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Fig. 8. Loss of topological control in benign colonic tumors. a, a low power view (X 40) of the p21WAF/TP!_expressing portion of an adenoma stained with the EA10 mAb.
¢, a higher power view (X 100) of the same ad e, Ki67 staining of a serial section from the same adenoma (X 100). b, double staining of this adenoma with Ki67 (brown) and
p2IWAFVCIPY (plgck) at X 400. The p21WAFVCIPLexpressing portions of two other adenomas, double stained for Ki67 and p21WAF!/CTP! expression, are shown in d and f (X 400).
The nonepithelial cells that appear stained rep tissue macroph with endogenous peroxidase activity.
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Fig. 9. Patterns of p21WAF/CIP1

mutation (one in d, ¢, and f, and the other in g, h, and i). Expression of p21WAF/CIFI

and p53 expression in malignant colonic tumors. Coincident p53 and p2
shown in a, b, and ¢. This tumor contained wild-type p53. Prominent p53 expression without detectable p.
was observed in some of the stromal cells in e but not in the neoplastic epithelium. The

i -

| WAFLCTP oy pression was observed in a portion of the colorectal carcinoma

21 WAFVEIRE expression was observed in two colorectal cancers with p53

anti-pS3 antibody was used in a, d, and g; the anti-p21™WAFYCP! aniibody was used in b, e, and h; and the anti-Ki67 antibody was used in ¢, f, and i. The nonepithelial cells that appear

stained represent tissue macrophages with endogenous peroxidase activity.

would be expected if pS3 mutations existed (54, 55). The immuno-
histochemical data on p53 were consistent with previous sequencing
studies, which showed that p53 mutations are rare in adenomas (56).
Each of six adenomas from six different patients exhibited the same
disorganized patterns (examples in Fig. 8). The altered pattern of
p21WAFV/CIPL expression in the adenomas was not simply a manifes-
tation of increased crypt length, as the elongated regenerating crypts
found in patients with ulcerative colitis revealed a normal compart-
mentalization of p21WAFY/C'F! and Ki67-expressing cells (data not
shown).

We next examined five malignant colorectal tumors, one with
wild-type p53 and four with mutations (175*8>Ms, 220Y™><s,
248* %8 and 286%>1%; Ref. 56). In such advanced neoplasms,
crypts with defined bases and lumens are not observed, but gland-like
structures composed of malignant epithelium infiltrate the layers of
the colonic wall. In the colorectal carcinoma with wt p53, neither
p21WAFLCIPL 1or 53 expression could be observed in the majority
of the epithelial cells (as in most adenoma cells). However, a
subset of glands expressed both p21WAFVCIPl 354 p53 (Fig. 9, a
and b). Serial sections revealed that the same cells expressed both
p21WAFI/CIPL 454 p53, suggesting that the former was dependent
on the latter. In the four colorectal cancers with p53 mutations,
high levels of p53 were observed, as expected, but low or unde-
tectable p21WAFV/CIP expression was found (examples in Fig. 9, d,

e, g and h). Ki67 was found to be expressed throughout the
cancers, regardless of pS3 status (Fig. 9, ¢.f, and i).

DISCUSSION

The results described above emphasize two important concepts
relating to normal and abnormal growth control. In continually re-
newing cell populations such as in the gastrointestinal tract, precise
control of cellular division is imperative. Our data suggest that this
control may in part be due to a tightly regulated pattern of cell cycle
inhibition by p21WAFV/CP!_ The cell cycle is abruptly terminated as
cells leave the Ki67 replicative compartment and p21WAFV/CIP! ex.
pression is turned on. It was notable that this topological control of
p21WAFI/CIP1 expression was probably independent of p53, both by
immunohistochemical and genetic criteria.

Previous analyses of p21WAF/C!P! expression are largely consistent
with the results presented here, but there are some important differ-
ences. The induction of p21™VAFC'P! expression following radiation
or chemically induced DNA damage has been shown to be dependent
on wt p53 in tissue culture models (37, 44, 45). From a detailed
analysis of the upstream regulatory region of p21WAFVCIP! it was
clear that at least two highly conserved p53-binding sites exist and
likely mediate transcriptional activation of p21WAFYC®! following
DNA damage. However, expression of p21WAF/CIP1 j5 independent
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of p53 in other circumstances, such as during the differentiation of
leukemia cells following phorbol ester treatment or during the MyoD-
dependent formation of myotubes from myoblasts (38, 39, 40). This
p21WAFVCIP1 expression has been interpreted as a manifestation of
cellular differentiation. Our observations in the gastrointestinal tract
suggest that p21WAFV/CIPI eypression is not an effect or cause of
differentiation per se. Thus, p21WAFVCIP1 expression was not de-
tected in fully differentiated cells in the bottom one-half of the crypts
but was expressed in the same cells, once they left the replicative
compartment and migrated upwards. This suggests that p21WAF!/CIP1
plays a critical role in negatively controlling the proliferative com-
partment, in line with its known biochemical activities. This inhibition
may be required for differentiation to take place in some cell types
(e.g., muscle), but the process of differentiation and p21WAFY/CIF!
expression could clearly be separated in the intestine. It remains to
be determined which regions of the promoter mediate p53-inde-
pendent regulation of p21WAFYCIP1_QOpe attractive candidate is site
3, which is conserved in sequence as well as position relative to
p53-binding sites (Fig. 1, a and b). The complete sequences of the
promoters of the human, mouse, and rat genes determined here
should facilitate efforts to identify important regulatory features of
p21WAFUCIPL i the future.

A related point concerns the topological organization of p21™VAFY
cip1 expression, a phenomenon that could not have been appreciated
from cell culture studies. The striking distribution of p21WAF!/CIP1
expression in colonic crypts and squamous epithelium suggests that
cell-cell or cell-stroma interactions may be contributing to cell cycle
control. As cells migrate up the crypt, they presumably make contacts
that influence the replicative machinery negatively (loss of Ki67
expression) as well as positively (induction of p21WAFVCIPY) |
colonic neoplasms, there was a disorganization of this precisely or-
dered topological relationship between cycling and cycle-inhibited
cells. This form of molecular disorganization occurred quite early in
the neoplastic process, as it was present in benign adenomas, long
before malignant transformation.

Our data are consistent with a two-stage model for the abroga-
tion of cell cycle control in neoplasia. The first stage involves a
loss of the highly ordered spatial separation between proliferating
and nonproliferating compartments. In the case of colonic adeno-
mas, this might be due to mutations in the APC gene (57), which
could result in disruption of cell contact signaling of growth as
cells migrate up the crypts. APC normally is expressed at higher
levels as cells travel up the crypt (31) and influences the cadherin-
catenin network linking cell-cell contacts to the cytoskeleton (58,
59). As tumors progress towards more malignant forms, other
signals in the abnormal microenvironment may induce wt p53
expression with consequent p21™WAFY/CIP1 jndyction. Such abnor-
mal microenvironments were presumably present in the subset of
glands in the wt p53-containing cancers that exhibited coincident
p53 and p21WAFVCIPL expression (Fig. 9, a and b). The p53 gene
may function in these circumstances as a kind of “emergency
brake,” checking further uncontrolled proliferation. However, once
p53 is induced in this way, the stage is set for selective outgrowth
of a p5S3-mutant cell, relieving the final check on cell cycle control
(Fig. 9, d, e, g, and h).

In summary, there is a precisely ordered topological pattern of
p21WAFVCIPL expression in normal cells that becomes disordered
during neoplasia. We expect that other CDK inhibitors will be anal-
ogously affected in specific neoplasms and that their topographic
analysis will provide a new dimension to the study of naturally
occurring tumors.
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