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Summary Various colon carcinoma cell lines were tested in different invasion assays, i.e. invasion into Matrigel, into confluent fibroblast
layers and into chicken heart tissue. Furthermore, invasive capacity and metastatic potential were determined in nude mice. The colon
carcinoma cells used were the human cell lines Caco-2, SW-480, SW-620 and HT-29, and the murine lines Colon-26 and -38. None of the
human colon carcinoma cells migrated through porous membranes coated with Matrigel; of the murine lines, only Colon-26 did. When
incubated in a mixture of Matrigel and culture medium non-invading cells formed spheroid cultures, whereas invading cells showed a stellate
outgrowth. Only the heterogeneously shaped (epithelioid and stellate) cells of SW-480 and SW-620 and the spindle-shaped cells of Colon-26
invaded clearly confluent skin and colon fibroblasts as well as chicken heart tissue. However, when transplanted into the caecum of nude and
syngeneic mice, all the lines tested were invasive with the exception of Caco-2 cells. We conclude that the outcome of in vitro tests measuring
the invasive capacity of neoplastic cells is largely dependent on the test system used. Invasive capacity in vitro is strongly correlated with cells
having a spindle cell shape, vimentin expression and E-cadherin down regulation. In contrast, HT-29 and Colon-38 cells having an epithelioid
phenotype were clearly invasive and metastatic in vivo, but not in vitro. © 1999 Cancer Research Campaign
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The most important property of malignant cells is invasive growth.
This allows them to leave the compartment to which they normally
are restricted, gain access to the connective tissue and the vessels
and complete the initial phase of the process of metastasis. It has
become clear that in establishing invasive behaviour in addition to
intrinsic properties of tumour cells, the microenvironment in which
the tumour cells reside also plays a decisive role. Invasive properties
are in part reflected by cell shape. In general, epithelioid cells appear
less invasive than spindle-shaped cells, and in cell systems in which
cell shape can be modulated this appeared to correlate well with
invasive behaviour (Sommers et al, 1992; Boyer et al, 1996). A
striking example of the influence of the microenvironment is the
focal induction of proteases in stromal cells, necessary for the break-
down of the extracellular matrix by tumour cells (Sato et al, 1994;
Webb et al, 1994). Another example is the site-specific behaviour of
xenografted cancer cells. Human colon cancer cells transplanted to
the subcutis of nude mice will neither invade nor metastasize. In
contrast, invasion is observed after orthotopic transplantation to the
caecal wall, and lymphogeneous as well as haematogeneous metas-
tases occur (Bresalier et al, 1987; Morikawa et al, 1988).

To test invasive capacities of metastasis-competent cells a
number of assay systems have been developed. They include
confrontation with porous membranes coated with components of
the basement membrane, confluent layers of cultured fibroblasts
of different origin, chicken heart tissue and orthotopic transplanta-
tion in nude mice.
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A main problem in these assays is that they differ significantly
in environment, which they provide for the cancer cells and which
may cause variation in tumour cell behaviour. In the present study
we have tested tumour cell invasion in different assays. The results
underline the importance of the composition of the microenviron-
ment for tumour cell behaviour and show that cell morphology is
an important determinant of invasive behaviour.



Cell lines

The human colon carcinoma cell lines Caco-2, SW-480, SW-620
and HT-29 were all obtained from the American Type Culture
Collection (ATCC).

The murine colon carcinoma cell lines Colon-26 and Colon-38
were obtained from the DCT Repository, National Cancer Institute
(Frederick, MD, USA). NIH-3T3 cells were used for making
conditioned media and as a positive control for vimentin staining.
The E-cadherin-negative bladder carcinoma line J-82 was used as
a positive control for invasiveness into Matrigel and was a gift
from Dr J Schalken (Department of Urology, University Hospital,
Nijmegen, The Netherlands). Human skin fibroblasts (379-P) were
obtained from Dr A de Klein (Department of Genetics, Erasmus
University, Rotterdam, The Netherlands). Colon stromal fibro-
blasts were obtained after culture of surgically removed biopsies
taken from the mucosa and submucosa.

All established cell lines were cultured in a humidified atmosphere
with 5% carbon dioxide in Dulbecco’s modified Eagle’s medium
(DMEM) to which 10% fetal calf serum (FCS) and antibiotics were
added. For the Matrigel invasion assay the cells were cultured on
RPMI-1640 medium, which contains less sodium-bicarbonate.
Primary cells were cultured on F-10 medium (Gibco).
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In vitro testing

Matrigel assay
The assay was carried out as described by Albini et al (1987).
Perforated polyvinylpyrrolidone-free polycarbonate membranes
of 13-mm diameter (Nucleopore, CA, USA) were used with 8-µm
pore size, which is sufficiently large to allow the passage of single
carcinoma cells.

To promote attachment all the membranes were first coated on
the lower side in 4-well dishes with 15 µl of a 0.1% solution of
fibronectin (Sigma, St Louis, MO, USA) in serum-free medium
according to Sieuwerts et al (1997). Subsequently half of the
membranes were coated with a layer of Matrigel to measure inva-
sion. An amount of 20 µl containing 40 µg Matrigel was applied
per membrane surface obtained by dilution of a stock solution with
serum-free medium as recommended (Collaborative Biomedical
Products, Becton and Dickinson Labware, Bedford, UK). The
concentration used prevents preliminary detachment of the
Matrigel from the filters and falls within the range of concentra-
tions used by others (see Discussion). The Matrigel was gela-
tinized at 37°C for 20 min. The other half of the membranes was
left uncoated to measure migration.

The membranes were sealed in a sterilized Boyden chemotaxis
chamber (Nucleopore Membrane Products, CA, USA) after filling
the lower compartment with 220 µl of serum-free NIH-3T3 condi-
tioned medium as attractant. The upper compartment was filled
with 200 µl serum-free RPMI medium containing 0.1% bovine
serum albumin (BSA), to which 3 × 104 cells were added.

After incubation for 40 h at 37°C in a carbon dioxide incubator
the upper compartments were emptied and in half of the chambers
the cells on the upper side of the membranes, which did not
contribute to migration c.q. invasion, were removed with a cotton
swab. Subsequently the membranes were fixed in 4% glutaralde-
hyde and stained with a solution of 1% crystal-violet. The number
of cells of both the swabbed and unswabbed filters was counted in
five different microscopic fields (magnification 400×). Counting
of the cells was preferred over the quantitative MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), since
after swabbing often cells remain on the edges of the filter.

The percentage of cells migrating through the uncoated
membranes as well as the percentage of cells which had invaded
through the Matrigel was determined as the mean of six experi-
ments per cell line.

Since the variances of the percentages of migration and invasion
among the cell lines are very heterogeneous, the percentages were
analysed after a natural-logarithmic (ln) transformation, which has
a homogenizing effect on the variances, as confirmed by the
Levene test. After ln-transformation the percentages were broken
down by cell line using a one-way analysis of variance (ANOVA),
followed by a Student–Newman–Keuls test, in order to find homo-
geneous subsets of cell lines at the 5% level.

In an additional experiment the cells were cultured in fourfold
for 5–7 days in Matrigel varying in concentration from 0.5 to
2 mg ml–1. Before gelatinization the Matrigel was diluted with
serum containing culture medium and inoculated with cells. During
the culture period invasive growth was determined by the stellate
outgrowth of the colonies and could be followed in time. After fixa-
tion the cultures were stained with crystal-violet and photographed.

Invasion in layers of confluent fibroblasts
An invasion assay was carried out by co-culturing tumour cells
with a confluent layer of fibroblasts and by monitoring the invasion
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of tumour cells into this layer (Fabra et al, 1992). Both human skin
and colon fibroblasts were grown to confluency leaving no free
space on the bottom of the 24- and 6-well dishes.

A total of 104 carcinoma cells were seeded in the 24-well dishes
(diameters 1.5 cm) and 5 × 104 cells in the 6-well dishes (diameters
3.5 cm). As a rule, the cells adhere to the fibroblasts and remain
viable during culture in F-10 medium + 10% FCS. After 4 days the
cultures were fixed in methanol–acetic acid (3:1) and stained with
Giemsa. Non-invasive cells remained on the surface of the
confluent fibroblast layer, whereas invasive cells invaded, pushed
away and ultimately replaced the layer of fibroblasts.

Chicken heart invasion assay
The chicken heart assay was carried out as described by Mareel et
al (1979). Cells that did not easily attach to the cultured heart frag-
ments were confronted on soft agar during 48 instead of 24 h. Care
was taken to avoid the attachment of too large lumps.

Chicken hearts were co-cultivated with tumour cells for 5–6
days in a suspension culture in Rega medium (Gibco) +10% FCS.
Growth differences between the various tumour cells had no influ-
ence on invasive behaviour. After fixation the invading carcinoma
cells could easily be detected in histological sections stained with
haematoxylin and eosin (H & E) by their larger size and their
hyperchromatic nuclei. The total number of vital chicken heart
fragments was counted as well as the number of fragments with
attached tumour cells. The latter were subdivided into those with
invasion and those with tumour cells only adhering to their
surface. The results were statistical treated with the χ2 test.

In vivo testing

Female nude mice, 6–8 weeks old, of the NMRI strain were used
for both ectopic (subcutaneous) and orthotopic (caecal) transplan-
tations. Before surgery, the mice were anaesthesized with avertine
(0.2 mg g–1 body weight). After opening the abdominal wall, about
2 × 106 cells were injected with a microneedle (internal diameter
0.4 mm) into the caecal wall. After a period of 8–20 weeks the
animals became cachexic and were killed. Different organs were
fixed and screened histologically for invasive growth and the pres-
ence of metastases.

Immunocytochemistry

E-cadherin and vimentin staining. Cells were cultured in
DMEM +10% FCS on glass slides precoated with 3′-amino-
propyltriethoxysilane (Sigma) to enhance cell attachment.
Cultured cells were rinsed with phosphate-buffered saline (PBS),
fixed in cold acetone and air-dried. The cells were preincubated
with 10% normal goat serum for 15 min, followed by a cold
incubation overnight with the anti-E-cadherin monoclonal
antibody 5H9 (Eurodiagnostica, Arnhem, The Netherlands;
dilution × 50–200 in PBS + 1% BSA). For vimentin staining an
anti-vimentin monoclonal antibody (Biogenex, Ramon, CA, USA;
dilution × 3200) was used. After washing, the cells were incubated
for 30 min with a rabbit anti-mouse immunoglobulin serum
(Dako, Denmark; dilution × 50), to which 2% normal human
serum and 2% normal goat serum were added. After 30-min
incubation with the peroxidase–antiperoxidase (PAP) complex
(monoclonal antibody P6-38, Sigma; dilution × 300), the cells
were stained with 3,3-diamino-benzidine-tetrahydrochloride
(Fluka, Oud-Beijerland, The Netherlands) using 0.005% hydrogen
peroxide as substrate.
British Journal of Cancer (1999) 81(6), 934–941
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Figure 1 Modes of growth of colon carcinoma cell lines. (A) Compact
growth (HT-29); (B) Spindle-shaped and dispersed growth (Colon-26);
(C) Heterogeneous colonies (SW-480). A and C, 1 bar = 50 µm; B,
1 bar = 100 µm. Phase-contrast images

Table 1 Migration and invasion into Matrigel of various colon carcinoma cell
lines

Mean (range) Median Shape
Cell line % of invaded cells/total cells

J-82 (pos. control)
Migration 79.1 (62.9–96.5) 81.6 S
Invasion 61.1 (48.9–97) 52

Colon-26 S
Migration 75.4 (50–100) 69.7
Invasion 31.2 (11.4–71.7) 26.7

Caco-2 E
Migration 4.9 (1.5–10.2) 4.1
Invasion 2.7 (0.8–5.5) 2.4

HT-29 E
Migration 6.7 (2.7–12.8) 5.4
Invasion 1.8 (0–2.9) 2.0

Colon-38 E
Migration 8.6 (1.6–17.3) 8.2
Invasion 1.8 (0–4.2) 1.4

SW-480 E/S
Migration 58.3 (47.3–97.7) 47.8
Invasion 3 (0.9–5.9) 2.7

SW-620 E/S
Migration 27.4 (11.4–46) 25.9
Invasion 3.6 (1.1–6.4) 3.8

A total of 30 000 cells were seeded in the upper compartment of a Boyden
chamber on top of membranes, which were either coated with Matrigel or left
uncoated. The lower compartment was filled with attractant. After 40-h
incubation the percentage was determined of the number of cells present on
the lower side of the filter versus the total number of cells of an unswabbed
duplo. In six independent assays five microscopic fields (magnification x 400)
were counted. For statistical evaluation, see Results. E = epithelioid
phenotype; S = spindle-shaped phenotype; E/S = heterogeneously shaped
cell population.
For E-cadherin staining of murine colon carcinoma cells, the rat
anti-mouse E-cadherin monoclonal antibody (Decma-1, Sigma)
was used (dilution × 1500), followed by incubation with a
biotinylated rabbit anti-rat immunoglobulin serum (Vector,
Brunschwig Chemie, Amsterdam, The Netherlands; dilution ×
100). The biotin was visualized for immunofluorescence by
avidin–FITC (fluorescein; Vector; dilution × 200).



Under standard tissue culture conditions the cells showed either
an epithelioid (Caco-2, HT-29, Colon-38) or a spindle-shaped
morphology (Colon-26), or a mixture of both (SW-480, SW-620).
This is illustrated in Figure 1. The epithelioid cells grew in
compact colonies in which the cells adhered strongly to each other.

Matrigel assay

As the results in Table 1 show, the spindle-shaped Colon-26 cells
were highly invasive, as were J-82 cells, reaching maximal inva-
sion values of 72 and 97% respectively. These cells also migrated
easily through the filters. In contrast, the carcinoma cells with an
epithelioid morphology hardly invaded membranes coated with
Matrigel, with percentages of invading cells between 0.8 and 5.5
(Caco-2), 0–2.9 (HT-29) and 0–4.2 for Colon-38 cells. The
percentage of migrating cells remained lower than 11–13% for
Caco-2 and HT-29 cells, and lower than 18% for Colon-38 cells.

Invasion of the lines SW-480 and SW-620 was also low
(0.9–6.4%), but their migration through uncoated membranes was
much higher, ranging from 47.3% to 97.7% for SW-480 and from
11.4% to 46% for SW-620.
© 1999 Cancer Research Campaign
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A B

C Figure 2 Colony formation and invasive growth of cells cultured for 1 week
in Matrigel. (A) HT-29; (B) SW-480; (C) Colon-26. A and B, 1 bar = 100 µm;
C, 1 bar = 25 µm
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After a natural-logarithmic (ln) transformation homogeneity of
the variances of the percentages of migration and invasion could
not be rejected, as tested by the Levene test (respective P-values:
0.273 and 0.453).

Using one-way ANOVA analysis significant differences
between the cell lines were found. After applying the Student–
Newman–Keuls test homogeneous subsets could be distinguished
for the different cell lines.

For invasion, three subsets were found, which differed signifi-
cantly at the 5% level: subset 1, Caco-2, Colon-38, HT-29, SW-
480 and SW-620; subset 2, Colon-26; and subset 3, J-82. Between
cells belonging to subset 1 there were no significant differences
(P = 0.239). For migration significantly different subsets were
found: subset 4, including Caco-2, Colon-38 and HT-29; subset 5,
i.e SW-620; and subset 6, including J-82, Colon-26 and SW-480.
Between cells belonging to subsets 4 and 6 no significant differ-
ences were found (P = 0.208 and 0.446 respectively).

When the cell lines were incubated in the Matrigel diluted with
culture medium and varying in concentrations of 0.5–2 mg ml–1

the non-invading cells formed well-delineated spheroid colonies
(Figure 2 A, B), whereas invading cells showed a stellate
outgrowth (Figure 2C).

Invasion into confluent skin and colon fibroblast layers

The colon carcinoma lines with an epithelioid morphology, i.e.
Caco-2, HT-29 and Colon-38 did not invade confluent layers of
skin fibroblasts (Table 2, column 1). The cells grew as compact
colonies on the surface of the cultured fibroblasts. In contrast, the
partly spindle-shaped SW-480 and SW-620 lines and the entirely
spindle-shaped Colon-26 cells invaded the fibroblast monolayer.
When seeded onto confluent colon fibroblasts the same cell lines
© 1999 Cancer Research Campaign
proved to be invasive (Figure 3A), whereas the other colon carci-
noma cell lines were not invasive in this assay (Table 2, column 2
and Figure 3B).

Chicken heart assay

Upon confrontation with precultured chicken heart fragments, the
invasive properties of cells attached to the fragments could be
monitored after 5–6 days in suspension culture. The results are
summarized in Table 2, columns 3–5 and Figure 4A–C.

The murine Colon-26 cells were highly invasive in 100% of the
attached cases. The partly spindle-shaped SW-480 cells were also
invasive (62% of the cases). A similar degree of invasiveness was
found for SW-620 cells. Caco-2 and HT-29 cells had invaded a low
number of heart fragments (8–10%), notwithstanding the high
number of attached proliferating cells. The positive cases only
showed superficial invasion. The attached cells mostly grew in
lumps (spheroids) with a high number of mitotic figures. The
murine colon carcinoma cell line Colon-38 was not invasive either.

The differences between the invasive cell lines SW-480, SW-
620 and Colon-26 and the other non-invasive lines were signifi-
cant in a χ2 test (P < 0.005).

Heterotopic and orthotopic transplantations (Table 3)

In agreement with earlier observations (de Vries et al, 1995), Caco-2
cells xenografted to nude mice appeared to have a low take rate and
grew slowly. From 13 subcutaneous transplantations, nine small
tumours were obtained. No caecal tumours were found. The subcu-
taneous tumours never gave rise to invasive growth or metastases.

Transplanted SW-480 cells formed both subcutaneous tumours
and caecal tumours. Some of them showed invasive growth from
British Journal of Cancer (1999) 81(6), 934–941
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Table 2 Invasion of colon carcinoma cells in cultured cells

Cell line Confluent fibroblasts Chicken hearts Shapea

Skin Colon Total Attached Invasive
1 2 3 4 5

Caco-2 – – 82 52 5 (9%) E
SW-480 + + 29 21 13 (62%) E/S
SW-620 + + 34 26 16 (61%) E/S
HT-29 – – 56 38 3 (8%) E
Colon-26 + + 27 15 15 (100%) S
Colon-38 – – 18 10 0 (0%) E

Fibroblasts, derived from skin or colon tissue, were cultured to confluent
monolayers. A total of 10 000–50 000 colon carcinoma cells were seeded
upon these layers and cultured for 4 days. Precultured chicken heart
fragments were confronted with small clumps of colon carcinoma cells and
cultured for 5–6 days. Invasion of cells could be verified histologically. The
invasion of the lines SW-480, SW-620 and Colon-26 differed significantly
from the other cell lines (P-value < 0.005). aSee note Table 1.

A B

Figure 3 (A) Invasive growth of SW-620 cells in colon fibroblasts. (B) Non-invasive growth of HT-29 cells in colon fibroblasts. Note that the underlying
fibroblasts retain their stratified morphology. 1 bar = 100 µm

A

B

C

Figure 4 Testing invasive growth in precultured chicken hearts. (A) Highly
invasive growth of Colon-26 cells; (B) Invasion of SW-620 cells; (C) Non
invasive growth of HT-29 cells, which engulf chicken heart tissue. 1 bar = 
50 µm
caecal transplants. The frequency of metastases appeared to be low
(one out of six caecal tumours). SW-620 cells showed a lower take
rate in subcutaneous and caecal transplantations than SW-480
cells.

For HT-29 cells the take rate was the highest, for both subcuta-
neous (100%) and for caecal xenografts (58%). From caecal
tumours (Figure 5A) the cells invaded the surrounding smooth
muscle and lymphatic vessels (Figure 5B); often they formed
metastases in the mesenteric lymph nodes. Metastasis to the
pancreas, liver, kidneys and lungs was also found (Figure 5C). In
31% of the xenografted animals one or more metastases were
detected.

Four subcutaneous and caecal transplantations were carried out
with the murine cell lines Colon-26 and Colon-38 in Balb/c and
C57/Black mice. Tumours from both cell lines formed metastases,
confirming data of Corbett et al (1985). Colon-26 cells were the
only cells capable of invading underlying muscle tissue when
transplanted subcutaneously.

Staining with anti-E-cadherin antibodies showed that the cells
growing in compact colonies with an epithelioid morphology such
as Caco-2, HT-29 and Colon-38 were E-cadherin-positive (Figure
6A), whereas SW-480 and SW-620 were negative. Also Colon-26,
which has a striking spindle-shaped morphology was negative.
British Journal of Cancer (1999) 81(6), 934–941 © 1999 Cancer Research Campaign
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Table 3 In vivo invasion and metastasis

Subcutaneous transplantation Caecal transplantation

Cell line N Take rate Invasive Metastases N Take rate Invasive Metastasesa Average survival
(weeks)

CaCo-2 13 9 (61%) 0 0 13 0 0 0 >31
SW-480 8 8 (100%) 0 0 19 6 (31%) 4 1 20
SW-620 6 4 (67%) 0 0 8 4 (50%) 2 0 20
HT-29 19 19 (100%) 0 0 19 11 (58%) 11 6 9
Colon-26 4 4 (100%) 4 0 4 4 (100%) 4 4 4
Colon-38 4 4 (100%) 0 0 4 4 (100%) 4 3 8

n = total number of transplantations. aDetected in different animals.

B

C

Figure 5 (A) Growth of HT-29 cells in the caecum; (B) Invasion of HT-29
cells in lymph vessels of the submucosa; (C) Metastasis of HT-29 cells in
lung tissue. A and B, 1 bar = 50 µm, C, 1 bar = 100 µm
Anti-vimentin stained not only J-82, Colon-26, SW-480 and
SW-620 cells, but to our surprise also HT-29 and Colon-38 cells
(Figure 6B). Caco-2 cells were negative. Therefore, a correlation
exists between vimentin expression, down-regulation or absence
of E-cadherin and invasion in vitro. However, co-expression of E-
cadherin and vimentin allows invasion in vivo, but not in vitro.



For colorectal carcinoma cells the step-wise development of
malignancy is paralleled by mutations in the APC, K-ras, p-53 and
DCC genes (Kinzler and Vogelstein 1996). In the majority of cases
the lethal course of these tumours is not due to the primary tumour,
but to the formation of metastases. In colon carcinoma as yet no
genes have been identified, which, as master genes, could be
directly responsible for the proteolytic breakdown of the sub-
cellular matrix, cell migration, in- and extravasation, homing and
secondary outgrowth.

In the study of invasion, in vitro models are often used, since they
are fast and convenient. However, they do not allow a complete
analysis of the complex in vivo situation, in which host–tumour cell
interactions play a role. This led us to compare different in vitro
invasion assays with in vivo tumour cell behaviour.

In our experiments the invasiveness of tumour cells in a cell-
free matrix did not correlate with in vivo results, confirming
results of Noel et al (1991). Since migration is a prerequisite for
invasion, the question remains if invasion of epithelioid cells in a
Matrigel assay is hampered by low migration rates. Apparently the
mode of growth of most colon carcinoma cells showing strong
mutual adhesion results in low migration rates, and consequently
in low invasion into Matrigel. However, correction of invasion
rates for migration rates (Sieuwerts et al, 1997) would lead to
hypothetical high invasion rates for most colon carcinoma cells.
Also, lowering the concentration of Matrigel could theoretically
favour invasion. In the literature the concentration of Matrigel
used varies from 20 to 500 µg per filter. In general, low concentra-
tions are used during short running times and higher concentra-
tions during longer running times (Albini et al, 1987). Most
authors use a concentration between 25 and 50 µg ml–1 (Kath et al,
1991; Sommers et al, 1992; Sunitha et al, 1994), but sometimes
much higher concentrations are used as well for colon carcinoma
cell lines (Chao et al, 1996). Since the mode of growth of the cells
cultured as spheroids in varying concentrations of Matrigel corre-
lated well with the results obtained with the coated filters, it is
unlikely that the results of the quantitative measurements are due
to too high concentrations of Matrigel.
British Journal of Cancer (1999) 81(6), 934–941
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Figure 6 (A) E-cadherin staining in colonies of HT-29 cells; (B) Vimentin
staining in HT-29 cells; (C) Control. 1 bar = 50 µm
Only the partly spindle shaped lines SW-480, SW-620 and
Colon-26 invaded skin and colon fibroblasts, but the other carci-
noma lines did not. No differences in cancer cell behaviour on skin
versus colon fibroblasts were observed, which is in contrast with
the postulated organ specificity of stromal elements (Fabra et al,
1992). Moreover, the most aggressive cell line in vivo, HT-29, was
not invasive in colon fibroblasts.

The results of the invasion of chicken hearts showed a similar
correlation with cell shape. The spindle-shaped cells appeared to
be much more invasive in muscle tissue than the epithelioid cells.
This was observed both in human and murine colon carcinoma
cells. In this connection it is worthwhile to test still more sophisti-
cated three-dimensional and heterologous culture systems, which
have recently been developed and which allow study of the
British Journal of Cancer (1999) 81(6), 934–941
interaction of tumour cells with fibroblasts, endothelial cells or
immuno-competent cells (Kunz-Schughart et al, 1998). 

The most aggressive cells originating from epithelial tumours
tend to become more fibroblast-like in appearance. This epithe-
lium to mesenchyme transition (EMT) can be temporarily induced
by a number of growth factors, i.e. epidermal growth factor,
fibroblast growth factor-1, transforming growth factor-α and
HGF/SF or components of the extracellular matrix (Boyer et al,
1996; Jeffers et al, 1966). A permanent cellular transition is char-
acterized by the absence due to mutations or down-regulation of
the E-cadherin– catenin complex (Vleminckx et al, 1991; Morton
et al, 1993; Vermeulen et al, 1995; Sparks et al, 1998). Restoring
the E-cadherin and α-catenin levels by gene or chromosome
transfer results in reappearance of the epithelioid phenotype
(Ewing et al, 1995, Meiners et al, 1998).

In a number of established carcinoma cell lines the EMT transi-
tion leads to a constitutive expression of the mesenchymal marker
vimentin (Gilles et al, 1998; Polette et al, 1998), often correlated
with invasive growth, lack of desmosomes and absence of steroid
receptors (Thompson et al, 1992). In the colon carcinoma cells
tested in our experiments a correlation also exists between
vimentin expression and invasive growth, but for invasion in vitro
the absence of E-cadherin is also required.

In vivo experiments are carried out with nude mice. In the
subcutis transplanted tumour cells rarely show invasive growth,
due to restrictions of the local stromal environment. In contrast, in
orthotopic transplantation (in the caecum) the tumour cells are
confronted with organ-specific stromal cells (de Vries et al, 1995).
Our results show that all colon carcinoma cells that grow as caecal
xenografts are also invasive in vivo. The discrepancy between the
results obtained in vivo and in vitro may be explained by the tran-
sient down-regulation of adhesion molecules in vivo (Mareel et al,
1991). After colonization of other organs these molecules are up-
regulated again and the cells can resume cellular differentiation as
seen in many metastases. In a previous study it was shown that
clonal overgrowth rapidly takes place in transplants of virally
tagged colon carcinoma cell lines (de Both et al, 1997). Such a
clonal selection may favour the outgrowth of a cell population
prone to invasive growth by down-regulation of adhesion
molecules.

In conclusion, our data indicate: (1) consistency between the in
vitro assays tested as regards invasive behaviour of cultured
neoplastic cells; (2) only the most aggressive spindle-shaped cells
are invasive in all test systems used; (3) cells, which are unable to
invade Matrigel, can invade chicken heart tissue and confluent
fibroblast layers and the latter do not show specificity for the type
of fibroblasts used; (4) epithelioid cells not invasive in vitro can be
invasive and even metastatic in vivo.
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