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Invasion and dissemination of well-differentiated carcinomas are
often associated with loss of epithelial differentiation and gain of
mesenchyme-like capabilities of the tumor cells at the invasive
front. However, when comparing central areas of primary colorec-
tal carcinomas and corresponding metastases, we again found the
same differentiated epithelial growth patterns. These characteris-
tic phenotypic changes were associated with distinct expression
patterns of b-catenin, the main oncogenic protein in colorectal
carcinomas, and E-cadherin. Nuclear b-catenin was found in ded-
ifferentiated mesenchyme-like tumor cells at the invasive front,
but strikingly, as in central areas of the primary tumors, was
localized to the membrane and cytoplasm in polarized epithelial
tumor cells in the metastases. This expression pattern was accom-
panied by changes in E-cadherin expression and proliferative
activity. On the basis of these data, we postulate that an important
driving force for progression of well-differentiated colorectal car-
cinomas is the specific environment, initiating two transient phe-
notypic transition processes by modulating intracellular b-catenin
distribution in tumor cells.

The hallmarks of malignant transformation are the capabilities
of invasion and metastasis. For these processes to proceed,

tumor cells must be able to detach, migrate, gain access to blood
or lymphatic vessels, and disseminate in the body (1). These traits
are normally not associated with differentiated epithelial cells.
However, well-differentiated adenocarcinomas, like many com-
mon colon carcinomas, grow in tubular structures and retain an
epithelial phenotype; nevertheless, they can metastasize. We
postulated that loss of an epithelial and gain of a dedifferentiated
mesenchyme-like phenotype of the tumor cells at the invasive
front enable these differentiated tumors to develop invasive and
metastatic growth characteristics (2).

Determinants of an epithelial phenotype are homophilic cell
adhesions and polarity. Both are mediated by cell surface
expression of E-cadherin (3). Loss of functional E-cadherin and
acquisition of other marker proteins like fibronectin or vimentin
can indicate a loss of the epithelial phenotype and a switch
toward a more mesenchymal dedifferentiated phenotype (4, 5).
b-Catenin is bound to membrane-associated E-cadherin and
essential for its correct positioning and function (3). Loss-of-
function mutations in the adenomatosis polyposis coli (APC)
tumor suppressor gene are the initial genetic alteration in most
colon cancers and lead to a cytoplasmic and subsequent nuclear
accumulation of b-catenin (6, 7). Alternatively, in some cases,
cellular accumulation of b-catenin is acquired because of stabi-
lizing mutations in the b-catenin gene (7). Functioning in the
nucleus together with DNA-binding proteins of the T cell factor
(TCF) family, b-catenin becomes a transcriptional activator and
thus assumes the role of a main oncoprotein in colorectal
carcinogenesis (8). Not only target genes like c-myc (9) and cyclin
D1 (10) but also genes necessary for invasive growth, like
matrilysin (11, 12), fibronectin (13), CD44 (14), and uPAR (15),

are activated by nuclear b-catenin. Thus the distinct intracellular
distribution of b-catenin has a strong impact on the phenotype
and behavior of the tumor cell. We have previously described a
nuclear accumulation of b-catenin in dedifferentiated mesen-
chyme-like tumor cells found at the invasive front a membranous
and cytoplasmic expression in central organized areas of colo-
rectal adenocarcinomas, indicating localized regulation of bio-
chemical and morphological attributes of tumor cells (2, 16).

The linear model of tumor progression assumes that the
mesenchyme-like capabilities necessary for metastasis forma-
tion—including dissociation, migration, and dissemination—are
acquired and fixed by genetic alterations of the tumor cells as late
steps in carcinogenesis (17). However, a common observation by
pathologists is that metastases of colorectal adenocarcinomas
often completely resemble the primary tumor and exhibit orga-
nized epithelial and tubular structures, despite the obvious
phenotypic switch at the invasive front. Such observations
suggest that once metastasis has occurred, tumor cells are able
to regain the epithelial phenotype of their primary tumors.
Consequently, dedifferentiated phenotypes, which such cells
demonstrated during the processes of invasion and dissemina-
tion, may not be fixed irrevocably by genetic alterations in the
genomes of these cells.

To find evidence for ongoing phenotypic transition processes
and their potential regulatory forces during metastasis forma-
tion, we analyzed the expression patterns of b-catenin and
E-cadherin in the primary tumors, invasive fronts, and lymph
node metastases of well-differentiated colorectal adenocarcino-
mas and linked them to growth patterns and proliferative
activity.

Materials and Methods
Tissue Specimens. Formalin-fixed paraffin-embedded tissues from
patients who underwent surgery without additional treatment
were retrieved from the archive of the Institute for Pathology,
University of Erlangen–Nürnberg. Only well-differentiated
colorectal adenocarcinomas with lymph node metastases were
included, irrespective of other criteria. Poorly differentiated or
anaplastic carcinomas, showing no clearly epithelial phenotype
in the primary tumor, were excluded from this study.

Immunohistochemistry. CK18, b-catenin, E-cadherin, and Ki-67
were stained as described (2). In addition, a rabbit anti-b-catenin
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antiserum (1:750, Sigma) and a mouse monoclonal antibody
against vimentin (clone V9, Dako) were used.

Genetic Analysis of Tumors. Microdissection of normal and tumor
cells from formalin-fixed paraffin-embedded tissues, DNA iso-
lation, and sequencing of exon 3 of the b-catenin genes were
done as previously described (18). Loss of one APC gene allele
was determined by loss of heterozygosity analysis by using
microsatellite markers (D5S346, D5S107, D5S489, and D5S656).
Primer sequences used were 59-AGC AGA TAA GAC AGT
ATT ACT AGT T and 59-ACT CAC TCT AGT GAT AAA
TCG CG (D5S346), 59-GGC ATC AAC TTG AAC AGC AT
and 59-GAT CCA CTT TAA CCC AAA TAC (D5S107),
59-CAT AAT AAA CTG ATG TTG ACA CAC and 59-GCT
AAG AAA ATA CGA CAA CTA AAT G (D5S656), and
59-ACC AGA CTT GTA TAT GTG TGT GT and 59-TTC ACT
TGT TGA TGG GCT (D5S489). PCR conditions were 35 cycles
(20 sec 94°C, 20 sec 55°C, 30 sec 72°C); reaction conditions were
5 ml of isolated DNA, 2.5 mM MgCl2 in 25 ml of total volume.
For sequence analysis of the mutation cluster region of the APC
gene, we established a protocol of three overlapping nested
PCRs encompassing codons 1275 and 1569 (S. Ruckert and A.J.,
unpublished work).

Confocal Laser Scanning Microscopy. Subclones of SW480 and
LS174T colon carcinoma cells (American Type Culture Collec-
tion, Rockville, MD) were grown at low or high density on glass
coverslips in 24-well culture plates in DMEMy10% FCS. Specific
staining was performed directly in the culture plates for 2 h after
fixation with 2% paraformaldehyde. After washing, slides were
incubated for 60 min with Cy3-coupled goat anti-mouse anti-
serum (red) (Jackson ImmunoResearch) and Alexa Flour 488-
coupled goat anti-rabbit antiserum (green) (Molecular Probes).
Confocal laser scanning microscopy was performed by using a
Bio-Rad 1000 microscope.

Spheroid Invasion Assay. Spheroid invasion assay was performed
as described (19). Fibroblasts were derived from adult skin of a
healthy donor. Tumor lines were SW480 and LS174T colon
carcinoma and BT-474 breast carcinoma cells (American Type
Culture Collection).

Results
Defining the Growth Patterns of Well-Differentiated Colorectal Car-
cinomas and Their Metastases. A comparison of the growth pat-
terns was performed on cytokeratin 18 (CK 18)-stained sections
of 72 cases. Strikingly, there was no difference in the grade of
differentiation in the primary tumors and their corresponding
lymph node metastases. Both showed an identical epithelial
growth pattern with polarized tumor cells forming clear tubular
structures in the central tumor areas (Fig. 1 a and c). At the
invasive margin of both the primary tumor and the metastases,
the tumor cells acquired a dedifferentiated phenotype, charac-
terized by an opening of the tubules and detachment of small cell
clusters, finally leading to isolated tumor cells (Fig. 1 b and d).
These isolated cells lost their polar orientation, showed a
fibroblastoid morphology, and sometimes weakly expressed vi-
mentin (Figs. 2 and 3). Moreover, we previously described that
these cells can express fibronectin (2), indicating a loss of
epithelial and gain of more mesenchyme-like capabilities of
tumor cells at the invasive front. Despite the loss of the epithelial
phenotype at the invasive front, the epithelial differentiation
state, characterized by polarized epithelial tumor cells perform-
ing tubuloneogenesis, was seen once again in the lymph node
metastases (Fig. 1c). Hence the loss of epithelial morphology by
the tumor cells appeared to be reversible, because they regained
this phenotype after establishing themselves at distant sites.

Expression Patterns of b-Catenin and E-Cadherin in Primary Tumors
and Metastases. Next, we analyzed whether these histopathologic
changes were accompanied by alterations in the expression
patterns of the critical molecules b-catenin and E-cadherin. We
found no nuclear b-catenin in the well-differentiated central
tumor areas but a distinct membranous and cytoplasmic staining
of the apical (luminal) third of the tumor cell (Fig. 1e). This
pattern was indistinguishable from that of normal colonic epi-
thelium (not shown). In contrast, at the invasive front, the
expression of b-catenin changed toward a strong nuclear staining
accompanied occasionally by diffuse cytoplasmic expression
(Fig. 1f ). This expression pattern persisted in disseminated
isolated tumor cells at the metastatic site (not shown). Unex-
pectedly, the membranous and cytoplasmic expression pattern
seen the primary tumor was also present in the central areas of
the metastases (Fig. 1g). Thus, we saw an identical lack of nuclear
b-catenin expression in the central areas of primary tumors and
their metastases (compare Fig. 1 e and g) and strong nuclear
b-catenin expression at the invasive fronts of both primary
tumors and metastases (compare Fig. 1 f and h). These changes
in the b-catenin localization were detected in 64 of the 72 (89%)
analyzed well-differentiated colon carcinomas.

Retention of membranous E-cadherin expression was found in
the central areas of the primary tumors in 60% of the analyzed
cases (Fig. 1i). In all of these cases, however, tumor cells at the
invasive front, expressing nuclear b-catenin, had lost their
membranous E-cadherin (Fig. 1j). Some cells showed cytoplas-
mic E-cadherin, whereas others showed no E-cadherin at all.
This staining pattern could also be demonstrated for the invasive
front of the metastases (Fig. 1l). However, for E-cadherin
positive primary tumors, membranous E-cadherin expression
was detectable again in the central areas of the derived metas-
tases (compare Fig. 1 i and k). Thus, the characteristic pheno-
typical and morphological changes in the primary tumors and
their invasive fronts and metastases described above are paral-
leled by distinct changes in the intracellular distribution patterns
of b-catenin and E-cadherin.

To determine whether APC gene mutations are absolutely
necessary for the observed intratumorous switches in the phe-
notype and expression patterns of b-catenin and E-cadherin, we
analyzed the APC and b-catenin gene status. By loss of het-
erozygosity analysis of microdissected tumor areas, we found a
deletion of one APC-allele in 11 of 21 analyzed cases. In four of
these cases, the exact mutation in the remaining APC allele
could be determined by sequencing (truncating mutations in
codons 1328, 1356, 1365, and 1512). Two cases had no detectable
APC gene alteration but did have a stabilizing mutation in
b-catenin gene codon 45. The rest of the analyzed cases (8 of 21)
were not informative for APC. Thus, although most cases had
inactivating mutations in the APC gene, the described abilities
of these tumors do not necessarily depend on genetic alterations
in this gene, because two cases showed oncogenic b-catenin gene
mutations.

Proliferative Activity in Primary Tumors and Metastases. To correlate
proliferation with the above-defined growth patterns and ex-
pressions of b-catenin and E-cadherin, we used Ki-67 as prolif-
eration marker. High numbers of Ki-67-expressing cells were
found in the central areas of the primary tumors and metastases
with epithelial growth pattern and membranous expression of
E-cadherin and b-catenin (Fig. 1 m and o). However, tumor cells
in dissociating tubules and isolated tumor cells at the invasive
fronts lost Ki-67 expression in all investigated cases (Fig. 1 n and
p). Thus dedifferentiation with acquisition of mesenchyme-like
abilities during tumor cell dissemination is associated with a
shutdown of proliferative activity. Moreover, only disseminated
tumor cells showing an epithelial phenotype seem to proliferate
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again. Hence the loss of epithelial phenotype by tumor cells was
accompanied by a loss of proliferative capacity.

Regulated Expression of Nuclear b-Catenin in Colon Cancer Cells. Our
observations suggest that phenotypic transitions and heteroge-
nous expression patterns of b-catenin within a tumor mass,
which are occurring at later stages of tumor progression, can be
explained only by additional factors that further modulate the
consequences arising after genetic alterations in the APC, or
more rarely in the b-catenin, gene. To prove this, we analyzed
colon carcinomas cells with either a truncating APC mutation at
codon 1338 and a complete loss of the second allele (SW480) or

a stabilizing b-catenin mutation at codon 45 (LS174T) (20). At
low density, SW480 cells grow in a fibroblastoid phenotype with
protruding lamellipodia, resembling the mesenchyme-like
growth of colon carcinoma cells at the invasive front. Thereby,
SW480 cells strongly express nuclear b-catenin and perinuclear
cytoplasmic E-cadherin (Fig. 4 a, e, and i). With increasing
density after 3–4 days in culture, SW480 cells switched to an
epithelial phenotype, associated with a translocation of b-cate-
nin from the nucleus to the cytoplasm and membrane and a
membranous colocalization of E-cadherin (Fig. 4 b, f, and j).
Similar, albeit weaker, transitional behavior was detected with
b-catenin-mutant line LS174T. Despite a more pronounced

Fig. 1. Correlation of growth and the expression patterns of b-catenin, E-cadherin, and Ki-67 in well-differentiated colorectal adenocarcinomas. Shown are
central areas (first column) and invasive front (second column) of the primary tumor and central areas (third column) and invasive front (fourth column) of the
corresponding metastasis. Stainings are for CK-18 (first row), b-catenin (second row), E-cadherin (third row), and Ki-67 (fourth row). Boxes indicate magnified
regions in stained serial sections. Specific staining is red and nuclear counterstaining is blue [3100 (a–d) and 3400 (e–p)]. CK 18 stainings show a differentiated
growth pattern with tubular structures in the centers of primary tumor (a) and metastasis (c) and loss of tubular growth and tumor cell dissemination in the
corresponding invasive fronts (b and d). Tumor cells are clearly polarized in the differentiated central areas in both primary tumor and metastasis, and b-catenin
is localized distinctly in the apical cytoplasm and membrane of the tumor cells (arrowheads) (e and g). Note that b-catenin is not detectable in the nuclei (arrows).
In contrast, tubules at the invasive front break up, and tumor cells lose their polar orientation and dissociate (arrows) ( f and h). This morphological change is
accompanied by nuclear accumulation of b-catenin (arrows and arrowheads). Correspondingly, tumor cells in differentiated areas of the primary tumor express
membranous E-cadherin (arrowheads) (i), which is also expressed in central areas of the metastasis (k). Disseminating tumor cells at the invasive fronts with
nuclear b-catenin either completely lost E-cadherin (arrowheads) or showed a cytoplasmic expression (arrows) (j and l). A high Ki-67 ratio indicating strong
proliferation is found only in differentiated tubular areas of primary tumors and metastases retaining an epithelial phenotype (m and o). Disseminating,
dedifferentiated tumor cells with mesenchymal phenotype did not express Ki-67 (arrows) (n and p).
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epithelial phenotype, which was found very soon within 24 h in
a subconfluent state, LS174T cells at the outer rim of cell cluster
often showed nuclear b-catenin, cytoplasmic E-cadherin, and a
mesenchyme-like phenotype (Fig. 4 c, g, and k). These data show
that existing APC or b-catenin gene mutations do not force the
tumor cells into a single phenotypic state but instead enable
mutant cells to assume at least two phenotypic configurations
similar to what is observed in the analyzed tumors.

To further mimic the situation in colon cancer, we performed
an in vitro invasion assay by cocultivating SW480 and LS174T

cells with fibroblast spheroids. Most SW480 cells clustered
around the fibroblast spheroids lacked nuclear b-catenin. How-
ever, some tumor cells in close proximity to the fibroblasts and
those infiltrating the spheroids showed a nuclear accumulation
of b-catenin (Fig. 5 a and b). LS174T was less infiltrative but
showed a similar distribution of nuclear b-catenin in cells
surrounding the fibroblasts (Fig. 5 c and d). A noninfiltrating
control cell line expressed only membranous b-catenin (Fig. 5 e
and f ). These results support our findings in colorectal carcino-
mas, according to which the invasive phenotype is correlated
with nuclear translocation of b-catenin. Moreover, the cellular
model shows that nuclear b-catenin accumulation in colorectal
cancer is not a consequence of mutated APC alone but can be
modulated by external signals.

Discussion
We analyzed the growth, proliferative activity, and expression
patterns of b-catenin and E-cadherin in well-differentiated
colorectal carcinomas and their metastases. Genetic analyses
verified loss-of-function mutations in the APC gene in most
cases and more rarely stabilizing mutations in the b-catenin
gene. These tumors have an epithelial growth pattern charac-
terized by adherent polarized tumor cells forming tubular struc-
tures. Only at the invasive front do tumor cells dissociate from
tubules and gain the ability to disseminate by a process of
dedifferentiation, resembling an epithelial–mesenchymal tran-
sition. However, a differentiated growth pattern with tubulo-
neogenesis is again found in derived metastases. These charac-
teristic phenotypes and growth patterns are accompanied by a
nuclear accumulation of b-catenin and a loss of plasma mem-

Fig. 2. Weak expression of vimentin in dedifferentiated tumor cells. CK 18
staining of a neoplastic tubulus in the invasive region of a colorectal carcinoma
[3100 (a)]. Magnified region of the differentiated (upper square) or dedif-
ferentiated area (lower square) stained in serial section against b-catenin (b
and d) or vimentin (c and e). Note that dedifferentiated tumor cells with
nuclear b-catenin (d, arrowheads) express vimentin weakly (e, arrowheads)
but more strongly than cells in the more differentiated area (c).

Fig. 3. Vimentin expression in SW480 and LS174T colon carcinoma cells.
Confocal microscopy for expression of vimentin and b-catenin, indicating
strong expression of vimentin in SW480 cells and weaker expression in LS174T
cells, is shown.

Fig. 4. Switch in the expression patterns of b-catenin and E-cadherin in colon
carcinoma cell lines. SW480 and LS174T cells are grown at low or high density.
Confocal laser scanning microscopy showing staining for b-catenin (green,
a–d), E-cadherin (red, e–h) and combination of both (i–f, yellow staining
indicates a colocalization of both proteins). At low density, SW480 cells grow
fibroblastoid with protruding lammelipodia. Note that b-catenin is nuclear
and weakly cytoplasmic (a), E-cadherin shows a granular perinuclear distribu-
tion (e), and both proteins do not colocalize (i). With increasing density,
SW480 cells acquire a more epithelial growth pattern. b-Catenin translocates
from the nucleus to the cytoplasm and membrane (b) and E-cadherin from
perinuclear region to the membrane and submembranous cytoplasm ( f).
Yellow staining (j) indicates a colocalization of b-catenin and E-cadherin at the
membrane of the tumor cells. LS174T shows similar features, albeit more
rapidly changing towards an epithelial phenotype. However, at low conflu-
ency, tumor cells at the rims of clusters show a more mesenchyme-like phe-
notype (arrowhead) with nuclear b-catenin (c) and cytoplasmic E-cadherin (g),
which do not colocalize (k).
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brane-associated E-cadherin in cells found at the invasive fronts
and the disseminated cells at the metastatic site. Expression of
cytoplasmic and membranous b-catenin and E-cadherin is seen
once again in the central differentiated areas of the metastases.
Moreover, tumor cells with a dedifferentiated mesenchyme-like
phenotype at the invasive front have lost the proliferative activity
that is strongest in the differentiated areas of the primary tumor
and metastases.

On the basis of these observations, we propose a model for the
progression of well-differentiated tumors, which includes two
phenotypic transition processes: an epithelial–mesenchymal
transition-like dedifferentiation at the invasive front, favoring
detachment, migration, and dissemination, and a subsequent
redifferentiation with regain of epithelial capabilities. This re-
gain of epithelial characteristics might be necessary for tumor
cell proliferation at metastatic sites, because dedifferentiation of
disseminating tumor cells appears to include an arrest in pro-
liferative activity.

Nonetheless, the present data are consistent with this scheme
but do not prove it, because direct functional proof of the
postulated transition processes is still lacking. Thus, it is formally
possible that metastatic tumor cells never lose their epithelial
phenotype and that only invasive cells acquire a mesenchymal
phenotype. However, we think that this is less likely, because in
such a scenario, tumor dissociation and metastasis formation
would have to be considered as separate processes, requiring
separate capabilities, but there is evidence that conditions
supporting invasion also support metastasis formation. For

instance, highly invasive colon carcinomas, characterized by a
loss of epithelial growth patterns at the invasive fronts, also exert
an increased rate of metastases (21).

If a dedifferentiation is followed by a redifferentiation in the
metastases, these transition processes must be transient and thus
cannot be explained by additional genetic alterations. An im-
portant consequence of the proposed model, therefore, is that
mechanisms of invasive and metastatic growth for well-
differentiated carcinomas are predominantly controlled by the
tumor environment. We suggest that specific signals from the
tumor environment regulate both transition processes and are
the main driving force of invasive and metastatic growth of
differentiated colorectal carcinomas. Thus progression of these
tumors would be enabled by ongoing perpetuating transition
processes. In contrast, anaplastic tumors already may have lost
epithelial qualities by acquisition of additional genetic alter-
ations and often directly show a predominant disseminated
growth pattern, making additional transient transition processes
unnecessary. This feature is clearly visible for diffuse types of
gastric cancers, which harbor inactivating E-cadherin mutations
in a high percentage (22). Thus, we postulate two principal
mechanisms of tumor progression, which are of course overlap-
ping: an ‘‘environmental’’ type, dominating in well-differenti-
ated colon carcinomas, and a ‘‘genetic’’ type, used in less
differentiated or anaplastic carcinomas. We therefore would
suggest extending the multistep carcinogenesis model, on the
basis of a stepwise acquisition of genetic alterations, by including
an active role of the specific tumor environment in colorectal
tumor progression.

There are various lines of evidence showing that nuclear
b-catenin is involved in tumor progression (23). Increasing
numbers of target genes are found that are directly involved in
tumor invasion and metastasis, e. g., matrilysin (11, 12), CD44
(14), fibronectin (13), and uPAR (15). We described a nuclear
accumulation of b-catenin at the invasive front and in isolated
tumor cells, whereas its localization in central tumor areas often
was like that in normal colon epithelium (2, 16). Unexpectedly,
we found membranous and cytoplasmic b-catenin and membra-
nous E-cadherin also in growing metastases. Thus, the postu-
lated two phenotypic transitions are clearly accompanied by
distinct changes in the b-catenin expression pattern. An inter-
mediate nuclear overexpression of b-catenin would have two
determining consequences: loss of E-cadherin-mediated cell–
cell adhesion, and polarity and activation of genes necessary for
invasion and dissociation. Therefore, the outstanding question is
what regulates nuclear translocation of b-catenin in the tumors.
Recently, normal APC was shown to have a nuclear export
function for b-catenin, which is lost in most colorectal carcino-
mas (24, 25). Indeed, nuclear APC can be found in most colon
carcinomas and in colon carcinoma cell lines (our unpublished
data). However, our observations indicate that the initial APC
gene mutations may be the basis in most cases, but cannot be the
only explanation, for nuclear accumulation of b-catenin, because
b-catenin localization is heterogenous in the analyzed APC-
mutant tumors and in the APC-mutant line SW480. Moreover,
two analyzed cases with these features had b-catenin mutations.
A recent publication showing there is an additional cofactor-
independent nuclear transport of b-catenin (26) could explain
these data and our observations with lines SW480 and LS174T.
Colon cancer cells with functional APC (LS174T) could more
efficiently export nuclear b-catenin than tumor cells with mu-
tated APC (SW480), which, however, still could use an APC-
independent export mechanism regulated by the environment.
By using a spheroid invasion model, we could further show that
infiltrating SW480 cells increase nuclear b-catenin, whereas
most surrounding SW480 cells lack detectable nuclear b-catenin.
Thus, this cell line mimics what we see in colorectal carcinomas.
Tumors are increasingly considered complex tissues, composed

Fig. 5. Nuclear accumulation of b-catenin in SW480 cells infiltrating fibro-
blast spheroids. CK-18 (a, c, and e) and b-catenin (b, d, and f ) staining of
invasive SW480 cells (a and b), less invasive LS174T cells (c and d), and the
noninvasive control cell line BT-474 (e and f ). Specific staining is brown, and
nuclear counter staining is blue. CK 18 staining marks tumor cells surrounding
or infiltrating (arrowhead) the fibroblast spheroid (a and c). Note that infil-
trating tumor cells accumulate nuclear b-catenin (arrowheads), whereas most
surrounding clustered tumor cells lack nuclear b-catenin (arrows) (b and d).
The control tumor line expressed not nuclear but only membranous b-catenin
(arrow) ( f).

10360 u www.pnas.orgycgiydoiy10.1073ypnas.171610498 Brabletz et al.



of tumor cells, normal stromal cells, and extracellular matrix, all
interacting together (27). We therefore postulate that specific
signals from the tumor microenvironment, e.g., by stromal cells,
the extracellular matrix, or cytokines, which were already shown
to have strong influence on the malignant phenotype of breast
cancer (28), also regulate intracellular b-catenin distribution and
subsequently the behavior of colon tumor cells. For instance,
trefoil factors are described to induce nuclear translocation of
b-catenin in colon carcinoma cells (29). A possible direct
influence of the extracellular matrix was demonstrated by
showing that activation of integrin linked kinase leads to tran-
scriptional repression of the E-cadherin gene and nuclear ac-
cumulation of b-catenin (30). Alternatively, the specific micro-
environment may alter promoter methylation of relevant genes.
This methylation was demonstrated for the E-cadherin pro-
moter, which is hypermethylated at the invasive front of breast
cancers, leading to a transient loss of E-cadherin expression (31).

We recently postulated that by acquiring APC gene mutations,
tumor cells reach a morphogenetic competence similar to em-
bryonic cells during gastrulation (2). A tumor cell accumulating
nuclear b-catenin might, therefore, stay in a less differentiated
state and acquire a competence for an efficient adaptation to
different environmental milieus through the indicated transition
processes. A change of milieu with loss of nuclear b-catenin in
the central areas of primary tumor and metastasis could then
allow the observed epithelial redifferentiation on the basis of a
retained self-organizing morphogenetic competence of the tu-
mor cells. Recent results by Mariadason et al. (32) and Naishiro
et al. (33), demonstrating that suppression of T cell factoryb-
catenin signaling in colon cancer cell lines leads to epithelial
differentiation, fit well with this suggestion on the basis of our
observations.

One apparent drawback of our model involves the postulated
regaining of the epithelial growth pattern and a retranslocation
of b-catenin from the nucleus to the cytoplasm and membrane,
representing a second transition step during metastatic growth.
Why do disseminated dedifferentiated tumor cells undergo such
an epithelial redifferentiation? We found a strong reduction of
proliferative activity in dissociating tumor cells expressing high

amounts of nuclear b-catenin. Our previous results showed that
a correlated expression of nuclear b-catenin and c-myc was not
associated with the proliferating fraction of colon adenomas
(34). Our findings are supported by previous observations in
colorectal cancer research, according to which tumor cells at the
luminal side and in central areas proliferated more strongly than
at the invasive front (35). Obviously, in well-differentiated
tumors, a loss of epithelial capabilities is coupled with a shut-
down of proliferation in the same dedifferentiation program.
Accordingly, to expand metastatic growth, disseminated mes-
enchyme-like tumor cells of well-differentiated carcinomas must
regain their epithelial function.

Taken together, we think growth and progression of well-
differentiated colorectal carcinomas is still a highly regulated
morphogenetic process separated in different morphogenetic
areas and suggest that (i) two switch processes are necessary for
metastasis formation, both an initial dedifferentiation and a
subsequent epithelial redifferentiation; and (ii) these transitions
must be transient and ongoing, indicating that the tumor cells are
still highly susceptible to their environment. Thus, we propose
that the main driving force for invasion and metastasis formation
in these tumors is not only additional genetic alterations but also
exogenetic signals and therefore would like to extend the mul-
tistep carcinogenesis model by an active role of the specific
tumor environment. Regulated nuclear translocation of b-cate-
nin at the invasive front by such signals might allow the pheno-
typic transition steps in colorectal carcinomas on the basis of
genetic alterations in the APC or b-catenin gene. A direct
functional proof of this model, which specifies the role of the
microenvironment in these processes, would also yield insights
into new types of tumor therapy.
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