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A systematic spatial heterogeneity with high prolif-
erative activity at the luminal border and low activ-
ity at the invasive margin is an unexpected behavior
that has been observed in colorectal cancer (CRC).
To clarify this phenomenon and possible underly-
ing regulatory mechanisms, we have by immuno-
histochemistry elucidated the proliferative activity
and the expression of G1/S regulatory proteins in
small and large tumor cell clusters at the invasive
margin in 97 CRCs. By identifying small tumor clus-
ters at the tumor front , actually invading cancer
cells could be characterized and analyzed sepa-
rately. These cells could then be compared with the
main tumor mass represented by the larger tumor
clusters. The proliferation was significantly lower
in small tumor clusters compared with larger clus-
ters (P < 0.001) and the decrease in proliferation
was correlated with a p16 up-regulation (rs 5
20.41, P < 0.001). Interestingly , CRCs lacking p16
expression (18%) or tumors with other aberrations
in the p16/cyclin D1/pRb pathway had a less pro-
nounced decrease in proliferation between large
and small clusters (P < 0.001) , further strengthen-
ing the association between p16 and ceased prolif-
eration at the invasive margin. This contrasts to
tumors with low p27 or abnormal p53 levels show-
ing sustained proliferation in small tumor clusters.
Our findings imply that invading CRC cells gener-
ally have low proliferative activity , and this phe-
nomenon seems to be mediated through p16 and
the p16/cyclin D1/pRb pathway. (Am J Pathol
2000, 157:1947–1953)

The ability of cancer cells to invade the surrounding
stroma and vessels is linked to patient prognosis due to
associations with advanced local invasive tumor growth
and distant spread. In colorectal cancer (CRC), the
growth pattern at the invasive margin (expanding versus
infiltrating) represents a powerful prognostic tool related
to the presence of small cancer cell clusters that invades
the surrounding stromal compartment.1–3 Whether such
ability to invade actively is associated with changes in
proliferative activity has not been comprehensively eval-
uated, even though we and others have reported a spa-
tial proliferative heterogeneity in CRC and gastric cancer
with higher proliferative activity in the luminal compart-
ment of the tumor compared to lower proliferation at the
invasive margin.4–6 The extent of decreased proliferative
activity at the invasive margin compared to the luminal
compartment might potentially be influenced by distur-
bances of the cell cycle regulation, ie, the complex ma-
chinery prone to generate two genetically identical
daughter cells. Central in the cell cycle machinery is a
family of serine-threonine kinases, the cyclin-dependent
kinases (CDKs),7–9 which can be activated by cyclins D
and E and inactivated by CDK inhibitors (CDKIs), eg,
p27Kip1, p21Waf1, and p16INK4a.10 p16INK4a inhibits spe-
cifically the cyclin D1-CDK4/6 complex and forms to-
gether with the main substrate, the retinoblastoma gene
product (pRb),11 the most important regulatory pathway
involved in the G1/S transition.12 Uncontrolled tumor cell
proliferation is a reality in tumor cells, and the progression
from a normal cell into a transformed cell probably in-
cludes genetic events affecting checkpoints in the cell
cycle machinery. We have earlier analyzed the expres-
sion of pRb, cyclin D1, and p27Kip1 in CRC and observed
aberrations in the protein expression in various fractions
of the tumors.3,13 Any systematic difference in the ex-
pression of the proteins for luminal and invasive margin
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compartments or association to proliferative differences
were not observed implicating that the proteins were not
directly involved in the regulation of proliferation in differ-
ent tumor compartments. Few studies have so far char-
acterized the p16 expression in CRC and the frequency
of potential down-regulation of the protein as well as
expression patterns have not been established. In a lim-
ited study of 17 CRCs, Ohhara et al proposed that inac-
tivation of p16 was unusual and activation of the p16
gene leading to elevated mRNA levels was more com-
mon.14 In contrast, Tomlinson et al and Ahuja et al have
observed loss of heterozygosity in the p16 locus in 38%
of CRCs and hypermethylation of the p16 gene in
34%.15,16

In the present study, we have characterized invading
CRC cells by delineating the proliferative activity in large
tumor clusters as well as in the small invading tumor
clusters at the invasive margin. We also wanted to eval-
uate the expression of G1/S regulatory proteins including
p16, in the tumors as well as in tumor cells at the invasive
margin to explore potential regulatory mechanisms to
proliferation differences in invading tumor cells.

Materials and Methods

Patient and Tumor Data

Ninety-seven patients with primary CRC were retrospec-
tively included in this study, as recently described.13,3

Five of the 97 were excluded due to technical shortcom-
ings, leaving 92 patients for further studies. Twelve were
classified as Dukes’ stage A, 44 as Dukes’ B, and 36 as
Dukes’ C. Each CRC was classified with respect to grade
(WHO classification), tumor type (mucinous or nonmuci-
nous), growth pattern (expanding or infiltrating), and the
degree of lymphocytic reaction at the invasive margin.

Immunohistochemical Single Staining
Procedures

CRC specimens as well as normal mucosa specimens
were collected from all patients, fixed in 4% formalde-
hyde, and embedded in paraffin according to routine
procedures. For single immunohistochemical stainings of
p16 and p53, sections were microwave treated in citrate
buffer (pH 6.0). Antigen visualization was thereafter per-
formed using a semiautomatic staining machine (Ventana
ES, Ventana Inc., Tucson, AZ). The primary antibodies
were monoclonal anti-p16 diluted 1:25 (Pierce, Rockford,
IL), and anti-p53 (Ab-6, Oncogene Science, Cambridge,
MA) diluted 1:400. In each run, tonsil tissue served as a
control regarding p16 in which nuclear staining was
noted in histiocytic cell and in epithelial cells of the mu-
cosal lining.

The patient material used in this study has been ana-
lyzed in two recent studies of cyclin D1, pRb, and p27
expression.3,13 Briefly, the same procedure as in this
study was used to visualize the following antibodies: i)
polyclonal anti-pRb (C15, Santa Cruz Biotechnology,

Santa Cruz, CA) at a dilution of 1:100, ii) monoclonal
anti-Cyclin D1 (DCS-6, a kind gift from Dr. Jiri Bartek,
Copenhagen, Denmark) at a dilution of 1:200, and iii)
monoclonal anti-p27Kip1 (K25020, Transduction Labora-
tories, Lexington, KY) at a dilution of 1:200.

Immunohistochemical Double Staining
Procedures

Tumor clusters at the invasive margin were detected and
characterized by a double staining technique that in-
cluded, besides anti-p16 (1:25) and anti-Ki-67 (MIB1,
Immunotech, Marseille, France, 1:25), a monoclonal an-
tibody (CAM5.2, Becton Dickinson, San Jose, CA) react-
ing with cytokeratins 8 and 18 that served as markers for
epithelial, ie, tumor cells. The double staining procedure
was performed sequentially in a semiautomatic staining
machine. After antigen retrieval by microwave treatment
in citrate (pH 7.3), p16 antibodies were applied followed
by diaminobenzidine (DAB) as a substrate for detection
(brown color). The sections were thereafter incubated
with CAM5.2 (1:25) antibodies without additional pre-
treatment. After blocking endogenous biotin activity (En-
dogenous Biotin Blocking Kit, Ventana) and amplification
of the CAM5.2-signal with amplification antibodies ac-
cording to the manufacturer’s protocol (Amplification Kit,
Ventana) the CAM5.2 was detected by using alkaline
phosphatase (red color; Alkaline Phosphatase Fast Red
Detection Kit, Ventana). Before quantitation, all double-
stained sections were compared with the corresponding
single p16- and Ki-67-stained sections, and tumors with
divergent results were excluded.

Evaluation of Immunohistochemical Stainings

The p16 single-stained slides were interpreted by one of
the investigators (R. P.) unaware of the results of the other
analyses. The fractions of p16-positive nuclei were semi-
quantitatively evaluated using a five graded scale, ap-
proximately representing labeling indices (LIs) of 0 to 5%
(2), 6 to 10% (1), 11 to 20% (11), 21 to 40% (111),
and .40% (1111), respectively. Tumors classified in
the 2 group were regarded as negative for p16. All slides
were independently reviewed twice and intraobserver
disagreements (,10%) were reviewed a third time, fol-
lowed by a conclusive judgment. p53 immunoreactivity
was evaluated by classifying tumors in two categories
corresponding to LI ,5% (2) and $5% (1).17

In the double stainings, large tumor clusters were de-
fined as .50 tumor cells and small tumor clusters as 2–5
cells per cluster all within the invasive margin corre-
sponding to the deepest fourth of the tumor depth.5 Sin-
gle keratin-positive cells were not counted to exclude
nonepithelial keratin-positive cells. LIs were counted for
Ki-67 and p16 in 10 large tumor cell clusters sampled in
a random systematic fashion,18 and in all small clusters
(2–5 cells) present in each section. Sections containing
,10 small tumor cell clusters were excluded from further
analyses. In general, about 500-1000 cells in large clus-
ters and about 250 cells in small clusters were counted
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per tumor. The Ki-67DIFF and p16DIFF were calculated
according to the formulas below:

Ki-67DIFF 5
(LI of Ki-67 large clusters 2 LI of Ki-67 small clusters)

LI of Ki-67 large clusters

p16DIFF 5
(LI of p16 for small clusters 2 LI of p16 for large clusters)

LI of p16 for small clusters

Statistics

To test the linear association between two ordinal scale
variables, the exact linear-by-linear association test was
performed. When at least one variable contained nominal
data, the Fisher’s exact test was performed. Spearman’s
correlation coefficient (rs) was used to compare sets of
continuous variables. Wilcoxon matched-pairs signed-
rank test was performed to test systematic differences
when two measurements from the same tumors were
analyzed. A significance level of 0.05 was used. Statisti-
cal analyses were performed using SPSS version 8.0
(SPSS Inc., Chicago, IL).

Results

Tumor Proliferation at the Invasive Margin

To study the proliferative activity at the invasive margin in
CRC we evaluated the expression of Ki-67 in large tumor
clusters consisting of more than 50 tumor cells and in
tumor clusters consisting of 2–5 cells using double stain-
ing with Ki-67 and CAM 5.2 (model in Figure 1). Eighty-
eight tumors were evaluated; the median LIs for large and
small tumor clusters were 38.7% and 15.7%, respec-
tively. A comparison of paired tumor samples showed
that large tumor cell clusters had significantly higher
proliferation (P , 0.001) compared with small clusters
(Figure 2A). The associations between proliferation in
large and small tumor clusters, as well as the distributions
of these variables, are shown in Figure 2B. Poorly differ-
entiated tumors had, in general, higher proliferative ac-
tivity in small tumor clusters and less difference in pro-
liferation between large and small clusters. There was
no significant relation between proliferation and the clin-
icopathological parameters gender, age, Dukes’ stage,
tumor type, growth pattern, or degree of lymphocytic
reaction.

General Expression of p16

Nuclear p16 reactivity was characterized in eight normal
colorectal mucosa samples and in 92 colorectal cancers.
All normal samples were essentially p16-negative, with
only few scattered positive cells along the crypt axis with
no specificity regarding position. Both nuclear and cyto-
plasmic p16 expression was observed in the tumors (Fig-
ure 1), and high nuclear p16 expression was generally
associated with strong cytoplasmic staining (data not
shown) but only nuclear staining was quantified, repre-
senting the most relevant location of p16. Of 92 CRCs, 17

were classified as p16-negative (Figure 1), whereas the
majority (75/92) exhibited p16 positivity, though with vari-
ations in both the fraction of positive cells and the distri-
bution of positive cells within the tumor area. The p16
expression was significantly higher (P , 0.001) in the
deepest fourth (corresponding to the invasive margin) of
the full cross-section from the bowel wall, compared with
the most superficial fourth (corresponding to the luminal
border). Clinicopathological parameters were not asso-
ciated with p16 negativity or positivity except for poorly
differentiated tumors, which were associated with p16
negativity (P 5 0.03). Interestingly, p16 negativity was
also associated with low or absent p27 expression (P 5
0.020), suggesting a link between down-regulation of the
two CDKIs (Table1).

Expression of p16 at the Invasive Margin

To study further the potential association between p16
and proliferation, the fractions of p16-positive cells were
determined in large and small tumor clusters at the inva-
sive margin (Figure 1). Out of 92 tumors characterized,
the fraction of p16-positive cells was significantly higher
in small tumor clusters compared with large tumor clus-
ters (P , 0.001), as illustrated in Figure 2. The differences
in Ki-67 and p16 expression between large and small
tumor clusters, denoted Ki-67DIFF and p16DIFF as defined
in Material and Methods, correlated significantly sug-
gesting that decreased proliferation in small tumor clus-
ters could be a consequence of increased p16 expres-
sion. This relation was significant, whether p16-negative
cases were included or not (rs 5 20.41; P , 0.001 and
rs5 20.311; P 5 0.008, respectively). As shown in Table
1, p16-negative and -positive tumors had approximately
similar proliferation in large tumor clusters, whereas p16-
positive tumors had lower proliferation in small tumor
clusters (P 5 0.002). There was, in general, no hetero-
geneity between small tumor clusters regarding p16 pro-
tein expression and only minimal heterogeneity between
large tumor clusters (data not shown). Even though het-
erogeneity might affect our results, we tried to minimize
this problem by studying defined tumor areas such as
large and small tumor clusters at the invasive margin.

The up-regulation of p16 in small invasive tumor clus-
ters, measured as p16DIFF, was more predominant in
highly differentiated tumors compared with moderately
and poorly differentiated tumors (P 5 0.010), even
though the majority of the tumors were moderately differ-
entiated. p16DIFF was not significantly related to tumor
stage, growth pattern at the invasive margin, tumor type,
or degree of lymphocytic reaction at the invasive margin.

Proliferation Differences at the Invasive Margin
in Relation to G1/S Regulatory Defects

To explore if the p16/cyclin D1/pRb pathway was in-
volved in the proliferation reduction at the invasive mar-
gin, we determined the proliferation differences (Ki-
67DIFF) in tumors harboring various aberrations in the
p16/cyclin D1/pRb pathway, ie, pRb inactivation, p16
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Figure 1. A schematic model of small and large tumor cell clusters at the invasive margin in CRC and differences regarding proliferation (Ki-67) and expression
of p16 in tumors with a normal or aberrant p16/cyclin D1/pRb pathway. The median LIs of Ki-67 and p16 in large and small tumor clusters are indicated for tumors
with normal or aberrant p16/cyclin D1/pRb pathway.
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inactivation, or overexpression of cyclin D1. The two tu-
mors with pRb inactivation, reported earlier in Palmqvist
et al,13 had significantly higher proliferation in large tumor
clusters (P 5 0.018) and a similar high proliferation in
small tumor clusters and a very low Ki-67DIFF indicating
an inability to decrease proliferation with a nonfunctional
pRb (Table 1). These two tumors had also an expanding
growth pattern at the invasive margin. Tumors with aber-
rantly intense pRb staining,13 representing a rather odd
CRC group with a potential overexpression of a suppres-
sor gene product, also had significantly higher prolifera-
tion in large tumor clusters (P 5 0.018) but, in contrast to
pRb-inactivated tumors, a significantly lower proliferation
in small tumor clusters compared with large clusters in
paired samples (P 5 0.04) and, consequently, a Ki-
67DIFF similar to that for pRb normal tumors. For cyclin
D1, there was a tendency, although not significant, of
tumors overexpressing the protein to have a lower Ki-
67DIFF (P 5 0.137) and higher Ki-67 levels in small clus-

ters (P 5 0.173) compared with CRCs with normal cyclin
D1 expression (Table 1). As reported previously, there
was no spatial heterogeneity between tumor cells at the
luminal border and at the invasive margin regarding pro-
tein content of cyclin D1, pRb, and p27 in this patient
material.13 The p27 and p53 status was not related to
proliferation reduction in small invasive tumor clusters,
and the Ki-67DIFF was similar for these tumor groups, as
illustrated in Table 1. Unexpectedly, 5 of 10 cases with
absent or low p27 expression were p16-negative (P 5
0.020).

The Ki-67DIFF for tumors with immunohistochemically
detected aberrations in the p16/cyclin D1/pRb pathway
and tumors lacking these pathway abnormalities are plot-
ted in Figure 3. There was a highly significant difference
between the two groups (P , 0.001), with less prolifera-
tion reduction in small tumor clusters for CRCs with p16/
cyclin D1/pRb pathway aberrations. A schematic model
summarizing our results is presented in Figure 1.

Figure 2. The distribution of Ki-67- (A) and p16-positive cells (C) in large and small tumor cell clusters at the invasive margin in CRC. Scatter diagram illustrating
the associations between Ki-67 (B) and p16 (D) expression in large and small tumor clusters. The line indicates 1:1 relation between the parameters. Seventeen
cases are located in the 0:0 point. Filled markers denote tumors with aberrant p16/cyclin D1/pRb pathway.
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Discussion

In the present study we have used single and double
immunohistochemistry stainings to study proliferation
and expression of G1/S regulatory proteins at different
locations within CRCs. Tumor cells are affected by vari-
ous stimulatory and inhibitory molecules, and the com-
position of signals probably varies depending on the
distance to luminal factors, oxygen supply, and nontrans-
formed stromal cells. By defining two levels of tumor
invasiveness, representing large and small tumor clus-
ters at the invasive margin, differences associated with
actual invasive behavior could be evaluated. A model
system based on cell lines authentically simulating invad-
ing CRC cells is difficult to design. Detailed studies of
primary tumors are ideal, therefore, for revealing potential
events affected by both intrinsic genetic alterations in
tumor cells and extrinsic stimulatory and inhibitory factors

from surrounding cells. It is also an advantage to analyze
protein contents instead of RNA-based assays (fluores-
cence in situ hybridization) because several proteins in-
volved in the G1/S transition are regulated in part by
protein destruction pathways.

Our results indicate that decreased proliferation in
small invading tumor clusters represents a common phe-
nomenon present in the majority of the CRCs. This is in
agreement with the report from Taniyama et al showing
decreased proliferative activity in dedifferentiated CRC
cells at the invasive margin.19 Similar observations has
been made in human gliomas, but underlying mecha-
nisms have not been clarified.20,21 When tumor cells
invade, they will confront a new microenvironment; for
melanoma cells growing in vitro, the type of collagen
affected the proliferation and growth arrest was observed
in the presence of fibrillar type I collagen.22

Our results, as well as others, indicate that the expres-
sion of p16 is low in normal colonic mucosa in contrast to
high p16 levels in a majority of CRCs.14,23 Nevertheless,
loss of p16 has been described in many types of cancer
and has also been observed in CRC.15,16 In this study,
18% of the tumors did not express p16, which could
represent either a genuine down-regulation of p16 ex-
pression or a lack of up-regulation. Further studies are
needed to clarify this issue, but it is likely that a fraction of
the tumors did not have the capacity to express p16, due
to either genetic aberrations or epigenetic phenomena.

It is intriguing that low proliferation in small invading
tumor clusters was accompanied by an increase of p16
expression proposing a regulatory mechanism and a
gradient of increased p16 expression corresponding to
local invasive activity and ceased proliferation. Interest-
ingly, CRCs that did not adhere to this model were pre-
dominantly those harboring aberrations in pRb, cyclin
D1, or p16 expression. Tumors with low p16 or Rb inac-
tivation have by definition a damaged regulatory path-
way, in that p16 predominantly inhibits cyclin D1-associ-

Table 1. The Proliferative Activity (Ki-67) and p16 Expression in Relation to the Expression of Cell Cycle Regulatory Proteins

Cell cycle status
Ki-67LARGE
(median)

Ki-67SMALL
(median)

Ki-67DIFF
(median)

p16-positive
(numbers)

p16-negative
(numbers) P value

pRb
Normal 37.7 15.0 0.59 64 15 NS
Inactivated 49.0 * 42.8 * 0.14 2 0
Overexpression 47.1 22.1 0.48 9 2

Cyclin D1
Low 40.7 15.2 0.59 26 3 0.043
Normal 37.7 14.5 0.61 38 9
Overexpression 38.0 20.7 0.32 6 5

p16
Negative 38.7 29.1 ** 0.26 ** — — —
Positive 38.7 14.5 0.61 — —

p27
Absent or low 32.0 19.6 0.57 5 5 0.020
High 39.1 16.1 0.57 67 12

p53 Accumulation
Normal 38.7 20.2 0.55 17 5 NS
Abnormal 38.7 14.8 0.59 57 12

Kruskal-Wallis test was used to analyze Ki-67 data (columns 2–4). Fisher’s exact test was performed to analyze p16 data (columns 5–7).
*P , 0.05.
**P , 0.01.

Figure 3. Proliferation differences between small and large tumor cell clus-
ters, illustrated by Ki-67DIFF, for tumors with a normal or an aberrant p16/
cyclin D1/pRb pathway defined by immunohistochemistry. The median
value is indicated for each tumor group representing a significant difference
in proliferation reduction (P , 0.001).
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ated kinase activities that have pRb as the main
substrate. These tumors also exhibited a sustained pro-
liferation at the invasive margin. Tumors with cyclin D1
overexpression and a partially disturbed p16/cyclin D1/
pRb pathway can probably still respond to p16, but to a
lesser extent, and our findings of a modest proliferation
reduction in small tumor clusters with cyclin D1 overex-
pression could therefore be anticipated. It is important to
note, though, that tumors with aberrant expression of p27
or p53, proteins involved in other pathways besides the
p16/cyclin D1/pRb pathway, showed a conserved prolif-
eration reduction in small clusters.

Extracellular signals are believed to play an important
role in tumor invasion,24 and adhesion molecules such as
E-cadherin, when it is complexed with its intracellular
partner b-catenin, are known to mediate contact inhibi-
tion and negatively control cell motility, whereas free
b-catenin counteracts these processes. High b-catenin
levels have also been observed at the invasive margin in
CRCs.25 The intracellular response to b-catenin is not
fully understood, but a recent report has suggested that
b-catenin regulates the expression of cyclin D1, poten-
tially affecting tumor proliferation.26 Interestingly, p16
could also mediate contact inhibition of growth, as re-
ported recently.27 Our findings might indicate that normal
and expected behavior for a CRC cell is to shut off
proliferation when invading locally, and we propose that
this function might be mediated through p16. The mech-
anisms regulating p16 expression at the invasive margin
are nevertheless unknown and must be clarified.

We have characterized in principle genetically identi-
cal tumor cell clusters presumably under stress from two
different microenvironments and observed that invading
CRC cells down-regulate proliferation in part through p16
up-regulation and a functional p16/cyclin D1/pRb path-
way. Our results therefore link proliferation, invasion, and
cell cycle regulation in a model that might be relevant for
tumors other than CRC. The present study focused on
locally invading tumor cells; future studies should eluci-
date the role for decreased proliferation and p16 expres-
sion at the invasive margin in tumor spread and metas-
tasizing.
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