration of 5 nM for
radiolabeled gastrin and somatostatin and 10 nM for serotonin. Increasing
concentrations of unlabeled ligand or antagonist were used ranging from 5 nM
to 10 U.M.

6.2.4 Incorporation of ^H-thymidine
Prior to the ^H-thymidine incorporation assay the tumor cells were grown in
medium without the neurohormone during 16 to 24 h. To determine the effects
of gastrin, serotonin and somatostatin on cell proliferation, 50x10^ tumor
cells/well were seeded in microtiter plates in 100 fil HAM F12 (LoVo cells) or
DMEM (other cell lines), supplemented with 0 or 10% complete FBS or 1%
dialyzed FBS, and were incubated during 48 or 72 hours with 0,1 or 10 nM of
the neurohormone. The culture medium was not changed, but every 24 hours
fresh hormone was added in 100 (il culture medium with 0.1% BSA, the final
24 h including 12 |imol [Methyl-^H]-Thymidine (specific activity 80 Ci/mmol),
obtained from Amersham International, UK. Cells were harvested by aspiration
or trypsinization using a Titertek Cell Harvester and collected on filters (cat. no
11731, obtained from Skatron AS, Norway). The filters were washed with ice
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cold medium and dried (2 h, 80'C). Radioactivity was measured with a beta
counter. As a positive control for the proliferation assay the incorporation of
^H-thymidine in ZR-75 breast cancer cells was determined in the presence of 0,
1 and 5 nM estradiol.

6.2.5 Synchronization of cells
The cell lines HT 29, LoVo and LS 174T were synchronized in the G l phase
using a block with excess thymidine. To this end 5x10* cells/ml were suspended
in DMEM supplemented with 10% FBS and 3 mM thymidine, and incubated
overnight. After washing, the cells were exposed to a second thymidine block
during 18 hours. After washing in DMEM the cells were harvested and the
incubation with the hormone started 5, 10 and 25 hours after release of the
thymidine block.

6.2.6 Flow cytometric analysis
NCI-H716 cells in standard culturing conditions usually contain about 30%
non-viable cells, as revealed by trypan blue exclusion. The presence of these
dead cells and debris disturbed the flow cytometric analysis. Therefore, prior to
the onset of the experiments, it was essential to remove non-viable cells and
debris by centrifugation of cells over a 45% Percoll solution in PBS, resulting
in >95% of viable cells at the beginning of the incubation period. In all flow
cytometry experiments, NCI-H716 cells were cultured in the presence of 10%
FBS. Cells were exposed to neurohormone or antagonist during 20 hours. The
neurohormones and the somatostatin analogue octreotide were administered in
concentrations between 1 and 10 nM. The antagonists CAM 958 and methyser-
gide were given in a concentration up to 500 nM and 10 jiM respectively. At the
end of the incubation period, cells were pulse labeled with 10 fiM 5-bromo-2'-
deoxyuridine (BrdU, from Serva, Heidelberg, Germany) during 30 minutes.
Cells were washed with PBS (3x) and refed with 5 ml of their own culture
supernatant. After a chase period of 4 hours, the cells were washed with PBS
(2x) and fixed in 70% ethanol. Cells were stained in suspension by an indirect
immunofluorescence method, using an anti-BrdU mouse-monoclonal antibody,
after pretreatment with pepsin (0.04% in 0.1 N HC1, 30 min at room tempera-
ture), acid denaturation of DNA in 2 N HC1 (30 min at 37°C) and neutralization
in sodiumtetraborate buffer (0.1 M, pH 8.5) according to Schutte et al. (24). The
bound antibody was visualized with a rabbit anti-mouse IgG conjugated to
fluorescein isothiocyanate (FITC) obtained from DAKO. DNA was stained with
propidium iodide (PI, 15 min at room temperature).
Cell-kinetic analysis was done on a FACS IV flow cytometer (Beckton &
Dickinson, Sunnyvale, CA., USA), applying the method first described by Begg
et al. (25) and modified by White et al. (26). DNA synthesis time (Ts) is
calculated by the formula: Ts = t x 0.5/{ RM-0.5 (, in which RM is the relative
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movement (the movement of S-phase cells relative to the positions of Gl and
G2) and t is the sampling time. With the labeling index (LI, the fraction of cells
synthesizing DNA), the potential doubling time (Tpot, doubling time without
taking cell loss into account) can be calculated from the equation Tpot =
A,xTs/LI. A. is a correction factor for the nonlinear distribution of cells through
the cell cycle, and is taken as a fixed value close to unity according to Begg et
al. (25).

6.2.7 Statistical analysis
Data were analysed by Student t-tests, if the Fisher-Snedecor test was fulfilled.
If this was not the case, a non parametric paired Wilcoxon test was performed.

6.3 RESULTS

6.3.1 Receptor assays
Neurohormonal effects on cell proliferation are to be transduced by specific
membrane bound receptors. Therefore radioligand binding assays for gastrin,
serotonin and somatostatin on intact colon cancer cells were performed and the
results are shown in Table 1. Gastrin receptors were found on LS 174T, SW 403
and NCI-H716 cells, but not on HT 29 and LoVo cells. Serotonin receptors were
abundantly present on SW 403 and NCI-H716 cells, but could not be demon-
strated on HT 29, LoVo and LS 174T cells. Somatostatin receptors were
detected on the five colon cancer cell lines tested, with a relatively low number
on LS 174 T and a high number on NCI-H716 cells. In NCI-H716 cells
Scatchard analysis revealed high affinity type receptors for gastrin, serotonin
and somatostatin as shown in Figure 1.

TABLE 1. Receptors for gastrin, serotonin and somatostatin on colon cancer cell lines.

Cell line

HT29
LoVo

LS 174T

SW403

NCI-H716

Gastrin receptor

0
0
2250

4700

5250

Serotonin receptor

0
0
0
230000

52000

Somatostatin receptor

5900

2500

500
2750

21000

Results are expressed as receptor sites per cell, and represent the mean of two (HT 29, LoVo,

LS 174T and S W 403) and fï ve (NCI-H716) experiments. The standard error of the mean for

the receptor assays is 10 - 30%.
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Figure 1. Representative ex-
amples of Scatchard plot analy-
sis for binding of '^I-Gastrin,
^H-Serotonin and '^I-Soma-
tostatin to NCI-H716 coion
cancer cells; a. Gastrin. Bmax =
4200 sites/cell, Kd = 2.4 nM; b.
Serotonin. Bmax = 46000
sites/cell, Kd = 7.3 nM; c. So-
matostatin. Bmax = 18000
sites/cell, Kd = 0.73 nM.
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Figure 2. Competition of agonists
and antagonists for gastrin, sero-
tonin and somatostatin receptor
binding sites on NCI-H716 colon
cancer cells. Specific binding of
the radiolabeled ligand is plotted
against the excess of the unlabeled
competitor, presented on a log
scale. Nonspecific binding was 40-
60% of the total binding; a. Gastrin
receptor; binding of '^I-gastrin is
competitively inhibited by un-
labeled gastrin and CAM 958. The
affinity of these ligands for the re-
ceptor sites does not differ signifi-
cantly; b. Serotonin receptor;
binding of 'H-serotonin is com-
petitively inhibited by unlabeled
serotonin and at higher concentra-
tions also by methysergide. The
binding affinity of methysergide is
lower than of serotonin; c. Soma-
tostatin receptor; binding of ' ^ 1 -
somatostatin is competitively in-
hibited by unlabeled somatostatin
and its analogue octreotide. Oc-
treotide binds with some higher
affinity to the somatostatin recep-
tors.
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To evaluate whether or not the selected (ant)agonists were able to bind to these
receptor sites on NCI-H716 cells, competition experiments were performed. The
results are presented in Figure 2 a-c and show that binding of gastrin, serotonin
and somatostatin is competitively inhibited by the gastrin antagonist CAM 958,
the serotonin antagonist methysergide, and the somatostatin analogue oc-
treotide, respectively. The results of the competition experiments demonstrate
that these (ant)agonists indeed interact specifically with the neurohormonal
binding sites of the respective receptors. The binding affinity of CAM 958 and
octreotide does not differ significantly from the neurohormones gastrin and
somatostatin respectively. Methysergide has a much lower affinity for the
serotonin receptor sites and displaces serotonin in the micromolar range.

6.3.2 "H-Thvmidine assays
Our experimental design to detect proliferative activity by measuring ^H-thy-
midine incorporation was validated by testing the response of ZR-75 breast
carcinoma cells to the hormone estradiol. The results are presented in Figure 3a.
Dose dependent stimulation of ^H-thymidine incorporation by estradiol was
found in ZR-75 cells, growing in medium with dialyzed serum.
The effect of gastrin, serotonin and somatostatin on the proliferative activity of
HT 29, LoVo, LS 174 T, NCI-H716 and SW 403 cells was evaluated by
incubating the cells under a variety of conditions. Incorporation of ^H-thymidine
in HT 29, LoVo, LS 174T and SW 403 colon cancer cells was not significantly
changed by either of the three neurohormones. This was found in all experiments
performed, including culturing in serum free medium, medium with 1%
dialyzed serum, medium with 10% complete serum, in the presence of 1 and 10
nM of the neurohormone, and incubation during 48 and 72 hours. Also, cell
cycle synchronization of HT 29, LoVo and LS 174T cells by blocking with
thymidine did not reveal a proliferative response to the neurohormones.
The incorporation of 'H-thymidine in DNA of NCI-H716 cells was not affected
by gastrin, serotonin and somatostatin under standard culturing conditions (10%
complete serum). However, stimulation of growth by gastrin and serotonin was
found under serum free conditions when the proliferative activity of the cells
was strongly reduced. Figure 3b summarizes the effects of gastrin and serotonin
on the "H-thymidine incorporation in NCI-H716 cells. In these conditions
gastrin at a concentration of 1 and 10 nM caused an increase of about 70% in
H-thymidine incorporation. Serotonin at a concentration of 1 nM raised the

incorporation of ^H-thymidine about 35%, whereas at 10 nM no significant
effect could be detected. Somatostatin at concentrations of 1 and 10 nM did not
have a significant effect (latter results not shown).
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Figure 3. Hormonal effects on the proliferative activity of cancer cells in vitro as measured
by incorporation of ^H-thymidine;
A. Stimulation of ^H-thymidine incorporation in ZR-75 breast cancer cells by the steroid
hormone estradiol. The incorporated radioactivity was determined after 24 hours of incubation
in medium containing: a) 5% dialyzed FBS; b) 5% dialyzed FBS with I nM estradiol added;
c) 5% dialyzed FBS with 5 nM estradiol added; d) 10% complete FBS.
B. Modulation of ^H-thymidine incorporation in NCI-H716 cells by gastrin and serotonin.
The incorporated radioactivity was determined after 48 hours of incubation in serumfree
medium containing: a) no additions; b) 1 nM gastrin; c) 10 nM gastrin; d) 1 nM serotonin; e)
10 nM serotonin. The incorporated radioactivity in the presence of 10% complete FBS is
presented in f).
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TABLE 2. Distribution of NCI-H716 colon cancer cells over phases of the cell-cycle.

Gastrin
-Control

-Gastrin 5 nM

-CAM 958 500 nM

Serotonin
-Control

-Serotonin 10 nM

-Methysergide lOuM

Somatostatin
-Control
-SS-145nM
-Octreotide 10 nM

%GO/G1

28 + 7

31 ±9
32±6

25 + 2

25 + 2

27±2

23 + 5

24±8
24 ±6

%S

39110
40 ±13
38 ±9

39 ±9
42 ±9
40 ±5

51 ± 10
52 ±8
49 ± 13

%G2M

33 ±3
29 ±3
30 ±3

36 ±7
33 ±8
33 ±7

26 ±8
24 ±7
27 ±8

The percentages, as determined by flowcytometry, represent the mean ± s.d. of five experi-
ments. No significant differences are found between control cells and treated cells.

6.3.3 Flow cytometric analysis
Neurohormone-induced changes in cell kinetics of NCI-H716 cells were studied
by two-parameter flow cytometry after BrdU-incorporation. The effect of neu-
rohormones, the antagonists CAM 958 and methysergide and the agonist oc-
treotide on the distribution of cells over the GrVG i, S and G2/M phases of the cell
cycle was determined. The results are presented in Table 2 and show that the
percentage of cells in G0/G1, S or G2/M did not change significantly by addition
of neurohormones, their agonists or antagonists, indicating that no blocks occur
in these phases. Cell kinetics were further analyzed by determination of the
labeling index LI, representing the fraction of cells synthesizing DNA, the
duration of the S-phase Ts, and the potential doubling time of the cell population
Tpot. LI was not affected significantly in the presence of neurohormones, their
antagonists or agonists. However, Ts, and consequently Tpot, were clearly
increased by addition of CAM 958 and octreotide, as shown in Figure 4. The
effect of serotonin was borderline significant. Gastrin, methysergide, and soma-
tostatin did not influence cell kinetic parameters significantly.
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Figure 4. Results of cell cycle
analysis by two-parameter flow
cytometry in NCI-H7I6 colon
cancer cells.
The cells were cultured in
DMEM supplemented with 10%
FBS in the presence or absence
of neurohormones or (antago-
nists and pulse labeled with
BrdU. The potential doubling
time (Tpot) was calculated as de-
scribed in the Materials and
Methods section. The mean Tpot
± s.d. from five separate experi-
ments is presented; a. CAM 958
increases Tpot at a concentration
of 500 nM (p < 0.05). Gastrin has
no effect; b. A slight increase of
Tpot occurs in cells exposed to
serotonin at 10 nM (p = 0.05),
whereas methysergide at 10 nM
has no significant effect; c. Oc-
treotide at 10 nM significantly
prolongs Tpot (p < 0.05),
whereas somatostatin (10 nM)
has no effect. (*: p<0.05)
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6.4 DISCUSSION

Modulating effects of neurohormones on the growth of gastrointestinal tumor
cells in vivo and in vitro have been described in several reports (3,6,8,10,11,13-
16,28-31). Our results with five established colon cancer cell lines indicate that
four of these lines do not respond in vitro to gastrin, serotonin or somatostatin
with altered proliferative behavior. Only the neuroendocrine NCI-H716 cells
(27) were rescued from proliferation arrest under serumfree conditions by the
addition of gastrin (1 and 10 nM) and serotonin (1 nM), whereas somatostatin
had no effect.
As a response to a neurohormone depends on the presence of a specific and
functional receptor, we performed radioligand binding assays to detect gastrin,
serotonin and somatostatin receptors on the colon cancer cells. Although recep-
tors for gastrin, serotonin and somatostatin were detected to a variable extent in
the non-endocrine HT 29, LoVo, LS 174T, and SW 403 cells, no growth
modulating response to these neurohormones occurred. The absence of a pro-
liferative response of these cells to the neurohormones corresponds with the lack
of receptors. In agreement with our results, Watson et al. (16) also did not find
a response of HT 29 and LoVo cells. However, for the non-endocrine cell lines
our results are at variance with several other reports in the literature (11,13-15).
Whether this discrepancy is due to differences in receptor content of the cells is
not clear, since no receptor data were presented in these studies. Receptor
expression could have been lost during prolonged culturing of cell lines, as
suggested by the results of Watson et al. (31) using primary colon cancer
cultures. Although on SW 403 cells relative large numbers of gastrin and
serotonin receptors were expressed, and in contrast to the report of Imdahl et al.
(11), we could not detect a stimulating action of gastrin on SW 403 cells. In
attempts to clarify whether experimental conditions of the ^H-thymidine incor-
poration assay or culturing conditions would preclude detection of a prolifera-
tive response in our study we used a variety of conditions.
The experiments with the ZR-75 breast cancer cells, which showed that estradiol
stimulated the incorporation of ^H-thymidine in a dose-dependent manner,
validate the experimental design to measure proliferative activity in vitro.
Culturing medium with complete serum presumably contains sufficient growth
factors and/or neurohormones to cause an exponential growth rate, making
further stimulation by added neurohormones highly unlikely. The experimental
conditions, with synchronization and restricted growth of cells, render it un-
likely that a growth modulating effect would remain undetected.
Neuroendocrine NCI-H716 cells expressed high numbers of receptors for the
three neurohormones tested. Presumably the gastrin and serotonin effect on
proliferative activity is mediated by these receptors. The increase of the potential
doubling time by the gastrin antagonist CAM 958 and the increased incorpora-
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tion of ^H-thymidine induced by gastrin suggests a role for gastrin receptors in
growth modulation of NCI-H716 cells. Serotonin (10 nM) slightly inhibited
proliferation in the flow cytometric assay, when NCI-H716 cells grew in
complete serum, which allows normal proliferative activity, but the effect was
borderline significant. In conditions of restricted growth however, stimulation
of ^H-thymidine incorporation was found upon exposure of cells to 1 nM
serotonin, whereas 10 nM serotonin had no effect. This paradoxical effect points
towards different effects exerted through different receptors with different
affinities. In any case, a major role for serotonin in growth modulation of colon
cancer cells seems unlikely.

The flow cytometric cell cycle analysis, which allows detailed study of the
proliferative behavior of cycling cells, demonstrated that the somatostatin ana-
logue octreotide significantly prolongs the potential doubling time of NCI-H716
cells, due to delayed traverse of the cell cycle. Strikingly, somatostatin did not
show this effect, in spite of the presence of somatostatin receptors on the cells.
As multiple receptor subtypes for somatostatin have been described (32), it is
conceivable that octreotide exerts its effect by binding to a different receptor
subtype on NCI-H716 cells than the receptor to which somatostatin binds.
Given our failure in repeating earlier results obtained in other studies, it seems
justified to conclude that the growth modulating effect of gastrin, serotonin and
somatostatin on non-neuroendocrine colon cancer cell lines is at least disputable,
and, if measurable at all, not very significant.

Only in the neuroendocrine cell line NCI-H716 growth modulating effects, in
particular of the somatostatin analogue octreotide, were observed in parallel
with high receptor numbers. These data indicate that the influence of biogenic
amines and polypeptide hormones on colorectal cancer growth might be con-
fined to adenocarcinomas with neuroendocrine differentiation. Finally, our
observations show that the presence of receptors for neurohormones does not
imply that the cells will yield a proliferative response to a neurohormonal
stimulus.
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7.1 INTRODUCTION

Endocrine cells occur in colorectal epithelium together with columnar cells and
mucin producing goblet cells. These three lineages are considered to be the
progeny of a common endodermal stem cell, located in the base of the intestinal
crypt (1). Colorectal carcinomas with endocrine features encompass a spectrum
of varying differentiation, ranging from carcinoid tumors to poorly differen-
tiated small cell carcinomas with neuroendocrine features. In adenocarcinomas,
the most prevalent type of colorectal cancer, endocrine cells occur to a variable
extent (2,3). This feature is also found in other parts of the digestive tract (4) as
well as in other organ systems (5). Interest in this phenomenon is increasing, in
connection with reports that endocrine features in tumors correlate with poorer
prognosis (6,7). Hypothetically, this could be explained by relative immaturity
of tumor stemcells which have retained their capacity for endocrine differentia-
tion (8). Alternatively, endocrine tumor cells could stimulate tumor growth
through secretion of tumor cell growth promoting neurohormonal substances
(9). The matter of prognosis of colorectal adenocarcinomas containing en-
docrine cells has not yet been settled, because studies with reliable follow up
data are scarce, and the studies which have been performed have generated
conflicting results. Previously we reported a tendency for poorer prognosis of
adenocarcinomas with serotonin (5-HT) expression (6), contradicting some
earlier reports, which denied any effect of endocrine differentiation on prognosis
(10). The data on 5-HT expression in adenocarcinomas barely reached statistical
signifance, perhaps because the number of 5-HT positive cases was too small,
or the follow up period too short for definitive conclusions. In an attempt to
resolve this issue we investigated endocrine differentiation in the same series of
colorectal cancer patients, now with longer follow up data available. We reex-
amined 5-HT expression and added immunostaining for chromogranin A
(CG A), a soluble monomeric acidic protein present in dense core neurosecretory
granules which so far is the most sensitive and specific general neuroendocrine
(NE) marker (11).

The present study reports on the frequency and pattern of endocrine differentia-
tion in colorectal adenocarcinomas, the hormone profile of endocrine tumor
cells, and the prognostic relevance of endocrine differentiation in colorectal
cancer.

7.2 MATERIAL AND METHODS

7.2.1 Patients
Colorecta] adenocarcinomas from 350 patients were studied for the presence of
endocrine differentiation. These patients were entered in two multicenter pro-
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spective clinical trials between 1979 and 1981. One trial was designed to
compare patient survival after treatment of colonic cancer by conventional
surgery or the no-touch isolation technique (12). The other trial was conducted
to compare survival in rectal cancer patients with or without pre-operative
radiotherapy. Follow up took place every 3 months during the first three years
and every 6 months between three and five years after initial diagnosis and
surgery. Standard protocols were followed, with routine blood counts and
chemistry studies (including CEA levels) at each visit and liver ultrasound, chest
x-ray and colonoscopy annually, to evaluate both recurrence of disease and
disease-related death. After the initial five year follow up period, during the next
years only the time and cause of death were registered. In the present study,
failure was defined as death due to recurrent disease, excluding postoperative
mortality within 30 days and non-disease related death.

7.2.2 Pathological staging and grading
Tumor stage, differentiation grade, size, (lymph-)angioinvasion and perineural
invasion, and the presence of central lymph node involvement were assessed. A
clinicopathological staging derived from the original Dukes' classification (13)
was used. Stage A tumors were confined to the bowel wall, stage B tumors were
defined as extending into the pericolic/-rectal fat and/or beyond the serosa, stage
C tumors were either stage A or B with lymph node metastases. Stage D was
defined as infiltrative growth in adjacent organs or distant metastases.
Histological differentiation was assessed according to modified criteria as out-
lined by Blenkinsopp (14), and was based on the extent of gland formation
within the tumor. Well-differentiated tumors consisted almost entirely of well
developed glands, poorly differentiated tumors displayed a solid growth pattern
in 10% or more of the tumor, and moderately differentiated tumors showed
intermediate patterns. Undifferentiated tumors, lacking gland formation, were
few in number and were included in the poorly differentiated group. Grading
was performed in at least two different representative sections and was based on
the least differentiated areas. With regard to size, tumors were assigned to three
groups, depending on the largest diameter measured. Outpoints were 3.5 cm. and
6 cm. Microscopic invasion in vessels or nerves was studied for at least 20 min.
per H&E section. Central lymphnode invasion was defined as tumor positive
lymph nodes in proximity of the highest vascular ligature.

7.2.3 Histochemistry and immunohistochemistry
Colorectal tumor specimens were fixed in 10% neutral buffered formalin.
Representative samples of the tumors were routinely processed and embedded
in paraffin. Sections (4 fim) of the tumor, through its most invasive part and
including adjacent transitional mucosa, were stained by standard histochemical
and immunohistochemical techniques. For the latter, an indirect peroxidase
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TABLE 1. Applied Staining Techniques

Histochemistry

High-Iron-Diamine Alcian Blue (HID-AB)

Applied Antibodies (nature, source, type, dilution)

I. Intestinal Differentiation Markers
-Columnar cells

-Goblet cells

-Endocrine cells

Secretory Component

Mucin (Parlam 3)

Chromogranin A

Synaptophysin

NSE

Leu-7

DAKO-pc-1:1000

own lab-mc-1:1000

Hybritech-mc-1:12500

Progen-mc-1:500

DAKO-pc-1:1000

BD-mc-l:50

II. Hormone Profile
-Gastrointestinal-Colon

-Gastrointestinal-Other

-Extra-intestinal

HI. 2nd Antibodies

Serotonin (5-HT)

Somatostatin

Glucagon-like immunoreactivity

(GLI)

Glicentin

PYY

Gastrin

Bombesin/GRP

Glucagon

Pancreas Polypeptide

Neurotensin

PHCG

aHCG

ACTH

Swine-anti-rabbit

Rabbit-anti-mouse

own lab-pc-1:2000

own lab-pc-1:1500

own lab-pc-1:100

ED-pc-1:200

ED-pc-l:50

own lab-pc-1:250

ICN-pc-1:10000

own lab-pc-1:500

own lab-pc-1:250

Amersham-pc-1:2000

DAKO-pc-1:2000

own lab-pc-1:3000

own lab-pc-1:100

DAKO-1:150

DAKO-1:200

labeled antibody technique was performed. The applied staining techniques are
listed in Table 1. The stainings were chosen to 1) demonstrate endocrine cells,
2) investigate the hormone profile of endocrine tumor cells, and 3) identify other
colorectal epithelial cell lineages within the tumor.
When transitional mucosa as an internal control was lacking, sections with
normal colon mucosa served as positive controls. Appropriate control tissues
from various endocrine organs were used as positive controls for determination
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of the hormone profile. Negative controls consisted of omission of the primary
antibody or replacement by serum from a non-immunized animal,

7.2.4 Scoring of endocrine cells
One representative section of each tumor was investigated for the presence of
tumor cells immunoreactive for chromogranin A (CGA). Sections containing
insufficient amounts of tumor tissue were excluded. Only tumors in which CGA
immunoreactivity was clearly identified as an integral part of the tumor were
considered to be positive. This was the case when the CGA positive cells were
found in invasive parts of the tumor, in lymph node metastases or when the cells
clearly showed malignant cytonuclear features. Intramucosal CGA positive cells
were discarded, to exclude the possibility of inclusion of benign mucosal
endocrine cells by the tumor. Tumors with CGA positivity were scored as
focally positive, when immunoreactivity was restricted to certain areas of the
section, or diffusely positive when CGA positive cells were found throughout
the section. Furthermore, the number of CGA positive tumor cells was counted
per mrn̂  of tumor surface area, using a gridded eyepiece, at a magnification of
312.5x. When the number of CGA cells was less than l p e r m m focal or diffuse
in the section, this was designated "moderate positivity" (class I), whereas a
number exceeding 1 per mrn̂  was designated "extensive positivity" (class II)
(Fig. 1).

7.2.5 Other colorectal markers
CGA expression was compared with markers for other colorectal epithelial cell
lineages. Mucin production was detected with the High Iron Diamine-Alcian
Blue (HID-AB) technique, which stains sulphated and sialated mucopolysac-
charides, and with the monoclonal antibody Parlam 3 (P3), detecting a glyco-
protein present in normal goblet cells (15). Columnar cells were identified by
immunoreactivity for secretory component (SC). For comparison with CGA
expression, immunoreactivity for these markers was interpreted as positive or
negative, without further specification of staining patterns, some of which have
been reported in more detail previously (6).

7.2.6 Statistical analysis
The correlation between endocrine differentiation (defined by CGA immunore-
activity) and other colorectal differentiation markers, Dukes' stage, differentia-
tion grade, tumorsize, patient age, localization of the tumor within the large
intestine, presence of (lymph-)angioinvasion or perineural invasion, lymphnode
status, and central lymphnode involvement was investigated by two-way and
multiway frequency tables using BMDP PC90 Statistical Software, program 4F
(BMDP Statistical Software, Inc., Los Angeles, CA). Interdependency of en-
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Figure 1. Chromogranin A (CGA) positive tumor cells in colorectal adenocarcinomas. a.
Class I pattern of immunoreactivity (moderate positivity, < 1 cell/mm )̂. Arrows indicate two
CGA positive celts, b. detail of a., showing subnuclear immunostaining for CGA (arrow) in
a tumor eel I making contact with stroma (s). c. Class II pattern of immunoreactivity (extensive
positivity, > 1 cell/mm^), d. detail of c , showing CGA positive tumor cells of "open" type
(arrow) and of "closed" type (arrowhead), resembling normal enteroendocrine cells, (a. and
c : bars = 50 pm; b. and d.: bars = 25 |i.m)

docrine differentiation and these variables was tested with Pearson's chisquare
test.
The prognostic status of endocrine differentiation with respect to survival was
investigated by univariate analysis, using (stratified) Kaplan-Meier estimations
and the logrank test, with the program EGRET* (Epidemiological GRaphics,
Estimation, and Testing, Statistics and Epidemiology Research Corporation,
Seattle, Washington).
The prognostic status of endocrine differentiation in relation to other known
important prognostic factors (Dukes' stage, differentiation grade, tumorsize and
central lymphnode involvement) was investigated by multivariate analysis in
Cox's proportional hazards regression model, using the PHREG procedure of
SAS/STAT (SAS Institute Inc. 1991, SAS Technical Report P-217, SAS/STAT
Software: The PHREG Procedure, Version 6, Cary, NC). Model assumptions
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and model fit were carefully checked using graphical methods and these checks
gave satisfactory results. To include all patients in the analyses, dummy varia-
bles were defined and used for parameters with missing values. For CGA and
5-HT expression, the missing-nonmissing patterns showed no statistically sig-
nificant association with survival.

7.3 RESULTS

73.1 Patients
The 350 patients in this study consisted of 165 men and 185 women, ranging in
age from 29 to 91 years. The median age was 69 years. There were 301 colonic
adenocarcinomas and 49 rectal adenocarcinomas. Of the tumors 78 were Dukes'
A, 132 Dukes' B, 99 Dukes' C and 40 Dukes' D (one case was not staged). The
number of well differentiated tumors was 35, 264 were moderately differen-
tiated and 35 poorly differentiated (16 cases were not graded).

7.3.2 Chromogranin A expression
CGA staining was obtained in 311 out of 350 tumors. These were comparable
in Dukes' stage and histologic grade to the overall population. CGA positive
tumor cells, characterized by intense granular staining of part or all of the
cytoplasm (Fig. 1), were found in 92 cases (30%). In 62 cases (20%), immunore-
activity was focal, in one or more areas of the section; 30 cases (10%) showed
diffuse presence of endocrine cells throughout the section. Of the CGA positive
cases 64 (21%) were class 1 and 28 (9%) were class II. CGA positive tumor cells
were often localized at the periphery of tumor cell nests, apposing stroma. The
endocrine cells were comparable in size and nuclear features to surrounding
tumor cells. They formed an integral part of tumors, being present also in
invasive parts of tumors and in lymphnode metastases. In shape CGA positive
tumor cells resembled normal enteroendocrine cells of open or closed type.
Carcinoma cells surrounding CGA positive cells were morphologically similar
to carcinoma cells in CGA negative areas.

7.3.3 Hormone profile
Twenty CGA positive tumors were assessed for expression of general NE
markers and for a selection of neurohormonal peptides. Dukes' stage, grade and
anatomical localization in these 20 cases were comparable to the overall group
of CGA positive tumors. The general NE markers NSE and synaptophysin were
each found in two cases (10%). Leu-7 was co-expressed with synaptophysin in
one of these cases (5%). Of the polypeptide hormones indigenous to normal
colonic epithelium, glucagon-like immunoreactivity (GL1) was encountered
most, in 11 cases (55%). Two of these (overall 10%) also showed immunoreac-
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tivity for giicentin. Somatostatin (SS) immunoreactivity was found in 2 cases
(iO%), both cases also expressing GLI. PYY was demonstrated in 2 cases
(10%), in one case together with GLI and SS, and once separately. Two cases
(10%) were positive for both a and (5 HCG. In these cases staining for large
intestinal neurohormonal peptides was not found. No immunoreactivity was
observed for other gastrointestinal hormones (gastrin, bombesin/GRP, neuroten-
sin, pancreatic glucagon, pancreatic polypeptide) or ACTH. Six cases (30%)
were negative for all neurohormonal peptides.
Expression of the biogenic amine serotonin (5-HT) had been previously deter-
mined in the same series of patients (6). Cross-tabulation between both studies
showed that 5-HT immunoreactivity was present in 17 of 84 CGA positive cases
(20%).

7.3.4 Endocrine differentiation vs. other colorectal markers
Mucin production as assessed by HID-AB staining occurred in 38% of tumors.
Mucin production detected by immunoreactivity for P3 was found in 52% of
tumors. P3 expression showed a highly significant correlation with the HID-AB
method (p<0.0001), especially in sialomucin producing tumors, where overlap
was 100% (for sulphomucin this was 81%, for combined sulpho- and sial-
omucins 89%). The correlation between CGA expression and HID-AB positive
staining was of borderline significance (p=0.06). Especially tumors with sial-
omucin showed a high percentage of CGA positivity (48%, of which 32% were
class I and 16% class II). The correlation between CGA and P3 expression was
significant (p=0.001). Of P3 positive tumors 39% showed CGA staining (26%
class I, 13% class II), vs. 19% of P3 negative tumors (14% class 1,5% class II).
58% of all tumors showed immunoreactivity for SC. No significant correlation
was found between CGA and SC expression (p=0.24). The correlation between
SC and P3 was highly significant (p<0.0001). The frequency of various combi-
nations of endocrine (CGA), mucin producing (P3) and columnar cells (SC) in
colorectal adenocarcinomas (n=285) is shown in Table 2.21% of tumors were
negative for all markers. 17% showed presence of all three lineages. In 6% of
adenocarcinomas CGA immunoreactivity was the only histochemical feature.

7.3.5 Endocrine differentiation vs. other variables
Adenocarcinomas with endocrine differentiation were found more frequently in
patients under 70 years of age (35% vs. 24%; p=0.03). There was a tendency for
adenocarcinomas with endocrine differentiation to occur in the ascending colon
(50%) and also in the splenic flexure and descending colon (38% and 37%
respectively); overall however, there was no sigificant correlation with tumor
localization (p=0.18). CGA positive adenocarcinomas were found significantly
more often in cases with central lymph node involvement (42% vs. 29%,
p=0.004). Also, the percentage of tumors belonging to class II was relatively
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TABLE 2. Correlation between endocrine differentiation (CGA), mucin production (P3) and

columnar cell features (SC) (n=285)

Secretory component

Neg

Pos

Parlam 3

neg
pos
total

neg
pos
total

Chromogranin A

Neg

59(21%)

30(10%)

89(31%)

49(17%)

63 (22%)

1.12(39%)

Pos

17 (6%)

11 (4%)

28 (10%)

9 (3%)

47(17%)

56 (20%)

Total

76 (27%)

4! (14%)

117(41%)

58 (20%)

HO (39%)

168 (59%)

high when the central node was positive (27% vs. 7%). There was a tendency
for endocrine differentiation to correlate with greater tumor size (22% CGA
positive in tumors <3.5cm., 35% between 3.5 and 6.0 cm., 29% >6.0 cm.;
p=0.08). No correlation was found between endocrine differentiation and
Dukes' stage, grade, presence of angioinvasion or perineural invasion, or lymph
node status (p>0.40).

73.6 Prognostic implications
Mean follow up was 11.5 years. One patient was lost to follow up, leaving 310
remaining cases. CGA positive and negative cases were fairly evenly distributed
over the different therapy groups (p=0.92 for no-touch vs. conventional surgery;
p=0.63 for the pre-operative radiotherapy trial).
In univariate analysis, survival for all adenocarcinomas with endocrine differen-
tiation tended to be poorer than for non-endocrine tumors (p=0.068) (Fig. 2).
This difference in survival did not correlate with focal or diffuse staining for
CGA (p=0.173). However, CGA class II tumors in univariate analysis showed
a tendency towards shorter survival than CGA negative tumors (p=0.064),
whereas class I cases showed no difference (p=0.433) (Fig. 3). The overall
scoretest was not significant (p=0.102). Stratification for tumor stage showed
that class II tumors showed a significantly poorer prognosis within Dukes' C
stage (p=0.028, overall scoretest p=0.08) (Fig. 4). In other Dukes' stages no
additional prognostic information could be derived from the class II pattern of
endocrine differentiation (p>0.34). When all adenocarcinomas with endocrine
features were grouped together, no additional prognostic information was found
upon stratification for stage (p>0.14), nor did focal or diffuse CGA staining
within the various Dukes' stages influence prognosis (p>0.28). The prognostic
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Figure 2. Kaplan-Meier estimation survival curve for the overall group of chromo-
granin A positive (CGA +) vs. chromogranin A negative (CGA -) adenocarcinomas.
Tumors with endocrine features show a tendency towards shorter survival (univar-
iate analysis, logrank test: p=0.068).
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Figure 3. Kaplan-Meier estimation survival curve showing that adenocarcinomas
with extensive positivity for chromogranin A (Class II, CGA II) tend to behave
more aggressively than tumors lacking endocrine features (CGA -) (univariate
analysis, logrank test: p=0.064). No significant difference in survival was noted for
adenocarcinomas with moderate positivity for chromogranin A (Class I, CGA I)
(univariate analysis, logrank test: p=O.433, overall scoretestp=0.102).
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Figure 4. Kaplan-Meier estimation survival curve for Dukes' C stage adenocarci-
nomas. Class II chromogranin A positive tumors (CGA II) show worst prognosis
within this stage (univariate analysis, logrank test: p=O.O28). No significant differ-
ence in survival was found for Class I positive tumors (CGA I) (univariate analysis,
logrank test: p=O.881, overall scoretest p=0.08).

relevance of 5-HT expression in adenocarcinomas in univariate analysis did not
increase with longer follow up (5 year f.u. p=0.168, 11.5 year f.u. p=O. 163).
5-HT expression did not alter prognosis within the various Dukes' stages and
did not have an additional effect on prognosis of CGA positive cases.
For multivariate analysis, traditional factors determining prognosis in colorectal
cancer were taken into account. Endocrine differentiation as such did not reach
statistical significance as an independent prognostic factor (p=0.114). The
adverse prognostic effect of endocrine differentiation was confined to tumors
belonging to class II, and was even more significant than in univariate analysis
(p=0.015). In multivariate analysis, tumors with a diffuse pattern of CGA
staining also tended to have an unfavorable prognosis (p=0.078). As opposed to
univariate analysis, 5-HT immunoreactivity in the multivariate analysis turned
out to be an independent predictor of poor outcome (p=0.010). Co-expression of
5-HT and CGA did not have an additive effect on prognosis.
In tumors with mucin and/or SC production, the presence of CGA positive cells
did not have any bearing on prognosis (p>0.27). Compared with tumors showing
only mucin or SC production and tumors without immunoreactivity at all,
tumors with CGA immunoreactivity as only marker of differentiation (6% of
cases) had the poorest prognosis (p<0.001) (Fig. 5).
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FigureS. Kaplan-Meierestimation survival curve for adenocarcinomas exclusively
showing endocrine differentiation (CGA, n=17), mucin production (P3, n=30), and
columnar cell features (SC, n=49). CGA tumors show shortest survival (univariate
analysis, logrank test: pxO.OOl), SC tumors appear to survive longest (p=0.176) and
P3 tumors behave intermediately (p=O.476, overall scoretest p=0.003).

7.4 DISCUSSION

Endocrine differentiation in gastrointestinal tumors initially was thought to be
confined to carcinoids. Later, composite tumors were recognized, characterized
by combinations of argentaffin cells and mucus-secreting acini. In the last two
decennia, histochemical, immunohistochemical and ultrastructural studies have
led to the recognition that endocrine cells (ECs) also occur quite frequently in
non-endocrine tumors. This has culminated in the concept of a broad spectrum
of tumors with endocrine features of varying differentiation, which can arise
along the entire digestive tract (3), in the bronchopulmonary system (16) and in
other organ systems (5). Although this concept may have been interesting from
a histogenetic point of view, in challenging the original APUD-cell hypothesis
(17), it remained of trivial importance until tumor behavior and prognosis were
reported to differ from tumors lacking ECs (5,6). More well-documented patient
series need to be investigated in order to sufficiently prove this contention.
In the large intestine, relatively few studies on the occurrence of ECs in
adenocarcinomas have been performed. The first studies employed silver-im-
pregnation histochemistry. Iwashita (18) identified argyrophil cells in 44% of
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colorectal carcinomas. Smith and Haggitt (10) used the Churukian-Schenk
argyrophil stain and found 20% of colorectal carcinomas to contain ECs. Arends
et al. (6) were the first to systematically look for endocrine features in colorectal
tumors with immunohistochemistry, and found that 8% of tumors contained
5-HT immunoreactive cells. This relatively low percentage is accounted for by
the fact that 5-HT is only present in a subset of tumors with endocrine differen-
tiation, as became evident in the present study. When the same series of patients
was stained with a monoclonal antibody against CG A, the percentage of positive
tumors increased to 30%. This percentage corresponds with traditional silver
stainings, which is not surprising, as CGA immunoreactivity identifies the same
cell constituents as argyrophil stains. The percentage of CGA positivity in this
report is also comparable with the literature. Ho et al. (2) reported CGA
expression in 33%, and Hamada et al. (19) in 32.5% of tumors. Janssonet al. (7)
found a higher percentage (app. 50%) of endocrine differentiation in a relatively
small group of colon carcinomas by using combined immunohistochemistry for
several general neuroendocrine (NE) markers, including CGA and neurohor-
mones. In this study, preliminary clinical data indicated a worse prognosis for
both pure NE carcinomas and carcinomas containing a NE subpopulation, even
if small. Smith and Haggitt (10) in their study did not find a correlation between
endocrine differentiation and poorer prognosis. This contrasts with the report of
Arends et al. (6) on 5-HT positive tumors, with the study of Hamada et al. (19)
and with our results on CGA expression. Hamada et al. (19) reported results
which are highly similar to ours. They also found a worse prognosis for
carcinomas containing relatively high amounts of CGA positive cells (p<0.01).
This group was slightly larger than in our study (14% vs. 9%). A similar effect
was found in patients with lymph node negative tumors (p<0.05). In contrast, in
our study, this effect was mainly present in Dukes' C tumors. Also, there were
differences in patient material: Hamada et al. studied 97 colon cancer cases and
115 rectal adenocarcinomas, whereas in our study predominantly colon carci-
nomas were present. Apart from these minor differences, the two similar studies,
in two independent patient populations, provide strong evidence for a more
aggressive behavior of colorectal adenocarcinomas with ECs.
In explanation of the occurrence of ECs in colorectal cancer, polyclonality of the
tumor and pluripotentiality of tumor stem cells should be considered. As regards
the first possibility, the weight of evidence is that most neoplasms are of
monoclonal origin. Pluripotentiality of tumor stem cells seems to offer a more
plausible explanation for ECs in non-endocrine tumors. In normal intestinal
epithelium, conclusive evidence has been generated that all cell lineages are
derived from a common endodermal stem cell (1). Evidence in favor of a
pluripotential tumor stem cell has been obtained from a rat model of colonic
adenocarcinoma (20) and in various human adenocarcinoma cell lines (21,22),
in which xenograft tumors showed multiple lines of diffentiation. The present



148 Endocrine Differentiation in Colorectal Cancer

study reconfirms that multidirectional differentiation also occurs in the primary
tumors.
Several mechanisms should be considered in explanation of the poorer progno-
sis of adenocarcinomas with endocrine features. Aggressive tumor behavior
correlates with the level of differentiation in a tumor, which in turn could be a
reflection of the (im)maturity of the tumor stem cell. Endocrine differentiation
possibly represents a relatively immature celltype, as normal ECs preferentially
occur basally in mucosal crypts, adjoining the stem cell region. Moreover,
studies on renewal of ECs indicate that they might in part represent precursors
for the other cell types (8), and transitions between ECs and mucin producing
cells, so-called amphicrine cells, have been described (23). We previously
demonstrated in the NCI-H716 cell line that endocrine and mucin producing
cells are closely related and probably represent a relatively low level of differ-
entiation (22). This cell line is derived from a poorly differentiated adenocarci-
noma, and combines endocrine features, mucin production and amphicrine cells
but lacks properties of columnar cells. In the present study on patient material,
there was a significant correlation between endocrine differentiation and mucin
production, indicating that these two cell lines indeed must be closely related in
the differentiation pathway. On the other hand, there was no correlation between
CGA and SC expression, whereas mucin production strongly correlated with SC
immunoreactivity. It is tempting to speculate that mucin producing cells consti-
tute an intermediate level of differentiation, which is reflected in the correlation
between mucin production and CGA as well as SC expression, and also in the
intermediate prognosis of tumors elaborating mucins (Fig. 5).
Growth stimulation by neurohormones might be an additional factor contribut-
ing to the infavorable prognosis of adenocarcinomas with ECs. It has been
demonstrated that biogenic amines and polypeptide hormones play a role in
growth regulation of normal and neoplastic intestinal epithelium (9). Expression
of these molecules and of their receptors in cancer cells might constitute an
autocrine growth promoting loop. We have indeed recently demonstrated appre-
ciable levels of receptors for serotonin, somatostatin and gastrin on NCI-H716
colon cancer cells (22). The fact that only tumors with numerous ECs show a
tendency towards poorer prognosis indicates that the quantity of ECs is relevant,
supporting the contention that secretion of neurohormonal substances by en-
docrine tumor cells could account for the poorer survival of tumors through
autocrine or paracrine growth stimulation. Although the presence of numerous
CGA positive tumor cells appears to be an independent prognostic variable,
routine CGA staining of colorectal carcinoma is not warranted, because this
finding as yet does not have any therapeutic implications. Nevertheless, ongoing
research in this area is necessary, because this aspect of tumorgrowth potentially
could lead to new therapeutic strategies. The hormone profile of ECs in colorec-
tal tumors indicates that studies to this effect should be concentrated on the
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regulatory substances and their specific receptors which are indigenous to the
large intestine. Finally, adenocarcinomas containing ECs appear to show a
tendency for (early?) lymph node metastasis. Although there was no significant
correlation with overall lymph node status, the strong correlation between ECs
and central lymph node involvement points to the propensity of this type of
tumor to disseminate rapidly, which obviously could contribute to a poorer
prognosis. In summary, an appreciable number of CGA immunoreactive tumor
cells distinguishes a group of colorectal adenocarcinomas with poorer progno-
sis. This more aggressive character reflects immaturity of the tumor stem cell or
could result from auto- or paracrine growth stimulation by neurohormonal
substances produced by endocrine tumor cells.
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8.1 Introduction

In this chapter the significance of endocrine differentiation in colorectal cancer
is reviewed, with the intention to integrate data from clinical and fundamental
research, regarding growth and differentiation of endocrine cells (ECs) in
normal and neoplastic colorectal epithelium.

8.2 Justification of the study and its design

The development of the concept of the diffuse neuroendocrine (NE) system in
the last decennia constitutes an important step forward in biology. In the
evolution of this concept, the study of NE neoplasms has played a significant
role. Although pure NE tumors are relatively uncommon, NE cells occur
frequently in human neoplasms and therefore this phenomenon might be of
potential clinical importance. In 1986 Arends et al. reported that colorectal
adenocarcinomas containing serotonin immunoreactive endocrine tumor cells
show a tendency towards poorer survival than tumors without this trait (1). At
first sight, this appeared somewhat surprising, as one would be inclined to expect
that tumors with the capacity for differentiation into supposedly mature ECs
behave as well differentiated, less aggressive tumors. The present study was
undertaken to shed more light on the biological and clinical significance of this
observation. The working hypothesis was that colorectal adenocarcinomas with
endocrine features are more aggressive, as a result of: 1) relative immaturity of
the pluripotent tumor stem cell capable of endocrine differentiation and/or 2)
autocrine/paracrine growth stimulation by neurohormones, produced and
secreted by endocrine tumor cells. The clinical part of the study was executed
because it was felt important to confirm the more aggressive behavior of
colorectal adenocarcinomas with ECs. Although a clear tendency towards
poorer survival emerged in the study of Arends et al., the data did not truly reach
statistical significance in a five-year patient follow-up period. Moreover, en-
docrine features in the former study were defined by immunoreactivity for
serotonin, which -although fairly commonly expressed by enteroendocrine
cells- is not a genuine "pan-neuroendocrine" marker, and might only have
identified a portion of endocrine differentiating tumors. Therefore, the study of
Arends et al. was repeated, employing the superior general endocrine marker
chromogranin A, with patient follow-up in the meantime extending over more
than ten years. In addition, to appraise the level of cellular maturity of ECs, the
correlation with other colorectal epithelial lineages in tumors was determined
and the impact of the presence of the various cell lineages on tumor behavior
was assessed. Finally, the hormone profile of endocrine tumor cells was estab-
lished, to determine whether or not the neurohormones produced by endocrine
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tumor cells reflect the normal spectrum of colorectal neurohormones and to
identify the neurohormones which might be of interest for the study of auto- or
paracrine regulation of cellular growth in intestinal neoplasia.
An effort to clarify the biology of endocrine differentiation in normal and
neoplastic epithelium was made in combining a study of turnover of ECs in
normal colonic epithelium in the rat with studies on cell lines derived from
human colorectal cancer. As colorectal cancer cell lines capable of endocrine
differentiation turned out to be quite scarce, part of the in vitro studies consisted
of the detailed descriptions of poorly and moderately well-differentiated cell
lines, which might be used as models to study endocrine differentiation in
colorectal cancer. Furthermore, studies with these cell lines were undertaken to
identify factors which regulate the expression of the endocrine phenotype.
Finally, the occurrence of various neurohormonal receptors on cancer cells was
determined, and the presence of these receptors was correlated with effects of
the pertinent neurohormones on tumor cell proliferation in vitro.

8.3 ECs in non-endocrine tumors

The occurrence of multiple lines of differentiation in a neoplasm is by no means
new, but is encountered more often than in the past due to the availability of
specific histotechnical methods in diagnostic pathology (2). The presence of
ECs in primarily non-endocrine tumors is a striking example of this phenome-
non and has been noted in a broad range of tumors (3). With the exception of
composite tumors, in which a portion of the neoplasm shows an organoid pattern
typical of a carcinoid tumor, the application of additional techniques is indis-
pensable to identify endocrine features. Special care should be taken that the
applied techniques are reliable and unequivocally demonstrate endocrine char-
acteristics, because some histochemical methods, e.g. silver impregnation tech-
niques, might stain non-endocrine cell components. Immunohistochemistry can
lead to unwanted non-specific reactions as well (3). Therefore, the combination
of more than one staining technique, accompanied by adequate controls and
ideally supplemented with electron microscopy, is desirable for the demonstra-
tion of endocrine differentiation. Furthermore, the possibility should be ex-
cluded that the ECs are benign preexisting cells, entrapped by the invasively
growing neoplasm. This possibility can be excluded when the tissue in which
the tumor has originated does not normally contain ECs, when the ECs in the
tumor are present in sufficiently large numbers and show cytonuclear features
similar to surrounding tumor cells, and when the ECs are encountered in deeply
invasive parts or metastases of the tumor. Once the occurrence of ECs in a
non-endocrine tumor has been ascertained, several theories can be considered to
explain this phenomenon. The first possibility is fusion of neoplastic cells with
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resident ECs, resulting in tumor cells retaining the endocrine phenotype of the
benign cells. Although easy to induce in vitro, this has not definitively been
demonstrated in vivo. Moreover, this theory is not tenable in cases where the
tissue of origin does not normally contain ECs. Secondly, it can be argued that
in neoplasms any type of differentiation can be encountered. Clearly, although
aberrant differentiation does occur at times, most tumors demonstrate a differ-
entiation potential, restricted to the cell types normally occurring in the tissue of
origin (2). Thirdly, the occurrence of multiple lines of differentiation in a tumor
might be explained in postulating a polyclonal origin of the neoplasm. However,
as the weight of the evidence presently is in favor of the concept that tumors are
monoclonal, the most likely explanation seems to be multipotentiality of the
tumor stem cell (4).

8.4 Clinical significance of ECs in colorectal cancer

The phenomenon of multiple lines of differentiation in a tumor, though interest-
ing from a biological point of view, would gain even more interest if it would
also have a bearing on tumor behavior. It is evident that the cellular phenotype
in a tumor has a bearing on tumor behavior, as reflected in the growth rate, in
the propensity for invasion and metastasis, or in the response to therapy. In this
respect, ECs in a non-endocrine tumor could particularly be of clinical interest,
because endocrine tumor cells can elaborate bioactive substances such as amines
and peptide hormones. Secretion of these substances could lead to symptoms of
hormone overproduction or could be applied as a marker for tumor progression
or recurrence. However, manifest hormone production by endocrine tumor cells
in colorectal cancer does not occur and is of no importance in the clinical
presentation of tumors containing ECs (5). In addition to the carcinoid tumor,
endocrine differentiation in colorectal cancer can appear in different forms,
covering a spectrum ranging from predominantly endocrine tumors, via com-
bined exo- and endocrine tumors of varying differentiation, to classical tubulo-
papillary adenocarcinomas with scattered ECs (5). In the present study, we
concentrated on light microscopically classified adenocarcinomas containing
scattered ECs. Adenocarcinomas are the most prevalent type of tumor in the
large intestine, and a perceptible effect of endocrine differentiation on tumor
prognosis in this category would be most significant from a clinical point of
view. Systematic search for ECs occurring in colorectal adenocarcinomas has
not been frequently performed. Previously published studies regarding progno-
sis of colorectal tumors containing a subpopulation of ECs yielded conflicting
results (1,6). The systematic search for ECs in two large series of colorectal
adenocarcinomas by Harnada et al. (7) and by our own group (8), has generated
compelling evidence that colorectal adenocarcinomas with significant numbers
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of ECs are indeed more aggressive than those lacking ECs. Moreover, the
presence of endocrine characteristics identifies subsets of tumors within Dukes'
B or C stages differing in survival.

8.5 Biological significance of ECs in colorectal cancer

These studies touch upon three aspects of the biology of endocrine differentia-
tion in colorectal cancer: the factors determining the appearance of ECs in
carcinomas, renewal of gut endocrine cells, and the regulation of colorectal
cancer growth by amines and peptides.

8.5.1 Regulation of endocrine differentiation
Embryological studies have shown that contact between endoderm and me-
soderm is instrumental in the development of the correct intestinal endocrine
population (9). The basal side of ECs in normal crypt epithelium is in direct
contact with the pericryptal basement membrane (10). In neoplasia, ECs in
general are located peripherally in tumor lobules, in contact with surrounding
stroma (8). In colorectal cancer cell lines, ECs, when present, mainly occur in
xenografts, where stromal factors are present (11). Taken together, these obser-
vations suggest that extracellular matrix (ECM) might be an essential regulator
of endocrine differentiation. This hypothesis was tested in detail in the cell line
NCI-H716, derived from ascitic fluid of a patient with a poorly differentiated
caecal adenocarcinoma displaying endocrine features. These results confirm a
significant role of ECM components in the upregulation of endocrine differen-
tiation, as was demonstrated by increased expression of chromogranin A at both
the transcriptional and protein level. As to the mechanisms involved, two
elements were identified: integrin receptor mediated attachment of epithelial
cells to mesenchymal structures, and ECM mediated modulation of differentia-
tion induction by growth factors (12). That this mechanism is not universally
applicable follows from the in vitro studies with the moderately well-differen-
tiated cell line Caco-2 and its point mutated c-Ha-Ras-transfected subline Caco-
2 EJ6. In both these cell lines, ECs were exclusively encountered in vivo in nude
mice xenografts, but attempts to induce endocrine differentiation in vitro re-
mained unsuccesful (13). Despite this discrepancy, the predominant presence of
ECs at the epithelial-stromal interface in xenografts of Caco-2 cells and in
primary colorectal adenocarcinomas, supports a role for ECM in the develop-
ment of the endocrine phenotype. The precise mechanism involved might differ
from case to case, and perhaps depends on the level of maturity of the tumor
stem cells. The experiments with the Ras-transfected Caco-2 EJ6 cells demon-
strate that, contrary to suggestions based on studies on medullary thyroid
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carcinoma (14) and small cell carcinoma of the lung (15), Ras overexpression
does not induce endocrine differentiation.

8.5.2 Renewal of gut ECs
Our study on the kinetics of ECs in the rat was performed because knowledge
of kinetics of ECs in the digestive tract may contribute to a better understanding
of intestinal mucosal growth and differentiation in both normal and pathologic
circumstances. To study the biology of ECs, ideally, one would like to follow an
individual EC during its lifetime, which is not feasible. As an alternative, a study
of the entire population of ECs, by combined pulse-chase and continuous
labeling with the thymidine analogue BrdU, was performed (16).
The questions addressed in these experiments were how the renewal of ECs
takes place and whether or not ECs are capable of proliferation. We found ECs
indeed capable of proliferation. In this respect they resemble the other epithelial
lineages, although turnover and migration are considerably slower (17). In
addition to self-replication, the EC population remains in a steady state by
recruitment from proliferating precursor cells. It appeared that the population of
enterochromaffin cells in rat caecal epithelium, representing the vast majority of
ECs, consists of two kinetically distinct subpopulations, one with a relatively
rapid turnover, and one with slower renewal. A difference in migratory proper-
ties and distribution over the crypt emerged: the slowly renewing population
appeared to be stationary and evenly distributed over the upper and lower crypt
segments, whereas the relatively rapidly renewing fraction, which accounted for
the ECs in the crypt base, was subject to upward migration. It is tempting to
speculate that the migrating population might be an epithelial derivative, and the
stationary fraction might have a neural origin, each category with a different
precursor cell. This hypothesis might revitalize one aspect of the original APUD
hypothesis (18): the neuroectodermal origin of (a subpopulation of) ECs in the
gut. The existence of two subpopulations of ECs has been suggested previously,
in kinetic studies (19) as well as in studies on the secretory activity of enter-
ochromaffin cells (20). Further studies on morphology and function of these two
subpopulations are warranted, to investigate the validity of this compelling
hypothesis.
ECs in normal intestinal epithelium are preferentially localized in the basal parts
of the crypts of Lieberkiihn (21). In a continuously renewing and upward
migrating crypt cell population, one would expect an even distribution of ECs
along the crypt. The preferentially basal location of ECs can theoretically be
explained by 1) lack of migration of crypt base derived ECs and 2) cell loss
during migration. The former is difficult to envision in view of our own results
and because ECs are integrated elements in a continuously moving sheet and
their shedding from the mucosal surface has been observed (22). The second
possibility could result from the transition of ECs into other epithelial cell types.
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This possibility is supported by descriptions of combined endo- and exocrine
cells, so-called "amphicrine" cells (23). Thus, ECs in the crypt base would
represent a temporary phase in intestinal epithelial differentiation and would in
part be precursor cells for other cell lineages. This hypothesis suggests that a
hierarchy exists in the maturity of the various cell types, increasing from ECs
and mucin producing cells to columnar cells. In normal intestinal epithelium,
which is continuously renewed from the crypt base upwards, the distribution of
the three cell types, with ECs mainly in a basal position, mucin producing goblet
cells along the crypt length, and columnar cells dominating the surface
epithelium, fits this model (21). Further circumstantial evidence in favor of this
hypothesis is derived from our studies on endocrine differentiation in primary
colorectal carcinomas. A significant correlation was found between the occur-
rence of endocrine cells and of mucin producing cells, and also of mucin
producing and columnar cells. In contrast, no correlation was found between the
occurrence of endocrine cells and of columnar cells. The hierarchy in maturity
of these three cell types fits differences in the prognosis of tumors expressing
these traits: the occurrence of endocrine differentiation corresponded with short-
est survival, carcinomas with mucin production had an intermediate position and
those with columnar cell features showed the longest survival (8). Taken to-
gether these observations suggest that ECs in intestinal epithelium maturate.
ECs derived from committed precursor cells and located in the basal zone of
mucosal crypts are relatively immature. They subsequently develop into mature,
terminally differentiated ECs in upper crypt segments or surface epithelium or
give rise to higher differentiated cells of another type. The spectrum of endocrine
differentiation in colorectal cancer also fits this concept: small cell NE carci-
nomas reflect immature ECs, carcinoids reflect mature ECs and combined endo-
and exocrine tumors reflect the transition between ECs and other cell types.

8.5.3 Neurohormonal regulation of cancer cell growth
A considerable body of evidence indicates that amines and polypeptide hor-
mones elaborated by ECs in the gut can act as growth regulating factors, either
stimulating or inhibiting growth of intestinal epithelium in normal, adaptive and
neoplastic conditions. However, some contradictory results have been publish-
ed, partly due to varying experimental conditions (24-27). An unresolved ques-
tion is whether neurohormones act locally, as paracrine or autocrine signal
molecules, or as circulating hormones. Both possibilities in principle could
apply to substances like gastrin, serotonin, bombesin/GRP and enteroglucagon
(28,29). Somatostatin more likely acts locally, as it is rapidly metabolized (30).
Although the presence of specific neurohormonal receptors on cells is required
in order to attain an effect on cell growth, receptor expression has been rarely
studied in connection with growth regulation. Animal models and preferably
patient trials will be necessary to definitively settle the issue as to whether or not
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modulation of colorectal cancer growth by neurohormones does occur. Promis-
ing results have been achieved in some animal models (31). Patient studies are
scarce and a significant benefit has not been proven as yet (32). In an attempt to
resolve some of these discrepancies, we chose to study four non-endocrine cell
lines reported to be responsive to neurohormonal manipulation (25-27,33) and
NCI-H716 cells, a cell line with NE features (34). We measured the presence of
membrane receptors for gastrin, serotonin and somatostatin in these cells, and
correlated the results with the observed effects of the corresponding ligands on
cell growth. Of the five cell lines studied, only NCI-H716 cells expressed
specific high affinity binding sites for all three substances and were also
sensitive to growth regulation by these ligands. The most significant effect was
growth inhibition by octreotide, a somatostatin analogue, due to slower tra-
versing of the cell cycle. As somatostatin itself did not effect the rate of
proliferation, octreotide presumably acts via a somatostatin receptor (SSTR)
subtype. Effects of octreotide on tumor growth also involve other mechanisms,
because this compound was also shown to induce apoptosis in tumor cells (35).
SSTRs were found in all cell lines studied, including Caco-2 cells, in agreement
with studies on SSTRs in colorectal tumors (36,37). Taken together, the results
show that proliferation occurs only when receptors are expressed. However,
receptor expression does not always correspond with a response of the receptor
bearing cell in terms of altered proliferation rate.

We conclude that: 1) Cell proliferation in colorectal cancer may be modulated
by neurohormonal peptides through specific receptors. 2) The presence of these
receptors appears to be a prerequisite for growth modulation but does not
necessarily imply that modulation of proliferation will be found. 3) Whether or
not neurohormonal peptides are responsible for the prognostic significance of
ECs in colorectal carcinomas remains to be established. 4) The hormone profile
of ECs in colorectal adenocarcinomas corresponds with that of normal colorec-
tal epithelium, and therefore studies on autocrine/paracrine growth regulation
should focus on hormones and amines indigenous to the large intestine. 5)
Somatostatin and its analogues could be promising as a growth inhibitor in
colorectal adenocarcinomas, especially those with endocrine features.

8.6 Future perspectives

Further exploration of the underlying cause(s) of the poorer survival of colorec-
tal adenocarcinomas with endocrine differentiation is warranted because more
knowledge on the biology of this phenomenon might lead to the development of
new therapeutic strategies. Future studies on the biology of endocrine differen-
tiation could be directed at:
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1) Clarification of the biological significance of the heterogeneity with regard to
cell renewal of ECs. Ultrastructural investigations might be included in this
field.
2) Further unraveling of the mechanisms by which extracellular matrix induces
endocrine differentiation. The nature of the contacts between epithelium and
extracellular matrix and amongst epithelial cells might be further elucidated.
Furthermore, paracrine factors which induce differentiation in epithelial or
stromal cells might be studied by molecular biological techniques, in combina-
tion with antibodies or antagonists to such factors and their receptors.
3) Resolution of the role of biogenic amines and polypeptide hormones in
growth modulation of colorectal tumors containing ECs, focussing on receptor
assays and determination of proliferation modulating effects of the ligands.
Receptor studies ideally should include histochemical visualization of receptors,
which would yield information on heterogeneity of receptor expression within
tumors. Cell kinetic analysis might lead to a better understanding of the mecha-
nisms of growth modulation by neurohormones, which could lead to rational use
of these substances. Futhermore, in vitro studies might be extended to animal
studies and patient trials.
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SUMMARY

Chapter 1

This chapter comprises a general introduction to the field of study and describes
the aims of the study.

Chapter 2

The localization, morphology and neurohormonal peptide content of neuroen-
docrine cells have been extensively investigated. Relatively little is known about
the kinetics of growth and differentiation of these cells. In this chapter, we
studied the kinetics of enterochromaffin (EC) cells in the caecum of the rat, by
applying the thymidine analogue 5-bromo-2'-deoxyuridine (BrdU), to identify
S-phase cells, administered in pulse-chase and synchronous continuous labeling
experiments. By double indirect immunofluorescence staining of tissue sections,
using antibodies against serotonin and BrdU, percentages of BrdU positive EC
cells could be enumerated, from which cell-kinetic parameters were derived.
The following conclusions were drawn:
1) EC cells are renewed by proliferation of EC cells and by recruitment from

proliferating precursor cells.
2) Caecal EC cells appear to consist of a relatively rapidly renewing and

migrating fraction (60-65%) with a turnover time of approximately 16 days
and a relatively slowly renewing and possibly stationary fraction (35-40%)
with an estimated turnover time of approximately 150 days.

3) 70% of the EC cells is localized in the lower half of mucosal crypts, 30% in
the upper half. After prolonged labeling the percentage of labeled EC cells
in the lower crypt half always exceeds that in the upper crypt half. This
decrease in labeled EC cells during migration towards the mucosal surface
indicates loss of endocrine cells, possibly owing to loss of endocrine char-
acteristics.
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Chapter 3

In colonic neoplasms, endocrine differentiation is encountered not only in
carcinoid tumors but also in adenocarcinomas, where endocrine cells may
represent a distinct line of differentiation of the tumor. Endocrine cells occur in
±30% of colorectal adenocarcinomas. The significance of endocrine differentia-
tion in colorectal cancer is not well established, partly because of the paucity of
tumor cell lines which can serve as a model to study endocrine differentiation.
In this chapter we describe the properties of NCI-H716 cells, a cell line derived
from a poorly differentiated adenocarcinoma of the caecum, under various in
vitro conditions and as xenografts in athymic mice. Phenotypical properties
were immunohistochemically assessed using a panel of differentiation related
antibodies, and furthermore by Northern blot analysis and by electron micro-
scopy. Receptors for biogenic amines and peptide hormones were analyzed by
ligand binding assay. These studies show that: 1. NCI-H716 cells can be
undifferentiated, but also endocrine, mucin-producing or "amphicrine". 2. En-
docrine differentiation of NCI-H716 cells preferentially occurs in xenografts in
athymic mice, which suggests that mesenchymal elements induce endocrine
differentiation. 3. NCI-H716 cells express large amounts of high affinity recep-
tors for gastrin, serotonin and somatostatin and these substances can regulate
growth. Therefore, NCI-H716 cells form a suitable model for the study of
endocrine differentiation in intestinal epithelium and of auto- or paracrine
growth regulation in intestinal neoplasia.

Chapter 4

Endocrine differentiation in colorectal cancer cell lines is almost confined to
tumor xenografts in vivo, suggesting that endocrine differentiation might be
regulated by epithelial-stromal interactions. In this chapter this hypothesis was
studied in the caecal adenocarcinoma derived cell line NCI-H716, by comparing
the expression of chromogranin A (CGA) protein and mRNA in vivo and in
vitro, and by attempts to induce differentiation in vitro. We found that CGA
expression, which was strongest in vivo, could be significantly enhanced in vitro
by culturing tumor cells in the presence of native extracellular matrix (ECM),
on fibroblast feeder layers and in defined medium with basic fibroblast growth
factor (bFGF). The results suggest that ECM induces endocrine differentiation
through factors (e.g. bFGF) which may be produced by stromal cells and after
secretion bind to the ECM.
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Chapter 5

To study the factors regulating endocrine differentiation in colorectal cancer,
which may bear resemblance to the regulation of endocrine differentiation in
normal intestinal mucosa, additional models in which differentiation can be
manipulated are essential. Ideally, such models should resemble the differentia-
tion spectrum of normal colorectal epithelium. In this chapter we attempted to
demonstrate endocrine differentiation in the colonic adenocarcinoma cell line
Caco-2, which is frequently used as a model for enterocytic differentiation. In
vitro endocrine tumor cells were not encountered. In vivo studies were cumber-
some, because of the low take rate of Caco-2 cells. We did manage to establish
nude mouse xenografts of Caco-2 cells by inoculating cells in collagen gel and
by suppressing natural killer cell activity. In an attempt to induce a better take
rate and to investigate the effect of Ras oncoprotein overexpression on endocrine
differentiation, Caco-2 cells were transfected with a point mutated c-Ha-Ras
gene. The cell line Caco-2 EJ6, generated from these experiments, could be
xenografted in nude mice with a high take rate, yielding a moderately well
differentiated adenocarcinoma, morphologically identical to the tumors derived
from untransfected Caco-2 cells. The xenografts displayed goblet cell, entero-
cytic, Paneth cell and endocrine differentiation. In vitro endocrine differentia-
tion was not observed, neither under standard conditions nor with extracellular
matrix components as differentiation inducers.

We conclude that the Caco-2 cell line and its c-Ha-Ras transfected subline
Caco-2 EJ6 in vivo display endocrine differentiation. Ras overexpression does
not enhance endocrine differentiation. Due to its favorable growth properties in
vivo, Caco-2 EJ6 is a suitable model for studies on endocrine differentiation in
colorectal cancer.

Chapter 6

In this chapter, the presence of receptors was correlated with the effect of the
neurohormones gastrin, serotonin and somatostatin on the proliferation and cell
kinetics of five colon cancer cell lines. Receptors were determined by radioli-
gand binding assay on HT 29, LoVo, LS 174T, SW 403 and NCI-H716 cells.
Gastrin receptors were found in LS 174 T, SW 403 and NCI-H716 cells.
Serotonin receptors were detected in S W 403 and NCI-H716 cells. Receptors for
somatostatin were demonstrated in the five cell lines tested. In competition
experiments it was shown that the gastrin antagonist CAM 958, the serotonin
antagonist methysergide, and the somatostatin analogue octreotide interacted
with receptor binding sites for gastrin, serotonin and somatostatin, respectively.
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The proliferative response of the colon cancer cell lines to gastrin, serotonin and
somatostatin was measured by [^H]-thymidine incorporation. Various culturing
conditions were used, including the incubation of the cells in the presence of 0%,
1% dialyzed and 10% complete fetal bovine serum, and synchronization of the
cells. Only the neuroendocrine NCI-H716 cells were modulated in proliferative
activity by nanomolar concentrations of gastrin and serotonin. The stimulatory
effect only occurred under conditions of growth restriction. Somatostatin had no
effect on the proliferation of NCI-H716 cells.

The effect of receptor ligands on cell kinetics of NC1-H716 cells was studied by
dual parameter flow cytometric analysis after pulse labeling with bromodeoxy-
uridine. Gastrin did not induce significant changes in NCI-H716 cell kinetics.
The gastrin antagonist CAM 958 had a small inhibiting effect on proliferation
of NCI-H716 cells. Serotonin inhibited with borderline significance and methy-
sergide did not influence the proliferative activity. Whereas somatostatin had no
effect, octreotide significantly increased the potential doubling time of NCI-
H716 cells, without changes in labeling index. This indicates that no specific
blocks occur in the Go/G | phase, but that the overall traverse of the cells through
the cell cycle is slowed down.

The presence of receptors for neurohormones does not guarantee a proliferative
response of colon cancer cells in vitro. The results suggest that growth modulat-
ing effects of neurohormones are receptor-mediated and might be predominant-
ly confined to colorectal adenocarcinomas with neuroendocrine characteristics.
Furthermore, somatostatin analogues could be effective as growth inhibitors for
these tumor cells.

Chapter 7

In this chapter the clinical relevance of endocrine differentiation in colorectal
cancer is examined. The occurrence of endocrine cells in 350 cases of colorectal
adenocarcinoma was studied by immunohistochemistry for chromogranin A
(CGA). The hormone profile of endocrine tumor cells, the correlation between
endocrine differentiation and presence of other colorectal epithelial cell lineages
and the prognostic relevance of endocrine differentiation in colorectal cancer
were investigated. CGA positive tumor cells were found in 30% of cases, 21%
showing moderate positivity (< 1 cell/mm^), and 9.0% extensive positivity (> 1
cell/mm"). Of CGA positive tumors 70% additionally produced neurohormones,
mainly indigenous to normal colorectal epithelium: 55% showed immunoreac-
tivity for glucagon-like substances, 20% for serotonin and 10% for somatostatin,
PYY and HCG. No immunoreactivity was found for various neurohormones not
normally produced by colorectal endocrine cells. CGA positive tumors tended
to be more aggressive than CGA negative tumors (p=0.068). Especially tumors
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with exte/u/ve CGA positivity showed shorter survival, which was most ap-
parent within Dukes' C stage (p=0.028). In multivariate analysis, extensive
CGA positivity was an independent indicator of poor prognosis (p=0.015). CGA
immunoreactivity significantly correlated with mucin production, but not with
expression of secretory component (SC), a columnar cell marker. Mucin produc-
tion significantly correlated with SC expression. Tumors positive for CGA but
not for mucin and/or SC showed the worst prognosis (p<0.001). SC expression
was a relatively favorable feature, and mucin producing tumors showed inter-
mediate behavior.

Chapter 8

This chapter embodies the general discussion of the biological and clinical
relevance of endocrine differentiation in colorectal cancer, integrating data from
clinical and fundamental research presented in previous chapters.
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SAMENVATTING

Hoofdstuk 1

Dit hoofdstuk bevat een algemene introductie tot het onderwerp van studie en
zet de doelstellingen van deze studie uiteen.

Hoofdstuk 2

De localisatie, morfologie en het neurohormonale peptide gehalte van neuro-
endocriene cellen zijn uitgebreid onderzocht. Relatief weinig is bekend over
groei en differentiatie van deze cellen. In dit hoofdstuk hebben wij de celkine-
tiek van enterochromaffiene (EC) cellen in het coecum van de rat onderzocht,
door toediening van het thymidine analogon 5-bromo-2'-deoxyuridine (BrdU),
ter identificatie van cellen in de S-fase van de celcyclus, in synchrone pulse-cha-
se en continu labeling experimenten. Door middel van een dubbele indirecte
immuunfluorescentie kleuring op weefselcoupes, gebruik makend van anti-
lichamen tegen serotonine en BrdU, konden percentages van BrdU positieve EC
cellen bepaald worden, waarvan celkinetische parameters werden afgeleid. Dit
heeft geleid tot de volgende conclusies:
1) Aanmaak van nieuwe EC cellen vindt plaats door proliferatie van EC cellen

zelf en door recrutering uit prolifererende voorloper cellen.
2) EC cellen in het coecum van de rat blijken te bestaan uit een relatief snel

vernieuwende en migrerende fractie (60-65%) met een levensduur van circa
16 dagen en een relatief langzaam vernieuwende en mogelijk niet migreren-
de fractie (3540%) met een geschatte levensduur van circa 150 dagen.

3) 70% van de EC cellen bevindt zich in de onderste helft van de slijmvlies
crypten, 30% in de bovenste helft. Na langdurige toediening van BrdU is het
percentage BrdU-gelabelde cellen in de onderste crypt helft altijd groter dan
in de bovenste crypt helft. Deze afname van gelabelde EC cellen gedurende
migratie naar het mucosale oppervlak wijst op verlies van endocriene cellen,
mogelijk door verlies van endocriene kenmerken.
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positieve tumoren produceerde 70% additionele neurohormonen, thuishorend in
normaal dikke darmepitheel: 55% toonde immunoreactiviteit voor glucagon-
achtige substanties, 20% voor serotonine en 10% voor somatostatine, PYY en
HCG. Er werd geen immunoreactiviteit gevonden voor diverse neurohormonen
die normaliter niet geproduceerd worden door endocriene cellen in de dikke
darm. CGA positieve tumoren neigden tot aggressiever gedrag dan CGA nega-
tieve tumoren (p=0.068). Vooral tumoren met sterke CGA positiviteit toonden
een kortere overlevingsduur, hetgeen het meest uitgesproken was in Dukes' C
stadium (p=0.028). In multivariaat analyse, was sterke CGA positiviteit een
onafhankelijke indicator van een slechte prognose (p=0.015). CGA immuno-
reactiviteit correleerde significant met slijm produktie, maar niet met expressie
van secretoir component (SC), een marker voor columnaire cellen. Slijm pro-
duktie correleerde significant met SC expressie. Tumoren die positief waren
voor CGA maar niet voor slijm en/of SC hadden de slechtste prognose
(p<0.001). SC expressie was een relatief gunstig kenmerk, en slijm produceren-
de tumoren gedroegen zich intermediair.

Hoofdstuk 8

Dit hoofdstuk omvat de algemene discussie over de biologische en klinische
relevantie van endocriene differentiatie in dikke darmkanker, en integreert
hierbij gegevens van klinisch en fundamenteel onderzoek zoals gepresenteerd in
voorgaande hoofdstukken.
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Hoofdstuk 5

Om de factoren te bestuderen die endocriene differentiatie in dikke darm kanker
reguleren, en die gelijkenis zouden kunnen tonen met de regulatie van endocrie-
ne differentiatie in normaal darmslijmvlies, zijn additionele modellen waarin
differentiatie gemanipuleerd kan worden van groot belang. Idealiter zouden
dergelijke modellen overeen moeten komen met het differentiatie spectrum in
normaal dikke darm epitheel. In dit hoofdstuk hebben we gepoogd om endocrie-
ne differentiatie aan te tonen in de van een adenocarcinoma van het colon
afgeleide cellijn Caco-2, die dikwijls gebruikt wordt als model voor enterocytai-
re differentiatie. In vitro werden geen endocriene tumorcellen gevonden. In vivo
studies waren moeizaam, vanwege het geringe succes bij de produktie van
tumor xenografts. Wij zijn er wel in geslaagd om xenografts van Caco-2 cellen
in naakte muizen te produceren door cellen te implanteren in collageen gels en
door natural killer cell activiteit te onderdrukken. Om het succes van xenograf-
ten te vergroten en het effect van Ras oncoproteine overexpressie op endocriene
differentiatie te bestuderen, werden Caco-2 cellen getransfecteerd met een
puntgemuteerd c-Ha-Ras gen. De cellijn Caco-2 EJ6, die bij deze proeven
ontstond, kon succesvol geimplanteerd worden in naakte muizen, resulterend in
een matig gedifferentieerd adenocarcinoom, morfologisch identiek aan de tu-
moren die ontstonden uit niet-getransfecteerde Caco-2 cellen. De tumor xeno-
grafts toonden slijmbekercel-, enterocytaire-, Paneth cel- en endocriene diffe-
rentiatie. In kweek werd endocriene differentiatie noch onder standaard
condities, noch in het bijzijn van extracellulaire matrix componenten gevonden.
We concluderen dat de cellijn Caco-2 en de c-Ha-Ras getransfecteerde sublijn
Caco-2 EJ6 in vivo endocriene differentiatie tonen. Ras overexpressie doet
endocriene differentiatie niet toenemen. Dankzij de gunstige groeieigenschap-
pen in vivo, is Caco-2 EJ6 een geschikt model voor het bestuderen van endo-
criene differentiatie in colorectale tumoren.

Hoofdstuk 6

In dit hoofdstuk werd de aanwezigheid van receptoren voor gastrine, serotonine
en somatostatine in de colon carcinoom cellijnen HT 29, LS 174T, LoVo, SW
403 en NCI-H716 gecorreleerd met de effecten van deze neurohormonen op
proliferatie van de tumorcellen. Neurohormonale receptoren werden bepaald
door radioligand-binding analyse op intacte cellen. Gastrine receptoren werden
gedetecteerd op LS 174T, SW 403 en NCI-H716 cellen. Serotonine receptoren
werden gevonden op SW 403 en NCI-H716 cellen. Receptoren voor somatosta-
tine werden aangetoond op alle onderzochte cellijnen. In NCI-H716 cellen, die
endocriene eigenschappen bezitten en receptoren voor alle drie de neurohormo-
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nen, bleek in competitie experimenten dat de gastrine antagonist CAM 958, de
serotonine antagonist methysergide, en het somatostatine analogon octreotide
(Sandostatin, SMS 201-995) competeerden met de bindingsplaatsen voor gas-
trine, serotonine en somatostatine, respectievelijk.
In alle cellijnen werd de proliferatieve respons in vitro op gastrine, serotonine
en somatostatine gemeten door ^H-thymidine inbouw onder verschillende
kweekcondities. Alleen gastrine en serotonine waren in nanomolaire concentra-
ties in staat om proliferatie arrest van NCI-H716 cellen in serumvrije condities
te voorkomen. Somatostatine had geen effect op proliferatie van NCI-H716
cellen. De overige cellijnen toonden geen gewijzigde •'H-thymidine inbouw
onder invloed van gastrine, serotonine of somatostatine.
Het effect van liganden en hun antagonisten op celkinetiek van NCI-H716
cellen werd bestudeerd door twee-parameter flowcytometrie na pulse-labelen
met 5-bromo-2'-deoxyuridine (BrdU). Gastrine had geen significante invloed
op de kinetiek van NCI-H716 cellen. CAM 958 veroorzaakte een geringe
remming van de proliferatie van deze cellen. Serotonine had een gering, doch
significant remmend effect. Methysergide beïnvloedde de proliferatieve activi-
teit niet. Terwijl somatostatine geen effect had, verlengde octreotide significant
de potentiële verdubbelingstijd van NCI-H716 cellen, door verlenging van de
S-fase, zonder verandering van de labeling index. Dit impliceert dat er geen
specifieke blokkades optreden in de Go/Gi fase, doch dat de passage van cellen
door de celcyclus vertraagd wordt.

Hoewel de resultaten suggereren dat groei modulerende effecten van neurohor-
monen gemedieerd worden door receptoren, staat de aanwezigheid van deze
receptoren niet garant voor het daadwerkelijk optreden van een proliferatieve
respons van colon carcinoom cellen in vitro. Dergelijke effecten treden moge-
lijk in hoofdzaak op bij adenocarcinomen met neuroendocriene kenmerken.
Somatostatine analogen zouden effectief kunnen zijn voor groei remming van
deze tumorcellen.

Hoofdstuk 7

In dit hoofdstuk is de klinische relevantie van endocriene differentiatie in dikke
darmkanker onderzocht. Het voorkomen van endocriene cellen in 350 gevallen
van adenocarcinoom van de dikke darm werd onderzocht door immuunhisto-
chemie op chromogranine A (CGA). Het hormoonprofiel van endocriene tu-
morcellen, de correlatie tussen endocriene differentiatie en de aanwezigheid van
andere colorectale epitheliale cellijnen en de prognostische betekenis van endo-
criene differentiatie in dikke darmkanker werden onderzocht. CGA positieve
tumorcellen werden gevonden in 30% van de gevallen, 21% met matige positi-
viteit (< 1 cel/mm^), en 9% met sterke positiviteit (> 1 cel/mm'). Van de CGA
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positieve tumoren produceerde 70% additionele neurohormonen, thuishorend in
normaal dikke darmepitheel: 55% toonde immunoreactiviteit voor glucagon-
achtige substanties, 20% voor serotonine en 10% voor somatostatine, PYY en
HCG. Er werd geen immunoreactiviteit gevonden voor diverse neurohormonen
die normaliter niet geproduceerd worden door endocriene cellen in de dikke
darm. CGA positieve tumoren neigden tot aggressiever gedrag dan CGA nega-
tieve tumoren (p=0.068). Vooral tumoren met ster&e CGA positiviteit toonden
een kortere overlevingsduur, hetgeen het meest uitgesproken was in Dukes' C
stadium (p=0.028). In multivariaat analyse, was sterke CGA positiviteit een
onafhankelijke indicator van een slechte prognose (p=0.015). CGA immuno-
reactiviteit correleerde significant met slijm produktie, maar niet met expressie
van secretoir component (SC), een marker voor columnaire cellen. Slijm pro-
duktie correleerde significant met SC expressie. Tumoren die positief waren
voor CGA maar niet voor slijm en/of SC hadden de slechtste prognose
(p<0.001). SC expressie was een relatief gunstig kenmerk, en slijm produceren-
de tumoren gedroegen zich intermediair.

Hoofdstuk 8

Dit hoofdstuk omvat de algemene discussie over de biologische en klinische
relevantie van endocriene differentiatie in dikke darmkanker, en integreert
hierbij gegevens van klinisch en fundamenteel onderzoek zoals gepresenteerd in
voorgaande hoofdstukken.
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DANKWOORD

Het schrijven van een dankwoord is in zekere zin ondankbaar, aangezien aan dit
manuscript zovelen een bijdrage hebben geleverd dat het bijna ondoenlijk is om
een ieder bij name te noemen. Daarnaast weten de mensen die mij kennen dat
woorden van dank juist niet de woorden zijn die het gemakkelijkst mijn mond
verlaten. Laat het echter een ieder duidelijk zijn, dat ik zeer blij ben met alle
steun die ik bij het verrichten van dit werk ondervonden heb.

Een aantal mensen wil ik in het bijzonder noemen.

De promotor, Prof.dr. F.T. Bosman. Beste Fré, jij bent van begin tot eind
verantwoordelijk geweest voor het welslagen van deze onderneming, door mij
met zachte drang het pad van de wetenschap op te leiden en bij mij een
"endocriene antenne" te ontwikkelen, door mij te overtuigen van mijn eigen
mogelijkheden, door -ook na je vertrek naar de Erasmus Universiteit- altijd tijd
vrij te hebben willen maken voor overleg, en vooral door je uiterst snelle en
kundige "ghostwriter-schap", waardoor de onderdelen van dit manuscript
zonder problemen geaccepteerd werden voor publicatie. De begeleiding van
deze promovendus was vaderlijk, dan weer broederlijk, maar altijd kamera-
adschappelijk. De ideale promotor.

De co-promotor, Dr. W.N.M. Dinjens. Beste Winand, door mij als "dolende"
jonge onderzoeker bij de hand te nemen ben jij instrumenteel geweest voor de
voortgang van het onderzoek. De momenten die wij samen door brachten in lab,
kweek, proefdierenstal of achter het microscoop, waren even talrijk, nuttig als
gezellig. Jouw vertrek naar Rotterdam was voor mij een tegenslag, maar ook jij
bent van daaruit zeer actief geweest bij de begeleiding van het proefschrift. Ik
waardeer het bijzonder, dat jij in deze voor jou zo moeilijke periode de moed
hebt kunnen opbrengen om het co-promotorschap te aanvaarden.

De leden van de beoordelingscommissie, onder doortastend voorzitterschap van
Prof.dr. G. Kootstra, dank ik voor de voortvarende wijze waarop zij het manu-
script hebben getoetst, zodat de wachttijd tot de promotiedatum beperkt is
gebleven.
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De co-auteurs uit de Vakgroep Pathologic Ton de Goeij dank ik voor zijn inzet
bij het schrijven van hoofdstuk 6, en voor zijn deskundige adviezen en begeleid-
ing van het receptorwerk, een samenwerking die in de nabije toekomst zeker
gecontinueerd zal worden. Mede-promovendus Johan de Vries en zijn co-pro-
motor Joop ten Kate hebben door hun Ras-transfectie experimenten een wezen-
lijke bijdrage geleverd aan hoofdstuk 5. De "vaste krachten" Edith van der
Linden, Margriet Pijls, Mat Rousch, Cor Beek en Peter Moerkerk waren mis-
schien wel de belangrijkste pijlers onder het hele onderzoek. Edith van der
Linden, jouw zelfstandige en evenwichtige inbreng was onontbeerlijk bij het
verrichten van celkweekwerkzaamheden, proefdierwerk en immunohisto-
chemie. Margriet Pijls, ook jij stond altijd klaar voor het verlenen van im-
muunhistochemische hulp. Mat Rousch, jouw tomeloze inzet bij receptor- en
proliferatiestudies, maar ook bij tal van andere "klussen" waren indrukwekkend.
Gedenkwaardig waren de sessies met Cor Beek, zonder wiens computerknobbel
de data van hoofdstuk 7 nog steeds niet bewerkt zouden zijn. De uitvoering van
het moleculair biologisch werk was bij Peter Moerkerk in vertrouwde handen.
Ook de hulp van Marie-Hélène Lenders (inmiddels Vakgroep Moleculaire
Celbiologie en Genetica) wordt zeer gewaardeerd.

De externe co-auteurs. De inbreng van Theo Wiggers (Afdeling Chirurgie, Dr.
Daniel den Hoed Kliniek, Rotterdam) bij hoofdstuk 7 was essentieel. Een kleine
vijftien jaar (!) na het opzetten van de "Colontrial" blijft het bewondering
oogsten hoe knap jij dit patientenbestand destijds in elkaar gezet hebt. Het
enthousiasme waarmee je voor overleg vanuit Rotterdam naar Maastricht kwam
was hartverwarmend. Lex Volovics en Marion de Leeuw (Medische Statistiek,
RUL) worden bedankt voor hun hulp bij de statistische bewerking van de
gegevens van hoofdstuk 7. Maarten von Meyenfeldt (Vakgroep Heelkunde,
AZM) superviseerde bij het voltooien van de 10-jaars follow-up van de patien-
tentrial, waarmee hij in belangrijke mate meegewerkt heeft aan de reactivatie
van dit databestand.

Collegae staf en assistenten van de afdeling Pathologie. Prof.dr. J.W. Arends,
beste Jan-Willem, ook jij wordt bedankt voor je inbreng bij hoofdstuk 7, en
daarnaast voor de belangstelling en aanmoedigingen bij het verrichten van dit
onderzoek. De overige stafleden en arts-assistenten dank ik voor de betoonde
steun en voor de inzet bij het waarnemen van klinische taken die weieens zijn
blijven liggen.

Sjaak Joosten, Jan Smeets en alle anderen van het histologisch laboratorium
boden altijd spontaan hulp bij het bewerken van onderzoeksmateriaal.
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Hubert Schouten (Medische Statistiek, RUL) gaf nuttige adviezen bij de statis-
tische bewerking van hoofdstuk 2. Frank Kornips en Bert Schutte (Vakgroep
Moleculaire Celbiologie en Genetica, RUL) verrichtten respectievelijk de kary-
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antilichamen waren afkomstig van Dr. A Sonnenberg (Centraal Laboratorium
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7957 Geboren te Comodoro Rivadavia (Argentinië)

/97J Eindexamen Gymnasium (3
Maerlant Lyceum, Den Haag

7975 - /952 Studie Geneeskunde
R.U. Leiden

7982 - 7954 Militaire Dienst Koninklijke Landmacht
arts-assistent Pathologische Anatomie, Diaconessenhuis-Militair
Hospitaal Dr. A. Mathijsen-Ziekenhuis Oudenrijn, Utrecht

/9S4-79&5 Arts-assistent Urologie
Westeinde Ziekenhuis, Den Haag

7955 - 7990 Opleiding Pathologische Anatomie
Academisch Ziekenhuis Maastricht
Opleider: Prof.dr. F.T. Bosman

7990 - Patholoog
Academisch Ziekenhuis Maastricht
Hoofd: Prof.dr. J.W.Arends






