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Familial adenomatous polyposis patients, who have a
germline APC mutation, develop adenomas in nor-
mal-appearing colonic mucosa, and in the process
usually acquire a mutation in the other APC allele as
well. Nonetheless, the cellular mechanisms that link
these initiating genetic changes with the earliest tis-
sue changes (upward shift in the labeling index) in
colon tumorigenesis are unclear. Based on the tenet
that colorectal cancer originates from crypt stem cells
(SCs) and on our kinetic modeling, we hypothesized
that overpopulation of mutant colonic SCs is the miss-
ing link. Directly testing this hypothesis requires
measuring changes in the size of the SC population,
but specific markers for human colonic SCs are lack-
ing. Hence, we used immunohistochemical mapping
to study crypt base cells, of which SCs are a subset.
Using colectomy specimens from 16 familial adeno-
matous polyposis and 11 control cases, we deter-
mined the topographic profiles of various cell popu-
lations along the crypt axis and the proportions of
each cell type. In the formation of adenomatous
crypts, the distribution of cells expressing crypt base
cell markers (MSH2, Bcl-2, survivin) expanded to-
ward the crypt surface and showed the greatest pro-
portional increase (fivefold to eightfold). Cells ex-
pressing a marker for the upper crypt (p27kip1)
shifted to the crypt bottom and showed the smallest
increase. This suggests that: 1) during adenoma devel-

opment, APC mutations cause expansion of the crypt
base cell population, including crypt SCs; 2) SC over-
population can explain the shifts in pattern of prolif-
erative crypt cell populations in early colon tumori-
genesis, and 3) mutant crypt SCs clonally expand to
form colonic adenomas and carcinomas. (Am J
Pathol 2004, 165:1489–1498)

Even though the genetic changes (APC mutations) asso-
ciated with tissue changes (upward shift of the crypt
proliferative compartment and adenoma formation) have
been characterized in familial adenomatous polyposis
(FAP) patients, the cellular mechanism linking the
changes at these two levels is not fully established. It has
been inferred that changes in the crypt stem cell (SC)
population are involved in carcinogenesis in general, and
in this mechanism in particular.1 This inference is based
on several lines of evidence: 1) SCs are the only cells to
reside in the colonic crypt long enough to acquire the
multiple mutations required for colon cancer;2 2) SCs
already have several characteristics of transformed
cells—lifetime capacity for self-renewal and proliferation,
and anchorage in the crypt; 3) histological evidence from
adenomas in APCMin/� mice3 and colon carcinomas in
rodents4 indicates that multiple differentiated intestinal
cell types exist in these tumors, which suggests that they
must have arisen from a multipotent cell, such as a crypt
SC. Based on our studies that modeled the kinetics of
crypt dynamics and the proliferative abnormality in FAP
crypts,5 we hypothesized that SC overpopulation under-
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lies the upwards proliferative shifts in the crypt in early
colorectal cancer (CRC) initiation and adenoma develop-
ment.

Directly testing this hypothesis, however, is hampered
because there are no unambiguous molecular markers
for SCs, and because the crypt is a rather complex
system. Accordingly, we used immunohistochemistry to
study changes in the number of crypt cells expressing
markers for cells in the crypt base, the region where SCs
reside. Markers were selected based on their known
staining patterns in normal colonic epithelium showing
that their expression is restricted to specific colonocyte
populations residing within different regions of the crypt.
MSH2, Bcl-2, and survivin were selected as markers for
crypt base cells (which includes SCs);6–11 Ki-67 and topo-
isomerase II for proliferative cells in the lower crypt;6,11 and
p21WAF1/C1P1 and p27kip1 for differentiated cells in the up-
per crypt.6,12–14 We performed immunostaining on both
normal-appearing and adenomatous crypts from FAP pa-
tients because these patients represent a genetically
well-defined model in which the APC genotype has been
correlated with histopathological changes that occur dur-
ing colon tumorigenesis.

Materials and Methods

Patient Samples

Sixteen patients with FAP were selected from the Pathol-
ogy Department at Thomas Jefferson University. Inclu-
sion criteria included: 1) surgical treatment involving a
total proctocolectomy that was performed at Thomas Jef-
ferson University; 2) availability of the pathology report
from the colectomy to verify histopathological evidence of
the classical, multiple polyposis phenotype (document-
ing FAP diagnosis); and 3) availability of formalin-fixed
paraffin-embedded tissue blocks containing both normal
and adenomatous colonic epithelium. Four of the sixteen
patients had CRC present at colectomy. Ages ranged
from 16 to 60 years (median, 29 years) and there were 11
males and 5 females. Patients were also registered in
Jefferson’s Familial Colorectal Cancer Registry (institu-
tional review board approved) and had documentation of
nuclear pedigrees. Immunohistochemistry was also done
on colectomy specimens from 11 non-FAP patients with
no history of CRC or inflammatory bowel disease. The
pathology reports and hematoxylin and eosin-stained
slides were reviewed by one pathologist (J.P.P.) to de-
termine that each case had both suitable normal-appear-

ing colonic mucosa and adenomatous epithelium for im-
munohistochemical analysis.

Immunohistochemistry

Table 1 summarizes the antibodies used in our study.
Immunohistochemistry was performed on colon samples
according to methods we previously reported.6,11 Briefly,
5-�m-thick sections of formalin-fixed paraffin-embedded
tissues were cut onto neoprene-coated slides (Aldrich
Chemical, Milwaukee, WI). Routine deparaffinization from
xylene to 95% alcohol and rehydration before patented
microwave antigen recovery were performed on a Leica
autostainer (Leica, Inc., Deerfield, IL). The deparaffiniza-
tion included a 30-minute methanol peroxide block for
endogenous peroxidase activity.

The antigen recovery step (Microwave Antigen Re-
trieval, U.S. Patent no. 5244,787) was performed in a
microwave oven (800 W, model no. NN-5602A; Panaso-
nic, Franklin Park, IL). The slides were placed in Tissue
Tek slide holders and staining dishes (Miles, Elkhart, IL)
and submersed in 200 ml of Citra Plus solution, pH 6.0
(BioGenex, San Ramon, CA). The slide holder with slides
was placed in the microwave oven for 5 minutes on the
high-energy setting. Fifty ml of dH2O was added to the
vessel to replenish the evaporative loss and the holder
was returned to the microwave oven for an additional 5
minutes on the high setting. The holder and slides were
then removed from the oven and cooled for 20 minutes
before continuing the immunostaining procedure. For
one antigen, Bcl-2, ethylenediaminetetraacetic acid so-
lution, pH 8.0 (Zymed Laboratories, San Francisco, CA)
was used instead of the citrate buffer in the antigen
recovery step that was otherwise the same as described
above.

The slides were washed in dH2O and placed in DAKO
Tris-buffered saline (TBS) (TBS containing carrier protein
and sodium azide). The immunostaining was performed
on a DAKO autostainer (Carpinteria, CA). The slides were
incubated for 60 minutes with each predetermined pri-
mary antibody dilution (see Table 1). The slides were then
washed and incubated for 5 minutes with TBS, which was
followed by a 30-minute incubation with peroxidase-la-
beled polymer (EnVision �, DAKO). The slides were then
washed and incubated for 5 minutes in TBS. The DAB/
peroxide (DAB�, DAKO) was applied for 5 minutes.
Slides were washed in TBS and then tap water.

The slides were removed from the automated immu-
nostainer and placed on the Leica autostainer for coun-

Table 1. Primary Antibodies Used for Immunohistochemistry

Antigen Source Dilution

HMSH2 Clone FE11, mouse IgG1 kappa (Zymed Laboratories, San Francisco, CA) 1:400
Bcl2 Clone 124, mouse IgG1 kappa (DAKO Co., Carpenteria, CA) 1:400
Survivin Rabbit polyclonal antibody (Alpha Diagnostics, San Antonio, TX) 1:400
Ki67 Clone MIB1, mouse IgG1 (Immunotech, Westbrook, ME) 1:100
Topoisomerase II Clone KiS 1, mouse IgG2a (DAKO Co.) 1:100
p21 Clone EA 1O, mouse IgG1 (Oncogene Sciences, Cambridge, MA) 1:100
p27 Clone 1B4, mouse IgG2a (Novocastra Laboratories, Newcastle, UK) 1:160
p53 CM1, rabbit polyclonal (Novocastra/Vector, Burlingame, CA) 1:500
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terstaining and dehydration with xylene. The counterstain
was Harris hematoxylin (Surgipath, Richmond, IL) fol-
lowed by bluing in lithium carbonate (3%). The slides
were then coverslipped using the Hacker robotic cover-
slipper (Hacker Instruments, Inc., Fairfield, NJ). Placenta
and normal colonic mucosa served as positive controls
for p2l and p27kip1, a p53-positive known colon cancer
for p53; tonsil for Bcl-2, Ki-67, and topoisomerase II; and
normal colonic mucosa for hSMH2 and survivin. Absence
of primary antibody was used as a negative control.

Analysis of Staining

Immunostained sections from each tissue block—from
normal, FAP, or adenomatous colonic mucosa—were
scored to determine the percentage of crypt cells that
were stained. We evaluated multiple fields, focusing on
longitudinally oriented crypts. The proportion of cells in
each crypt that showed staining was visually scored.
Crypt cells were scored as positive for a marker if any
staining (weak, moderate, or strong) was detectable, and
negative if absent. We then determined average propor-
tions across each slide, each sample, and each experi-
mental group. We also identified whether staining was
nuclear, cytoplasmic, or both. The intracryptal distribu-
tion—bottom, middle, top—of positively staining cells
was evaluated for each experimental group. A secondary
outcome—staining intensity—was rated as negative,
weak, moderate, or strong. When staining was not uni-
form, the comment of heterogeneous was recorded.

Results

Immunohistochemical Staining Patterns

Staining of control colonic mucosa showed nuclear
hMSH2 staining of epithelial cells (Figure 1A) in the lower
crypt. In normal-appearing (nonadenomatous) FAP mu-
cosa, the MSH2 staining intensity was greater and the
population of MSH2-positive cells extended upwards into
the middle of the crypt (Figure 1B). There were also some
MSH2-positive cells with lower nuclear staining intensity
at the luminal surface of the crypt in normal-appearing
FAP crypts but not in control crypts. Staining for hMSH2
in adenomatous mucosa showed intense nuclear staining
throughout the entire crypt with similar intensity of stain-
ing at the crypt surface and at the crypt base (Figure 1C).

Staining for survivin was more intense in the nuclei of
cells of normal crypts with some cytoplasmic staining of
cells observed in adenomatous crypts. Survivin staining
was preferentially located in the lower region of normal
control crypts (Figure 1D). Staining showed an expansion
of the survivin-positive cell population into the middle of
normal-appearing FAP crypts (Figure 1E) compared to
control crypts. Staining of adenomatous mucosa (Figure
1F) showed strong survivin-positive staining of colonocytes
along the entire crypt axis, with the greatest number of
positively staining cells in the upper crypt (Figure 1F).

Bcl-2 staining was seen in the cytoplasm of epithelial
cells and did not show significant differences between

normal-appearing FAP crypts (Figure 2A) and control
crypts (not shown), both showing staining confined to the
crypt base. In contrast, adenomatous mucosa, showed
positive staining cells diffusely distributed along the en-
tire crypt axis and often displayed a heterogeneous pat-
tern (Figure 2B).

Ki-67 nuclear staining in normal control colonic mu-
cosa was observed mainly in the lower crypt (Figure 1G).
Ki-67 staining of cell nuclei was intense and showed an
expansion of this cell population into the middle of nor-
mal-appearing FAP crypts (Figure 1H) compared to con-
trol crypts. In comparison, adenomatous mucosa showed
positive nuclear Ki-67 staining throughout the crypt, with
increased staining intensity from the mid-crypt region to
the lumenal surface (Figure 1I).

Staining for topoisomerase II did not show significant
differences between normal-appearing FAP crypts (Fig-
ure 2C) and control crypts (not shown). Topoisomerase II
staining in both cases showed nuclear staining mainly in
the lower portion of the crypt (Figure 2C). Staining of
adenomatous mucosa (Figure 2D) showed strong ex-
pression throughout the crypts.

Staining for p21WAF1/C1P1 did not show significant dif-
ferences between normal-appearing FAP crypts (Figure
2E) and control crypts (data not shown). Immunohisto-
chemical staining for p21WAF1/C1P1 in both cases showed
nuclear staining and this was restricted to the surface
epithelium (Figure 2E). p21WAF1/C1P1 staining of adeno-
matous mucosa (Figure 2F) also showed nuclear staining
in the upper third and lumenal surface of crypts with
scattered cells showing nuclear positivity in the crypt
bottom.

p27kip1 staining, which was mainly nuclear and to a
lesser extent cytoplasmic, was present in the upper por-
tions of normal control crypts, although there were occa-
sional isolated p27kip1-positive cells at the crypt base
(Figure 1J). Compared to control crypts, normal-appear-
ing FAP crypts showed p27kip1-positive cells with greater
staining intensity at the lumenal surface and showed an
increased number of isolated p27kip1-positive cells at the
crypt bottom (Figure 1K). p27kip1 staining of adenoma-
tous mucosa (Figure 1L) showed both nuclear and cyto-
plasmic staining of epithelial cells, mainly in the lower
crypt (Figure 1L).

Staining for p53 was also done because it is consid-
ered by some15 to be a marker for SCs. This showed
solitary p53-positive cells at the base of the normal con-
trol crypt (data not shown), but only in half of the samples.
In normal-appearing FAP crypts, approximately two-
thirds of the samples showed p53 staining of isolated
cells at the crypt base. There was an increased number
of p53-positive cells per crypt compared to controls.
Adenomatous crypts showed staining for p53 in approx-
imately three-fourths of the cases. The staining was het-
erogeneous with a variable number of positively staining
cells (5 to 30%) throughout the crypt. Overall, the pattern
of staining for any given marker was similar among all
samples in any given experimental group. Table 2 sum-
marizes these staining patterns.

Cellular Basis of Colonic Adenoma Formation 1491
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Proportion of Positively Staining Cells

Figure 3 shows changes in the proportions of cells stain-
ing for different markers. In general, going from normal
control crypts, to normal-appearing FAP crypts, to ad-
enomatous FAP crypts, we found an increase in the pro-
portion of cells that stained for each marker relative to the
total number of cells in the crypt. The proportion of cells
staining for crypt base cell markers changed the most
dramatically. That is, in adenomatous crypts, a greater
proportion of cells expressed MSH2, bcl-2 and survivin
compared to cells expressing markers for other crypt
phenotypes. In contrast, in normal control crypts, cells
expressing markers for crypt base cells showed the low-

est proportions relative to cells with other phenotypes. As
noted above, this staining for crypt base cell markers
occurred in cells throughout the adenomatous crypt, not
just in the crypt base region.

Discussion

It is well known that when colonic crypts become adeno-
matous, as they do in FAP, there is an increase in the total
number of colonocytes, an increase in the number of
mitotic figures, and an apparent reversal in the distribu-
tion of proliferating cells from the crypt bottom toward the
upper crypt and luminal surface.16–19 The present results

Figure 1. Immunostaining of normal crypts from control (non-FAP) patients (A, D, G, J) versus normal-appearing crypts from FAP patients (B, E, H, K) versus
adenomatous crypts from FAP patients (C, F, I, L). Staining patterns are shown for hMSH2 (A–C), survivin (D–F), Ki67 (G–I), and p27 (J–L).
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using markers for different cell phenotypes indicate that
there is not only a change in the distribution of prolifera-
tive cells, but also, there is an increase in the proportion
of certain types of crypt cells, which was greatest for cells
having a crypt base cell phenotype. In this view, during
adenoma development, the colonic epithelial cell popu-
lation changes in number of cells (increased), location of

cell types (different patterns of distribution), and compo-
sition (different proportions).

We compared the proportion of cells staining positively
for any given marker within adenomatous glands to that
within normal-appearing FAP crypts and to normal con-
trol crypts. We found a step-wise increase, from control to
FAP to adenomatous crypts, in the proportion of cells

Figure 2. Immunostaining of normal colonic crypts (A, C, E) versus adenomatous crypts (B, D, F) from FAP patients for Bcl-2 (A, B); topoisomerase II (C, D),
and p21WAF1/C1P1 (E, F).
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expressing MSH2, Bcl-2, survivin, and Ki-67. Increases
for topoisomerase II, p21WAF1/C1P1, and p27kip1, were
smaller. We conclude that during progression to ade-
noma there is a substantially increased proportion of cells
having the crypt base cell phenotype. Because SCs are
a subset of base cells in normal crypts, these data are
consistent with the idea that the population of mutant
SCs, or SC-like cells, in FAP and adenomatous FAP
crypts has also increased in size. Our data do not ex-
clude some other possibilities including the possibility
that differentiated crypt cells in mutated crypts might
recapitulate a dedifferentiated stem-cell phenotype. In
such a scenario, the SCs would not be the origin of
mutant cells that produce adenomas; rather it would be a
differentiated cell. It has been argued that this latter
possibility is an unlikely mechanism in adenoma morpho-
genesis.2

The concept of SC overpopulation is consistent with
the results of our kinetic modeling studies.5 In that mod-
eling study, we investigated how a germline APC muta-
tion, the earliest molecular alteration in colon tumorigen-
esis, might be linked to the proliferative shift in normal-

appearing FAP crypts, the earliest known tissue change.
To address this, we used kinetic modeling to investigate
the premalignant crypt phenotype in FAP patients. Our
modeling showed that only an increase in crypt SC num-
ber, not changes in the rates of cell cycle proliferation,
differentiation, or apoptosis of the non-SC population,
simulated the biological data (the labeling index) for the
change from normal to FAP crypts, which exhibit a pro-
liferative abnormality. Our results suggested that the pro-
tein product of the APC gene regulates the number of
colonic crypt SCs, and that when APC is mutant it causes
expansion of the crypt SC population. This kinetic mod-
eling study led to our hypothesis that colon tumor initia-
tion results from crypt SC overpopulation.

Because the SC phenotype includes immortality, and
the ability to avoid apoptosis, the fact that more cells in
adenomatous crypts express Bcl-2 and survivin, proteins
that prevent apoptosis, is also consistent with SC over-
population. Survivin has previously been reported to be
overexpressed in adenomas.20 Because SCs are immor-
tal and drive cell renewal in the crypt throughout the life of
the individual, MSH2 may also be crucial to the SCs by
maintaining DNA fidelity through an intact mismatch re-
pair mechanism. Indeed, it was recently reported21 that
MSH2 appears to be a marker for SCs in at least some
tissues. Our data on MSH2 staining are therefore consis-
tent with there being more SCs.

If the size of the SC population increases, as our cur-
rent and previous reports suggest, then the SC popula-
tion will produce more offspring. Our results showing that
adenomas contain an increased number of cells express-
ing markers for proliferative cells (Ki-67 and topoisomer-
ase II) are consistent with this concept. These changes
should cause an overall increase in the size of the prolif-
erative cell population, which expands into the upper
crypt and toward the luminal surface. Indeed, the pres-
ence in adenomas of proliferative cells throughout the
crypt, including the upper crypt regions and superficial

Table 2. Immunostaining Patterns in Normal Control Crypts, Normal-Appearing FAP Crypts, and Adenomatous FAP Crypts

Antigen
Associated

function
Pattern in normal

control crypts
Pattern in normal-appearing

FAP crypts Pattern in adenomatous crypts

HMSH2 Mismatch repair
protein

Lower crypt Lower and middle crypt Diffuse staining throughout crypts
with greatest number of positive
cells in the upper crypt

Bcl2 Anti-apoptotic
protein

Crypt base Lower crypt Diffuse staining throughout crypts

Survivin Anti-apoptotic
protein

Lower crypt Lower and middle crypt Staining throughout crypts with
greatest number of positive cells
in the upper crypt

Ki-67 Proliferation
antigen

Lower crypt Lower and middle crypt Staining throughout crypts with
greatest number of positive cells
in the upper crypt

Topo II Prevents DNA
tangling

Lower crypt Lower crypt Diffuse staining throughout crypts

p21 Cell cycle
suppressor

Crypt top and mucosal
surface

Crypt top and mucosal surface Upper crypt and mucosal surface

p27 Cell cycle
suppressor

Crypt top and mucosal
surface with rare
positive cells in lower
crypt

Crypt top and mucosal surface
with isolated positive cells in
lower crypt

Lower crypt

Figure 3. Changes in proportions of different kinds of cells based on differ-
ential staining between normal control crypts (gray bars), normal-appearing
FAP crypts (black bars), and adenomatous mucosa (white bars) from FAP
patients. The proportion of cells expressing markers for the crypt base
(where SCs reside) shows the greatest increase in adenomatous crypts
relative to normal-appearing crypts.
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mucosa, has been well-documented by several studies
using Ki-67 staining.19,20,22–24

A crucial point, in our view, is that proliferative cells
(which are labeled by Ki-6725,26) and proliferating cells
(which are labeled by BrdU or [3H]thymidine uptake)
need to be distinguished. The proliferating cells in ade-
nomas are at the crypt top (the reverse of the labeling
index pattern in controls).16–18 However, our data, as well
as data of others,19,24 show that Ki-67 staining for prolif-
erative cells occurs throughout the adenomatous crypt
with greater staining intensity in the upper crypt being
reported by some studies.20,22,23 We submit that the
distinction between proliferating and proliferative cells
can account for the observed differences between the
labeling index distribution and the Ki-67 staining profile in
normal and abnormal colonic crypts. The proliferative cell
population thus includes both cells that are proliferating
and cells that can proliferate but are not actively prolifer-
ating, which includes SCs. The SC population consists of
cells that are proliferative in that they have the capacity to
proliferate, but they are only very slowly proliferating and
are not readily labeled by BrdU or [3H]thymidine up-
take.1,27–30

Consistent with this distinction is our observed reversal
of P27kip1 staining, from the upper crypt in normals to the
lower crypt in adenomas. That is, the fact that P27kip1 is
a cell-cycle inhibitor is consonant with the fact that SCs
cycle very slowly.1,27–30 P27kip1 is a component of the
signaling pathway of another growth inhibitor, transform-
ing growth factor (TGF)-�, and TGF-� signaling, via
p27kip1, inhibits progression from G1 to S by inhibiting
cyclin-dependent kinase activity.31 The TGF-� staining
pattern in adenomatous crypts is similarly reversed from
crypt top to bottom compared to normal crypts.22 These
authors also found that the distribution of apoptotic cells
was changed—from the upper crypt in normal mucosa to
the lower crypt in adenomatous crypts. These results22

coupled with reversal of the labeling index in adenoma-
tous crypts,18,32 suggested the possibility that the direc-
tion of cell migration is inward toward the crypt base, in
contrast to normal crypts where it is outward toward the
lumen. However, the possibility that adenomas grow in-
ward is counterintuitive to the paradigm that, in normal
crypts, SCs reside at the crypt base and offspring cells
migrate toward the crypt lumen.1 Moreover, the findings
that support this possibility must be viewed in the context
that the epithelium at the base of adenomatous crypts
resembles the germinative epithelium at the base of nor-
mal crypts33,34 and, while adenomatous crypts have
more apoptotic cells at the crypt base, a few apoptotic
cells are also found in the bottom of normal crypts.35,36 If
there truly were inward growth, the hierarchy of differen-
tiation should also be reversed, and one would expect
histological evidence of differentiated or at least partially
differentiated cell populations at the crypt base (contrary
to the germinative phenotype). Other studies provide
evidence against an inward growth mechanism.24,37–39

We found overlap between Ki-67 staining and P27kip1

staining in the lower third of the adenomatous crypt. We
relate our observed overlap to a specific mechanism, SC
overpopulation. That is, the overlap is consistent with the

cells in this region being SCs. SCs, as stated above, are
proliferative (consistent with Ki-67 staining) yet relatively
quiescent (consistent with P27kip1 staining). A cell that
stains for p27 but not Ki-67 would be consistent with a
terminally differentiated cell.

It has been proposed that both p27kip1 as well as
TGF-� are involved in at least two different physiological
processes that are related to their ability to inhibit cell
proliferation. First, they both have been reported to arrest
cells in the G1/S phase before the cells undergo cellular
differentiation.1,22,31,40–42 This is in agreement with our
finding that p27kip1-positive cells are located at the nor-
mal crypt top and lumenal surface where differentiated
cells reside. Second, both p27kip1 and TGF-� are in-
volved in other processes in which cell growth is down-
regulated in the absence of cellular differentiation.43,44

This is consonant with the presence of p27kip1 and TGF-�
at the adenomatous crypt bottom where these proteins
may maintain these cells in a quiescent state, which is
consistent with our hypothesis that the adenomatous
crypt is overpopulated with mutant SCs and the known
SC property of extremely slow proliferation. Indeed, it has
been reported that TGF-� slows the rate of proliferation of
cells in the lower crypt, including SCs.45 Protracted in vivo
administration of TGF-� has been shown to reduce crypt
cell proliferation and possibly alter SC cycling.45 It has
been hypothesized that TGF-� may regulate the output of
offspring cells from SCs in the crypt bottom.46 This role
for TGF-� has also been proposed for hematopoietic
SCs.47 Thus, TGF-�-mediated signal transduction may
slow the rate of proliferation of cells at the crypt bottom,
including SCs, via inhibition by p27kip1 of the cell cycle.

Our findings are also consistent with previous data on
staining for these markers in sporadic carcinomas. Be-
cause mutation in the APC gene not only promotes de-
velopment of adenomas in FAP patients, but also does so
for most cases of sporadic CRC, we compared our re-
sults to results reported for similar immunohistochemical
marker studies on sporadic human colorectal carcino-
mas. Like FAP adenomas, in the development of spo-
radic colon cancers, a mutation in the second APC allele
usually occurs by the adenomatous polyp stage, and
complete inactivation of wild-type APC occurs in the ma-
jority of colorectal carcinomas.48 In sporadic CRC6,7,9 as
in our FAP adenomatous crypts, there was an increase in
the proportion of total neoplastic epithelial cells staining
for Bcl-2, survivin, and Ki-67 compared to normal colonic
mucosa. Colon carcinomas are reported to contain fewer
cells expressing p21WAF1/C1P1 and p27kip1 than normal
epithelium,13,14,49 and we observed only a slight increase
in the proportion of p21WAF1/C1P1- and p27kip1-stained
cells in FAP adenomas. Overall, our interpretation of the
immunohistochemical studies on sporadic colon carcino-
mas is that they suggest that during colon carcinogene-
sis there is an increase in the number of cells that express
the crypt base cell phenotype. These data for sporadic
CRC are consistent with our findings for FAP adenomas,
and further support our hypothesis that SC overproduc-
tion underlies CRC initiation and promotion including the
upward proliferative shift in early colon tumorigenesis
and adenoma formation.
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If SC overpopulation is important to understanding
colon tumorigenesis, then it would be valuable to inves-
tigate SC mechanisms that are involved, because such
mechanisms might provide a basis for new approaches
to colon cancer treatment and chemoprevention. For ex-
ample, we and others recently reported that APC down-
regulates survivin expression via the �-catenin/Tcf4 path-
way.10,50 In our study,10 in the current study, and in
another study,9 it was shown that survivin is preferentially
expressed in the lower crypt in normals, which means
that survivin expression (higher toward the crypt bottom)
inversely correlates with the expression pattern (in-
tracryptal gradient) of wild-type APC (higher toward the
crypt top).51,52 Thus, the wild-type APC gradient, by pro-
gressively decreasing survivin and increasing apoptosis
from crypt bottom to top, would limit the population size of
SCs and other proliferative cells and restrict them to the
lower crypt. This may be a critical mechanism through
which APC mutation leads to SC overpopulation and
contributes to colon tumorigenesis.

Survivin also enhances the activity of aurora B kinase,
a protein that catalyzes chromosome segregation and
cytokinesis during mitosis.53,54 Hence, intracellular sur-
vivin not only prevents apoptosis, but also promotes cell
division in proportion to the amount of survivin that binds
to and activates aurora B kinase. Thus, as the APC gra-
dient increases upwards along the crypt axis, survivin will
be increasingly down-regulated, which will increasingly
induce apoptosis, and inhibit mitosis, and which will pro-
gressively decrease the likelihood that the cell is a pro-
liferative cell. Consequently, it would be predicted that
the high concentrations of survivin at the crypt bottom
would help maintain cells there in a proliferative state. We
hypothesized that up-regulation of survivin expression
occurs when APC is mutant, and that this mechanism
helps promote colon cancer development.55 Our current
staining data do indeed indicate that the number of sur-
vivin-positive cells correlates with the predicted number
of APC mutations in human colon: none in controls, one in
normal-appearing FAP, two in adenomatous FAP mu-
cosa. This data, coupled with survivin’s known role in
activating aurora B kinase, is also consistent with the fact
that normal-appearing FAP and adenomatous crypts
have a greater number of mitotic figures.37,56

Our data provide an alternative explanation to the un-
resolved issue in colon carcinogenesis as to whether the
morphogenesis of colorectal adenomas proceeds from
the top of the crypt down (top down; inward
growth)17,18,22,23,57 or from the bottom of the crypt up
(bottom up; outward growth).24,34,37–39 We believe that
our data on the staining of normal, FAP, and adenoma-
tous FAP crypts are most readily explained by another
mechanism, namely, SC overpopulation. This view takes
into account the above-noted distinction between prolif-
erating and proliferative cells. The expansion of the pop-
ulation of proliferative cells (those staining for Ki-67 and
topoisomerase II) both in number and in area (into the
upper crypt in adenomatous FAP crypts) can be most
simply viewed as a sequel to the shift in cell number and
distribution found in normal-appearing FAP crypts in
which the population of proliferative cells has, compared

to normal control crypts, expanded in both cell number
and in distribution from the lower crypt toward the crypt
middle.58 In both cases, the driving force is, in our view,
SC overpopulation.

During the conduct of the work presented herein, the
Musashi protein was reported to be a putative marker for
colonic SCs.59 We therefore did immunohistochemistry
on normal colonic epithelium using commercially avail-
able polyclonal antibodies (Chemicon Int., Temecula,
CA) to the Musashi protein. We observed immunostaining
of cells at the crypt base, but staining of an equal number
of cells was also present in the upper crypt and luminal
surface (not shown). Based on these results, and the
evidence60 that intestinal SCs in normal epithelium are
located in the crypt base, we were unable to conclude
that Musashi staining (at least with the available poly-
clonal antibody) is a specific marker for SCs in the human
colonic crypt. It has also been reported that Musashi
staining of human colonic crypts shows weaker and less
reproducible staining than do mouse crypts.61

In summary, our view is that adenoma morphogenesis
in patients with FAP depends on increasing SC popula-
tion size. Studying changes in molecular and cellular
processes involved in regulating crypt SC population size
may be an important prerequisite to the understanding of
histological changes during adenoma progression.
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