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APC mutations initiate most colorectal cancers
(CRCs), but cellular mechanisms linking this to CRC
pathology are unclear. We reported that wild-type
APC in the colon down-regulates the anti-apoptotic
protein survivin, and APC mutation up-regulates it ,
explaining why most CRCs display survivin overex-
pression and apoptosis inhibition. However, it does
not explain another hallmark of CRC pathology—
increased mitotic figures and cell proliferation. Be-
cause survivin activates aurora-B kinase (ABK) in
vitro , catalyzing mitosis, we hypothesized that in
normal colonic crypts, APC controls ABK activity,
while in neoplastic APC-mutant crypts, ABK activity is
up-regulated, increasing mitosis. We quantitatively
mapped intracryptal distributions of survivin, ABK,
and markers of activated downstream signaling and
mitosis (INCENP, phospho-histone-H3, phospho-cen-
tromere-protein-A). In normal crypts, gradients for
these markers, ABK:survivin:INCENP complexes, and
ABK activity were highest in the lower crypt (inverse
to the APC gradient). In neoplastic crypts that harbor
APC mutations, proliferating (Ki-67�) cells and cells
expressing survivin, ABK, and phospho-histone-H3
were distributed farther up the crypt. Hence, as
cells migrate up neoplastic crypts , transitions be-

tween cell phenotypes (eg , from stem to proliferat-
ing) appear delayed. In CRC cell lines , increasing
wild-type APC, inhibiting TCF-4 , or decreasing sur-
vivin expression down-regulated ABK activity.
Thus, APC mutation-induced up-regulation of the
survivin/ABK cascade can explain delayed crypt cell
maturation, expansion of proliferative cell populations
(including mitotic figures), and promotion of colon
tumorigenesis. (Am J Pathol 2010, 177:2816–2826; DOI:

10.2353/ajpath.2010.100047)

Although several lines of evidence indicate that a mutation
at the APC locus initiates most cases of colorectal cancer
(CRC), much less is known about the subsequent molecular
and cellular mechanisms that link this mutation to the patho-
physiology of colon tumorigenesis. Investigating this link by
studying the anti-apoptotic protein survivin, we found that
wild-type APC down-regulates survivin expression1 and
mutation of APC up-regulates it in mouse2 and man.3 While
this might explain why most colon tumor cells show in-
creased survivin expression and inhibition of apoptosis, it
does not explain the increased mitotic figures and cell pro-
liferation that are also pathological hallmarks of tumors.
Since experiments using cultured cells have shown that
survivin activates ABK,4,5 which catalyzes mitosis, and
since several lines of evidence suggest that ABK is involved
in tumorigenesis,6–10 we hypothesized that: (i) in normal
human colonic crypts wild-type APC down-regulates ABK
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activity and (ii) in neoplastic crypts, where APC is mutant,
ABK activity becomes up-regulated and is associated with
increased mitosis and proliferation.

To test this hypothesis, we designed a multipronged
approach. This approach takes advantage of the avail-
ability of colonic tissues containing APC mutations during
the various phases of CRC development. Thus, we
investigated four types of tissues: (a) normal colonic
crypts, (b) normal-appearing FAP crypts, (c) adeno-
mas, and (d) colon carcinomas.

Therefore, in our first approach, we used quantitative
immunohistochemical mapping to establish whether activa-
tion of the ABK mechanism downstream to survivin’s sig-
naling pathway quantitatively correlates with the distribution
of proliferative cells, particularly mitotic cells, in normal co-
lonic crypts. We previously reported that, in the normal
colonic crypt, survivin is expressed in a gradient fashion—
being highest in the lower crypt—which is where proliferat-
ing cells, including mitotic cells, are located.1 This is con-
sistent with the fact that the expression of survivin is highest
during M-phase of the cell cycle and has a role in cell
division. Similarly, it has been shown11 that there is an
inverse gradient of APC—from negligible at the crypt
bottom to highest at the crypt top—which parallel
changes in the maturation of crypt cells as they migrate
upwards along the crypt axis. Hence, here we quantita-
tively mapped expression of markers for survivin, ABK,
ABK’s enzymatic activity, proliferative cells (Ki-67) and
mitosis (phospho-histone H3) at different levels of the
colonic crypt, and compared them to APC’s intracryptal
expression pattern.

Since the binding of survivin and INCENP to ABK has
been shown to activate ABK’s enzymatic activity in vitro,
which catalyzes mitosis, our second approach was to de-
termine whether this mechanism occurs in vivo and if ABK
activity parallels the intracryptal distribution of proliferative
and mitotic cells in normal colonic epithelium. Conse-
quently, we used immunoprecipitation analysis and ABK
enzyme assays to evaluate if: (1) ABK binds to survivin and
its other binding partner, INCENP, and (2) the consequence
of binding is ABK activation and phosphorylation of its sub-
strates, histone H3 and centromere protein A (CENP-A).
CENP-A is an essential histone H3-like kinetochore protein
incorporated at active centromeres.

Once we established that ABK-related mechanisms
downstream of survivin are regulated by APC in normal
colon, we then investigated whether survivin-induced Auro-
ra-B kinase activation is a mechanism by which APC muta-
tions might contribute to colon cancer development. We
found that mutation of APC leads to up-regulation of survivin
in neoplastic intestinal tissues in mouse2 and man.3 We also
reported1 and others confirmed12 that expression of the
anti-apoptotic protein survivin is down-regulated by �-cate-
nin/TCF-4 signaling, the activity of which is negatively con-
trolled by APC. That survivin is a TCF-4 target gene has also
been confirmed by chromosome immunoprecipitation anal-
ysis13 showing that TCF-4 binds to survivin’s promoter re-
gion. Consequently, for our third approach, we investigated
whether increasing wildtype APC, inhibiting TCF-4, or de-
creasing survivin expression in colon cancer cells (ones

with mutant APC and survivin overexpression) reduces ABK
activity and cell proliferation.

Our fourth approach was to immunohistochemically map
crypt cell populations and determine how they change dur-
ing colon tumorigenesis. Our previous studies on mecha-
nisms involved in the stepwise development of CRC
indicate that dysregulation of survivin expression is a
mechanism that contributes to the expansion of proliferative
cell populations—including stem cells (SCs) and proliferat-
ing cells.1–3 This and several modeling studies we did14–16

led to the suggestion that pathological changes during co-
lon tumorigenesis can be explained by changes in SCs that
alter the dynamics of the SC population and all other crypt
cell populations. For example, in normal colonic crypts,
homeostasis is maintained by SCs that reside at the crypt
bottom and that generate proliferating cells that differentiate
while migrating up the crypt axis. Our study1 suggested that
wild type APC, by progressively decreasing survivin and
increasing apoptosis from crypt bottom to top, limits the size
of the SC population and of other proliferative cell popula-
tions in the lower crypt. In the current study, we investigated
the role of survivin in increased mitosis and proliferation in
the development of CRC.

In colonic crypts of FAP patients, individuals who have
a CRC-initiating, germline APC mutation, the population
of proliferating cells is shifted toward the crypt top (as
indicated by the labeling index),17–20 which indicates that
maturation of cells is delayed as cells migrate up the
premalignant crypt axis. Our study of FAP crypts2 and
ApcMin/� mouse crypts3 indicated that mutation of APC
allows survivin to be overexpressed and proliferative cell
populations to expand, thereby contributing to initiation of
tumorigenesis. In this view, dysregulation of mechanisms
that control crypt proliferative fraction16 explains how
APC mutations (i) induce SC overpopulation at the crypt
bottom, (ii) shift the proliferating cell population upwards,
and (iii) initiate and promote colon tumorigenesis.

Consequently, in our fourth approach, we designed
experiments 1) using quantitative immunohistochemistry
to map crypt cell populations that express survivin sig-
naling components and markers for cell proliferation, and
2) to determine whether and how these cell populations
change during CRC initiation and progression.

Materials and Methods

Tissue Procurement/Preparation of Whole
Crypts

Samples of normal human colon tissue were obtained
from the distal margin of resection from individuals un-
dergoing colon surgery, including, but not limited to,
colon tumor resections. We investigated four types of
tissues: (a) normal colonic crypts, (b) normal-appearing
FAP crypts, (c) adenomas, and (d) colon carcinomas.
Crypts were isolated from normal colon using a method
we previously described.21 Crypt subsections (top, mid-
dle, bottom) were obtained by sequentially exposing co-
lonic mucosa to chelation solutions having increasing
EDTA concentrations as described previously.1 Crypt
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subsection quality was checked by inverted phase
microscopy.

Inhibiting Survivin Signaling

Induction of Wild-Type APC

This was done as we previously described1 using the
colon carcinoma cell line HT29 containing a zinc-induc-
ible APC gene (HT29-APC) and a control cell line con-
taining an analogous inducible lacZ gene (HT29-Gal).
Expression of full-length APC was induced with 120
�mol/L ZnCl2 for the times indicated. Endogenous phos-
pho-H3 and phospho-CENP-A levels and the ability of
immunoprecipitated-ABK to phosphorylate exogenous
H3 were measured (described below).

Transfection of Dominant Negative (dn) TCF-4

The dnTCF-4 construct was made as previously de-
scribed.1 The protein encoded by the plasmid is a com-
petitive inhibitor of Tcf4 signaling—it does not interact
with the endogenous Tcf-4 transcription factor; rather, it
causes transcriptional suppression of Tcf4’s downstream
targets. The plasmid’s expression cassette was designed
to produce a transgenic Tcf-4 protein that is identical to
the endogenous Tcf-4 protein except that the DNA
binding region is absent. Since the expressed trans-
genic protein competes with the endogenous Tcf-4
protein for binding to �-catenin, the complex formed
between �-catenin and the truncated form of Tcf-4
cannot bind to DNA. Thus, endogenous Tcf-4 itself is
not affected by the dnTcf-4 protein expressed from the
transfected plasmid.

The dnTCF-4 construct was transfected transiently into
the HT29 cell line using a lipofection technique as previ-
ously described.1 To generate stable transfections, 2 �g
of linearized DNA plasmid constructs were introduced
into cells and 48 hours after transfection cells were
trypsinized and plated into medium containing G418
(Gibco BRL, Grand Island, NY). Stable transfectants
were harvested 10 days after the beginning of trans-
fection. Endogenous phospho-H3 and phospho-
CENP-A levels and the ability of immunoprecipitated-
ABK to phosphorylate exogenous H3 were measured
(described below). The control used in the study was
the empty plasmid.

Inactivation of Survivin by Small Interfering RNA

HT29 cells in exponential growth were seeded onto
24-well plates at 1 � 105 cells per well and grown over-
night in Dulbecco’s modified Eagle’s medium/10% fetal
bovine serum/0.1 mmol/L Non-Essential Amino Acid me-
dium (Gibco-BRL) and maintained in 5% CO2 at 37°C.
The cells were transfected at 50% confluency. RNA in-
terference transfection was performed according to the
protocol provided by Invitrogen. Briefly, 50 pmol of siRNA
were incubated with 3 �l Lipofectamine 2000 in Opti-
MEM Reduced Serum Media (Invitrogen) to form com-

plexes. The cell medium was replaced with Dulbecco’s
modified Eagle’s medium without fetal bovine serum 0.1
mmol/L Non-Essential Amino Acid and antibiotics. The
complexes were administered to the cells and incubated
for 5 hours in 5% CO2 at 37°C. After 5 hours, the medium
was adjusted to the normal serum concentration, and
cells were maintained under regular growth conditions
until harvesting. Cells were assayed for TCF-4 inhibition
by immunoblotting. Cyclophilin B-targeting siRNA (Dhar-
macon) was used as a positive control. siTOX Transfec-
tion Reagent (Dharmacon) was used as a control for
transfection efficiency. Functional, nontargeting siRNA
(Dharmacon) was used as a control for nonspecific ef-
fects associated with small interfering (si)RNA delivery.

Reverse Transcription-PCR Amplification

RNA extraction, cDNA synthesis and reverse transcription-
PCR were done as we previously described.1 The primers
used to detect fragments of the ABK gene were designed
from published human sequences (BC000442). The se-
quences were: AAGGAGCTGCAGAAGAGCTG and GGC-
GATAGGTCTCGTTGTGT, giving an amplified product of
363 bp. Negative controls included replacing RNA or cDNA
with distilled water. To confirm the integrity of cDNA, frag-
ments of the housekeeping gene �-actin were amplified
concurrently. The sequence of the cDNA was compared to
that of the gene bank and they were found to be identical.

Immunohistochemistry/Immunofluorescence

Immunohistochemistry using 5-�m tissue sections was
done as we previously reported.1,3 Primary antibodies were:
anti-survivin (1:400 dilution; Novus Biologicals, Littleton
CO); anti-ABK polyclonal antibody (1:100; Novus); anti-
Ki-67 (1:100; Immunotech, Westbrook, ME); anti-phos-
pho-H3 antibody (1:100; Upstate, Inc; Lake Placid, NY). For
immunofluorescence, slides were incubated with primary
antibody and stained with a fluorescently conjugated IgG (1
hour; 24°C). Double staining was done for survivin and
ALDH1 (1:50; BD Pharmingen), a marker for colonic SCs.22

Slides were washed, mounted with Prolong Gold anti-fade
reagent (Invitrogen), and coverslipped. Slides were viewed
with a Zeiss LSM 510 Meta confocal microscope (Carl
Zeiss, NY).

Staining Indices

Staining indices were determined as we previously re-
ported.22 Graphical display of indices and curve fitting
(using sixth order polynomial analysis) were done using
Excel (v. 2002, Microsoft, Redmond WA). We did not plot
any indices for carcinomas because they do not contain
recognizable crypt structures.

Immunocytochemistry of Cultured Cells

The slides containing cultured cells were prepared with a
culture chamber slide (Nalge Nunc International, Naper-
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ville, IL). After growing a layer of cells on the slide, slides
were washed thoroughly with five changes of PBS for 2
minutes each. Cold acetone was added to the cells for 10
minutes at �20°C to fix them. Slides were then incubated
in a solution of 0.25 Triton X-100, 5% dimethyl sulfoxide in
PBS for 10 minutes to permeablize the cell membrane.
The remaining methods were similar to those described
above for immunohistochemistry of colon tissue.

ABK Immunoprecipitation

Crypt subsections or cells were lysed by lysis buffer (150
mmol/L NaCl, 50 mmol/L Tris pH7.5, 1% NP40, 0.1% so-
dium deoxycholate, 0.1% SDS, 1 mmol/L EDTA, 1
mmol/L EGTA, 2 mmol/L phenylmethylsulfonyl fluoride,
protease inhibitor mixture, and phosphatase inhibitor
mixture (Sigma, St. Louis, MO). After centrifugation at
12,000 � g for 10 minutes at 4°C, 1000 �g of protein from
the supernatant was pre-cleared at 4°C for 60 minutes
with 10 �g normal mouse IgG and 50 �l of 50% protein-
A-Sepharose CL-4B slurry (Sigma). The pre-cleared ly-
sates were incubated with 2 �g of AIM-1 (murine ABK)
antibody (BD Bioscience, San Jose, CA) at 4°C for 2
hours with rocking. The immuno-complexes were precip-
itated with 50% protein-A-Sepharose CL-4B (50 �l) for 60
minutes at 4°C with continuous mixing and washed four
times with wash buffer (150 mmol/L NaCl, 50 mmol/L Tris
pH7.5, 0.1% NP40, 0.01% sodium deoxycholate, 0.1%
SDS, 1 mmol/L EDTA, 1 mmol/L EGTA, 2 mmol/L phenyl-
methylsulfonyl fluoride).

Aurora-B Kinase Assays

The kinase activity of ABK was analyzed following the pro-
tocol of Upstate Inc. (Lake Placid, NY). Briefly, Sepharose
beads from the aforementioned immunoprecipitation were
suspended in 10 �l Tris Assay Dilution Buffer (Upstate).
One �g Histone H3 (Upstate) and 5 �l of magnesium/ATP
cocktail (Upstate) were added and incubated for 10 min-
utes at 30°C. An equal volume of 2� Laemmli sample buffer
(120 mmol/L Tris, pH6.8, 4% SDS, 20% glycerol, 10% ß-
mercaptoethanol, 0.005% bromophenol blue, 0.5 mmol/L
phenylmethylsulfonyl fluoride) was added and the mixture
was then boiled for 5 minutes. The sample was loaded and
run on a 12% SDS-polyacrylamide gel and then transferred
to a polyvinylidene difluoride membrane. Polyvinylidene di-
fluoride membranes were then blocked in freshly prepared
TBS containing 3% bovine serum albumin and 0.1% Tween
20 for 1 hour at room temperature. The membranes were
incubated with 1 �g/ml of anti-phospho-histone-H3 anti-
body (Upstate) for 2 hours at room temperature. The mem-
brane was then washed three times with water, and
incubated with phosphatase-conjugated goat anti-rabbit
antibody (1:5000) for 60 minutes, and developed with a
substrate reagent kit (Bio-Rad, Hercules, CA). Negative
controls contained no immunoprecipitation beads. Active
ABK (Upstate) was used as a positive control.

Western Blot Analysis

This was done as we previously described,1 using anti-
bodies against ABK (BD Bioscience), survivin (Novus),
phospho-CENP-A, phospho-H3 (Upstate), or INCENP
(from Dr. WC Earnshaw). As a control, ß-actin protein was
blotted concurrently. All experiments were repeated at
least three times.

Experiments Demonstrating that ABK Activity
Mediates in Vitro Cell Proliferation in Cells with
Mutant APC

SW480 or HT29 cells were plated (25,000 cells/well in 12
well plates) and allowed to attach for 24 hours before 24
hours of serum starvation. Cells were then treated with
various doses of ZM447439 (Tocris Bioscience, Ellisville,
MO) in full medium for 24 hours. Following determination
of the IC-50 values, the assay was repeated with the
indicated doses and cell number was determined every
12 hours using a trypan blue exclusion assay.

Results

Changes in the Intracryptal Distribution of Cells
Expressing ABK and its Binding Proteins Parallel
Changes in Proliferation during Colon
Tumorigenesis

Here we did quantitative immunohistochemical mapping
of the expression of ABK and its binding proteins in
normal and malignant colonic crypts.

Expression of ABK in Normal Colonic Crypts

Immunohistochemistry was done using normal colonic
epithelium to evaluate the expression of ABK. The results
(Figure 1) show that the greatest proportion of cells showing
ABK positivity was located in the lower crypt. A few cells at
mid-crypt also showed staining, but none at or near the top
did. Experiments on normal tissues showed that ABK stain-
ing was nuclear and positively stained cells were largely
restricted to the bottom-third of crypts, where proliferating,
Ki-67�, cells are located. Although largely restricted to the
bottom third of crypts, ABK staining marked fewer cells at
the bottommost crypt levels (1 to 10), where colonic SCs
reside. A similar pattern was seen for survivin. Quantitative
mapping profiles (indices) derived from the immunohisto-
chemistry data are shown in Figure 2 and confirm the qual-
itative results from immunohistochemistry staining seen in
Figure 1. Double staining revealed that survivin and the
colonic SC marker ALDH1 did not co-stain the same cells
(Figure 3A). These patterns for ABK and survivin were the
inverse of the APC gradient (Figure 3, B and C).

To confirm that ABK is preferentially expressed in the
lower crypt, we used Western blot analysis of ABK levels
in top, middle, and bottom subsections of normal human
colonic crypts. Western blots (Figure 4A) also showed
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that ABK expression was highest in the crypt bottom and
decreased toward the crypt top.

Expression of Survivin, ABK, Phospho-H3, and Ki-67
in Neoplastic Colonic Tissues

In normal crypts (Figure 1) the population of cells
staining positively for ABK was largely restricted to the
bottom-third of crypts where proliferating (Ki-67�) and
mitotic (phospho-H3�) cells are found; in normal-ap-
pearing tissue from FAP crypts, the population of
ABK� cells extended upward into the crypt middle. In
adenomas, the shift was even more pronounced—
ABK� cells were mostly found at the top of the crypt or
on the luminal surface of the adenomatous epithelium.
Similar changes in staining patterns were seen for
survivin, phospho-H3, and Ki-67 (Figure 1). In contrast,
most cells staining for the stem cell marker ALDH1
reside at or near the base of the normal colonic crypt.22

In FAP and adenomatous crypts, both the number of
ALDH� cells and the extent of their distribution upward
from the crypt bottom were increased. This expansion

Figure 1. Immunohistochemical staining for Ki-67, survivin, ABK, and phos-
pho-H3. Immunohistochemical analysis of the expression of Ki-67, survivin,
ABK, and phospho-H3 in normal colonic mucosa (left column), normal-
appearing colonic mucosa from FAP patients (center left column), adeno-
mas (center right column), and colon carcinomas (right column).

Figure 2. Staining indices for Ki-67, survivin, ABK, phospho-histone H3, and
ALDH1. In normal crypts, survivin and its downstream signaling effectors
(ABK and phospho-H3) showed similar profiles and localization to the lower
crypt. Ki-67 staining indicated a similar profile for proliferating cells. During
the progression from normal colon to adenoma, these positively staining cell
populations expanded and shifted upward along the crypt axis. While the
ALDH� population also expanded, most of these cells remained lower in the
crypt relative to cells staining for survivin and its downstream signaling
effectors.

2820 Zhang et al
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of the ALDH� cell population paralleled the upward
shift of the other markers; however, the ALDH� cell
population remained considerably closer to the crypt
base.

Indices (Figure 2) showed that during the stepwise pro-
gression to colon cancer (from normal colonic epithelium
transitions to normal-appearing FAP-epithelium, and then to
adenomatous epithelium), ABK expression extended fur-
ther up the crypt. Indices for phospho-H3 and survivin
showed similar changes. All changes in survivin signaling
components paralleled changes in Ki-67 staining indices.
In carcinomas, where crypt structures can no longer be
seen, cells staining positively for ABK, survivin, phospho-
H3, and Ki-67 were diffusely distributed throughout the tu-
mor (Figure 1).

ABK’s Enzymatic Activity Indicates Downstream
Survivin Signaling Is Activated in Normal and
Neoplastic Colonic Tissues

Here we used three independent approaches (see 1–3
below) to establish survivin-induced ABK activity in nor-
mal colonic crypt subsections and studied (see 4, below)
the effects of inhibiting ABK activity on the proliferation of
malignant colonic cells.

Presence of ABK/Survivin/INCENP Complexes in
Normal Colonic Crypt Subsections

Previous in vitro studies on cultured cell lines4,23 dem-
onstrated that ABK, survivin, and INCENP form a protein
complex, which is associated with activated ABK and
mitosis. Our analysis of primary normal human colonic
epithelium (Figure 4B) shows that survivin, INCENP, and
ABK exist in such a complex in vivo. This was done using
co-immunoprecipitation with ABK antibody followed by
western blot analysis with antibodies against ABK, sur-
vivin or INCENP. The gradient for the complex, as for

survivin, INCENP, or ABK, was highest at the crypt bot-
tom and lowest at the top.

Phosphorylated Histone-H3 and CENP-A in Normal
Colonic Crypt Subsections

Since histone-H3 and CENP-A are substrates of
ABK,8,24 we determined levels of phosphorylated forms
of these proteins, in crypt subsections, as a measure of
ABK activation. Western blot analysis showed (Figure 4A,
rows 2 and 3) that endogenous phospho-histone-H3 and
phospho-CENP-A were highest at the crypt bottom and
lowest at the top.

ABK Enzymatic Activity in Isolated Normal Colonic
Crypt Subsections

Phosphorylation of serine 10 of histone-H3 is re-
quired during mitosis for chromosome condensation
and segregation and serves as a marker for ABK acti-
vation.9,25,26 We immunoprecipitated, using anti-ABK
antibody, ABK protein from crypt subsections and as-
sayed for its enzymatic activity to phosphorylate
exogenous histone-H3. Figure 4C shows that within
the three crypt subsections, the lower crypt contained
the highest ABK activity while the upper crypt had the
least.

Effects of ABK Activity on CRC Cell Proliferation

Figure 5 shows the effects of a known ABK inhibitor
on in vitro cell proliferation in cells with mutant APC
and survivin overexpression (SW480 and HT29 cells).
ZM447439, a known ABK inhibitor, decreased the
in vitro growth of both colon cancer cell lines. While
the inhibition of cell proliferation was more evident in
HT29 cells, there were significant decreases in cell
proliferation and survival in each cell line after treatment.

Figure 3. Double staining for survivin and the
stem cell marker ALDH1, and analysis of APC
expression by immunohistochemistry and im-
munoprecipitation/western blotting in normal
colonic crypts. A: Double staining of normal
colonic crypts (survivin-green; ALDH1-red)
showed ALDH1 staining in the bottom of the
crypts and survivin staining in the lower crypt,
but these markers did not overlap. B: APC im-
munoreactivity in normal colonic crypts oc-
curred at the crypt top and lumenal surface. C:
Immunoprecipitation of APC followed by west-
ern blot analysis for APC showed that its highest
levels were in the normal crypt bottom (B) com-
pared to middle crypt (M) and crypt top (T).
Lane 1 was loaded with molecular weight (MW)
markers. Positive controls involved analysis of
HCT 116 cells and LoVo cells that express wild-
type APC. Densitometry showed that, compared
to the crypt top, APC expression was decreased
by 50% in the middle crypt region and by 81% in
the crypt bottom.
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Inhibiting APC/�-Catenin/TCF-4/Survivin Signaling
Upstream Attenuates Survivin-Induced ABK
Activation Downstream

Here, we used three independent approaches—increasing
wildtype-APC, inhibiting TCF-4, or decreasing survivin ex-
pression in colon cancer cells (ones with mutant APC and
survivin overexpression):

Induction of Wild-Type APC

We first established whether induction of wild type APC
expression in HT-29 cells (that harbor mutant APC and
overexpress survivin) down-regulates survivin expression.
In the immunohistochemical analysis of cultured HT29-APC
cells (containing a zinc-inducible wild-type APC gene),
strongly positive survivin immunostaining that had been
located in the cytoplasm before zinc induction of APC ex-
pression became weak after induction (Figure 6A). Al-
though some residual survivin staining was still detectable
12 hours after induction of APC, it was significantly reduced
compared to control HT-29-Gal cells, which showed no
difference in survivin immunoreactivity even 12 hours after
exposure to zinc (data not shown). After zinc induction,
HT29-APC cells gradually stopped proliferating. By 24
hours, most cells rounded up. By 48 hours, a substantial
portion of them detached and were found floating in the
culture medium and appeared apoptotic.

In parallel to a progressive decrease in survivin, we an-
alyzed the degree of ABK activity after induction of wild type
APC expression. Using reverse transcription-PCR, we as-
sessed ABK expression and activity in HT29-APC cells.
While both reverse transcription-PCR and western blots
showed no change in ABK levels after induction of
wild-type APC expression (data not shown), we did
observe a decrease in ABK activity, specifically in the
ability of immunoprecipitated-ABK to phosphorylate
exogenous histone-H3 (Figure 6B). Also, endogenous
phospho-histone-H3 levels decreased after induction of
wild-type APC (Figure 6C). Phospho-CENP-A levels also
decreased (Figure 6D).

Transfection of Dominant Negative TCF-4

In experiments designed to determine the effect of trans-
fecting dominant negative (dn)TCF-4, using a construct
shown to down-regulate survivin,1 on ABK in HT-29 cells,
we observed that ABK expression did not change over 24
hours (data not shown). In contrast, transfection of dnTCF-4
led to a decrease in ABK activity, as shown by the ability of
immunoprecipitated-ABK to phosphorylate exogenous his-
tone-H3 (Figure 7A). Also, endogenous phospho-H3 levels
decreased after transfection of dnTCF-4. Phospho-CENP-A
levels also decreased (Figure 7, B and C).

Transfection of siRNAs against TCF-4 and Survivin

The effect of TCF-4 inhibition on HT29 cells was also
examined by transfecting siRNA against TCF-4. Immuno-
blot analysis of RNA interference (RNAi) showed that siRNA
against TCF-4 substantially repressed expression of TCF-4
protein in HT29 cells (data not shown). As in strategies (1)
and (2) above, expression of survivin and phospho-H3 pro-
tein decreased in parallel (not shown). When we used
siRNA against survivin, expression of survivin mRNA de-
creased (Figure 8A) and expression of survivin and phos-
pho-H3 proteins also decreased (Figure 8, B and C).

Figure 4. Expression of ABK, phospho H3, and phospho-CENP-A; presence of
ABK:Survivin:INCENP protein complexes; and ABK activity in subsections (bot-
tom, middle, top) of normal, human colonic crypts. A: Western blot analysis
showed that ABK expression was highest in the crypt bottom and lowest in the
upper crypt. Row 4 shows a �-actin control confirming that crypt subsection
lysates contain equal amounts of protein. Gradients for ABK, phospho H3, and
phospho-CENP-A were bottom � middle � top. Densitometry showed that,
compared to the crypt bottom, the expression of ABK, phospho H3, and
phosphor-CENP-A decreased by 64%, 61%, and 51%, respectively, in the middle
crypt region; the expression of ABK, phospho H3, and phosphor-CENP-A
decreased by 87%, 96%, and 94%, respectively, in the crypt top. B: Immunopre-
cipitation analysis was also performed to detect ABK:Survivin:INCENP protein
complexes in subsections (bottom, middle, top) of normal human colonic
crypts. Immunoprecipitation with ABK antibody was followed by Western blot
analysis of the same immunoprecipitation sample with anti-ABK, anti-survivin,
and anti-INCENP antibodies. ABK was associated with survivin and INCENP in
a protein complex. C: Immunoprecipitated ABK was also enzymatically active,
and ABK activity within the three subsections of the crypt was greatest in the
lower crypt and lowest in the upper crypt. Negative controls excluded immu-
noprecipitation beads (data not shown) and included a nonspecific control to
monitor nonspecific binding of ABK to the beads. This latter control involved
immunoprecipitating cell lysates with beads coupled with normal mouse IgG,
which did not reveal any nonspecific binding of ABK as analyzed by polyacryl-
amide gel electrophoresis (data not shown) or any ABK enzyme activity (C).
Positive controls included the addition of exogenous active ABK (C). Densitom-
etry showed that, compared to the crypt bottom, ABK activity was decreased by
41% in the middle crypt region and by 79% in the crypt top.
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Discussion

In the above study, several independent lines of evi-
dence for normal colonic tissues are consistent with a
mechanism in which APC (a tumor-suppressor protein)
controls mitosis and cell proliferation by preventing sur-
vivin-induced ABK activation. In this view, if wild-type

APC is present, the ability of cells to go through mitosis
will be attenuated because APC prevents survivin from
being expressed. In this way, APC diminishes the ability
of the cell to transition from G2 to M phase. According to
this mechanism, where APC is high (crypt top) survivin/
ABK signaling should be low. Conversely, where APC is
low (crypt bottom), survivin/ABK signaling should be

Figure 5. ABK activity is necessary for cell pro-
liferation in cells with mutant APC. ZM447439, a
known inhibitor of Aurora B kinase,32,33 inhib-
ited the growth of colon cancer cells in vitro.
SW480 and HT29 cells with a mutation in APC
and overexpression of survivin were treated
with ZM447439 at the indicated doses and times.
The IC50 value for SW480 cells was approxi-
mately 6.125 �mol/L; for HT29 cells, it was 3.4
�mol/L. As indicated in the time course experi-
ments, treatment of these colon cancer cell lines
with ZM447439 resulted in a decrease of 35%
and 85% in cell proliferation in SW480 and HT29
cells, respectively, after 48 hours of treatment at
the IC50.

Figure 6. Inhibiting survivin signaling by induction of wild-type APC. A: Immunocytochemical staining of HT29-APC cells for survivin expression showed
that induction of wild-type APC decreases survivin protein expression. The figure shows the time course for changes in survivin immunoreactivity after
induction of wild-type APC by ZnCl2 treatment in HT29-APC cells (0, 3, 6, 9, and12 hours). Negative controls involved the omission of the primary antibody
in the staining of HT-29-APC cells (no staining found, data not shown) and omission of zinc treatment to induce wild-type APC expression (lower right
panel shows control culture after 12 hours). Densitometry showed that survivin levels decreased by 64% at 3 hours, 84% at 6 hours, 89% at 9 hours, and
93% at 12 hours after the induction of wild-type APC expression in HT29 cells. Original magnification � 200. B: In parallel, induction of wild-type APC
expression led to decreased ABK activity in the HT29-APC colon cancer cell line. After immunoprecipitating ABK in HT29 cells, ABK kinase activity was
measured by the ability of immunoprecipitated ABK to phosphorylate exogenous phospho-histone-H3. A similar result was found for (C) endogenous
phospho-histone-H3 and (D) phospho-CENP-A, as both were decreased, indicating lower endogenous ABK enzymatic activity. ABK mRNA and protein,
and unphosphorylated histone-H3 and CENP-A protein levels did not change (data not shown). Densitometry showed that ABK activity was decreased by
82% at 8 hours, 87% at 16 hours, and 92% at 24 hours (B), endogenous phospho-histone-H3 decreased by 22% at 8 hours, 55% at 16 hours, and 63% at
24 hours (C), and endogenous phospho-CENP-A decreased by 34% at 8 hours, 55% at 16 hours, and 80% at 24 hours (D) after induction of wild-type APC
expression in HT29 cells.
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high. And that is what we found. Immunostaining, western
blotting and co-immunoprecipitation experiments all indi-
cated similar intracryptal gradients—highest at the bot-
tom and diminishing toward the crypt top—for the ABK
complex and three of its components, survivin, INCENP
and ABK, as well as for ABK activity and its phosphory-
lated substrates H3 and CENP-A. This pattern was the
inverse of the observed APC gradient (Figure 3, B and C,
Reference 11), which was lowest at the bottom and high-
est at the crypt top. If our mechanism is correct, ABK
signaling in the crypt should colocalize with populations
of mitotic and proliferating cells, and this, too, was found
to be the case—ABK�, phospho-H3�, and Ki-67� cell
populations were mostly found in the lower crypt.

We also found that in cells with an APC mutation,
survivin expression is up-regulated and induction of wild
type APC expression in these cells down-regulates sur-
vivin expression. These findings indicate that survivin is a
TCF-4 target gene. In contrast, our results on the effects
of TCF-4 inactivation, using three independent ap-
proaches, showed that inhibiting TCF-4 signaling in cells
does not reduce ABK expression, it reduces ABK activity.
Thus, our results do not indicate that ABK is a TCF4 target

gene or that APC transcriptionally controls ABK expres-
sion via TCF-4, as it does survivin expression.

Our proposed mechanism requires that survivin and
ABK have a role in controlling mitosis, and that appears
to be the case. ABK activation requires association of
survivin, ABK, and INCENP.4,5,27,28 Once associated,
ABK phosphorylates specific substrates such as his-
tone-H3 and CENP-A, which are necessary for mito-
sis.29,30 Evidence also indicates that INCENP and ABK
act together with survivin at the beginning of and through-
out mitosis in a chromosomal passenger complex.31 For
example, Carvalho et al23 showed that after transfection
of cells with survivin siRNA to deplete survivin levels, cells
without detectable survivin also lacked centromeric ABK
and INCENP. This revealed a linear correlation between
levels of survivin and ABK and INCENP at centromeres.
Thus, it appears that survivin is required for ABK and
INCENP to localize to centromeres. Down-regulation of
survivin by transfection of antisense oligonucleotides also
leads to a cytokinesis defect.4 Moreover, both immuno-
staining for endogenous survivin and ectopic expression
of green fluorescent protein–tagged survivin showed that
survivin is colocalized with ABK and INCENP to the cleav-
age furrow during late mitosis.8,27 Thus, the association
of survivin, ABK, and INCENP is necessary for the proper

Figure 7. Inhibiting survivin signaling by transfection of dominant-negative
TCF-4. When a dnTCF-4 construct or empty vector (EV) was stably trans-
fected into HT29 or SW480 cells, ABK activity decreased as indicated by
decreased phosphorylation of exogenous phospho-histone-H3 using immu-
noprecipitated ABK (A) and lower endogenous phospho-histone-H3 (B). C:
Endogenous phospho-CENP-A levels also decreased. Densitometry showed
that ABK activity decreased by 52% in HT29 cells and 86% in SW480 cells,
endogenous phospho-H3 levels decreased by 53% n HT29 cells and 75% in
SW480 cells, and endogenous phospho-CENP-A levels decreased by 55% n
HT29 cells and 64% in SW480 cells.

Figure 8. Inhibiting survivin signaling via inactivation of survivin by siRNA.
A: When siRNA against survivin was transfected into HT29 cells, survivin
mRNA expression decreased as determined by RT-PCR (Lane 1 � nontarget-
ing siRNA; Lane 2 � survivin siRNA; Lane 3 � transfection reagent only; Lane
4 � cyclophilin B siRNA). B and C: In the same cells, a similar decrease was
observed for survivin protein and endogenous phospho-histone-H3 protein
levels as determined by Western blot analysis. Densitometry showed that for
survivin, the RNA level decreased by 68%, survivin protein by 61%, and
endogenous phospho-histone-H3 levels by 66% after anti-survivin siRNA was
transfected into HT29 cells.
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segregation of replicated chromosomes in mitosis, which
must be precisely coordinated in space and time during
cytokinesis.5,23,27,28

Our findings for normal crypts also suggest that APC,
via survivin signaling, may be involved in regulation of
(i) SC dynamics and crypt cell renewal, (ii) size of prolif-
erative cell populations, and (iii) crypt cell maturation. For
example, we found in the present study that cells that
stained positively for the SC marker ALDH1 are survivin-
negative and, in normal crypts, reside below the sur-
vivin� cell population. In comparison, proliferating (Ki-67
positive) cells are survivin-positive, and ABK-active as
indicated by the presence of phospho-H3. This indicates
that activation of ABK in non-SC offspring is due to sur-
vivin expression. These findings provide an explanation
for why the proliferating, Ki-67�, population is restricted
to the lower region of the normal crypt. Namely, this
distribution may be due to APC-induced cell maturation
and differentiation as cells migrate up the crypt. In such
a case, the loss of proliferative ability may be due to
increasing concentrations of APC that (via inactivation of
TCF-4) down-regulate survivin and lower ABK activity.
Indeed, we found that survivin levels and ABK activity
decreased toward the crypt top. This loss of survivin
expression and ABK activity will cause cells to lose their
ability to proliferate. In this way, APC-induced cell matu-
ration could govern the size of the proliferative cell pop-
ulation and ultimately contribute to terminal differentiation
of crypt cells in the upper crypt.

Our proposed mechanism not only suggests how APC
controls mitosis/proliferation in normal cells, but also, it
provides a possible explanation for how an APC mutation
helps initiate and promote colon tumorigenesis. Broadly,
the explanation is that APC mutation leads to disinhibition
of survivin expression and activation of ABK, which re-
sults in increased mitosis and proliferation, two cardinal
signs of colon tumorigenesis. Our data showing that
ZM447439, a known ABK inhibitor,32,33 decreases the
proliferation of colon cancer cells that are known to have
mutant APC (and overexpression of survivin), provides
evidence that ABK activity is required for cell prolifera-
tion. Moreover, we found that induction of wild type APC
in colon carcinoma cells that have mutant APC and over-
expression of survivin, not only down-regulates survivin
expression and ABK activity, but also, it attenuates cell
proliferation (Figure 6; reference 34). These results sug-
gest that survivin expression and its ability to promote
mitosis via activation of ABK may play a role not only in
cells from advanced colon tumors with biallelic mutant
APC, but also in cells that develop monoallelic APC mu-
tations at the very earliest stages of neoplasia.

Supporting this view that ABK activity is required for
tumor cell proliferation is the report that increased his-
tone-H3 Ser-10 phosphorylation, an indicator of ABK ac-
tivation, was observed in various colorectal cancer cells
that express ABK.35 Moreover, most CRCs harbor APC
mutations and overexpress survivin.12 Indeed, our data
on immunostaining for survivin signaling components in
neoplastic tissues (normal appearing FAP crypts, adeno-
matous crypts) provide a more detailed explanation.

For FAP crypts, which have a germline APC mutation,
we found that the populations of cells that expressed
survivin, ABK and phospho-H3 were extended upward
into the middle and upper crypt regions. In adenomatous
crypts, which have bi-allelic APC mutations, populations
of cells positive for all ABK-related proteins were ex-
tended even further up the crypt. These finding are par-
allel to changes we saw for the proliferating (Ki-67�) cell
population, which also extended upwards in FAP crypts
and even further in adenomatous crypts. Similar obser-
vations were previously reported for bromodeoxyuridine
and [3H]thymidine labeling of colonic crypts,17–20

whereby shifts in the labeling indices (for S phase cells)
were also discovered in FAP and adenomatous crypts.
This upward-shifting of transitions between crypt cell
phenotypes—from stem (survivin-negative/ABK inactive)
to proliferating (survivin-positive/ABK active) to terminally
differentiated (survivin-negative/ABK inactive) to apopto-
tic cells—indicates that survivin signaling becomes dys-
regulated in a way that delays maturation of cells migrat-
ing up the crypt.

The above study on survivin signaling proteins in
human colonic crypts indicates that the organization
of proliferative cell populations undergoes dramatic
changes during CRC development. These findings sup-
port our hypotheses that (i) in normal human colonic
crypts wild-type APC down-regulates ABK activity and (ii)
in neoplastic human crypts, where APC is mutant, sur-
vivin is overexpressed and ABK is up-regulated and as-
sociated with increased proliferation of SCs and prolifer-
ating cells.

In normal colonic crypts, the population of cells stain-
ing for the ALDH1 stem cell marker and the subpopula-
tion of cells staining for survivin and other proliferative
markers are both restricted to the lower crypt. In neoplas-
tic crypts, both the subpopulation of stem cells
(ALDH1�) and the subpopulation of proliferating cells
(Ki-67�, survivin�, ABK�, phospho-H3�) are expanded
and distributed further up the crypt. This provides biolog-
ical evidence (shown in Figures 1 and 2) in support of our
prediction from our mathematical modeling studies14–16

that the SC population (which is at the crypt bottom) is
expanded, and this SC overpopulation causes expansion
and upward shifting of the proliferating cell population
toward the top of neoplastic crypts.

In this view, dysregulation of mechanisms controlling
survivin signaling (eg, by APC mutations) delays matura-
tion, allows expansion of the SC population and then the
proliferating cell population in the crypt, and contributes
to colon tumorigenesis. This effect may be synergistic
with survivin’s ability to prevent apoptosis; both effects
would promote tumor growth. Ultimately, both these
mechanisms contribute to the exponential increase in
proliferative cell populations, including mitotic cells,
which are hallmarks of CRC pathology.15 Key questions
remaining for future studies are: (i) how are survivin ex-
pression and ABK activation suppressed in SCs at the
crypt bottom, which lack detectable levels of APC; (ii)
does dysregulation of this mechanism in stem cells con-
tribute to their overpopulation in neoplasia and colonic
neoplasms?
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