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Most colorectal cancers have loss-of-function muta-
tions in the adenomatosis polyposis coli (APC) tumor
suppressor gene. This leads to the accumulation of
nuclear b-catenin, which, together with the DNA-
binding protein TCF-4, functions as a transcriptional
activator. The recently defined target genes c-myc ,
cyclin D1, and matrilysin are responsible for tumor
proliferation or malignant progression and explain
the oncogenic potential of nuclear b-catenin. To in-
vestigate its role in early colon carcinogenesis, we
analyzed the expression of b-catenin, its target gene
c-myc, and the proliferative activity in 88 colorectal
adenomas of varying size and grade of dysplasia. The
results revealed i) the most significant correlation of
nuclear b-catenin and c-myc expression was not with
the grade of dysplasia but with the size of the colon
adenoma; ii) perfect correlation of nuclear b-catenin
and c-myc expression; iii) no significant correlation
of adenoma size with the proliferative activity; and iv)
no significant correlation of proliferative activity and
the nuclear expression of b-catenin and c-myc. These
results imply that APC mutations have additional
b-catenin-independent functions; APC mutations
alone are not sufficient for nuclear overexpression of
b-catenin; and nuclear b-catenin has additional im-
portant functions for exceeding a threshold tumor
size. (Am J Pathol 2000, 156:865–870)

The loss-of-function mutations in the adenomatosis poly-
posis coli (APC) tumor suppressor gene are the first
event in colorectal carcinogenesis and have been found
in more than 80% of early colon adenomas.1 This leads to
decreased APC-dependent degradation of the oncopro-
tein b-catenin, thereby increasing its cytoplasmatic free
pool.2,3 In a cell membrane-associated fraction bound to
E-cadherin, b-catenin participates in cell-cell adhesion.
However, the oncogenic potential of b-catenin is derived
from a nuclear pool associated with the T cell factor (TCF)
family of transcription factors. The resulting transcription

complex can activate target genes associated with pro-
liferation and invasion, linking APC gene defects to these
processes. Recently defined target genes of b-catenin/
TCF are c-myc,4 cyclin D1,5 and the matrix metallopro-
teinase matrilysin.6,7

However, there is increasing evidence that APC gene
mutations alone are not responsible for the increased
nuclear expression of b-catenin. For instance, most colo-
rectal carcinomas show a heterogenous distribution pat-
tern of nuclear b-catenin, suggesting additional genetic
or epigenic events regulating b-catenin distribution.8,9

On the other hand, b-catenin-independent functions of
APC gene mutations are suggested for early colorectal
carcinogenesis.10

Because some of the identified b-catenin target genes
are potentially associated with proliferation, we wanted to
correlate the proliferative activity, nuclear b-catenin ex-
pression, and the expression of the target gene c-myc in
colon adenoma. We used a collection of 88 different
cases, from small, early to late colon adenoma with be-
ginning invasive growth, for immunohistochemical analy-
sis. The results revealed i) a highly heterogenous expres-
sion pattern of nuclear b-catenin, with the most significant
correlation of nuclear b-catenin and c-myc expression
not with the grade of dysplasia but with the size of the
colon adenoma; ii) a perfect correlation of nuclear b-cate-
nin and c-myc expression; iii) no significant correlation of
adenoma size with the proliferative activity; and iv) no
significant correlation of proliferative activity and the nu-
clear expression of b-catenin and c-myc. These results
have impact on the functions of APC gene mutations and
nuclear b-catenin in early colon carcinogenesis.

Materials and Methods

Tissue Specimens

Formalin-fixed, paraffin-embedded tissues from patients
who underwent polypectomy were retrieved from the ar-
chive of the Institute for Pathology, University of Erlangen-
Nürnberg. All adenomas were totally removed, and the
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size was determined after formalin fixation. The 88 inves-
tigated colorectal adenomas had a size distribution from
2 to 25 mm in diameter, with 33 showing mild, 37 showing
medium, and 18 showing severe grades of dysplasia. To
exclude statistical results based simply on the strong
correlation between adenoma size and grades of dyspla-
sia, normally found in colorectal adenomas, high-grade
dysplastic small adenomas and low-grade dysplastic
large adenomas were also included in the collective.

Immunohistochemistry

Serial sections (3 mmol/L) were deparaffinized, rehy-
drated, and incubated with the different mouse monoclo-
nal antibodies for 2 hours. Antigen retrieval was used for
a-mib-1 and a-c-myc (microwave treatment, 10 minutes
at 800 W and 10 minutes at 600 W). Dilutions were 1:30
for a-mib-1 (Dako, Hamburg, Germany), 1:200 for anti-c-
myc (clone 9E11 from Novocastra, Newcastle, UK), and
1:100 for a-b-catenin (Transduction Laboratories, Lexing-
ton, KY). Biotinylated rabbit a-mouse Ig antiserum diluted
1:50 was used as the secondary antibody. After washing,
the slides were incubated for 30 minutes. at room tem-
perature with streptavidin-coupled alkaline phosphatase
(Dako) and developed for 12 minutes at 37°C, using Fast
Red (Sigma, Deisenhofen, Germany) as substrate. After
rinsing in water, the sections were counterstained with
hemalaun (Merck, Darmstadt, Germany), dehydrated,
and coverslipped.

Evaluation of Immunostaining

The sections were examined by two independent re-
searchers. Normal colonic epithelia adjacent to the ade-
nomas were used as internal controls of staining effi-
ciency and evaluation. Because the nuclear expression
of b-catenin and c-myc was never homogeneous but
varied in both intensity and distribution in the adenomas,
we used a scoring system that included an evaluation of
both the staining intensity and the percentage of stained
cells. Staining intensity was graded as no staining (value
0, as in normal colonic epithelia), weak staining (value 1),
moderate staining (value 2), or strong staining (value 3).
The percentages of tumor cells with nuclear staining of
b-catenin and c-myc were assigned scores as follows: 1,
,5%; 2, 5–20%; 3, 21–50%; 4, .50%. Multiplication of
the intensity value and the percentage value gave a
multiplication value from 0 to 12. The multiplication values
were grouped in four immunoreactive scores defined as
0 (negative; multiplication values 0, 1), 1 (low; multiplica-
tion values 2, 3), 2 (medium; multiplication values 4, 6), or
3 (high; multiplication values 8, 9, 12). For the proliferative
activity, we determined the percentage of mib-1-positive
tumor cells and scored 0, ,5%; 1, 5–20%; 2, 21–50%;
and 3, .50% mib-1-positive cells. Because the prolifer-
ative activity of normal colon epithelium was scored as 1,
no adenoma was scored as 0.

Statistics

Statistical analysis was performed with the SPSS software
(SPSS Standard version 8.0.0, SPSS Inc., Chicago, IL).
The correlations between absolute size (in millimeters)
and immunoreactivity were evaluated by the Mann-Whit-
ney U test. The correlations among sizes, groups, and
grades of dysplasia with immunoreactivity were evalu-
ated by x2 test (linear-by-linear association).

Results

To correlate the nuclear expression of b-catenin in colo-
rectal adenoma with the expression of its target gene
c-myc, the proliferative activity, the adenoma size, and
the grade of dysplasia, we performed an immunohisto-
chemical analysis of b-catenin, c-myc, and mib-1 expres-
sion. Of 88 cases, 40 adenomas (45.4%) showed nuclear
overexpression of b-catenin, 39 adenomas (44.3%)
showed overexpression of c-myc, and 76 adenomas
(86.3%) had a higher proliferative activity than normal
colon epithelium.

Statistical analysis confirmed a very strong correlation
(P , 0.001) of nuclear b-catenin-immunoreactive scores
0, 1, and 2 with tumor size. Median adenoma diameters
were 3, 7, 13, and 17 mm for the scores 0, 1, 2, and 3,
respectively (Figure 1A). According to the observation
that c-myc is a target gene of b-catenin/TCF4, we found
an almost identical correlation of nuclear c-myc expres-
sion with adenoma size; median adenoma diameters
were 3.5, 7.2, 14, and 18 mm for the immunoreactive
scores 0, 1, 2, and 3, respectively (Figure 1B). It is
interesting that we found no significant correlation of the
proliferative activity with the size of the adenomas (Figure
1C) and, therefore, not with nuclear b-catenin and c-myc
expression.

Based on these results, we could define two size
groups of adenomas with a minimum (,5-mm) and a
maximum (.8-mm) b-catenin expression (Table 1). Of
the adenomas ,5 mm in size, 92% showed no nuclear
b-catenin expression, and no case in this size group had
medium (2) or high (3) immunoreactive scores. In con-
trast, all examined adenomas .8 mm in size showed
nuclear overexpression of b-catenin, with scores of 2 or
3. We also defined an intermediate size group between 5
and 8 mm with beginning and increasing expression of
nuclear b-catenin. The statistical significance of these
results was again very high (P , 0.001). As expected, we
again found almost identical correlations of the defined
three size groups with c-myc expression (P , 0.001;
Table 2) and no significant correlation with the prolifera-
tive activity (Table 3).

Previous investigations demonstrated a dependence
of nuclear b-catenin expression on the grade of dyspla-
sia,11 which we could confirm by grouping the adenomas
as mildly, moderately, and severely dysplastic (Table 4).
Again, we also found a correlation with c-myc expression
(Table 5) and no significant correlation with proliferative
activity (Table 6). However, compared with the statistical
significance of the correlations with adenoma size (P ,
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0.001), the correlation of nuclear b-catenin and c-myc
with the grade of dysplasia was weaker (P , 0.005). The
adenomas that were ,5 mm in size with severe dysplasia
did not express nuclear b-catenin and c-myc.

As already demonstrated, the nuclear expression of
b-catenin in most colorectal carcinomas is heteroge-
neous with focal overexpression.8,9 We found similar het-
erogeneous expression patterns for nuclear b-catenin,

Figure 1. Correlation between adenoma size and nuclear b-catenin (A),
c-myc (B), and mib-1 (C) expression. Boxplot charts (50% of values are
within the box; horizontal bar, median; vertical bar, range of values).
Included are the P values of the correlations between the indicated staining
scores. A P value ,0.05 was considered significant. n.s., not significant.

Table 1. Correlation between Adenoma Size and Nuclear
Expression of b-Catenin

Size
(mm)

Immunoreactive score

Total0 1 2 3

,5 46 (92) 4 (8) 0 0 50
5–8 2 (20) 8 (80) 0 0 10
.8 0 5 (17.8) 17 (60.7) 6 (21.3) 28

Table shows absolute numbers (percentages); P , 0.001.

Table 2. Correlation between Adenoma Size and Nuclear
Expression of c-myc

Size
(mm)

Immunoreactive score

Total0 1 2 3

,5 47 (94) 3 (6) 0 0 50
5–8 2 (20) 8 (80) 0 0 10
.8 0 4 (14.3) 17 (60.7) 7 (25) 28

Table shows absolute numbers (percentages); P , 0.001.

Table 3. Correlation between Adenoma Size and Expression
of mib-1

Size (mm)

Proliferative activity score

Total0 1 2 3

,5 0 9 (18) 26 (52) 15 (30) 50
5–8 0 1 (10) 4 (40) 5 (50) 10
.8 0 4 (14.3) 9 (32.1) 15 (53.6) 28

Table shows absolute numbers (percentages); P . 0.05, not
significant.

Table 4. Correlation between Grade of Adenoma Dysplasia
and Nuclear Expression of b-Catenin

Dysplasia

Immunoreactive score

Total0 1 2 3

Mild 28 (84.8) 3 (9.1) 2 (6.1) 0 33
Moderate 15 (40.5) 9 (24.3) 9 (24.3) 4 (11.8) 37
Severe 5 (27.8) 5 (27.8) 6 (33.3) 2 (11.1) 18

Table shows absolute numbers (percentages); P , 0.005.

Table 5. Correlation between Grade of Adenoma Dysplasia
and Expression of c-myc

Dysplasia

Immunoreactive score

Total0 1 2 3

Mild 28 (84.8) 3 (9.1) 2 (6.1) 0 33
Moderate 16 (43.2) 9 (24.3) 9 (24.3) 3 (8.1) 37
Severe 5 (27.8) 3 (16.6) 6 (33.3) 4 (22.2) 18

Table shows absolute numbers (percentages); P , 0.005.
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c-myc, and mib-1 in the investigated colorectal adeno-
mas. As expected, the expression of c-myc was always
found in the same tumor area, which expressed nuclear
b-catenin (example in Figure 2, B and C). In contrast,
many cases of tumor cells in the mib-1-positive prolifer-
ative area did not express nuclear b-catenin or c-myc
(Figure 2, A-C) and vice versa (Figure 2, D-F). Thus, as
has been shown statistically, for the whole collection of
adenomas there was no perfect, spatial correlation be-
tween immunohistochemically detectable nuclear b-cate-
nin or c-myc and the proliferative active zones in the
individual adenomas.

Discussion

A collection of 88 different cases from small, early to late
colorectal adenomas with beginning invasive growth was
used for immunohistochemical analysis. The results re-
vealed i) the most significant correlation of nuclear
b-catenin and c-myc expression not with histological
grading, but with the size of the colon adenomas; ii) a
perfect correlation of nuclear b-catenin and c-myc ex-
pression; iii) no significant correlation of adenoma size
with the proliferative activity; and iv) no significant corre-
lation of proliferative activity with the nuclear expression
of b-catenin and c-myc.

The functional consequence of the strong correlation
between nuclear b-catenin amounts and the adenoma
size must be discussed critically, because already low
amounts of immunohistochemically undetectable tran-
scriptional activators could be functionally active. How-
ever, we also found a perfect correlation between the
expression level of nuclear b-catenin and its target gene
c-myc in individual adenomas, which implies a direct
dependence of the amounts of expressed c-myc on the
concentration of nuclear b-catenin. This is also confirmed

Table 6. Correlation between Grade of Adenoma Dysplasia
and Expression of mib-1

Dysplasia

Proliferative activity score

Total0 1 2 3

Mild 0 7 (21.2) 15 (45.5) 11 (33.3) 33
Moderate 0 4 (10.8) 19 (51.4) 14 (37.8) 37
Severe 0 3 (16.7) 5 (27.8) 10 (55.5) 18

Table shows absolute numbers (percentages); P . 0.05, not
significant.

Figure 2. Correlation of b-catenin expression with the expression of c-myc but not with proliferative activity. Immunohistochemical staining for mib-1, b-catenin,
and c-myc (red staining). Serial section of the same area of two colorectal adenomas with low (a2c) and high (d2f) proliferative activity. Strongly correlated
expression of nuclear b-catenin (b) and c-myc (c) in the low-proliferating adenoma and no expression of both nuclear b-catenin (e) and c-myc (f) in the tumor
cells of the high-proliferating adenoma. Original magnification, 3400.

868 Brabletz et al
AJP March 2000, Vol. 156, No. 3



by functional analyses in cell culture, in which the tran-
scriptional activity of b-catenin target gene promoters
depends on the amounts of b-catenin (T. Brabletz, A.
Jung, and T. Kirchner, unpublished data). Recent results
could explain this dose-dependent function of b-catenin.
Without nuclear b-catenin, TCF proteins are bound by a
corepressor, as demonstrated for the repressor groucho
in Drosophila species, and this complex acts as transcrip-
tional repressor of the target genes.12,13 Nuclear b-cate-
nin competes with the repressor for TCF binding in a
dose-dependent manner. Higher amounts of b-catenin
could build up more activator complexes, which would
lead to a more efficient de-repression of the target genes.
Furthermore, it was demonstrated that high amounts of
b-catenin are necessary to overcome a repression of TCF
activity by the histone acetylase C-terminal-binding pro-
tein.14 Thus, the concentration of nuclear b-catenin is an
important parameter.

We detected no significant correlation between the
nuclear expression of b-catenin or c-myc and prolifera-
tive activity. This was demonstrated both for large ade-
nomas, in which highly proliferative areas often did not
show nuclear b-catenin, and for strongly proliferating
small adenomas, which did not express detectable
amounts of nuclear b-catenin and c-myc at all. The ques-
tion is how hyperproliferation is induced in colon adeno-
mas. One possibility is that low, nondetectable nuclear
amounts of b-catenin are sufficient to induce proliferation
genes like cyclin D1, and high amounts are necessary to
derepress genes associated with tumor progression. Al-
ternatively, both b-catenin and c-myc may not be directly
associated with the induction of proliferation but with later
steps in tumor progression. For instance, c-myc overex-
pression has been described as promoting genomic in-
stability, thereby increasing the rate of genetic alter-
ations.15 More than 80% of colorectal adenomas have
APC gene defects as an initial event, leading to an in-
crease of the cytoplasmatic free pool of b-catenin. How-
ever, our results demonstrate that early adenomas do not
express detectable amounts of nuclear b-catenin. It is
expected that there are b-catenin-independent effects of
mutated APC. One could speculate that induction of pro-
liferation is one of these b-catenin independent functions
of mutated APC. It is interesting that, in a recent publica-
tion, Samowitz et al reported that dominant, active muta-
tions in the b-catenin gene, which also lead to a reduced
degradation of b-catenin and are associated with normal
APC, are more often found in small, early adenomas than
in late adenomas and colorectal carcinomas.10 Particu-
larly, there seemed to be a threshold adenoma size of
about 5 mm, above which the rate of b-catenin mutations
rapidly decreases. This is exactly the size above which
we defined an increase of nuclear b-catenin (see discus-
sion below). This could mean that low amounts of nuclear
b-catenin, perhaps enough to induce proliferation, can
be found on the basis of both b-catenin and APC muta-
tions. However, a further increase of nuclear b-catenin,
potentially necessary for tumor progression (see discus-
sion below), could not be achieved simply by mutated
b-catenin, but would need mutant APC as basic genetic

alteration. This implies further functions of mutant APC in
addition to simple reduction of b-catenin degradation.

The most stringent correlation we found was between
adenoma size and the nuclear expression of b-catenin
and c-myc (P , 0.001), which was higher than the al-
ready described correlation between the grade of dys-
plasia and nuclear b-catenin (P , 0.005).11 Thus the
already high correlation of nuclear b-catenin with dyspla-
sia can be based mainly on the strong dependence of the
dysplasia grade on adenoma size. This observation
could be simply explained by a bystander effect, in which
genetic alterations leading to an increase of tumor size
and progression also lead to an increase of nuclear
b-catenin without a functional consequence. However, it
is more likely that nuclear b-catenin is necessary for
exceeding a certain tumor size. The observed sharp size
boundaries for low or absent (,5 mm) and medium to
high (.8 mm) nuclear expression of b-catenin, with a
transition size between 5 and 8 mm, support this hypoth-
esis. What could be the role of b-catenin for the transition
above this certain adenoma size level? It is known that
this is also a critical threshold for the supply of tumors by
pre-existing blood vessels. Beyond this size, colon ade-
nomas increase in blood vessel density.16 It is tempting
to speculate that high amounts of nuclear b-catenin de-
repress genes necessary for tumor angiogenesis and
subsequent progression. There are already other re-
cently defined target genes of b-catenin involved in later
steps of colorectal carcinogenesis. We and others have
described the activation of the matrix metalloproteinase
matrilysin, which is important for tumor growth and inva-
sion by b-catenin in colorectal cancers.6,7 Also, CD44,17

fibronectin,18 and the urokinase-type plasminogen acti-
vator receptor,19 important factors for invasion or metas-
tasis, are potential target genes of b-catenin/TCF. Thus,
we would suggest that nuclear b-catenin is responsible
for the progression of colorectal carcinogenesis, not only
by affecting the grade of dysplasia but also exceeding a
certain threshold tumor size.

One question that remains is how nuclear b-catenin
increases during adenoma progression. One possibility
is that, based on the APC gene defect, additional genetic
alterations lead to a redistribution of the membranous or
cytoplasmatic pool to the nucleus. Both dominant ras
mutations20 and E-cadherin gene defects7 are described
to have an influence on the b-catenin localization and
activity. Dominant K-ras gene mutations are found in
about 50% of colon adenomas .10 mm in size and are
correlated with the adenoma size like the expression of
nuclear b-catenin.21 However, the nuclear overexpres-
sion of b-catenin, both in late adenomas and colon car-
cinomas, is heterogenous9 and often found in contact
zones to the extracellular matrix.8 This also implies that
extracellular matrix-induced epigenetic modulations may
be responsible for the nuclear translocation of b-catenin
in larger adenomas. For instance, the integrin-linked ki-
nase, which is associated with the a5/b1 integrin fi-
bronectin receptor, was shown to induce nuclear trans-
location of b-catenin.22 Further work will show whether
K-ras mutations or the expression of the a5/b1-integrin is
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also strongly correlated with the size of colorectal ade-
nomas.

Our results, demonstrating a strong correlation of nu-
clear b-catenin and c-myc with adenoma size, but not
with proliferative activity, imply that i) APC mutations have
additional b-catenin-independent functions; ii) APC mu-
tations alone are not sufficient for nuclear overexpression
of b-catenin; and iii) nuclear b-catenin has additional
important functions for exceeding a threshold tumor size.
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