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DEDICATION

This book is dedicated to all those afflicted with colorectal cancer and
to the APe research community.
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PREFACE

The initial identification of the Adenomatous polyposis eoli (Ape) gene as
the site of mutations in familial adenomatous polyposis (FAP) was described in
1992.1,2 A causal relationship between Ape mutations and intestinal tract tumours
was confirmed three years later with the establishment of the Min mouse model )
These mice are heterozygous for Ape and develop numerous intestinal tumours that
mimic FAP. Subsequently, Ape has emerged as the most commonly mutated gene
in colorectal cancer with reports varying between 50-80% ofsporadic tumours car­
rying such mutations . The search for how mutations in Ape initiate and/or support
progression of tumours in the intestinal tract has revealed that the Ape protein is a
multifunctional participant in a diverse array ofcellular functions. By collecting and
assembling the chapters in this book, we aimed to provide an overview of the diverse
functions performed by the Ape protein. As summarised in a short final chapter by
Trainer, heterozygosity ofApe leads to a number ofextracolonic manifestations that
further support this emerging picture of the Ape protein as an active contributor to
many different cellular functions.

The first recognised function of Ape was its role in Wnt signalling.o This
function is one of the driving forces for how mutations in Ape ensure that cells
remain proliferative. Many of the molecular details of this pathway have been
discovered and are described in the first chapter by Kennell and Cadigan . The
transcriptional changes that result from Ape mutations due to changes in the tran­
scriptional contribution of p-catenin are exacerbated by direct functions ofApe in
the nucleus, which are discussed by Neufeld. The transcriptional changes induced
by mutant Ape provide the background against which other cellular functions of
Ape become particularly important in the digestive tract epithelium. Cell migra­
tion contributes significantly to the normal maintenance of this tissue, and Ape
is important for efficient and directed cell migration as discussed by Manneville.
Contributing to these functions is the interaction ofApe with the small microtubule
binding protein EB1. This interaction and its implication for Ape are described by
Morrison. The interaction between EB I and Ape may also playa role in the ability
ofApe to contribute to formation of normal spindles during mitosis , as described
by Caldwell and Kaplan. How Ape affects the fabric of the mitotic spindle , namely
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microtubules, and how this contributes to the role ofApe in mitosis is discussed by
Bahmanyar, Nelson and Barth. In addition to cell migration and proliferation, cell
death is a crucial component ofepithelial biology in the intestinal tract. Although the
molecular mechanisms for a role for Ape in this process has not been identified, there
is mounting evidence that Ape contributes to the normal execution of an apopotic
program as discussed by Benchabane and Ahmed. Much of the evidence presented
in these chapters is based on data obtained in cultured cells. However, important
insights have also been gained using mouse model systems. These are discussed by
Sansom. Furthermore, Kwong and Dove provide an overview of the genetics that
relate to the role and regulation ofApe mutations in cancer and also describe a new
animal model for Ape-mediated colorectal disease.

Almost every chapter includes a schematic of the Ape protein. After some
consideration we decided to retain these figures in all chapters because in each
case slightly different emphasis is placed on the domains that are relevant for the
particular subject discussed. Furthermore, we felt that each chapter should stand on
its own and thus required this information.

Colorectal cancer is one of the leading causes of cancer deaths in the Western
world. It is unique because ofa single genetic change, which appears to be an initiat­
ing event in a majority of cases. Understanding the underlying molecular changes
that produce cancer in this tissue is crucial for our ability to develop better methods
to detect and treat this disease early. Because disruption ofApe is common to most
of these tumours, the biology ofApe is at the core ofthis problem. Colorectal cancer
is one ofthe obvious cases where the application ofbasic scientific research shows
great promise in providing new tools to combat a human disease.

We are extremely grateful to all authors who have provided their time and
energy to support this publication and provide a comprehensive analysis of our
current understanding of the complex relationships and functions performed by the
Ape protein.

Inke S. Niithke, PhD

Brooke M McCartney, PhD

I . Su LK, Kinzler KW, Vogelstein B et al. Multiple intestinal neoplasia caused by a mutation
in the murine homolog of the APC gene. Science 1992; 256:668.

2. Moser AR, Dove WF, Roth KA et al. The Min (multiple intestinal neoplasia) mutation : its
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3. Moser AR, Luongo C, Gould KA et al. ApcMin: a mouse model for intestinal and mammary
tumorigenesis. Eur J Cancer 1995; IA:I061.

4. Rubinfeld B, Souza B, Albert I et al. Association of the APC gene product with beta-catenin.
Science 1993; 262:1731.
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catenins. Science 1993; 262:1734.



ABOUT THE EDITORS...

INKE S. NATHKE is the professor of Epithelial Biology at the University
of Dundee . Her research interest is to determine how specific molecular changes
produce changes in cells and ultimately in whole tissues during early stages of tu­
mourigenesis. Her focus is on colorectal cancers, but the common epithelial origin
of most tumours makes this work relevant to many other organs. Her work has led
her to examine not only how cells move and divide, but also how they know where
they are, and how they work together to build a functional tissue.

Professor Nathke received her training at San Jose State University, the
University of California San Francisco, Stanford and Harvard Medical Schools .

ix



ABOUT THE EDITORS...

BROOKE M. MCCARTNEY is an Assistant Professor of Biological Sciences
at Carnegie Mellon University. She is interested in how signaling pathways regulate
the cytoskeleton and how this leads to changes in cytoskeletal and tissue architecture.
The focus ofher lab is the role ofAPC proteins and Wnt signaling in morphogenesis,
both at the level ofthe cytoskeleton and at the level oftissues, using Drosophilamela­
nogasteras a model system. Dr. McCartney received her training at Mount Holyoke
College, Duke University, and the University of North Carolina at Chapel Hill .

x



PARTICIPANTS

YashiAhmed
Dartmouth Medical School
Department of Genetics
Hanover, New Hampshire
USA

Shirin Bahmanyar
Department of Biological Sciences
and
Molecular Cellular Physiology
Stanford University
Stanford, California
USA

Angela I.M. Barth
Department of Biological Sciences
and
Molecular Cellular Physiology
Stanford University
Stanford, California
USA

Hassina Benchabane
Dartmouth Medical School
Department of Genetics
Hanover, New Hampshire
USA

Kenneth M. Cadigan
Molecular, Cellular

and Developmental Biology
Natural Science Building
University of Michigan
Ann Arbor, Michigan
USA

Christine M. Caldwell
Section of Molecular

and Cellular Biology
University of California, Davis
Davis, California
USA

William F.Dove
McArdle Laboratory

for Cancer Research
and
Laboratory of Genetics
University of Wisconsin
Madison, Wisconsin
USA

Sandrine Etienne-Manneville
Cell Polarity and Migration Group
Institut Pasteur CNRS URA
Paris
France

Kenneth B. Kaplan
Section of Molecular

and Cellular Biology
University of California-Davis
Davis, California
USA

Jennifer Kennell
Molecular, Cellular

and Developmental Biology
Natural Science Building
University of Michigan
Ann Arbor, Michigan
USA

xi



xii

Lawrence N. Kwong
McArdle Laboratory

for Cancer Research
University of Wisconsin
Madison, Wisconsin
and
Dana-Farber Cancer Institute
Boston, Massachusetts
USA

Brooke M. McCartney
Department of Biological Sciences
Carnegie Mellon University
Pittsburgh, Pennsylvania
USA

Ewan E. Morrison
CRUK Clinical Centre at Leeds
Leeds Institute of Molecular Medicine
St James's University Hospital
Leeds , England
UK

Inke S. Nathke
Cell and Developmental Biology
College of Life Sciences
University of Dundee
Dundee, Scotland
UK

Participants

W. James Nelson
Department of Biological Sciences

and Molecular Cellular Physiology
Stanford University
Stanford, California
USA

Kristi L. Neufeld
Department of Molecular Biosciences
University of Kansas
Lawrence, Kansas
USA

Owen Sansom
Beaton Institute of Cancer Research
Glasgow, Scotland
UK

Alison H. Trainer
Prince of Wales Clinical School
University of New South Wales
Sydney
Australia



CONTENTS

1. APC AND ~-CATENIN DEGRADATION 1

Jennifer Kennell and Kenneth M. Cadigan

Introduction 1
APC Is a Critical Component of the ~-Catenin Destruction Complex 1
The Role of APC in Recruiting ~-Catenin to the Complex 3
Phosphorylation of APC Enhances Affinity for ~-Catenin 4
A Possible Role of PP2A in Regulating Competition between APC and Axin

for ~-Catenin Binding 4
Is the Destruction Complex Really a Complex? 5
Is There a Role for the Destruction Complex in the Nucleus? 6
Regulation of APC and the Destruction Complex by Wnt Signaling 6
DoesAPC also Playa Positive Role in Wnt/13-CateninSignaling? 8
Conclusion 8

2. NUCLEAR APC ••..•••••••.•••••••.•..•••••••..••••••••.•.....••••••...•..•.••..•••.••..••.••••...••..•..•••• 13

Kristi L. Neufeld

Abstract 13
Introduction 13
Detection of Nuclear APC 13
APC Domains Contributing to Nuclear Import and Export 14
APC Shuttles between the Nucleus and Cytoplasm 18
Factors that Affect the Subcellular Distribution of APC 18
APC and Nuclear Export of 13-Catenin 21
APC and Nuclear Sequestration of ~-Catenin 22
The Role of Other Nuclear Proteins in APC Mediated 13-Catenin Sequestration 23
Interaction of APC with DNA and Other Nuclear Proteins 24
The Requirement for Nuclear APC in Thmor Suppression 24
Future Applications, New Research, and Anticipated Developments 26

xiii



xiv Contents

3. APC IN CELL MIGRATION 30

Sandrine Etienne-Manneville

Abstract 30
Introduction 30
APC Localization in Migrating Cells 31
APC and Protrusive Activity 34
APC and Cell Polarity 35
Conclusion 36

4. THE APC-EBI INTERACTION 41

Ewan E. Morrison

Abstract 41
Introduction 41
EBlls an Evolutionarily Conserved Microtubule Plus-End Binding Protein 41
The EBI Binding Region in APC 42
The APC Binding Site in EBI 42
Interphase Functions of the APC-EBI Interaction 44
Mitotic Functions of the APC-EBI Interaction 45
APC-EBI Interactions in Other Organisms 47
Conclusion 47

5. THE ROLE OF APC IN MITOSIS AND IN CHROMOSOME
INSTABILITy 51

Christine M. Caldwell and Kenneth B. Kaplan

Abstract 51
Introduction 51
APC in Mitotic Cells 52
APC Regulates Microtubule Dynamics in Mitosis 55
APC Function in the Spindle Checkpoint 57
APC and Microtubule Dynamics in Cytokinesis 58
The Dominant Activity ofAPC in Mitosis-The Tip of the Iceberg 59

6. ROLE OF APC AND ITS BINDING PARTNERS IN REGULATING
MICROTUBULES IN MITOSIS 65

Shirin Bahmanyar, W. James Nelson and Angela I.M. Barth

Abstract 65
Introduction 65
APC at the Kinetochore: Regulation of Microtubule Dynamics 65
APC at the Cortex: Role in Spindle Positioning 67
APC at Centrosomes: Potential Roles 69
Connecting APC Functions in Regulating Wnt Signaling and Microtubules 70
Multiple Mechansims by which APe Mutations Contribute to Cancer 70



Contents xv

7. THE ADENOMATOUS POLYPOSIS COLI TUMOR
SUPPRESSOR AND WNT SIGNALING IN THE REGULATION
OF APOPTOSIS.•.•••••.•••••••..•••••...••••••••••..•..••••••..•.••••.••••..•..••••••.••.••••.•.•••• 7S

Hassina Benchabane and Yashi Ahmed

Abstract 75
Introduction 75
APC Prevents Neuronal Apoptosis during Retinal Development in Drosophila 77
APC Prevents the Apoptotic Death of Mammalian Cephalic and Cardiac

Neural Crest Cells 79
APC Loss and Activation ofWnt Signaling Results in Both Increased Cell

Proliferation and Increased Apoptosis in Mammalian Intestinal Epithelia.........80
Promotion of Cell Survival and Negative Regulation of Apoptosis by Wnt

Signaling in Carcinomas 80
Conclusion 81

8. APe AND ITS MODIFIERS IN COLON CANCER 8S

Lawrence N. Kwong and William F. Dove

Abstract 85
Colorectal Cancer 85
Biology of the Human Intestine 86
Development of Human Intestinal Tumors 86
Discovery of APC Mutations in Human Colon Cancer 87
Function of Apc 87
Structure of APC 88
Genotype-Phenotype Correlation in FAP 88
Biology of the Murine Intestine: An Introduction to Murine Models

of Colon Cancer 90
Mouse Models of Intestinal Cancer 90
Biology of Mouse Intestinal Tumors 91
Rat Models of Intestinal Cancer 91
Ape Mutations in Other Organisms 93
Mechanisms of Loss of Heterozygosity at the Ape Locus 93
Are Some Apc Truncation Peptides Dominant Negative? 94
Modifiers of Murine Intestinal Cancer 95
Conclusion 97

9. TISSUE-SPECIFIC TUMOUR SUPPRESSION BY APC 107

Owen Sansom

Abstract 107
Introduction 107
The Phenotype of Ape Loss and Wnt Signalling 108
Mye 111
Wnt-Independent Consequences Induced by Loss of Ape 112
Deletion of Ape in the Liver 114



xvi Contents

Deletion of Ape in the Kidney 115
Deletion of Ape in the Mammary 116
Conclusion 116

10. EXTRA-COLONIC MANIFESTATIONS OF FAMILIAL
ADENOMATOUS POLYPOSIS COLI 119

Alison H. Trainer

Abstract 119
Introduction 119
Desmoids 120
Congenital Hypertrophy of the Retinal Pigment Epithelium 121
Oral and Maxillofacial Manifestations 122
Extra-Gastrointestinal Tumour Predisposition 123
Marfanoid Habitus 124

INDEX 129



CHAPTERl

APe and ~-Catenin Degradation
Jennifer Kennell and Kenneth M. Cadigan'

Introduction

The adenomatous polyposis coli (APe) gene encodes a tumor suppressor that is mutated
in familial adenomatous polyposis (FAP) colon cancer as well as the large majority of
sporadic colorectal cancers (reviewed in ref. I, Chapter by Sansom, Kwong and Dove) .

Most ofthe mutations in APCassociated with increased incidence ofcancer generate a truncated
form ofAPC.2'3 While many studies have implicated the APC protein in the regulation of the
cytoskeleton (reviewed in ref. 4, Chapter by Morrison, Caldwell and Kaplan et al.), there is also
compelling evidence that APC is a key component ofWnt/~-cateninsignaling (reviewed in
refs. 3.5) . Consistent with this , loss ofAPC] and APC2 genes in Drosophila result in elevated
Wnt/~-catenin signaling.608 Mutations ofAPC in mice or zebrafish also increase the susceptibil­
ity of these animals to developing colorectal cancer with elevation of Wnt/~-cateninsignaling
in the tumors.9,10 In this chapter, we will focus on the role ofAPC as a negative regulator of the
Wnt/~-catenin pathway.

Wnt/~-catenin signaling is a highly conserved pathway important in many aspects of devel­
opment, including axis specification and control of proliferation and differentiation (reviewed
in ref. 5). In the absence ofWnt signaling, ~-catenin is kept at low levels within the cytoplasm
and nucleus through the coordinated action of APC and several proteins sometimes referred
to as the "destruction complex". This complex causes ~-catenin to be phosphorylated at specific
residue s, leading to ubiquitination and destruction by the proteosome. Upon Wnt stimulation,
the activit y of the destruction complex is inhibited, resulting in an accumulation of~-catenin in
the cytosol as well as the nucleus, where it acts as a coactivator for TCF/LEF family members and
other transcription factors to mediate Wnt target gene expression (reviewed in refs. 11,12). The
mechanism ofhow Wnt signaling antagonizes the destruction complex is not fully understood,
though the considerable progress made in the past decade will be presented.

APC Is a Critical Component ofthe ~-Catenin Destruction Complex
Early studies connecting APC with ~-catenin found that these two proteins physically inter­

act.13,14 In many colorectal cancer cell lines that contain truncated forms ofAPC, ~-cateninispresent
at high levels due to increased stability. Expression offull-length APC in these cells was sufficient
to downregulate ~.catenin.lS Because APC mutations are almost always truncations ending in a
portion of the protein known as the Mutant Cluster Region (MCR; see Fig. 1), it was originally
thought that the truncated proteins were necessary for ~-catenin stabilization and elevated Wnt
signaling or that they had dominant negative effects. However, complete loss ofAPC gene activ­
ity results in elevated ~-catenin protein levels and signaling in flies608 and there is no evidence for
truncated APCs having dominant negative effects on Wnt signaling.i It has been suggested that
complete removal ofAPC is deleterious for survival ofcolorectal tumors and that truncated APC

'Corresponding Author: Kenneth M. Cadigan-Associate Professor of Molecular, Cellular
and Developmental Biology, Natural Science Building, University of Michigan
Ann Arbor, MI. Email: cadigan@umich.edu

APCProteins, edited by Inke S. Nathke and Brooke M. McCartney. ©2009 Landes Bioscience
and Springer Science+Business Media.
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Figure 1. Diagram of the APC and Axin proteins . Cartoons of human APC and Axin are shown.
Only the domains referred to in this chapter are indicated for APC. MCR refers to the Mutation
Cluster Region, where a majority of APC truncations occur in colorectal cancers. Regions of
human Axin that interact with other components of the destruction complex are indicated.

proteins maycontain some residualactivity,providing a "just right" levelofelevatedWnt/~-catenin
signaling." However, it is alsopossible that the selection for APC truncations is related to its role
in Wnt-independent pathways (see Chapter by Caldwell and Kaplan in this volume).

At the same time that APC was being recognized as a Wnt signaling component, additional
negative regulators of~-cateninstability were identified through forward genetics. In Drosophila,
mutations in the Glycogen Synthase Kinase 3~ (GSK3~) homologzeste white-3/shaggy resulted
in elevated ~-catenin levelsand Wnt signaling.'?In mice, characterization ofthe embryonic lethal
mutation fusedidentified Axin as another negative regulator of the pathway acting upstream of
~-catenin18 andAxinmutants in flies had an identicalphenotype aszeste white-3/shaggy.19.20 In vitro
reconstitution studies usingXenopuseggextracts havealsodemonstrated the absolute requirement
for APC, Axin and GSK3~ in ~-catenin degradation."

These regulators of~-catenin turnover have been found to physicallyinteract through several
protein-protein interaction assays. In co-immunoprecipation experiments, ~-catenin, APC or
GSK3~ could all pull down Axin,but no evidence was found that GSK3~ can bind directly to
APC or ~_catenin.22026 GSK3~ directly phosphorylates and destabilizes ~-catenin.27,28 Axin can
simultaneously bind to GSK3~ and ~-catenin and greatly facilitate GSK3~-dependent phos­
phorylation of ~-catenin in vitro.23.29

031 Thus Axin acts as an adaptor to bring GSK3~ together
with ~-catenin for efficientphosphorylation.

While APC cannot directly bind to GSK3~, it does have the ability to promote modification
of ~-catenin by this kinase through APC binding to Axin. Axin lacking the ~-catenin binding
domain (Axin~~-catenin)cannot increaseGSK3~ phosphorylation of~-catenin in vitro." APC
alone cannot promote GSK3~-dependentphosphorylation of ~-catenin,but when added with
Axin~~-catenin a dramatic increasein ~-catenin modification byGSK3~ isobserved."The ability
ofAxin to interact with APC through its RGS (regulator ofG protein signaling) domain (seeFig.
1)was required for ~-catenin degradation."Thesestudies suggestthat APC can promote efficient
GSK3~ phosphorylation of~-cateninby simultaneous binding to Axin and ~-catenin.

While the Axin/APC scaffolds are required for efficient phosphorylation of ~-catenin by
GSK3~, this reaction isalso greatlyenhanced by prior phosphorylation of~-catenin by CKla or
CKIE.32034 Consistent with this, reduction ofCKI activity results in elevated ~-catenin levelsand
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signaling. 33•36A tagged form ofAxin can pull down CKla from cell extracts," though it is not clear
whether this interaction is direct. In addition CKle has been shown to associate with an Axin2
{also called Conductin)/GSK3~ complex though an ankyrin-repeat protein called Diversin."

After phosphorylation byCKIIGSK3~, ~-catenin is then ubiquitinated by ~-TrCP, asubunit of
the SCF ubiquitin ligase complex,which leads to degradation of~-cateninby the proreasome.P '"
Recently, WTX, a protein encoded by a gene mutated in Wilm's tumors, was found to directly
bind to both ~-cateninand ~-TrCPYWTX could promote ~-catenindegradation in Xenopus
cell extracts and knockdown ofWTX with siRNA caused an increase in ~-catenin levelsand Wnt
reporter gene activity." WTX also interacted with Axin and APC in co-imrnunoprecipation as­
says." Taken together, these data strongly argue that WTX is another member ofthe destruction
complex, perhaps involved in promoting ~-cateninubiquitination afrer it is phosphorylated.

Because the GSK3~ and CKI kinases do not directly interact with ~-catenin, the current view of
APC and Axin is that they act as scaffolds,bringingGSK3~/CKIand ~-eatenin in close proximity
so that phosphorylation can occur. However, the details ofhow these proteins functionally interact
at physiological levels are not clear. Indeed, whether all ofthese proteins simultaneously exist as a
complex within the cell remains to be demonstrated. Furthermore, while several models exist to

explain the mechanism by which Wnt stimulation prevents the complex from tagging ~-catenin

for degradation, gaps remain, especially concerning the role ofAPC. This is discussed below.

The Role ofAPC in Recruiting ~-Catenin to the Complex
The most well characterized role of APC in the destruction complex is the recruitment of

~-catenin.Though Axin also binds ~-catenin directly, studies suggest that both Axin and APC
are required for efficient binding of~-cateninto the complex.P The APC protein contains a large
number ofdomains that mediate binding to various proteins, but this chapter will focus primarily
on the three types ofmotifs thought to be involved in binding to ~-cateninor Axin. The central
portion ofAPC consists ofthree 1S-amino acid and seven 20-amino acid repeats (Fig. 1). These
motifs are defined by a loose consensus (see ref. 41 for an alignment ofboth motifs). Binding of
~-cateninto APC has been reported to involve both repeat regions.42-l 5Many ofthe reported muta­
tions in APC result in truncation of the protein prior to the 20-amino acid repeat region (at the
MCR, Fig. 1, ref. 2,3). Consistent with retaining the 1S-amino acid repeats , these APC truncations
can still bind to ~-catenin. 1 5 However, they are unable to downregulate ~-catenin levels,suggesting
that the 20-amino acid repeat region is important for the degradation of~-catenin. 1 5

While phosphorylation of ~-catenin is thought to be a prerequisite for degradation, there is
some evidence that the two events can be uncoupled. ~-catenin is hyperphosphorylated yet sta­
bilized in a colorectal cell line with a form ofAPC that is truncated prior to the third 20-amino
acid repeat. 46.47This suggests that this region including the third 20-amino acid repeat may play
a role in the degradation of ~-catenin but is not essential for its phosphorylation. Interestingly,
although all the 15 and 20-amino acid repeats can bind to ~-catenin, the third 20-amino acid
repeat has the highest affinity for ~-catenin in vitro." It is possible that despite the presence ofthe
other ~-cateninbinding domains in the APC mutant lacking the third 20-amino acid repeat, this
truncation may have reduced binding for ~-catenin at physiological levels of expression. Given
the potential importance of this third 20-amino acid repeat in efficient ~-catenin degradation,
more subtle site-directed mutagenesis of this repeat in the context of full-length APC may be
informative.

Three Set-Ala-Met-Pro (SAMP) repeats in the central region ofAPC are required for APC bind­
ing to Axin.22.23 Overexpression ofthe entire central repeat region containing the full number of15
and 20-amino acid repeats and SAMP repeats is sufficient to bind to and downregulate ~-catenin.1 5

However, mice engineered with a termination codon right before the fourth 20-amino acid repeat
(at position 1638; Apcl638T; only the first SAMP repeat remains) are viable and tumor free."
Moveover, cells from these mutants had normal ~-catenin levels and Wnt reporter activity.49.50
However,when theAPC1638Talleleis transheterozygous with APCl572T,a truncation removing
the single SAMP repeat present in APC1638T, elevated nuclear ~-catenin and reporter activity
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is observed.49.50These data suggest that at least one SAMP repeat is required in combination with
the 15 and 20-amino acid repeats for APC to function in Wnt/~-catenin signaling.

Phosphorylation ofAPC Enhances Affinity for B-Catenin
Phosphorylation ofAPC was first reported over ten years ago." Both GSIG~ and CKI can

phosphorylate APC in vitro and APC phosphorylation increases its affinity for j3-catenin up
to 300-500 fold in vitro .27.41.52.53APC is phosphorylated throughout the 15 and 20-amino acid
repeats.? However, research has focused on the third 20-amino acid repeat in particular and the
role ofphosphorylation of the other repeats in APC function in the destruction complex is less
understood and warrants further study.

Phosphorylation of the third 20-amino acid repeat region ofAPC results in structuring of
residues normally unstructured in the unphosphorylated state, allowing this peptide to interact
with nine arm repeats ofj3-catenin versus fivein the unphosphorylaced state.4l·53The affinity ofthe
phosphorylated form ofthe third 20-amino acid repeat for ~-catenin is reported to be comparable
to that ofE-cadherin, Lef-l and ICAT,whereas Axin and unphosphorylated APC havemuch lower
affinities for j3-catenin.54The Arm repeats of j3-catenin shown to bind to phosphorylated APC
include the same repeats required for interaction of j3-catenin with Axin. This potential overlap
ofbinding suggests that phosphorylated APC competes with Axin for binding to j3-catenin. This
model will be discussed in more detail in the next section.

Given that GSK3j3 and CKI already function in the destruction complex to phosphory­
late j3-catenin, the data cited above suggests a model where these kinases play multiple roles
within the complex, first phosphorylating APC to increase its affinity for j3-catenin, followed
by phosphorylation of ~-cateninonce it is recruited. When Wnt signaling is activated, GSK3~
is dissociated from the destruction complex.55.56The loss ofGSIGj3 could result in a loss ofAPC
phosphorylation, thereby decreasing it affinity for ~-catenin. Phosphopepride specific antibodies
against APC, complemented by mutational analysis ofknown phosphorylation sites, especially
those in the third 20-amino acid repeat, may provide insight into the role this modification of
APC in j3-catenin degradation.

A Possible Role ofPP2A in Regulating Competition between APC
and Axin for B-Catenin Binding

Although APC and Axin can both directly bind to j3-catenin, the availableevidence indicates
they cannot bind simultaneously when APC is phosphorylated. The portion of j3-catenin that is
bound by Axin and phosphorylated APC overlap and it has been shown that Axin can compete
with APC for binding to j3-catenin in vitro .41.53These data suggest a model where the phosphory­
lation state ofAPC influences whether j3-catenin is bound to APC or Axin. If the phosphoryla­
tion state ofAPC cycles (which is only conjecture at this point), one can imagine a system where
phosphorylated APC recruits unphosphorylated j3-catenin to the complex. Upon dephosphory­
lation ofAPC, j3-catenin is "handed" to Axin, where it is phosphorylated by CKIIGSK3j3. The
phospho-p-catenin is bound by j3-TrCP and ubiquirinated, while CKIIGSIGj3 phosphorylates
APC, completing the cycle (see Fig. 2).

An attractive candidate for a phosphatase that regulates the phosphorylation state ofAPC is
PP2A. This multimeric phosphatase has been shown to associate with Axin.35.57.58In add ition, a
regulatorysubunit ofPP2A, B56 (alsocalled PR61) has been shown to bind directly to APC via the
Arm repeats'? andAxin via the amino terminus containing the RGS domain and GSK3j3 binding
sires/" Overexpression ofB56/PR61 (which presumably increases PP2A activity) inhibits Wnt/
j3-catenin signaling, though there isdiscrepancy as to whether this occurs through destabilization
of j3-catenin.59.62Although this controversy must be resolved, it is tempting to speculate that in
the absence ofPP2A, hyper-phosphorylated APC accumulates , disrupting the cycle and block­
ing j3-catenin degradation. Consistent with this, inhibition ofPP2A by okadaic acid resulted in
elevated j3-catenin levels in Xenopus embryos. 59
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PP2A

Figure 2. Speculative model for the function of the destruction complex in the absence of
Wnt signaling. This model is based on the observations that APC can bind ~-catenin with
high affinity only when phosphorylated and that phosphorylated APC and Axin cannot bind
to ~-catenin simultaneously. The PP2Aphosphatasecomplex isassociated with the Axin/APC
proteins and could regulate their activity by de-phosphor ylating APC to allow ~-catenin bind­
ing to shift from APC to Axin . GSK3~ bound to Axin can phosphoryl ate ~-catenin, allow ing
recognition by the F box protein ~-TrCP, leading to ubiquitination and proteosomal degrada­
tion . CKI kinase is required for GSK3~-dependent phosphorylation of ~-catenin and APC.
Upon Wnt stimulation, this cycle is disrupted by Axin recruitment to the plasma membrane
and GSK3~ inhib ition, which prevents ~-catenin recruitment to the comple x, allowing it to
accumulate. See text for more details.

PP2A is likely essential for many cellular processes, making loss-of-function studies with the
catalytic or structural subunits difficult. In contrast, there are numerous regulatory subunits that
provide specificity for the enzyme complex." Morpholino knockdown of B56E expression in
Xenopus embryos resulted in a decrease in Wnt/~-catenin signaling.64 This requirement for B56E
was downstream of the Wnt ligand but upstream of Dishevelled (Dsh in flies and frogs; Dvl in
mammals) , a cytosolic protein required for inactivation of the destruction complex (see below).
This study, combined with the work cited above,S9-62 suggests that PP2A complexes are required
at multiple steps in the pathway and highlights the need for additional genetic analysis ofB56
family members .

Is the Destruction Complex Really a Complex?
While this review and others assume that APC, Axin, GSK3~ and ~-catenin exist in a single

complex , this is based on co-immunoprecipitation experiments where the proteins are overex­
pressed.22.23 There have been a few reports examining whether these proteins coincide in a single
complex at physiological levelsand the data from these studies suggest a more complicated picture.
When extracts from severalcell lines were fractionated byvelocity sedimentation or glycerolgradi­
ents, endogenous APC and Axin displayed significant overlap in a 23Scomplex , whereas GSK3~
and ~-catenin were predominately found in lower size fractions.6s.67However, ~-catenin can be
co-Imrnunoprecipitared with APC at endogenous levels/" as can GSK3~ and Axin.S61tappears
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that there is either a small pool of~-catenin and GSK3~present in the 23S APC complex, or the
interactions ofthese proteins with APC and Axinare very transient.

While is difficult to detect the presence ofGSK3~ in any higher molecular weight complex, it
appears that GSK3~ activity is required for the stability ofthe 23S APC complex. Treatment of
cellswith a GSK3~ inhibitors results in a shift ofAPC and Axinfrom 23S to smaller complexes."
These data fit with a model where GSK3~ interacts, at least transiently, with the majority ofcellular
APC and Axin in the destruction complex.

Is There a Role for the Destruction Complex in the Nucleus?
Although the majority ofendogenous APC resides in the cyroplasm/" APC shuttles between

the cytosol and nuclear compartments, with nuclear export occurring in a CRM-I-dependent
manner [ref 69,70,71, Chapter by Neufeld in this volume). This nuclear export ofAPC has been
linked to the regulation of ~-catenin stabiliry/activiry," APC contains two functional nuclear
export signal (NES) sequences at the N-terminus ofthe protein69.70 and three NESs in the central
20-amino acid repeats ofAPC.71 In add ition, APC has been reported to contain nuclear localiza­
tion signals (NLSs) within the 20-amino acid repeat region."

The role ofthe destruction complex in the nucleus is very intriguing especially given a report
suggesting that APC and ~-TrCP are recruited to Wnt regulated enhancers (WREs), where they
somehow facilitate the dissociation ofthe ~-catenin-Lefl activation cornplex.Ylhere isno evidence
that ~-catenindegradation occurs in the nucleus," suggesting that APC may promote the effiux
of ~-catenin to the cytosol for ubiquitination/degradation. GSK3~ is also recruited to WREs
in the repressed state, but with different kinetics than APC/~-TrCP,74 again suggesting that the
components ofthe destruction complex are not a single entity. Like APC, Axin is also known to
shuttle between nucleus and cytosOF6.77 It will be interesting to determine whether Axin can also
be detected on the chromatin ofWnt targets and whether this coincides with APC/~-TrCP or
GSK3~. For a more complete discussion of the potential functions ofnuclear APC please refer
to Chapter by Neufeld ofthis volume.

Regulation ofAPC and the Destruction Complex byWnt Signaling
Wnt/l3-catenin signaling is transduced to the nucleus by promoting the nuclear accumulation

of l3-catenin. This is presumably achieved through inhibition ofthe destruction complex, which
leads to increased stability and reduced cytoplasmic tetheringof~-catenin (reviewed in ref 78 see
Fig. 3). Despite the obvious importance of the destruction complex in regulating ~-catenin, the
mechanism by which Wnt signaling inactivates its activity is still poorly understood.

Wnts activate the ~-catenin pathway through interaction with serpentine receptors of the
Frizzled (Fz) family and members of the low-density-lipoprotein-related protein (LRP) family.
Several lines ofevidence suggest that activation ofthis receptor complex generates two function­
ally overlapping signals, phosphorylation ofDvls and phosphorylation ofthe cytoplasmic tail of
LRP (reviewed in ref 11). Both of these events contribute to the inactivation ofthe destruction
complex and have been correlated with activation ofWnt/~-catenin signaling.

Phospho-DolandFrat
Wnt stimulation promotes hyperphosphorylation ofDvl and this modification correlates with

the ability ofDvl to activate ~-catenin signaling?9.81 But how does phosphorylation block destruc­
tion complex activity? Dvl interacts with Axin via the Dix domains ofboth proteins.55.82Dvl can
also bind to cytosolic proteins called Frats,55.83 which in turn compete with Axin for binding to
GSK3~, inhibitingits ability to phosphorylate ~_catenin,3l·55.84.85 Becausephosphorylated Dvl binds
Frat with greater affinity,83.86this supports a model where Wnt-mediated phosphorylation ofDvl
recruits Frat to the destruction complex, where it can displace/inhibit GSK3~ (see Fig. 3B).

A physiological role for Frat in Wnt/~-catenin signaling was suggested by anti -sense oligo­
nucleotide depletion of the Xenopus Frat homolog GBP, which caused a loss ofdorsal structures
consistent with a block in the pathway," However, simultaneous disruption of all three Frat



APC and fJ-Catenin Degradation

A

Fz

I

B

7

Figure 3. Model for Wnt inactivation of the destruction complex. A) In the absence of Wnt,
~-catenin isbound by APCandAxin, where it isphosphorylated by CKI (not shown)and GSK3~,
leading to ~-TrCP mediated ubiquinitation and proteosome degradation. Phosphorylation of
APC and Axin leads to greater affinity of the destruction complex for ~-catenin . B) When
the Wnt ligand binds to the Fz/lRP receptor complex, the cytoplasmic tail of lRP is phos­
phorylated by membrane associated CKI and GSK3~ (not shown), leading to Axin binding.
The microtubule (green line) and actin filament (red line) protein MACFl is required for this
binding. This recruitment of Ax in to the plasma membrane may promote disassociation from
APC. In addition, the protein phosphatases PP2A and PPl may dephosphorylate APC and
Axin, respectively. Wnt signaling also causes the membrane localization and phosphorylation
of Dvl. Phospho-Dvl may remove GSK3~ from the destruction complex through interaction
w ith GSK3~ binding proteins such as Frat. The end result of these events is to inhib it the
ability of the complex to phosphorylate ~-catenin, leading to its accumulation and nuclear
translocation. See text for more details. A color version of this figure is availble on www.
landesbioscience.com/curie.

genes in the mouse does not result in any obvious developmental defects, indicating normal
Wnt/13-catenin signaling." This dramatic result calls into question the importance ofendogenous
Frat in the pathway. One possibility is that other proteins exist that fulfill a similar role as Frat.
One candidate is GSKIP; a GSK313 interacting protein that can bind the kinase and inhibits its
ability to phosphorylate 13-catenin.89Loss-of-function studies ofGSKIP are needed to determine
whether it is a bonafide component ofthe pathway.

Axin/LRPBinding
In response to Wnt binding to its coreceptors, Axin is recruited to the membrane via an inter­

action with LRP.90-92 This recruitment is dependent upon CKIIGSK313 phosphorylation of the
cytoplasmic tail ofLRP 93.94 and requires Axin binding to Microtubule actin cross-linking factor 1
(MACFl, Fig. 3).95 Mutagenesis ofLRP revealed a tight correlation between LRP phosphoryla­
tion, binding to Axin and the ability to promote 13-cateninsignaling.92.94

In addition to binding to LRP, Axin levels are decreased upon Wnt signaling in many model
systems and this decrease in stability has been reported to be GSK313 and LRP dependent.2o.90.%

These data suggest a model in which the translocation ofAxin to the membrane by phosphorylated
LRP helps mediate the degradation ofAxin and therefore inactivation ofthe destruction complex .
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However, it is alsopossible that Axin degradation is a secondaryeffectof this recruitment. For
example, Wnt stimulation has also been shown to cause a dephosphorylation ofAxin, which
reducesits affinityfor ~-catenin.97 Consistent with this,Protein phosphataseI, whichis required
for maximalWnt/j3-cateninsignaling, hasbeen shown to dephosphorylateAxin."

IsAPC involved in this recruitment to the plasmamembraneviaLRP phosphorylation?One
recent study reported Wnt-dependent translocation to the membraneofAxin and GSK3j3, but
not APC, in response to Wnt treatment." This raises the possibilitythat Axin recruitment to
the plasmamembranedisrupts the Axin/APC interaction, thus inhibiting destruction complex
function (seeFig.3B).

Wnt Regulation ofAPeStability
In contrast to Axin,Wnt signaling appearsto increase the stabilityof APC.99•IOOThestabiliza­

tion of APC byWnt signalingissurprisinggivenits well-established rolein promoting ~·catenin

degradation. Intriguingly, APC is reported to be ubiquitinated in the absence ofWnt signaling
and this ubiquitination isdecreased upon addition ofWnts .lOo One possibility is that APC istar­
geted for degradation alongwith j3-catenin in the absence ofWnt signaling, suggesting a model
wherebyAPC "hands"over j3-catenin to the degradationmachinerywhilesacrificing itselfin the
process. Morestudiesareneededto identifythe roleAPC degradation mayplayindownregulating
j3-catenin in the absence ofWnt signaling. In addition, it willbe interestingto examinewhether
Wnt-induced stabilizationof APC plays a feedbackrole in regulatingthe pathway.

Does APC also Playa Positive Role in Wnt/B-Catenin Signaling?
Although APC isclearly a negative regulatorof the Wnt/~-catenin pathwayin manycontexts,

there area fewreports that it alsohasa positiveeffecton ~.catenin signaling. Expression ofAPC
in ventralblastomeres ofXenopus embryoscan inducea secondaryaxiS.I01However, it wassubse­
quentlyshownthat theoverexpressedAPC islargely degraded, raising thepossibiliry that truncated
APC stabilizes ~-catenin and inducesa secondaryaxisbyactingasadominant negarive.l"

In C.elegans, theAPC homologapr-l gives an earlyembryonicphenotypesimilarto lossof the
j3-catenin homologtorm-I , indicatingapositiveroleofAPC in regulatingWnt signaling.102 Lossof
apr-I in vulvalprecursorcellsalsogave phenotypesconsistentwith a reduction in Wnt/j3-catenin
signaling.':" Conversely, RNAi reduction of apr-I wasfound to enhance the phenotype ofAxin
(pry-I) mutants, suggesting a negative role for APC in vulval induction.1M A negative role for
Apr-I in Wnt signalinghas alsobeen found in asymmetrically dividingpost-embryoniccells.105

As in other systems, Apr-I can physically associate with Axin/Pry-l.l06These conflictingresults
suggestthat APC mayhaveboth positiveand negative effects on the pathwayin nematodes.

Conclusion
Geneticstudiesin modelsystems rangingfrominvertebrates to mammals haveidentifiedAPC

as a negative regulator of ~-catenin stability and thus Wnt/~-catenin signaling. Other negative
regulatorsof the pathway(e.g., GSK3j3 and Axin)werealsoidentifiedbygeneticsand biochemi­
cal studies have revealed that these proteins physically interact with APC to achieve j3-catenin
phosphorylation, leadingto ubiquitination/degradation.Although it is not clearwhether these
proteins existasa stabledestruction complex, at the veryleast they interact in a dynamicwayto
achieve j3-catenin turnover. Additional studies to more precisely identify functional domains of
APC (e.g., the residues requiredforB56interactionand the phosphorylationsitesin the 20-amino
acid repeats)willallowmechanisticmodelsof APC function to be tested.

One limitation of studiesthus far is that most functional assays for APC involve overexpres­
sionof the protein, often in colorecral celllinescontainingAPC truncations. While thesestudies
have revealed that only the central portion of APC is sufficient to down-regulate ~-catenin ,1 5 it
willbe informativeto determinewhether this isthe caseunder physiological expression levels. For
example, point mutationsin theArmrepeatsofflyAPC2 aredefective indownregulating j3-catenin
signaling, indicatingthat thisportion ofAPC contributesto destruction complex activity,"Based
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on the model proposed in Figure 2, these mutants might be defective in binding to PP2A. More
systematic mutagenesis of APC can be performed in flies, using a genomic fragment of APC2
that can rescue the APC2 mutant phenotype,"Additional knock-in strategies in the mouse along
the lines ofSmits et al (1999) will also allow APC structure-function studies to be performed in
a more sophisticated way.

A better understanding of how APC and other destruction complex components promote
~-catenindegradation should also provide insights into how Wnt signaling antagonizes this pro­
cess.Axin recruitment to the plasma membrane through binding to LRP is clearlyan important
aspect of this regulation and the recent finding that APC is not recruited in a similar fashion"
deserves further investigation . The role of Dvl remains enigmatic and the finding that Frats are
dispensable for the pathway88 means that additional factors remain to be identified to explain
how GSK3~ modification of~-catenin is inhibited. The importance ofWnt/~-cateninsignaling
in both normal and disease states will no doubt spur on these efforts.
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CHAPTER 2

NuclearAPC
KristiL. Neufeld"

Abstract

M utational inactivation ofthe tumor suppressor geneAPC[Adenomarous polyposis coli)
is thought to be an initiating step in the progression of the vast majority ofcolorectal
cancers.Attempts to understand APC function have revealed more than adozen binding

partners as well as several subcellular localizations including at cell-cell junctions, associated with
microtubules at the leading edge ofmigrating cells, at the apical membrane, in the cytoplasm and
in the nucleus.The present chapter focuseson APC localization and functions in the nucleus.APC
contains two classical nuclear localization signals, with a third domain that can enhance nuclear
import. Along with two sets of nuclear export signals, the nuclear localization signals enable
the large APC protein to shuttle between the nucleus and cytoplasm. Nuclear APC can oppose
13-catenin-mediated transcription. This down-regulation of nuclear 13-catenin activity by APC
most likely involves nuclear sequestration of13-cateninfrom the transcription complex as well as
interaction ofAPC with transcription corepressor CtBP. Additional nuclear binding partners for
APC include transcription factor activator protein AP-2a, nuclear export factor Crrn l , protein
tyrosine phosphatase PTP-BL and perhaps DNA itself. Interaction ofAPC with polymerase 13
and PCNA, suggests a role for APC in DNA repair. The observation that increases in the cyto­
plasmic distribution ofAPC correlate with colon cancer progression suggests that disruption of
these nuclear functions ofAPC plays an important role in cancer progression. APC prevalence
in the cytoplasm of quiescent cells points to a potential function for nuclear APC in control of
cell proliferation. Clear definition ofAPC's nuclear function(s) will expand the possibilities for
early colorecral cancer diagnostics and therapeutics targeted to APC.

Introduction
The tumor suppressor APC is a -310 kDa protein with minimal sequence homology to other

characterized proteins. Mutation oftheAPCgene is considered to be an early, if not the first step
in the progression ofmore than 80% ofallcolorectal cancers, both inherited and sporadic. In an
attempt to understand why APC function is so critical for suppression ofcolorectal cancers, several
research groups used immunofluorescence microscopy to establish the subcellular localization pat­
tern ofAPC in normal epithelial cells. The initial report characterizingAPC in the cell'snucleus I

was received with some skepticism, due to previous reports ofmicrotubule-associated APC at the
leading edge of cells.2•

4 Nevertheless, in the decade since the initial description of nuclear APC,
research papers from more than 20 labs have confirmed the nuclear localization and have added
to our understanding ofthe function ofAPC in the nucleus.

Detection ofNuclear APe
The first characterization of nuclear APC in human epithelial cells was published six years

after identification of the APC gene. The nuclear APC localization was confirmed using four
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different APC antibodies and several cell lines for immunofluorescence microscopy and cell
fractionarion.' NuclearAPC had previously been detected in the villus epithelialcellsofnormal
miceaswellasat the cell's peripheryand throughout the cytoplasm."Subsequently, nuclearAPC
wasalsoreported in normal human colon tissueasdetected byconfocalimmunofluorescence mi­
croscopy" and immunogoldelectronmicroscopy? In addition to the nuclearstaining,prominent
cellborder stainingwasdetected in nearlyall of the images gatheredfrom more than 50 patient
samplesf It isworth noting that in cultured cells, APC typically appearsin the nucleus, in large
puncta at the leadingedgeand in smallerpuncta throughout the cytoplasm. In contrast, APC in
normal human colon tissueappearsin the nucleusand at the cellborder,with little ifanyapparent
cytoplasmiclocalization.

InitialexaminationofAPC localization alsorevealed anucleolaraccumulation ofAPC in some
cultured cells.IEctopically expressed full-lengthAPC hasalsobeendescribedto concentratein the
nucleoli,especially with inhibition of nuclearexport,"Although observedusingtwo independent
methods,the nucleolarAPC distributionappearsrathertransientand thus it remains unclearwhat
roleAPC mayhavein thenucleoli. Regardless of theprecise subnuclear localization, overwhelming
data now support the idea that APC resides in the nucleus(Table lA).1.5.8

APC Domains Contributing to Nuclear Import and Export
NearlyallAPCmutationsassociated with colorectalcancerresultin production ofa truncated

APC protein, typically includingonly the N-terminal25-50% of APC. In contrast to full-length
APC, a truncated form of APC expressed in a colon cancer cell line did not displaya nuclear
distriburion.' Therefore, it wasproposed that two potential nuclear localization signals (NLS)
identifiedin the C-terminal halfof APC and missingfrom the truncated form,wereresponsible
for the different subcellulardistributions of full-lengthversus truncated APC. At 2843 amino
acids(-310 kDa), APC is much too largeto enter the nucleusbypassive diffusionwhich has an
estimatedsizelimitationof30-50kDa.9 It isnowknownthatAPC containstwoclassic monopartite
basicNLSs in the C-terminal half of the protein and at leastone additional domain to facilitate
its nuclearimport (NLS-Arm,Figs. lA,C, TableIB).!o.IIThisadditionaldomainofAPC includes
four of the sevenArmadillo-repeat sequences comprisingwhat is known as the ARM domain of

Table tA. Evidence for nuclear APC

Observation Cell Line(s) Antibodies Ref

APC in nuclear puncta by immunofluorescence (IF) 184Al, T47D Ab-2,-4,-6, APC64
microscopy (also cytoplasmic and at leading edge)

Cell fractionation/immunoblot: L5174T, HCTl16 Ab-l, -2

APC in nuclear and nuclear matrix fractions

truncated APC not in nuclear fractions DLD-l Ab-l

APC in nuclei of murine villus epithelial cells mouse tissue a-APC2 (middle) 5
IF with confocal microscopy

APC in nuclei of human colonic epithelial cells human tissue, 10 different 6
IF with confocal microscopy 50 patient samples

APC in nuclei of human colonic epithelial cells human tissue C-APC 28.9 7
Immunogold electron microscopy

Nuclear APC colocalizes with rRNA (nucleoli) 184Al Ab-4

APC in nucleoli when ectopically expressed, and 3T3, HCT1l6 Ab-7 8
nuclear export inhibited by leptomycin B (LMB)
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Table lB. Evidence for APe's nuclear import signals (NLS)
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Ref

NLS1 (aa.1767-1772) GKKKKP

1. Targets heterologous cytoplasmic protein ~-Gal for nuclear import 11
alanine substitutions for all 4 Iysines abolished this ability

2. 2 NLS1 fused in tandem mediated nuclear import more efficientlythan one
3. Mutation in context of full-length APCcompromises nuclear import

NLS2 (aa, 2048-2053) PKKKKP

1. Targets heterologous cytoplasmic protein ~-Gal for nuclear import 11
alanine substitutions for first2 Iysines abolished this ability

2. Mutation in context of full-lengthAPCcompromises nuclear import
3. Activityblocked by phosphorylation of potential PKA site and enhanced by

phosphorylation of flanking CDK2 site in NLS-~-Gal fusion and in full-lengthAPC,
exogenously expressed

NLS-Arm (aa. 334-625)
1. Endogenous truncated APC lacking NLS1 and NLS2 can localize to the nucleus 10
2. Truncated APCcan localize to the nucleus when expressed exogenously, nuclear

localization was enhanced with co-expression of B56a although not dependent on
phosphatase activity

APC (aa. 453-767, Fig. IA). That the ARM domain could mediate nuclear import is not with­
out precedence, as the p-cateninlArmadillo protein contains 12 Armadillo repeats and the three
most C-terminal repeats, along with the C-terminalII6 aa tail appear to play an essential role in
nuclear import of p-catenin.12 Nuclear import of p-catenin can occur in the absence of soluble
factors or energy sources and has been proposed to be mediated through direct interaction with
a nuclear pore component.P''"

Given that APC contains at least three nuclear localization domains, one might expect APC
to be exclusivelynuclear. Some potential explanations for cytoplasmic and cell junctional APC
include regulation of the NLS activity, retention of APC at various locations by other protein
partners and the presence ofintrinsic nuclear export signals. In fact, all three ofthese factors likely
influence the ultimate subcellular localization ofAPe.

As with nuclear import, proteins larger than 30-50 kDa cannot export through the nuclear
pore by passive diffusion. Many proteins known to actively export from the nucleus contain
leucine-rich amino acid sequences that mediate interaction with the nuclear export factor Crm 1.
APC contains fivesuch classical nuclear export signals (NES) , grouped at the N-terminus and in
the central repeat region of the protein (Fig. IA,C). The two NESs initially identified near the
N-terminus ofAPC were shown to function using a wide variety ofexport assays (summarized
in Table IC).8.1 S.16

The identification ofNESs in the central domain ofAPC wasfirst made in Drosophila APC2/
E-APC (dAPC2, Fig. IB). At 1067 amino acids, dAPC2 is the smaller of the two Drosophila
APC family members. dAPC2 shares 57% sequence identity with human APC in the ARM
domain and contains similar features in the rest of the protein including IS-amino acid repeats,
20-amino acid repeats (20R) and SAMP repeats (Fig. IB).17.18Two NESs were identified in the
3rd and 4th 20R ofdAPC2.19These are conserved in human APC which contains an additional
putative NES in the 7th 20R (Figs. IA,C). Evidence supporting the activity ofthese central NESs
is also summarized in Table 1e.19.20

When all fiveNESs ofhuman APC were analyzed side-by-side in a GFP -based nuclear export
assay, NESI appeared clearly dominant and it was proposed that NESI is the primary NES in
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Table lC. Evidence forAPe's nuclearexport signals (NES)

APeProteins

Ref

NES1 (aa, 68-77) and NES2 (aa. 165-174)
1. Each directs nuclearexport when fusedto GFP-tagged HIV-Revwith inactivated 8,15

endogenous NES
2. Each directs nuclearexport when fusedto purified GST and injected into nuclei 15

of living cells
3. Each can functionally substitute for HIV-RevNES in in vivo Rev activity assay 15
4. Together, mediatedCrml interaction with a short N-terminal fragment of APC 15

(aa.1-270) in a mammalian two-hybrid assay
5. The two NESs were able to facilitate nuclearshuttlingof APCfragment(aa 1-270) in a 15

heterokaryon assay
6. Substitution of alanine for critical leucine residues in each NES inhibited the activities 8,15

measured in all assays listed (1-5)
7. Mutation of either NES in the context of full-length exogenousAPCresulted in 8,15

shift of APCfrom predominantly cytoplasmic to more nuclear than cytoplasmic
8. Purified monomeric fragmentof APC(aa. 129-250) containing only NES2 bound the 16

nuclear exportin protein Crml in vitro

NES-R3 (aa, 1506-1511), NES-R4 (aa, 1657-1662) and NES-R7 (aa, 2027-2032)
1. Each directs nuclearexport when fused to GFP-tagged N-terminal fragmentof 19

Drosophila APC2, dAPC2 (aa. 114-410)
2. dAPC2 (aa. 460-1067)containing NES-R3 and -R4 and fusedwith GFP was 19

cytoplasmic when expressed in COScells, but more nuclearwhen cells were
treatedwith LMB

3. APC (aa. 1379-2080) containing NES-R3, -R4and -R7 behaved similarly 19
4. APC (aa. 1379-2080) showeda loss of 50% nuclear fluorescence after 20 seconds 20

of sequential photobleaching of the cytoplasm

mediating nuclear export ofAPC. IO However, both of the N-terminal NESs appear active by a
wide range of criteria (see Table IC) and appear able to mediate nuclear-cytoplasmic shuttling
oftruncated APC lacking the three 20R NESs. Alternatively, it has been argued that the middle
20R NESs predominantly control localization offull-length APC prorein .i"The initial appeal of
this hypothesis came from the observation that the 20R-NESs are eliminated from the truncated
APC expressed in most colorectal cancers.P'Ihis model predicts that truncated APC lacking the
central NESs would be export-compromised and nuclear. Indeed, APC truncated before NES-R3
was reported to be at least partially nuclear by immunofluorescence microscopic analysis ofnine

Figure 1, viewed on following page. Schematic representation of APC domains asthey relate to
nuclear functions. A) Human APC is 2843 amino acids, with binding sites for several proteins
shown on the middle panel. The 15 aa repeats (15R) and 20 aa repeats (20R) are involved in
~-catenin binding and degradation . The lower panel highlights regions of APC that faci litate
nuclear-cytoplasmic shuttling. Two NESs are located near the N-terminus, with three more
in the 20aa repeat domain in the center of APC. Two NLSsare located in the central domain
near axin binding sites. An additional region of APC that is able to facilitate nuclear import
of truncated APC is shown, NLS-Arm. B) Drosophila APC2 (dAPC2) is 1067 amino acids,
with conserved domains labeled and NES-R3 and -R4 indicated (*). Figures are to scale, with
amino acid increments ind icated at the top. C) Nuclear localization signals and nuclear export
sequences in human APC. Numbers for the initial amino acid in each sequence are shown.
Boxes indicate important hydrophobic residues (leucine or isoleucine).
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colorectal cancer cell lines. Consistent with this observation, cells expressing APC truncations
that include NES- R3 showed nuclear exclusion ofAPC.20 However, these results conflict directly
with observations that endogenous truncated APC lacking NES -R3 found in SW480 colon
cancer cells localizes predominantly in the cytoplasmic fraction, with a clear shift into the nuclear
fraction following treatment with an inhibitor ofCrml-dependem nuclear export, leptomycin B
(LMB ).10.21 The conflicting results reported by these two groups could be attributed to differences
in technique (immunofluorescence microscopyvs cell fractionation) and varying specificitiesofthe
APC antibodies used. The simplest explanation for all published results to date is that both NES
regions influence the ultimate destination offUll-length APC protein, with one region dominating
in particular circumstances and the other dominating under other conditions.

APC Shuttles between the Nucleus and Cytoplasm
The nearly concurrent reports from three independent labs that APC could shuttle between

the nucleus and cytoplasm left little doubt that there was support for this conclusion. The detailed
mechanism and the implications ofAPC nuclear shuttling have proven the biggest obstacles to
reaching complete agreement by active researchers in this field.

Ifnuclear export ofAPC is Crm I-dependent, treating cellswith LMB should result in an ac­
cumulation ofAPC in the nucleus." Indeed, full-length APC was more abundantly nuclear after
LMB treatment in several different cell types, including human cervical carcinoma (HeLa) and
human colon carcinoma (HCTI16) cells, as determined by cell fractionation.P'" Furthermore,
Drosophila APC2, while only approximately one-third the size of full-length human APC (Fig.
IB) , showed apparent nuclear accumulation following LMB treatment ofDrosophila embryos. "
Truncated forms of human APC also accumulated in the nucleus following LMB-treatment of
colorectal cancer cell lines SW480 and HT29, suggesting that the nuclear-cytoplasmic shuttling
ability ofAPC is not lost in some colorecral cancer cells." Localization ofexogenously expressed
full-length and truncated APC also appeared sensitive to LMB treatment, further supporting
the conclusion that APC is capable of nucleo-cytoplasmic shuttling and that nuclear export is a
CRM-I dependent rnechanlsm.v":"

Factors that Affect the Subcellular Distribution ofAPC
Sequence similarity between NLS2APC and the well-characterized NLS in SV40 large T antigen

led to the recognition that analogous regulation mechanisms may be at work, in particular, the
ability to modify NLS activity through flanking phosphorylation sites.I I

•
24Indeed it appear s that

phosphorylation at a potential CK2 site upstream ofNLS2APc enhances nuclear import ofAPC ;
phosphorylation at a potential PKA site just downstream of NLS2APC inhibits nuclear import
(Fig. 2A).1l·24 In addition. simultaneous exposure of cells to PKA agonises and CK2 inhibitors
resulted in the anticipated accumulation ofendogenous APC in the cytoplasm in both dog kidney
epithelial (MDCK) and rat intestinal epithelial (lEC-6) cells. APC can be phosphorylated in
vitro by both PKA 21 and CK2,26 with association of endogenous CK2 and APC demonstrated
by co-immunoprecipitation." Furthermore, in mouse keratinocytes where endogenous APC was
predominantly nuclear asjudged by cellfractionation, treatment with an inhibitor ofp38MAPK, a
kinase that activates CK2 and inhibits PKA, resulted in a redistribution ofAPC to the cytoplasm
(Fig. 2B).27The collective data indicates that nuclear APC levelsare regulated, at least in part, by
modification ofNLSAPc activity by phosphorylation.

Other clues regarding the function ofAPC in the nucleus have been found by examiningvari­
ous conditions that effect localization ofAPC.The subcellular distribution ofboth full-lengrh and
truncated APC appears relatively constant as cells progress through the cell cycle.24.28In contrast,
canine kidne y (MDCK) and rat intestinal (IEC6) epithelial cells grown to confluence and then
maintained at high density for several days still displayed some nuclear APC, but exhibited more
cytoplasmic APC than the subconfluent proliferating cells." A similar observation was made
using thyroid carcinoma cells (C643), HEK293, C57MG and HCTlI6 cells,allofwhich express
full-length APC.28.29Together, this increase in cytoplasmic APC was visualized using fivedifferent
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APC antibodies for immunofluorescence microscopy.24.28.29 The increase in cytoplasmic APC
levelsonly occurred after the cellswere maintained in a confluent state for several days, suggesting
that the increase was not a direct result of cell-cell contacts and might instead reflect a state of
cellular quiescence. The observed increase in cytoplasmic APC was not dependent on sustained
nuclear export, as LMB treatment did not induce a nuclear redistribution in the "super-confluent"
cells." A fusion protein of a 32 amino acid stretch ofAPC containing NLS2 [aa, 2028-2058)
with ~-galactosidasedisplayed a cell density-influenced distribution similar to endogenous APC,
suggesting that NLS2 can regulate this APC redistribution at high cell densities." Furthermore,
alterations ofthe potential phosphorylation sites surroundingNLS2 attenuated this redistribution.
Serum starvation ofsubconfluent MDCK cellsalso led to an increased number ofcellswith cyto­
plasmic APC coincidentwith decreased cellular proliferation." Taken together, these observations
imply that quiescent cells, although they maintain some nuclear APC, have lessnuclear import of
APC, leaving newly synthesized APC to accumulate in the cytoplasm. Thus , observed increases
in cytoplasmic APC as cells stop proliferating and become quiescent likely result from reduced
nuclear import, rather than increased export ofnuclear APC to the cytoplasm.

Increased levels ofcytoplasmic APC in quiescent confluent MDCK cells were reported by a
fourth independent lab using a different APC antibody (M-APC). However, the authors argued
that because cell fractionation experiments did not confirm this redistribution, the M-APC an­
tibody might recognize a nonspecific nuclear epirope." Another possible interpretation, is that
nuclear APC was associated with the nuclear matrix preventing its solubilization so that it was
not collected in this particular cell fractionation assay.

Consistent with these observations in wild type cultured cells,variation in APC localization
in proliferating versus quiescent cells has also been observed in human colon tissue." In normal
epithelia adjacent to the twenty one colon carcinomas analyzed, APC was predominantly cy­
toplasmic above the crypt (fully differentiated and quiescent cells), but both cytoplasmic and
nuclear in the crypt where proliferating cells are located. Truncated APC also displays an increase
in cytoplasmic distribution in SW480 colon cancer cells or KAT4 thyroid carcinoma cells grown
beyond confluency.28.29 It was further noted that in large clusters ofSW480 cells, peripheral cells
displayed more truncated APC in the nucleus, while central cells showed more truncated APC at
cell junctions." Both full-length and truncated APC were predominantly nuclear in proliferating
cells, implicating nuclear APC in proliferation. Together, the data support a model in which the
subcellular localization ofAPC reflects the proliferative status ofthe cell, with more cytoplasmic
APC found in quiescent cells.Phosphorylation ofsites near NLS2APC might participate in control
ofthi s redistribution for full-length APC, whereas the truncated forms ofAPC must relyon other
domains to facilitate this change in distribution.

Expanding on the evidence linking APC phosphorylation with cell cycle, full-length APC
was found associated with and phosphorylated by casein kinase 2 (CK2) when normal fibroblast
cells (TIG-1) were in G2/M with less association in G/S and no association in GO•

26This obser­
vation is compatible with the model where phosphorylation ofAPC by CK2leads to activation
ofNLS2APc and thus efficient nuclear import ofAPC. This nuclear import would in turn lead to
an overall reduction in the cytoplasmic APC, consistent with a proliferative state (Fig. 2B). The
model is further supported by the observation that inhibition of CK2 resulted in relocalization
of endogenous APC from the nucleus to the cytoplasm in proliferating cells from two separate
epithelial lines.24

The binding ofAPC to CK2 may also provide negative feedback to thi s system. Two differ­
ent purified APC fragments (aa. 2086-2394 and 2518-2843) inhibited CK2 activity in vitro. 26

Furthermore, constitutive expression ofAPC 2086-2394 strongly suppressed proliferation rates
in two different cell lines and also impaired colony forming ability in soft agar.26Ifthe association
ofAPC with CK2 inhibits the activity ofCK2, the resulting reduction in nuclear import ofAPC
might lead to increased cytoplasmic APC, decreased cell proliferation and ultimately cellular
quiescence. Because truncated APC typically expressed in colon cancer cells lacks the ability to
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inhibit CK2 activity,26 these cancer cells would be expected to have impaired abilities to cease
proliferation and enter quiescence.

The specificconsequencesofAPC accumulation in the cytoplasm of quiescent cells remain
to be defined, but the most obvious impact could be upon f3-catenin signaling and cell cycle
regulation. Increasedlevels of cytoplasmicAPC could increasedestruction complexactivityand
reduce f3-catenin levels by targeting f3-catenin for ubiquitin-mediated proteolysis. NuclearAPC
might servea critical role in proliferativecells, perhaps in DNA repairor transcription regulation
asdiscussedbelow. In quiescentcells.nuclearAPC might function in adifferentcapacity, possibly
by sequesteringnuclear f3-catenin from various transcription complexes and thereby inhibiting a
Wnt signal. alsodiscussedbelow.

APC andNuclear Export of~-Catenin
To date, the best documented function of APC is to oppose a Wnt signalby acting in a com­

plex with Axin, GSIG-f3 and PP2A to target the protein f3-catenin for proteasorne-mediared
degradation in the cytoplasm in the absence ofWnt signaling." Because this important func­
tion of APC is coveredin great detail elsewhere in this book (refer to Kennell and Cadigan, this
volume) it will be only brieflysummarized here. APC contains two types of f3-catenin binding
domains, the IS aa and 20 aa repeats (Fig. lA) .The IS aa repeats (aa. 1020-1169) are sufficient
for f3-catenin binding. whereasthe 20 aa repeats(aa.1262-2033) bind f3-catenin and are required
for its destruction. Given the well-characterized role for APC in f3-catenin regulation and the
knowledgethat f3-catenin servesasa transcription cofactor in the nucleus,severalresearchgroups
haveexaminedwhether nuclearAPC impacts f3-catenin localization and activity.This regulation
ofnuclear f3-catenin activitybyAPC could take the form ofone or a combination ofthe follow­
ing: enhanced nuclear export of f3-catenin, nuclear sequestration of f3-catenin. or repression of
f3-catenin's transcriptional activity.

InitialresultsimplicatednuclearAPC in mediatingthe nuclearexportoff3-catenin.8•
19

.23 Inboth
3T3 and H CT116 cells, treatment with LMB resulted in a shift: ofendogenous f3-catenin to the
nucleus,suggestingthat likeAPC, f3-catenin shuttlesbetween nucleusand cytoplasm."Exogenous
expression ofa truncated APC fragment(aa.1-1309)whichcouldstillbind f3-catenin, but couldn't
target f3-cateninfor degradationresultedin ashift: ofendogenousf3-cateninfrom the nucleusto the
cytoplasm ofSW480 cells,"Blockingnuclear export of this exogenousAPC , by either mutation
ofNESIAPc or LMB treatment abolished this cytoplasmic shift: off3-catenin, thereby implicat­
ing APC in the nuclear export off3-catenin. Similarly, exogenous expressionof full-length APC
resultedin elimination ofboth cytoplasmicand nuclearf3-catenin in SW480 cells,consistentwith
the well-characterized role for APC in f3-catenin degradation.2lThis reduction off3-cateninlevels
wasabolishedbymutation of both NESl APC and NES2APc or by LMB treatment." When nuclear
export ofAPC wasinhibited, both APC and the remainingf3-catenin werepredominantlynuclear.
NuclearexportofAPC containingnonfunctionalNESlAPc and NES2 APC wasrestoredbyaddition
ofawell-characterized NES sequence. This addition alsorestored APC-mediated degradation of
endogenous f3-catenin, demonstrating that the lossofAPC's export function specifically affected
f3-catenin export and that the mutation of the N-terminal NESs in APC did not interfere with
f3-catenin binding or subsequent steps in f3-catenin degradation. Together, these results suggest
expressionofAPC with functional N-terminal NESs enhancesnuclear export of f3-catenin .

The 20R NESs of APC havealsobeen implicated in nuclear export off3-catenin.19 When ex­
pressedin SW480 colon cancer cells, fragmentsofAPC containing 20 aa repeats, SAMP repeats
and the 20R NESs(aa.1342-2075or aa.1379-2080)weresufficient to targetendogenousf3-catenin
for destruction '':" and localizedpredominantly to the cytoplasm.'?LMB treatment or mutation
ofallthree 20R-linked NESsincreasedthe nuclear localizationofthe APC fragment and resulted
in higher f3-catenin levels.19

.20 Nuclear f3-catenin can serveasa transcription cofactorwhen bound
to transcription factor LEF/TCF familymembers.Whereas expressionofAPC (aa 1379-2080)
in SW480 cellsresulted in reduced f3-catenin transcriptional activityasmeasured usingastandard
reporter assay, mutation ofone, two,or allthree 20R-linkedNESs resultedin partial restoration of
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the (3-catenin transcriptionactiviry," Together, theseresultsareconsistentwith a rolefor APC in
mediatingthenuclearexportof(3-catenin. However, it islikely that nuclearexportof(3-catenin can
occurby multiplepathways sincethere isa solidbody of evidence for nuclearexport of (3-catenin
independent of APC and Crml.I4.32-34

APC and Nuclear Sequestration of~-Catenin
Manyof the observations implicatingAPC in nuclearexport of13-catenin are alsoconsistent

with nuclear APC dampening 13-catenin activityby sequesrrarion." Blockingnuclear export of
exogenous full-length APC by either mutations in NESI APC and NES2APC or LMB treatment
resultedin nuclearaccumulation ofboth APC and endogenous13-catenin in SW480 coloncancer
cells." Other componentsof the 13-catenin destruction complexhavebeen reported to be in the
nucleus,with Axin alsocapable of nuclearexport.35.36However, sinceincreasing levels of nuclear
APC did not resultin an apparentreductionin nuclear13-catenin,nuclearAPC doesnot appearto
target nuclear(3-catenin for destructionwithin the nuclearcornparrmenr," It isof coursepossible
that other componentsof the destruction complexarelimitingin the nucleusso that excess APC
cannot reduce13-catenin in thiscompartment.Theunexpectedfindingthat thisabundant nuclear
(3-catenin wasnot active in standard13-catenin/LEF-l activityassays led to the proposalthat bind­
ingof nuclear13-catenin to APC sequesters 13-catenin from LEF-l and renders13-catenininactive
as a transcription cofacror,"Because APC and LEF-l bind to the samedomain of (3-catenin,37it
waspredicted that the bindingof 13-catenin to either protein is mutuallyexclusive.

Indeed, binding affinities of full-length13-catenin to an APC fragmentcontaining 20R3 (aa.
1484-1528)that washomogenouslyphosphorylatedbyCKI and GSK-3(3 invitroor to full-length
LEF-l as determined by isothermal titration calorimetryare 10 nM and 20 nM, respectively,"
Thesebinding affinities indicate that APC might effectively compete with LEF-1 for (3-catenin
binding, at leastwhen APC isphosphorylated.NonphosphorylaredAPC-R3 showeda reduced
affinity to (3-catenin by three orders of magnitude compared with phosphorylated APC _R3,38
thus providinga secondexample whereAPC phosphorylationinfluences the function ofAPC in
the nucleus(Fig. 2C). A largerAPC fragment containing20R2 and 20R3 (aa, 1362-1540)also
showeda300-500foldincrease in bindingaffinityto 13-catenin whenAPC wasphosphorylated"
Furthermore,thissamephosphorylatedAPC fragmentdisplaced TCF-3 bound to (3-catenin in an
in vitro bindingassay, competedwith aLEF-l/DNA complexfor (3-cateninbindingin a mobility
shift assay and inhibited (3-catenin/LEF-1 mediated transcription in vitro." While collectively
these measurements reveal that phosphorylated APC competeseffectively with LEF/TCF for
13-catenin binding, recent data suggests phosphorylationofLEF-1 byCK2 alsoenhancesLEF-l
binding to (3-cateninY

Together, thesedata support a modelfor regulationofWnt signalingin the nucleusbymeans
of a competition betweenAPC and LEF-1 for 13-catenin binding that is dependent on the phos­
phorylationstateofAPC and LEF-1 (Fig.2C).(3-catenin interactionwithphosphorylatedAPC is
favoredovera 13-catenin/LEF-1 interaction. CK2 phosphorylationofLEF-1 increases the affinity
ofLEF-1 for (3 -catenin.APC binds to CK2 and rendersit inactive, leaving LEF-1 in an unphos­
phorylated formand therebylessableto bind (3-catenin.IfnuclearAPC functionsbybindingand
sequestering 13-catenin from the transcription complex, APC could veryquicklydampen a Wnt
signalonce the Wnt ligandwasno longer bound to its receptor. Nuclearexport and subsequent
cytoplasmicdegradationof(3-catenin wouldnot berequiredforan immediatecellularresponse to
removal ofWnt ligand. Consistentwith this model,truncated APC found in most colon cancers
binds to CK2 but cannot inactivate it, thus leaving CK2 ableto phosphorylateLEF-l. Truncated
APC would not readily compete with the CK2-phosphorylatedLEF-1 for (3-catenin binding,
leadingto constitutiveWnt signalingin the nucleusof the colon cancercells.

Consistent with a sequestrationfunction of nuclearAPC, endogenousAPC and 13-catenin
co-immunoprecipitatefrom nuclear lysates of HCTlI6 colon cancercells, usingantibodies to
either protein." Full-length APC expressed in SW480 cells in the presenceofthe proteasome-in­
hibiting drug MG132colocalized with endogenous13-catenin in the nucleus, the cytoplasmand
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along the cytoskeleton, consistent with the notion that APC and ~-catenin can interact in the
nucleus," Moreover, whereas ectopic expression ofLEF-l in mouse NIH 3T3 fibroblasts led to
~-catenin accumulation, co-expression oftruncated APC (1-1309) which can bind ~-cateninbut
not target it for destruction, reduced this LEF-l -induced increasein ~-catenin levels.34Additionally,
in SW480 cells,ectopic expression oftruncated APC (1-1309) alsoled to a reduction in ~-catenin

activity, even when this APC had a nonfunctional NESl. Similarly, expression ofa GFP-tagged
APC (aa. 1379-2080) with inactivating mutations in all three 20R-linked NESs still reduced
endogenous ~-catenin activity in SW480 colon cancer cellsby half, suggesting that nuclear APC
can influence ~-catenin activity in the absence ofnuclear export."

Initially reported asevidenceagainst the sequestration model, SW480 cellsshowed a redistribu­
tion ofotherwise predominantly nuclear ~-catenin to the cytoplasm when APC (aa. 1-1309) was
expressed ectoplcally.'" This cytoplasmic redistribution was blocked by further co-expression of
LEF-l, suggestingAPC could not compete effectivelywith LEF-1 for ~-catenin binding. In light
of the recent demonstration that full-length but not truncated APC can inhibit CK2 , thereby
reducing LEF-l's ability to bind ~-catenin, the data gathered in the SW480 cellsis consistent with
the sequestration model. Therefore, APC binding to nuclear ~-catenin and sequestering it from
the LEF-lITCF transcription complex remains a viable mechanism by which APC counteracts
~-catenin. Moreover, recent evidence implicates nuclear retention rather than nuclear export as the
dominant mechanism bywhich nuclear APC regulates nuclear ~-catenin.42 Fluorescence recovery
after phorobleach (FRAP) ofYFP-tagged ~-catenin expressed in HEK293 cells, revealed highly
efficient shuttling of ~-catenin between nucleus and cytoplasm." Co-expression of APC with
YFP-tagged ~-catenin sloweddown this shuttling rather than accelerated it, suggestingthat regula­
tion ofnuclear ~-catenin by APC involvesnuclear retention rather than active nuclear export.

The Role ofOther Nuclear Proteins in APC Mediated ~-Catenin

Sequestration
There is growing evidence that other nuclear proteins might bind APC and modulate the abil­

ity ofAPC to displace ~-catenin from the LEF-lITCF complex. Transcription factor activator
protein AP-2a coprecipitates with full-length and truncated APC in three different cell lines"
and two differentAPC fragments (aa.-1-400 and-400-1000) could bind AP-2a in a GST pull
down assay. Overexpression ofAP-2a in HEK293, HCT116 or HT29 cellsappeared to decrease
the association between TCF-4 and ~-catenin and decreased ~-catenin activity. The fact that
overexpressedAP-2a did not associatewith TCF-4, nor did it change the overall levelsofnuclear
~-catenin, suggests a role for AP-2a in APC-mediated sequestration of nuclear ~-catenin. The
exact mechanism behind this modulation has yet to be determined.

The transcriptional corepressor C-terminal binding protein (CtBP) may also affect
APC-mediated ~-catenin sequestration. CtBP was identified by mass spectrometry as a protein
in crude Drosophila embryonic extract associated with Drosophila APC2-GST.44 Direct bind­
ing between human APC (aa. 918-1698) and CtBP was also demonstrated by GST-pull down
assaysand further, endogenous APC and CtBP were coprecipitated from 293T, HCT116 and
SW480 celllysates.44A more recent report contradicts some ofthe initial findings regarding CtBP
and APC interactions and showed that although full-length APC from human epithelial kidney
cells (HEK-293) coprecipitated with endogenous CtBP, truncated APC representing roughly
the N-terminal half of APC did not coprecipitate with CtBP in either of two colon cancer cell
lines (HT29 and SW480).40This casts doubt as to the preciseAPC domain responsible for CtBP
binding. To test for the relevance of the APC-CtBP interaction to nuclear B-catenin function,
the sequestration ofnuclear ~-catenin wasforced by expressingAPC linked to an additional NLS
resulting in a decrease in ~-catenin activity. This decrease in activity was partially attenuated by
alanine substitutions in the putative CtBP bindingdomain ofAPC,consistent with CtBP-binding
enhancing the ability ofAPC to sequester nuclear ~-catenin. Given the known functions ofCtBP,
one might predict that APC delivers CtBP to the ~-catenin/TCF complex where CtBP represses
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TCF activity. However, CtBP did not appear to copredpitare with TCF-4 in the mammalian
cells examined.f

Examination ofthe regulation ofc-myc,a target gene downstream ofWnt signaling, has helped
to shed light on the mechanisms involved in APC-CtBP nuclear functlon." To examine the dy­
namic nature ofproteins bound to the c-mycenhancer element, various transcription coregulators
were inununoprecipitated from mouse myoblast cells (C2C12) treated with lithium chloride (an
inhibitor ofGSK3~ in the destruction complex) to increase ~-catenin levels.The chromatin irn­
munoprecipitation (ChIP) assaydemonstrated a transient association ofboth ~-cateninand APC
with c-mycenhancer DNA accompanying this increase in ~-catenin levels.Surprisingly, this study
also showed that truncated APC associated with the c-myc enhancer in HT29 cells. Induction
offull-length APC in HT29 cells resulted in a transient association offull-length APC with the
c-myc enhancer DNA. A similar temporal association with the c-myc enhancer was shown for
two other transcriptional corepressors, CtBP and Yin yang 1 (IT1), as well as for ~-transducing

repeat-containing protein (~TrCP)which has been shown to target ~-catenin for ubiquitination
and subsequent degradation.The authors suggested that bindingofthe APC/~TrCP/CtBP!YY1
complex to the c-mycenhancer leads to rapid repression ofc-myc transcription. Ofnote in this set of
experiments, APC wasassociated with DNA at times when ~-catenin wasnot, revealing that APC
might regulate transcription by multiple mechanisms, not merely by displacing ~-catenin from the
LEF-lITCF complex. Overall, these experiments indicated a similar temporal association ofAPC
and transcription corepressors with the chromatin ofa Wnt-responsive gene. Thus, it is likely that
APC opposes a Wnt signal not only by targeting cytoplasmic ~-catenin for destruction, but also
by binding and sequestering ~-catenin and by associating with corepressors at the transcription
complex (Fig. 3). Future experiments will surely clarify the broad range ofAPC activities as they
relate to transcription control.

Interaction ofAPC with DNA and Other Nuclear Proteins
There is preliminary evidence for a direct interaction between APC and DNA. A 180 kDa

protein recognized by antibodies raised against both the N- and C-terminal region ofAPC was
identified in the soluble nuclear fraction ofboth HEK-293 and HCTl16 cells." Although it is
puzzling that an APC truncation would retain both N- and C-terminal regions, three recombinant
protein fragments , all from the C-terminal halfofAPC, bound plasmid DNA in mobility shift
assays. Repetitive preparative mobility shift assays using two of these APC fragments revealed
no consensus DNA binding sequence, but did suggest a higher affinity for A/T nucleotides vs
G/C.

In addition to DNA, other nuclear proteins can interact with APC. Full length APC from
HCT1l6 colon cancer cells can bind polymerase ~ and PCNA, part of the base excision re­
pair (BER) pathway, raising the intriguing possibility that APC participates in DNA repair,"
The APC fragment (aa. 1250-1269) capable of polymerase ~ and PCNA binding contains a
PCNA-interactingprotein-like box (PIP-like box). The PIP-like domain ofAPC appeared to block
repair ofa multi-nucleotide repair patch, "long patch BER~ but not a damaged single nucleotide
base, "short patch BER",in vitro.

Furthermore, APC also interacts with protein tyrosine phosphatase (PTP-BL) in the nucleus .
The C-terminal19 amino acids ofAPC appear to mediate binding to PTP-BL, with a dissocia­
tion constant of8 nM as measured using surface plasmon resonance analysis.?APC and PTP-BL
colocalized both at the tips ofcellular extensions and in the nucleus ofMDCK cells, once again
implicating phosphorylation as a means to regulate nuclear function(s) ofAPC. The exact roles
of these additional nuclear interactions of APC and whether they impinge upon Wnt signal
transduction will require further investigation.

The Requirement for Nuclear APC in Tumor Suppression
There is limited evidence supporting a role for nuclear APC in tumor suppression in the colon .

The vast majority ofgermline and sporadic APC mutations in colorectal cancers result in protein
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Figure 3. Model for the roles of nuclear APC in regulation of Wnt target genes. APC modi­
fies expression of Wnt target genes by three mechanisms. 1) APC associates with transcrip­
tion corepressors, such as CtBP, potentially guiding them to the transcription complex. 2)
Phosphorylated APC competes with LEF/TCF for j3-catenin binding, thus displacing j3-catenin
from the transcription complex. 3) APC may assist in the nuclear export of j3-catenin for
cytoplasmic degradation.

truncation, leaving only the N-terminal halfofthe APC protein expressed. Although lacking the
central NLSs and NESs, this truncated APC protein typically retains the ability to shuttle and thus
could negatively impact nuclear processes that depend on the C-terminus ofAPC. In human colon
tissue, truncated APC protein as detected with N-terminal APC antibodies remained strongly
nuclear in polyps and carcinomasf However, the frequency of cytoplasmic APC progressively
increased , with 60% ofthe carcinoma tissues showing cytoplasmic APC compared to only 4% of
the normal tissues sampled,"Since inactivatingAPCmutations are found in over 80% ofall colon
carcinomas, most carcinoma tissue should display no full-length APC. Indeed, ofthe 148 images
ofhuman carcinoma tissue analyzed , only 11% showed nuclear staining using C-terminal APC
antibodies." Although they represent a minority, there are several germline missense mutations
found in APe. Ofnote, a few ofthese mutations result in amino acid substitutions in or near the
NLS and NES domains. While the missense mutations indicate a potential requirement for these
domains in APC-mediated tumor suppression, to date , none of these amino acid substitutions
have been examined for their impact on NLS and NES activity. Overall, the changes in APC lo­
calization as human colon tissue progresses from normal to polyp to carcinoma and the germline
mutations found in and near APC's nuclear import and export signals are consistent with a role
for nuclear APC in tumor suppression.

In addition to colon tissue, nuclear APC has been described in alveolar soft-part sarcoma and in
over 62% of92 small cell lung cancers (SCLC) sampled.48.49Besides the human and mouse studies,
nuclear APC has been described in cells from worm" frog," fruit fly,19monkey'? and dog." At
present, mouse models have not been particularly informative in determining the nuclear function
ofAPC. Mice expressing only a truncated form ofAPC (aa. 1-1638) had reduced viability, but
those surviving to adulthood had no increase in intestinal polyp number compared to wild-type
mice.53 This surprising finding is consistent with the observation that APC-interacting proteins
l3-tubulin, EB-I and discs large (DLG) retained normal subcellular localization patterns in these
mice and in fact, the truncated APC remained nuclear. The ARM domain still retained in this
truncated APC likely contributed to nuclear import. The definitive genetic test for nuclear func­
tion ofAPC in a model organism has yet to be completed, but entails abrogation of the nuclear
import ability ofAPC in a mouse model.
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Future Applications, New Research, and Anticipated Developments
Although there are many areas of consensus in the field of nuclear APC localization and

function, there have also been some conflicting results with no apparent resolution. Experiments
performed with protein fragments ofAPC over-expressed in a few colon cancer cell lines have
led to speculation about the relative activity ofvarious NESs and NLSs. One complication in in­
terpreting such results is that functions ascribed to small fragments ofAPC might not accurately
reflect functions when these sequences are in the context offull-length native APC. In addition,
these exogenous APC fragments are often over-expressed compared to endogenous APC levels
and thus might saturate binding to protein partners in limited supply. Finally, there appears to
be no readily available normal human colon epithelial cell line, nor a cell line completely lacking
APC. In the absence ofsuch model cell lines, most experiments are performed using colon cancer
cell lines that express endogenous APC, either full-length or truncated. Because truncated APC
still retains an N-terminal oligomerization domain," there is the potential for heterodimerization
between full-length and truncated APC molecules, possibly confounding results.

Unfortunately, complexity is alsoencountered when endogenous APC isexamined.The speci­
ficity of several APC antibodies has been questioned, with no clear consensus about the "best"
antibody to use for APC detection.21.55-57With the potential specificity issuessurroundingAPC
detection by immunofluorescence microscopy,one might think that cellular fractionation followed
by immunoblot would serve as a better "gold standard" for APC distribution. Regrettably, use
ofdifferent fractionation protocols leads to considerable variation in the distribution ofsoluble
nuclear proteins and cyroskeleral/mernbrane associated proteins and potential elimination of
nuclear matrix-associated insoluble proteins, making cell fractionation followed by immunoblot
analysis potentially problematic as well. The best solution appears to be analysis of APC using
several complimentary techniques and a variety of APC antibodies with the least amount of
demonstrated nonspecific cross reactivity, with quantitation whenever possible.

This is an exciting time for researchers interested in nuclear functions ofAPC. APC has been
identified in the nucleus ofmany different cultured cell lines as well as in normal human colon
tissue and tissue from other organisms. Intrinsic localization signals have been characterized that
facilitate shuttlingofAPC between the nucleus and cytoplasm. Phosphorylation ofAPC provides
one underlying mechanism by which APC localization and activity are regulated. APC distribu­
tion within a cell appears to correlate with the proliferative or quiescent status ofthe cell. Several
intriguing nuclear binding partners have already been identified, with consequences of APC
binding to these nuclear proteins in preliminary stages. For example, hints ofa direct link between
APC and the transcription complex or the DNA repair machinery are beginning to emerge. APC
likely serves to regulate Wnt signaling, in part, by competing with nuclear LEF-l for ~-catenin

binding. It is anticipated that future work will clarify the role ofAPC in association with various
proteins at the c-myc enhancer and potentially as APC interacts directly with DNA. Future bio ­
chemical analysis is expected to reveal additional nuclear proteins that interact with APC, aswell
as the cellular consequences ofAPC association with these proteins. The definitive test to assess
the requirement ofnuclear APC in suppression ofcolorectal tumors will be to eliminate nuclear
APC from a model organism . One such mouse model currently in production should prove useful
to address some of the remaining questions. Ultimately, a more thorough understanding of the
many functions ofthe tumor suppressor APC will ultimately lead to better diagnostics and more
targeted therapeutics for colorecral cancer.
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CHAPTER 3

APC in Cell Migration
Sandrine Etienne-Manneville*

Abstract

A denomatousPolyposis Coli (APC) isa tumor suppressor protein involved in the initiation
and progression ofcolon cancer. The most widelyacceptedfunction of APC is to partici­
pate to the Wnt signaling pathway, bydownregulating~-catenin and therebycontrolling

genetranscriptionand cellproliferation.However, APC isclearly amultifunctionalprotein whose
losscontributes to tumor formationin multipleways. Regulationof APC localization duringcell
migration and the abilityof APC to bind multiplepolarity proteins and microtubule-associated
molecules support the ideathat APC plays a keyrolein directed cellmigrationand that this func­
tion maycontribute to its tumour suppressoractivity.

Introduction
The adenomatous polyposis coli (Ape) gene is a tumour suppressor involved in familial ad­

enomarouspolyposis and in sporadiccolorectaltumours.Mutation inApeoccursearlyduring the
progression ofcolorectalcancersuggesting that disruption ofAPC 'sfunctionsisakeyeventin the
initiation of colon adenomas,' Sincethese tumours arisefrom the epitheliallayer, APC function
isprobablycrucialfor the maintenanceof epithelialstructure. Cell renewal within the intestinal
epithelium is tightly regulatedand position-dependent.Absorptivecells generatednear the bot­
tom of the intestinal crypt migrate in tight cohorts towards the upper regionsof the villi until
they either die or are shed into the gut lumen.' APC expression in the gut epithelium typically
increases from the baseof the crypt to the top of the villiextendinginto the lumenand thereforeis
associated with differentiationand directed migrationofepithelialcells.'Whether Apemutations
arisein stem cells near the bottom of the crypt or in migratingcells is still debated"(seeKwong
and Dove,this volume). Interestingly, in adenomas, cells do not to migratetoward the lumen but
displayabnormal migrationproperrles.v' suggesting a link betweenAPC and cellmigration.

TheApcgeneencodes alargeproteinwith multiplecellular functionsandinteractions, including
itswell-characterized function in signaltransduction in the Wnt-signallingpathway(Fig.1).Loss
ofApeor truncation of the Axin/~-catenin binding domain resultsin the inappropriatestabiliza­
tion off3-catenin and consequently an increase in the transcriptionofWnt targetgenes, including
those associated with proliferationsuch as c-rnyc and cyclinD1.6 It iswidelybelieved that altera­
tions in the regulationofepithelialcellproliferationand perturbation ofthe normal repression of
proliferationduringmigrationalongthe cryptplaya keyroleduringcoloniccellrransformarion."
However, several domains in the APC moleculemediate interactionsof APC with a number of
proteins not involved in Wnt signalling, raisingthe possibilitythat APC mayplayconcomitant
functions in multiple cellularevents, such asdirected cellmigration (Fig. 1).

The role of APC in cell migration has been confirmed in several in vivo models. Total loss
of APC in vivoabrogatescellmigration along the crypt-villus axis." Similarly, in Caenorhabditis
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Figure 1. Role of APC domains in cell migration. The human APC protein contains multiple
domains involved in protein-protein interactions. Amino acid numbers delimiting each major
domain are indicated under the bar. APC binding partners involved in APC regulation dur ing
cell migration (round shapes) and in APC functions in directed cell migration (square shapes)
are shown .

elegans, inactivation of the APC-related protein APR-l induces defects in epithelial cell migra­
tion.!?However, in humans, most germ-line mutations in APC do not lead to the total depletion
ofthe protein but to the expression oftruncated forms ofthe molecule . Colorectal carcinogenesis
varies in severity depending on the length ofthe protein resulting from the mutant allele." A ma­
jority ofgermline and somatic mutations in Apeoccurs in the first halfof the coding region and
results in the expression of the N-terminal domain of the protein, which is stable and retains its
ability to oligomerize. Mice heterozygous for truncated Apeafter residue 8SO (see Fig. i) develop
polyps similar to those ofhuman patients with familial adenomatous polyposis. These polyps lack
directed migration of epithelial cells along the crypt-villus axis,l2,l3 confirming the essential role
ofAPC in directed migration ofepithelial cells and raising the possibility ofa dominant negative
effect of truncated APC.14

Although development ofmicroadenoma correlates with the loss of the wild-type Apeallele"
and high levelexpression ofdifferent truncated APC proteins is not sufficient to induce intestinal
polyps or rumours," the role of the mutant APC protein in the early steps ofpolyp formation is
supported by the systematic increase of~-catenin and the decrease ofenrerocyte migration in histo­
logically normal intestinal mucosa ofmice bearinga single germ-line Apemutarion.P'lnterestingly,
early adenomas in the Ape(/'i.716) polyps are very similar to the normal proliferating cells of the
crypt except for the lack ofdirected migration along the crypt-villus axis,I? demonstrating that loss
ofdirected migration may be a very early event during tumour development.

In parallel to these in vivo studies, evidence has recently accumulated in cultured cells show­
ing the regulation and the role of APC during cell migration. The first evidence for a potential
role ofAPC in cell migration was the observation that, in motile cells, APC concentrates in the
protrusive region ." This observation raised three main questions: (1) How is APC recruited to

protrusion sites and what is its role there? (2) Does APC affect migration speed or directionality?
(3) How does this contribute to tumour formation? This chapter will focus on recent advances
made to tackle these questions.

APC Localization in Migrating Cells
Determining the subcellular localization of APC has been quite a challenge and its recruit­

ment to protrusive sites has been debated for a long time. This was due to two major technical
limitations: the difficulty in expressing a full-length tagged protein to levels that do not perturb
migration and the conflicting results obtained by immune-localization in fixedcellsusing different
antibodies. Although differences may exist depending on cell type and cellular context,19 evidence
has eventuall y converged on the idea that in addition to localizing in the nucleus,ZO.21 APC localizes
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at cell-cell contacts," In migrating cells, APC also concentrates as clusters in actively protruding
regions ofcell membranes.P

Actin-DependentLocalization ofAPCat Cell-Cell Contacts
APC associates with adhesive regions both in Drosophila and mammalian epithelial cells.24-27

APC has been shown to interact with ~-cateninand plakoglobin, two proteins directly interact­
ingwith E-cadherins andAPC colocalizes with ~-cateninat cell-cell contacts.26,27 However, APC
and cadherin binding to ~-catenin are mutually exclusive, which suggests that different pools
of ~-catenin reside near adherens junctions and that APC is not directly associated with the
cadherin-Bscatenin complex." In fact, perturbation ofthe actin cytoskeleton and drug wash-out
experiments suggest that APC is delivered continuously to the plasma membrane by a dynamic
actin-dependent process.29.30 It is thus possible that APC localizes at cell-cell contacts in part by
interacting with an actin-bound protein complex that may contain ~- and/or n -catenin. For ex­
ample, in the early Drosophila embryo, cortical localization ofAPC2 appears to be dependent on
the B-catenin homologue Armadillo." Alternatively, APC localization may also involve its binding
to the actin-binding protein IQGAP-1 (IQ motif-containing GTPase-activating protein 1),32

Microtubule-Dependent Localization ofAPCatProtrusive Sites
APC also localizes at the tip ofcell protrusions in various cell types including epithelial cells

as well as fibroblasts, astrocytes and neurons.33-35 In contrast to the cell-cell contact localization,
APC localization to protrusive regions of the plasma membrane requires an intact microtubule
network and is not affected by actin depolymerlzarion.Pr" A more precise analysis ofAPC local­
ization shows that APC forms clusters at microtubule plus_ends18.2336.37 (Fig. 2), although APC
is also visible along the length ofrnicrotubules to a lesser extent. APC mutant proteins that lack
the carboxy-terminal third of the molecule do not bind as efficiently as the wild type protein
to microrubules" reflecting the presence of at least one microtubule interacting domain in the
carboxy-terminal part ofAPe. In fact, APC includes three regions that can directly or indirectly
bind microtubules (Fig. 1).

Figure 2. APC localizes at microtubule plus-ends atthe leading edge of migrating cells. Migrating
astrocytes have been fixed, permeabilized and stained with anti-APC (left panel) and anti-tubulin
(middle panel) antibodies. APC forms clusters (arrow heads) which localize at microtubule
plus-ends. Bar, 5 urn. Merge image of the boxed area is shown in the right panel.
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Two regions involved in APC's interaction with rnicrombules are located in the carboxy-ter­
minal domain ofAPC: a basic domain that allows direct microtubule binding38,39 and a binding
site for the microtubule plus-end tracking protein EBl.40Expression of the basic domain alone
revealed a nonspecific microtubule localization and EBI binding has been suggested to be involved
in APC targeting to microtubule tips." Interestingly, APC clusters do not strictly colocalize with
EBI at microtubule plus-ends.fMoreover, expression ofthe APC binding site ofEB I alone does
not disrupt APC clusters in epithelial cells," but does abolishAPC recruitment to rnicrotubules in
migrating astrocytes, 36 This suggests that EBI function may vary with cell type or cellular context
and points to an additional domain essential for APC localization at microtubule plus-ends.

The third microtubule binding domain of APC is located in the Armadillo repeats and is
responsible for APC interaction with microtubule plus-end-directed motor proteins ofthe kine­
sin superfamily (KIF), through an association with the kinesin superfamily-associated protein 3
(KAP3).43 The interaction ofAPC with KAP3 and Kif3 is required for its accumulation in clus­
rers," leading to the idea that APC is transported towards the plus-ends ofmicrotubules where it
oligomerizes to form clusters.Whether APC clusters remain associated with microtubule plus-ends
or whether they later associate with actin filaments at the cell cortex where they can remain in
absence ofmicrotubules is not clear.

Regulation ofAPCLocalization During Cell Migration
Cell protrusion and migration affect APC localization by promoting its interaction with

microtubule plus_ends33,34.44 and its recruitment to the leading edge. This recruitment requires
the kinesin motor KiB, suggesting that APC shuttles between its different locations via the
microtubule nerwork.v The interaction between APC and EBI is regulated by different factors .
Protein kinase A (PKA) and p24cdc2 phosphorylate APC and inhibit its interaction with EBI,4l
Conversely, the Rho effector mDia can directly associate with both APC and EBI and might act
as a linker protein to enhance APC-EBI association ."

APC accumulation at the leading edge of migrating cells also requires a spatially regulated
GSK3~ activity. In Drosophila, APC2 interaction with the cell cortex requires the Drosophila
orthologue ofGSK3~,3I GSK3~ is a kinase that binds and phosphorylares the ~-catenin-APC

complex, leading to ~-catenin degradation by the proreasome." GSK3~ activity is regulated by
the Wnt signaling pathway and also by phosphorylation on serine 9,which inhibits its kinase activ­
ity. Phosphorylation ofGSK3~ is also involved in APC recruitment in migrating astrocytes and
elongating axons.33,44 During wound-induced astrocyte migration, GSK3~ is phosphorylated via
PKC~downstream ofCdc42 and Par61eading to APC's association with microtubule plus ends.?
In developing neurons, NGF promotes PI3K signalling to induce GSK313 phosphorylation by
AKT, resulting in APC regulation in the growth cone." However, in differentiating hippocampal
neurons, GSK3~ inactivation seems to be induced independently of its phosphorylation." How
GSK3~ regulation leads to APC association with rnicrotubules remains unclear. Since 13-catenin
is required for the formation of APC membrane clusters," inhibition of GSK3~ may induce
~-catenin stabilization and indirectly control APC trafficking on microtubules. Alternatively,
GSK313 can directly phosphorylate APC and thereby modify its affinity for microcubules" and
for ~-catenin,51

In conclusion, APC is concentrated at cell-cell contacts and at microtubule plus-ends . The
amount ofAPC present in these two distinct pools is regulated upon cell migration.The primary
causeofcell scattering in invasivecarcinomas is the lossofintegrity ofintracellular junctions, often
involving E-cadherinY Although lossofAPC does not induce apparent defect in cadherin-based
adhesion ," APC competition with cadherin for ~-catenin binding'! maysomehow control epithe­
lial cell adhesion .55.56APC has also been proposed to positively regulate E-cadherin translocation
to the cell rnernbrane .? Loss ofAPC at cell-cell junctions may therefore playa role in the initia­
tion ofcell migration. More importantly, APC recruitment to the leading edge ofmigrating cells
is likely to either playa role in the generation of the protrusive forces responsible for membrane
extension or control intracellular events required for directed cell movement.
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APe and Protrusive Activity
The localisation ofAPC on microtubule plus-ends suggests that APC may directly regulate

microtubule dynamics. Moreover, since APC interacts with awide range ofproteins, it is an excel­
lent candidate molecule for controlling essential effectors ofcell migration.

APCandRegulation ofthe Microtubule Cytoskeleton
APC can bind microtubules and affect their dynamics in a number ofdifferent ways." APC

binds to tubulin subunits with high affinity and promotes microtubule assemblyboth in vitro and
in vivo.58,59In addition, APC can bind EB1to promote microtubule polymerizarion." possibly by
relievingan auto-inhibited conformation ofEB1.61 APC also participates in microtubule stabiliza­
tion. This activity relies on the C-terminal microtubule binding basic domain and is regulated by
phosphorylation by GSK3~.50 In this case too, EB1may playa key role since EB1depletion abol­
ishes microtubule stabilizarion.v' Additionally, APC may regulate microtubule stabilization and
dynamics through its interaction with the microtubule-destabilizing protein XMCAK.62Finally,
APC promotes microtubule bundling" and this effect may be supported by its interaction with
the scaffold protein PSD-95.63In conclusion, microtubule-associated APC directly or indirectly
promotes microtubule elongation and stability. Consistent with this idea, APC forms clusters at
the basal ends ofmicro tubules in polarized epithelial cellsand contributes to the formation oflarge
bundles ofparallel microtubules," However, the contribution ofsuch microtubule regulation to
cell migration and more particularly to epithelial cell migration, is still unclear. Recent evidence
indicates that loss ofAPC and consecutive perturbation of microtubule stability correlate with
disappearance of cell protrusions and decreased epithelial cell migration.64 It is probable that
APC contributes its microtubule regulatory function to microtubule-dependent protrusions.
Accordingly, APC has been shown to be involved in neurite outgrowth, a process that isdependent
on microtubule elongadon/" However,epithelial cellmigration appears essentiallyactin dependent
and micrombule-Independenrv '" pointing to a possible role ofAPC in actin regulation.

APCandRegulation ofthe Actin Cytoskeleton
APC translocation along microtubules to membrane protrusions leads to an increased

concentration of APC and APC-associated proteins to the leading edge and locally promotes
APC-mediated signallingpathways. Evidence for the signallingproperties ofAPC includes its abil­
ity to bind and stimulate Asef, a Rae guanine exchange factor, through the N-terminal Armadillo
repeat region ofAPC.69Truncated APC proteins like those expressed in colorectal tumour cells
constitutively stimulate Asef activity. This leads to a decrease in E-cadherin-mediated adherens
junctions and to an increase in spreading, membrane ruffiing and migration ofcultured epithelial
cells." Conversely, depletion ofAsefin colorectal tumour cells inhibits cell migration. IQGAPI
provides another link between APC and Rho GTPases . Depletion ofAPC inhibits IQGAP1ac­
cumulation at the leading edge and prevents both formation ofthe actin meshwork at the leading
edge and cell migrarion." IQGAPI has recently been shown to stimulate actin assembly via the
Arp2/3 complex" and it is temptingto speculate thatAPC recruits and perhaps activatesIQGAP1
at the leading edge ofmigrating cells.

Because APC regulates microtubule and actin cytoskeletons by interacting with various
partners, APC may be a key regulator ofcell migration. This is supported by the fact that APC
depletion in mice abolishes intestinal cell migration along the crypt-villus axis.9These apparent
defects in cell migration may however result from APC's contribution to the canonical Wnt
pathway that governs normal in vivo cell differentiation. In cultured cells,overexpression ofAPC
promotes cell protrusions and loss ofAPC inhibits cell protrusions and migration, indicating
that Apemutations can affect cell migration independently ofany effect on cell differendation."
Interestingly, truncation in the APC protein (which results in the deficient binding of most
cytoskeletal APC partners and in particular of those involved in the regulation ofmicrotubule
stability and cell polarity (Fig. 1)) isassociatedwith disorganized, nondirecred migration,leading
to the idea that truncated APC is not totally inactive but still able to promote migration,12·!4 It
also suggests that APC may contribute to direction sensing during epithelial cell migration.
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APC andCellPolarity
A migratingcellischaracterized bythe polarizedorganizationof its cytoskeletontowardsthe

direction of migration. For a cell to move in a givendirection, such as the crypt-villus axis, cell
polaritymust be correctlyoriented.While in most celltypescellmigrationper se isdependent on
theactincytoskeleton, directionalityofmigrationislargelydependenton rnicroeubules." Direction
sensinginvolves evolutionaryconservedpolarity proteins and leads to a polarized regulation of
microtubule dynamics, associated with microtubule anchoring at the cellcortex.Although not
fully demonstrated yet, the current hypothesisis that forces exerted on anchored microtubules
promote centrosomereorientationand polarizedmembranetrafficking.74

APC, Microtubule Anchoringand Centrosome Reorientation
Because APC localizes atmicrotubuleplus-ends, regulates microtubuledynamics and associates

with microtubuleplus-endproteins,APC hasemerged asakeyregulatorof the corticalmicrotubule
network and of migration directionality. In polarizedepithelial cells, APC clusters align along
microtubulesand seemto promote microtubuleattachmentand stabilization at the basalcortex."
In migrating astrocytes, APC clustersare in verycloseproximity to the plasmamembraneand
depletion of APC perturbs microtubule interaction with the plasmamembrane,suggesting that
APC maybe directlyinvolved in microtubule anchoring." Several binding partners could form
a molecularbridge between microtubule-boundAPC and the actin cytoskeletonor the plasma
membrane (Fig. 3).I3-catenin and IQGAPI are both concentrated at the leadingedgeof migrat­
ing cellswhere they interact with both APC and the actin cytoskeleton.29•30.32.76 Moreover, the
finalcarboxy-terminal amino acidsof APC form a PDZ binding domain that allows its binding
to scaffolding proteins such as Dig (SAP-97) or PSD-95 (SAP-90).63.77 Colocalizationof APC
with DIghasbeenobservedat the tipsof cellularprotrusions in epithelialcells and astrocytes and

Figure 3. APC and its binding partners contribute to microtubule anchoring at the cell cortex .
APC interacts with a large variety of cytoskeleton associated proteins (see Fig. 1). Here are
depicted APC complexes shown to participate in microtubule capture and anchoring . APC
directly interacts with several proteins (round shapes) that bind directly or indirectly (dotted
arrows) with actin fibres or the microtubule-associated motor complex dynein/dynactin (in
black). It is not known whether all these proteins are part of the same complex, or if they
participate in several complexes contain ing different subsetsof these proteins.
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inhibition of the APC-Dlg interaction or depletion ofDIg strongly affects microtubule capture
and microtubule network organization.36,78The formin mDia localizesat cortical microtubule ends
where it may interact with APC and EBI, facilitate microtubule stabilization and participate to
microtubule network polarization."

APC may be involved in the interaction between microtubule plus-ends and the cell cortex
and it may contribute to the recruitment and/or regulation ofdynein , a microtubule associated
motor involved in centrosome reorientation and directed migration79•8o(Fig. 3). Similarly to dy­
nein functional inhibition, APC depletion by RNA interference in astrocytes inhibits centrosome
and Golgi reorientation and perturbs directed migration." Via EBI , APC could be connected
to dynein and to the dynein regulator dynaccin." However, the presence ofAPC in a complex
with EBI, dynein and dynactin has not been demonstrated. Several other APC parmers may also
participate in this complex (Fig. 3). Via its interaction with IQGAPI, APC may regulate the
plus-end associated protein CLIP170,32 CLIP170acts in concert with EB1to control microtubule
dynamics and stability82.83and it interacts with dynactin at microtubule plus-ends." Finally, Dig
forms a complex with the protein GKAP, which binds dynein subunits" and depletion of DIg
abolishes centrosome reorientation and inhibits directed migration." Taken together, APC inter­
acts with a host ofproteins at the leading edge and at the distal tips ofmicrotubules and although
APC clearly affects microtubule stability and dynamics, the precise mechanisms by which APC
complexes regulate directional cell migration remain poorly understood.

APeandPolarity Proteins
Interestingly, evidence shows that APC can interact with several evolutionary conserved po­

larity proteins (Fig. 1). The best characterized role ofAPC in the regulation ofpolarity proteins
comes from studies on developing neurons. Par3, the mammalian orthologue of the C. elegans
PAR-3 prorein," controls axon positioning and growth during neuron development. Pad has
also been involved in epithelial cell polarity both in Drosophila and mammalian cells.87.88 In
neurons, Pad is recruited by an APC- and kinesin-rnediated transport to the plus-ends ofrapidly
growing microtubules at the nascent axon tip. This process is spatially regulated by GSK-313.35.8~

APC also interacts with the human protein Scribble (Scrib) and the two proteins colocalize at
the tip ofmembrane protrusions in epithelial cells." Interestingly, Drosophila Scrib works with
DIg to regulate epithelial cell polarization and differenriarion." In mammalian cells, Scrib, Dig
as well as APC are involved in directional migration.36,~2.~3 Downregulation ofScrib and DIg has
been observed in neoplastic colon mucosa and correlates with lack ofepithelial cell polarity and
disorganized tissue architecture." Knockdown ofScrib expression by RNA interference disrupts
localization ofAPC at adherens junctions in epithelial cells" and inhibits APC recruitment at
microtubule plus-ends at the leading edge ofmigrating asrrocyres." Together these observations
strongly suggest that APC plays a conserved role in the regulation ofpolarity both in non migrat ­
ing and migrating epithelial cells.

Conclusion
This chapter highlights the role ofAPC in cell migration. APC contributes to the Wnt signal­

ling pathway, plays a role in spindle assembly and chromosome segregation and is involved in cell
migration. These multiple functions probably explain why APC is a potent tumour suppressor.
One major challenge for future research will be to determine how exactly APC mutations affect
its functions. In the case of cell migration, why and how APC truncations induce or modify
epithelial cell migration remains unclear. APC plays essential roles in cell-cell adhesion, Rho
GTPase family cell signaling, microtubule regulation and cellpolarization. Does the lossofAPC's
carboxy-terminal domain as observed in human tumors perturb all ofAPC's functions? Are these
functions together responsible for the critical role ofAPC in cell migration, or are some pathways
more important than others? Another major unanswered question is how APC function in cell
migration impacts on colon cancer development. How is cell migration affected by the loss ofthe
second Apeallele? Isperturbation ofmigration critical during polyp formation? Is it an early and
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essential step during tumour development or does it contribute to tumour invasiveness? Despite
many years of active investigation, the intricate mechanistic workings ofAPC proteins and the
specificconsequences oftheir disruption have not been fully revealed.
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CHAPTER 4

The APC-EBI Interaction
EwanE. Morrison"

Abstract

Changes in cell proliferation seen in cancers initiated by adenomatouspolyposiscoli (APe)
gene mutation are driven by the lossofan ability to negatively regulat e the canonical WNT
signalling pathway. However, mutant APC proteins also lack the ability to inte ract with

a number ofother ligands and it is possible that the loss of these interactions could contribute
to the phenotype or to the development ofcolorectal tumours. One such association is with the
microtubule plus-end binding protein EB1. Originally identified as an APC binding partner, EB1
is now known to be part ofan evolutionarily conserved family ofproteins involved in the regulation
ofmicrotubule dynamics and microtubule-dependent processes. Roles for the interaction betwe en
APC and EBI have been identified in cellular functions as diverse as directed cell migration and
mitosis, with potentially important implications for the behaviour ofboth normal epithelial cells
and colorectal cancer cells. In this chapter our current understanding of the fun ctional role ofth e
APC-EBI interaction will be reviewed .

Introduction
The identifi cation ofAPC as a tumour suppressor protein in colorectal cancer led to a concerted

research effort aimed at identifying functionally important binding partners. The distribution
of th e mutations found in the APC gene and the observation th at many of these mutations led
to the production of truncated APC proteins in tumour cells naturally led researchers to focus
their interest on the C-terminal halfofthe protein, which harbors binding sites for a number of
candidate interactors. An int eraction with l3-catenin was eventually identified as the core of the
tumour suppressor function ofAPC. Nevertheless, interest in other ligands has continued since
it was appreciated that the loss of oth er interactions might also contribute to the phenotype or to

the development ofcolore ctal tumours. One ofth e proteins identified by yeast-2-hybrid analysis
using a C-terminal fragment of APC as bait was a novel small protein named EBI .'

EBI Is an Evolutionarily Conserved Microtubule Plus-End Binding
Protein

EBI is a relatively small protein ; at 30 kDa it is approximately one-tenth the size ofwild-type
APC. Several years after its original identification, EB1 was shown to be a microtubule-associated
protein (MAP) that localised to a subset ofmicrotubule plus ends in interphase and mitotic cells.P
Confirmation that EB1 was a member ofa new classofMAPs that specifically tracked the growing
plus end ofmicrotubules, now termed "+TIPs", came several years later through the observation
of EBI-GFP fusion protein behav iour in living cells.' The initial characterisation of EBI was
performed in parallel with the developing understanding that APC was also a MAP that was
intimately associated with microtubule plus ends.5.6 Thi s led to early suggestions tha t EBI might
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help target APC to these sites.4,7The subsequent characterisation ofEBl was rapid. It included
the identification of two other members of the human EB protein family, EB3 and the more
divergentRPl (EB2)8.11 and the realisationthat EBI wasa memberof a highlyconservedfamily
of proteins with membersin organisms asdiverse asyeast," slimemoulds" and plants." In short.
all eukaryotesappear to possess at leastone memberof the EBprotein family. Unsurprisingly, a
dramatic increase in thevolumeofpublishedworkon EB1proteins hasensued,implicatingthem
in avarietyofcellularprocesses. A fullanalysis ofcurrentthinkingon EB1protein function.which
is now suspected to be fundamentallyimportant to +TIP function as a whole,lies outside the
scopeof this chapter. Fortunately, a number of recent reviews existto guide the readingof those
interested in this topic.15-18 It is worth noting, however, that in the specific context of its effects
upon microtubule dynamics, EBI is thought to decrease microtubule catastrophe frequencies
in vertebrate cells. It is therefore consideredto be a promoter of microtubulegrowth and stabil­
ity.19 It alsoappearsto be an obligate+TIP: that is, it localises to all of the growingmicrotubule
plus-endswithin a cell.

TheEBI Binding Regionin APC
Theinitial identification ofEB1wasachieved usingacomparatively smallfragmentof theAPC

C-terminus. aa2559 to 28431 (Fig. lA).This regionliesdownstreamof and isseparable from the
basic,direct microtubule-bindingregion in APC po-23 The preciselocation of the EB1 binding
site wassubsequentlyrefinedand shown to liewithin the final 170aaof APC.?The organisation
of the EB1 binding regionin APC wasrecentlysubjectedto detailedexaminations that suggest a
minimalEB1bindingsiteisencompassed byaa2782-2819,centredaround aa2805-2806.24.25The
interaction between the two proteins is regulated by APC phosphorylarion.P'" potentially by
CDKI in mitotic cellsat the conservedconsensus sequence betweenSerine2789and Lysine2792
(Fig. lA).?,26 However, conclusive identificationof the kinase(s) that mediate such regulation in
vivo (or indeed the phospharases that presumably reverse this) has not yet been reported. The
precise organisation of the APC-EBI complex also remains to be fully defined. For example,
although EBI dimerisationappearsto be crucialfor this inreraction," it isunclearwhether APC
dimerisation isnecessary.

In addition, the EBI binding region in APC may not be fully defined. Yeast-2-hybrid and
biochemical evidence hasbeenpresentedshowingthat the humanAPC homologAPC2 (APC-L)
interactswith EBfamily proreins."Comparedto APC, APC2lacks muchofthe currentlyaccepted
EB1binding domain. Instead,adifferentregionwith homologyto APC aa2518-2577wasfound
to mediate binding (Fig. lA), raisingthe possibilitythat another (or an extended) EBI binding
region exists in APC. However, a more recent study has suggested that this maynot be the case
and found no evidence for EBI binding by the APC regionwith homology to the putative EBI
binding site in APC2.28This issue thereforeawaitsfinalclarification.

Finally, a recent studyhas suggested that in addition to mediatingan association with micro­
tubules, the basicdomain in APC (Fig. lA) mayalsomediate a direct association with the actin
cytoskeleton.Intriguingly, this association wasinhibited bybinding ofEB1to APC, suggesting a
novelregulatoryfunction for the interacnon."

TheAPC Binding Site in EBI
Thestructural and functional organisationofEBl proteins is now wellunderstood (Fig. IB),

The N-terminal half of the EBI moleculecontains a calponin homology domain that mediates
its interaction with rnicrotubules'l-" while the C-terminal half of the protein is responsible for
both the interactions with all other ligands identified so far, and for EBI dimerisation (Fig.
lB).24,25,28.29,31.32The interaction between EBI and its different ligands is competitive." Of the
three EBfamilyproteins in humans.EBI and EB3appearto interactwellwith APC whereas RP1
interacts much more poorly,"

Workon theAPC-EBI interactionprovidedthefirstevidence for thebestcurrentmodelofhow
the effectofEB1on microtubuledynamicsisregulated. It wasnoted that EB1wasonlycapable of
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Figure 1. A) The EBl binding site in APC. A detailed view of the EB1 binding region at the hu­
man APC C-terminus is shown, with the sequence of the core EB1 binding region containing
a potential regulatory phosphorylation site highlighted. B)The human EB protein family. Three
EB family (MAPRE) genes have been ident ified in humans. EBl exists in one protein form . Two
RPl isoforms are generated by the use of alternative translation initiation sites and two EB3
isoforms are produced by alternative mRNA splicing. All family members share a common
general structure with a microtubule-binding CH domain in the N-terminal half of the protein
and a conserved ("EB") basic leucine zipper-like domain in the C-terminal half of the protein
that mediates dimerisation and contributes to the binding of some ligands, including APC.
An acidic C-terminal tail common to all protein forms of the human EB family is highlighted;
this participates in the interaction with the CAP-Gly domains in p150Glued and CLlP-170and
the more divergent tail in RP1 may help to explain the lower affinity of this protein for most
of the EB protein ligands examined to date.
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promoting microtubule growth in an in vitro assay when it wasbound to a recombinantprotein
derivedfrom the APC C-terminus. ThisAPC fragment did not contain an independent micro­
tubule binding regionand the effectwasabrogatedbyAPC phosphorylation,confirmingthat it
requiredadirect interactionbetweentheproteins." A morerecentstudyexamining the interaction
betweenEBI and anotherofitsligands, thedynactinsubunitp150Glued,31 hasprovidedanelegant
explanationfor this observadon." It is now thought that when not bound to ligand, EBI exists
in a closed,auto-inhibited conformationthat dependson an intramolecularinteractionbetween
the N-terminusofthe protein and the acidictail locatedat itsextremeC-terminus (Fig. IB).This
formof the protein cannot interactwith microtubulesor promote theirgrowth.Bindingofligand
opens the EBI molecule, freeing the microtubule-bindingdomain, stabilising the C-terminalpart
of the protein and perhapspromoting the formation ofa stableEBI dimer,

Although their binding to EBI is competitive, APC and other EBI binding partners exploit
different structural determinants in the EBI C-terminus for their interaction with this protein.
Structural studiesindicate that EBI dimerises viaa basicleucinezipper-like domain located near
the C-terminus of the protein, forminga4-helixbundle that isstabilised bysequences C-terminal
to the dimerisationdomain.Thisresultsin aYshaped arrangementofglobulardomainsvisible by
transmissionelectronmicroscopy, with aparallelpair of CH domainsformingthe armsof the y .25

EBI-APC bindinginvolves theplacementofaconserved isoleucine in humanAPC (lle2805)into
a hydrophobic cavity formed by EBI C-terminal dimerisation,alongside other interactions.Y"
The p150Gluedinteraction regionin EBI extensively overlaps with this APC bindingsite, but is
demonstrablydifferent sincelimited mutation in this regionofEBI can abrogateAPC binding
while leaving p150Gluedbinding unchanged." Furthermore,p150Gluedexhibitsan additional
interaction with the c -tubulln-like C-terminal acidictail ofEB I (Fig.1B)that has not been de­
scribedfor APC. Additional varietyin the possible modesof ligand binding to EBI isprovided
by CLIP-170. Likepl50Glued, this protein uses a CAP-Gly domain to associate with EBI. In
the caseof CLIP-170 however, this interaction isalmostentirelydependent upon binding to the
EBI acidictail,with recentwork indicatingthat the CAP-Glydomain in CLIP-170 has a much
higher affinityfor this featureofEB I than the analogous domain in p150Glued.34.35 In the latter
protein, simultaneousbindingto the EB14-helixbundleand the acidictailappears to compensate
for this loweraffinityfor the tail.Thesequenceof the RPI acidictail differs from that ofEBI and
EB3 at sitesthat are crucialfor the CLIP-170 interaction (Fig. IB), perhapsexplainingwhy this
protein binds poorly to known EBprotein ligands.

Thesedata implythat activationof the microtubulegrowthpromoting activityofEB I maybe
an unavoidable consequence ofligandbindingto the EBI C-terminus.However,conclusive proof
of this remainsto be presented,in part because EBI interactspromiscuously with a growinglist
of proteins that localise to or act at microtubuleends.":" In the specific contextof the APC-EB1
interaction, work by Nakamura et al (2001) clearly indicates that an APC fragment composed
of the final283aaof the protein is sufficient to bind to and activate EBI in vitro." However, this
fragment contains part of the APC region with homology to the putative EBI binding site in
APC2 and maythereforeencompass more than one EBI interaction site. It is currentlyunclear
whether smallerfragments of the APC C-terminus retain the ability to activate EBI, although
they areclearly capableof binding to itP4.25

Interphase Functions ofthe APC-EBI Interaction
Balancingall available evidence indicates that EBI does not significantly contribute to the

delivery of APC to corticalsiteslocated near microtubuleends,36.37a role that is insteadlikely to

be filledby an interaction betweenAPC and kinesins.6.38.39 In addition, EBI does not appear to

be necessary for the cortical clusteringof APC at microtubule ends.36.4o However, a functional
role for an interaction betweenAPC and EBI at microtubuleends in the process of directed cell
migration has beendescribed.P'"

Manytypesofmigratingcells orient their microtubulenetworkto point theirplus-ends towards
the leadingedgeof the cell.A subset of microtubules in this arraydisplay markers indicativeof
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stabilisation, a process that could facilitate sustained membrane delivery and the trafficking of
signalling factors to the rapidly advancing cell front. This stabili sation occurs downstream of
microtubule capture by cortically-located factors in conjunction with the "capping" ofmicrotu­
bule plus ends , a state in which microtubule plus end dynamics is suppressed.F ' v'Ihe APC-EBI
interaction is thought to playa role in several microtubule capture and capping mechanisms at the
cortex ofmigrating cells. Current models designate APC as the link to the cell cortex. This may be
mediated by an interaction with the PDZ domain-containingcortical scaffolding protein D LG 143

or through binding to factors that provide linkage to the cortical actin network. These include
proteins such as the Racl/Cdc42 effector protein IQGAP144and the RhoA effector protein mDia. 3O

mDia also interacts with EB1, suggesting that it may form part of a multiprotein complex with
APC and EBI that mediates microtubule cortical capture and stabilisation. f In both processes,
the linkage to the microtubule tip is mediated by EB1, so the EBI-APC interaction provides the
bridge between the microtubule end and the cell cortex. Notably, both ofthe above mechanisms
are accessible to inputs from the Rho family small GTPase signalling pathways, which are known
to playa crucial role in coordinating cell migration."

One general caveat about the above studies is that they examine modes ofmigration more typi­
cal offibroblasts than epithelial cells, the cell type in which APC mutation causes cancer. Recent
work indicates that the role ofAPC and, by implication, the function ofits interaction with EB1,
might be different in the coordinated cell movements typical ofthe migration ofepithelial mono­
layers." Another potential problem lies in the recent discovery that ligand binding activates the
microtubule growth promoting activity ofEB1.33 This suggests that APC binding to EBI could
drive microtubule polymerisation rather than stabilisation, although the latter could explain the
anti-catastrophe activity ofEB 1.This conflict is likely the result ofour current lack ofunderstand­
ing about how EB1 binds to microtubule plus-ends. Furthermore, recent careful studies suggest
that cortically located APC on microtubule ends is capable of increasing microtubule stability
and driving microtubule growth independently ofEB1.37 This may represent a difference between
two independent proce sses: the promotion ofmicrotubule growth byAPC in dynamic clusters at
microtubule ends and the coordinated capture and capping ofmicrotubules in migrating cells.

An additional role for the APC-EBI interaction in interphase has been proposed that relates
to the observation that both proteins localise to centrosomes.P :" A detailed analysis indicated
that both specifically localised to the sub-distal appendages of the mother centriole in a micro ­
tubule-independent manner.VThe finding that EB1 is involved in anchoring ofmicrotubules at
centrosomes 31 raises the possibility that an interaction between APC and EB1 at this site might
contribute to this proce ss. However, a number ofother EB1 ligands also localise to centrosomes
and playa functional role in microtubule anchoring,I8,48so the delineation ofa specific function
for a centrosomal APC-EBI interaction will have to be carefully dissected .

Finally, evidence for a further, unexpected consequence ofEB1 binding to APC has recently
been presented." EBI overexpression in transfected cells was found to induce the nuclear ac­
cumulation of~-cateninand promote the transcriptional activity ofTCF, potentially by directly
antagonising the interaction between APC and ~-catenin. This raises the interesting possibil­
ity that overexpressed EB1 might act as an oncogenic factor by deregulating WNT signaling .
Supporting this idea, EB1overexpression in human esophageal squamous cellcarcinoma correlated
with increased levelsofcytoplasmic and nuclear ~-catenin"9 Since EB1 is small in comparison to
APC and the binding sites for EB1 and ~-cateninare well separated, thi s intriguing observation
also implies that when APC binds EBI the conformation of the former is changed in a way that
inhibits its association with ~-catenin.

Mitotic Functions ofthe APe-ED! Interaction
Chromosomal instability (C IN ) is a common feature of colorectal cancers initiated byAPe

mutation.50,S IThe possibil ity that thi s form ofgenomic instability is directly related to the loss of
an APC function separate from its role in the WNT signalling pathway isseductive, since it implies
that APC is a tumour suppressor protein with integral "gatekeeper" and "caretaker" functions in
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the intestinalepithelium.52Iftrue, this would meanthat lossofAPC function drivesboth cellular
hyper-proliferation and the increasedmutation rate neededfor the progression from adenomato
carcinoma.SinceCIN couldarisefromdefective chromosomalsegregation duringmitosis,which
is a microtubule-basedprocess, the potential rolesof APC and EBI in the mitotic spindlehave
received much attention.

The first detailed examinations of this issuein mammaliansystems focusedon APC, to yield
results consistent with a role for the protein in ensuring the fidelity of chromosomalsegrega­
tion.53•54 However, a majorhurdle for the concept that APC mutation couldbe a causeof CIN in
colorectaltumour cellscamein theformof thespindleassembly checkpoint.Thisprocess monitors
both microtubule attachment to kinetochores and chromosomalalignment during metaphase,
preventingentry into anaphaseif abnormalitiesoccur. Put simply, if APC acted in concert with
EB1 to ensure normal chromosomalcongression, defects in this process due to APC mutation
should preventaffectedcells from completingmitosisunless the spindleassembly checkpointwas
also compromised.55 However, in general, colorectalcancer cells appear to possess a functional
checkpoint mechanism.f although evidence that mutant APC proteins might inducedefectsin
this monitoring process has alsobeen presented."

Recent studieshavedirectlyaddressed this issue in detail and haveprovideda viableexplana­
tion for how this problem might be circumvented in tumour cells.58.60 Knockdownof APC and
EB1 expression using inhibitory RNA technology confirmedthat neither protein wasessential
for chromosomalcongression. However, knock down of either protein induced an unusualphe­
notype consistingof chromosomes that were sufficiently well congressed to meet the stringent
requirementsof the spindleassembly checkpoint but more disorderedin their alignmentwithin
the metaphaseplate than in anormalmitosis.Thisdisorder,or a further consequence of the defec­
tiveprocessthat allowedit, led to a lowbut detectablelevelof aberrant chromosomalsegregation
duringanaphaseand sporadicchromosome10ss.60 Expression ofadominant-negative mutant EB1
protein produced asimilarphenotype." Furthermore,expression ofa truncatedAPC protein was
observedto havea dominant-negative effecton the interaction betweenwildtype APC and EBI
and on chromosomesegregation 59 (thisisdiscussed in moredetailin the chaptersbyCaldwelland
Kaplanthisvolume)suggesting that mutation of the firstcopyofAPCin acolorectal epithelialcell
might directlyincreasethe possibilityof losingthe second copyvia CIN, thus greatlyincreasing
the odds of a carcinomadeveloping.

The specific metaphaseprocess that might be compromisedby lossof the APC -EBI interac­
tion in mitotic cells remains unclear. Since the defect affects the dynamics and orientation of
sister chromatids in the congressed metaphaseplate, but not to an extent that can be sensedby
the spindleassembly checkpoint,it islikelyto besubtle. Giventhe effects ofEB1on microtubule
dynamics one obviouspossibilityis that the behaviourof microtubuleplus ends attached to the
kinetochore is perturbed, perhapsbecauseactivationofEBl-dependent microtubulegrowth by
kinetochore-associatedAPC islost. However,other potential mechanisms alsoexist. Forexample,
recent work has indicated that the inhibition of APC expression compromises the spindle as­
semblycheckpoint itself, reducingthe kinetochoreassociation ofcorecheckpointcomponents."
Furthermore, the possibilitythat APC phosphorylationcould blockthe interactionwith EB1in
mitotic cellshas not been addressedin the context of this work. Nevertheless, regardless of the
specific mechanisms and regulatorypathways involved, the hypothesis thatAPC mutation could
directlycontribute to aneuploidyin colorectalcancercells remainsan important topic for closer
study.

Another effect observed in APC and EBI knockdown experimenrs'V" but also in a more
recent study focusingon the roleofEB 1 in spindleorienearlon.f wasdefective spindleposition­
ing in mitotic cells. This phenotype could be linked to defects in astral microtubule nucleation,
anchoring or function. In epithelialcells, spindlepositioning is an activeprocessin which astral
microtubule-dependentmechanisms specifythe orientation of the mitotic spindleand hence the
planeofcelldivision.63-65 Defectsin thisprocess couldthereforeleadto aprogressive lossofnormal
tissueorganisationin polypsand tumours initiated byAPC mutation.
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APC-EBI Interactions in Other Organisms
Although parallels have been drawn between the potential function ofan APC-EBI interac­

tion in vertebrate cells and processes such as spindle movement in budding yeast,17.66-68 it seems
likely that APC has evolved to playa developmental role in complex, multi-cellular animals. As
such, Drosophila is the most genetically tractable system in which its function has been examined
to date. Two APC proteins have been identified in fruit flies,APCI and APC2.69.7O-72

APCI appears to be the closest orthologue of human APC, with a high degree of domain
conservation and a largely microtubule-dependent localisation, whereas APC2 is more divergent
in both sequence and localisation and is primarily located at the cortex of cells. Unfortunately,
neither DrosophilaAPC protein possesses a C-terminal region similar to the core site shown to
interact with EBI in vertebrate systems24.2S and no evidence for a physical interaction between
fly APCI or APC2 and EBI has been reported. Nevertheless , roles for both APC proteins in
spindle orientation have been presenred/r " and an overlapping role for EBI has also been ob­
served." However, more recent work indicates that the fly APC proteins may not playa major
role in spindle formation or posidoning," suggesting that further clarification of this issue may
be necessary. In contrast, Drosophila EBI clearly plays an important role during mitosis where
it is required for both the assembly and the correct positioning of the spindle." On the basis of
the evidence presented to date , it seems reasonable to assume that ifAPC and EB1proteins have
mitotic roles in Drosophila cells, they perform them either indirectly in the same pathway or in
parallel in separate pathways rather than through a direct interaction. Interestingly, this implies
that the an APC-EBI interaction is a comparatively recent event in evolution, perhaps occurring
during the emergence ofvertehrates." Furthermore, it suggests that a clear definition ofthe role
ofthe APC-EB 1 interaction can only be found by work in vertebrate systems.

Conclusion
A decade of research has revealed important roles for the APC-EBI interaction in a number

ofimportant processes, all ofwhich could cont ribute to the phenotype ofcolorectal tumour cells
when the interaction is lost foliowingAPC mutation. Loss ofa function in directed cell migration
could underpin the aberrant migration ofcellsalong the crypt -villusaxis,whereas subtle defects in
chromosomal segregation might contribute to a CIN phenotype in colon cancers. In addition, an
inability to correctly orient the mitotic spindle parallel with the epithelial cell monolayer lining the
colon could contribute to a lack ofnormal tissue organisation in tumours. Finally, the possibility
that EB1 overexpression could contribute to deregulated WNT signalling in other malignancies
by negatively regulating APC function requires closer attention. However, none of the above
functions have been completely defined and research into both APC and EB1 has demonstrated
an unusual capacity to surprise and a tendency to reveal increasing complexity. An assumption
that we now have a comprehensive understanding ofeither the normal APC-EB1 interaction or
the implications ofits loss in colorectal cancer cells is therefore premature.
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CHAPTERS

The Role ofAPC in Mitosis
and in Chromosome Instability
ChristineM. CaldwellandKennethB. Kaplan*

Abstract

T he established role of APC in regulating microtubules and actin in polarized epithelia
naturally raises the possibility that APC similarly influences the mitotic cytoskeleton.The
recent accumulation ofexperimental evidence in mitotic cells supports this supposition.

APC associates with mitotic spindle microtubules, most notably at the plus-endsofmicrotubules
that interact with kinetochores. Genetic experiments implicate APC in the regulation ofspindle
microtubule dynamics , probably through its interaction with the microtubule plus-end binding
protein, EBl. Moreover, functional data show that APC modulates kinetochore-microtubule
attachments and is required for the spindle checkpoint to detect transiently misaligned chromo­
somes. Together this evidence points to a role for APC in maintaining mitotic fidelity. Such a role
isparticularly significant when considered in the context ofthe chromosome instability observed
in colorectal tumors bearing mutations in APe. The prevalence ofAPC truncation mutants in
colorectal tumors and the abilit y of these alleles to act dominantly to inhibit the mitotic spindle
place chromosome instability at the earliest stage of colorectal cancer progression (Le., prior to
deregulation of ~-catenin). This may contribute to the autosomal dominant predisposition of
patients with familial adenomatous polyposis to develop colon cancer. In this chapter, we will
review the literature linking APC to regulation of mitotic fidelity and discuss the implications
for dividing epithelial cells in the intestine.

Introduction
Although our understanding ofthe range ofactivities associated with the protein encoded by

the adenomatouspolyposiscoli gene (APC) is incomplete, an abundance ofevidence suggests that
APC acts to link signaling pathways with cell differentiation and cell division. Studied intensely
in tumor cells and as a downstream effector ofWnt signaling (see Kennell and Cadigan, this vol­
ume), APC directly modulates the dual roles of~-catenin in cell adhesion and gene transcription.
Perhaps more significantly for this discussion, APC acts to increase microtubule plus-end dynam­
ics and may contribute to the ability ofmicro tubules to form stabilizing plus-end attachments. A
number ofstudies have linked APC and microtubules to the establishment ofcell polariry.'" for
the purposes of this discussion, we consider cell polarity to generally include the establishment
ofa polarized cytoskeleton necessary for the proper distribution ofproteins and organelles. The
same machinery involved in establishing cell polarity is also likely to be critical for cell division,
especially (but not limited to) in the context ofhighly organized epithelial monolayers. As cellsin
a monolayer enter mitosis, the cytoskeleton must be reorganized to allow the assemblyofa bipolar
mitotic spindle . Changes in microtubule dynamics lead to the capture ofchromosomes via spindle
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microtubules and kinetochores, ultimatelyaligningchromosomes in metaphase. This processis
monitored byqualitycontrolcomponentsof the spindlecheckpoint to ensurethat chromosomes
are properlysegregated. Finally, spindlemicrotubulesarecriticalfor determining the orientation
of the cleavage plane during cytokinesis and therefore may also impact the position and fate of
cellsin epithelial tissues such as in the intestine.Thus,the sameelementsof cellpolarity affected
by APC in migratingcellsare alsocentral to the success of mitosis. The goal of this reviewis to
bridge our understanding of APC in polarized epithelial cells with its roles during mitosis. In
particular, wewillrelate theserolesto the normal divisionof cellsin the intestinalcrypt and how
clinically relevantmutations inAPC that affectmitosis maycontribute to colorecral cancer (see
summaryin Fig.3).

APe in Mitotic Cells
Progress in understandingthe function ofAPC in migratingcells(seeEtienne-Manneville, this

volume)has providedimportant insightsinto the potential roleof APC in mitosis.For example,
the association of APC with microtubulesand with the microtubule plus-end binding protein
EB1(seeMorrison, this volume)focusedattention on the abilityof APC to regulatemicrotubule
dynamics.v' More recently, APC togetherwith EB1,hasbeenimplicatedin controllingthe stabil­
ity of microtubulesin migratingcellsdownstreamof the actin regulatoryproteins, RhoAand the
formin,mDia.6•7Before discussingwhat isknownofAPC in mitosis, it isuseful to considerhowthe
well-studied eventsin migratingcells relateto eventsin mitoticcells.Cellmigrationisaccompanied
byan increasein microtubuledynamics near the leadingedgeand at leastsomeof thesemicrotu­
bulesform stabilizingplus-endattachmentsat adhesive contacts(for review, seeref 8). Similarly,
the increasein microtubule dynamics associated with the onset of mitosisaids in the captureof
microtubule plus-endsby kinetochoresand their stabilizationas kinetochore-rnicrotubules (for
review, see refs. 9 and 10). Thus, the ability to transform microtubule plus-ends from dynamic
polymersto stableattachmentsmayrepresentafunction ofAPC that issharedbetweenmigrating
and mitotic cells (seeEtienne-Manneville, this volume).

Analysis of mitotic cells identifiedmultiple populationsofAPC associated with the mitotic
apparatus. In mouseembryonicstem cells, APC is found associated with kinetochoresin meta­
phase and with polar microtubules in anaphase." Similarly, in HeLa (human) cells and PtK (rat
kangaroo)cells, APC isfoundassociatedwith outer kinetochores, distinct frominnerkinetochore
complexes such as CENP AY APC is alsoobservedon centrosomes (spindlepoles) and gener­
allythroughout the cytoplasm, consistentwith the presenceof multiplepoolsof APC in mitotic
cells. Unlike resident kinetochore proteins, depolymerization of microtubules prevents APC
from localizingto kinerochores, arguingthat APC isassociated with microtubuleplus-endsat the
kinerochore.l!!' Indeed, high resolution microscopy revealed APC along the length of growing
kinetochore microrubules, raisingthe possibilitythat APC uses microtubulesto traffic to specific
subcellularsites.Interestingly, the carboxyterminal domainsof APC that interact with EB1 and
with microtubulesarenot requiredfor itsmitoticspindlelocalization,13althoughtheyarerequired
for APC to stabilizemicrotubulesin vitro." Thus, both wild type and mutant APC that lacks
the carboxyterminus (commonlyfound in tumor cells) can usedifferent modesof microtubule
association to regulatedistinct aspectsof microtubule function in mitosis.

Use of human colorectal tumor cell lines with mutated or wild type APC allowedfor the
roleof APC in mitosis to be more directlyevaluated. The majorityof mutations associated with
familialor sporadiccolorectalcancerare nonsenseor frameshift mutations that introduce a stop
codon and truncate APC, eliminatingthe central repeat that interacts with ~-catenin and the
carboxyterminus that interactswith microtubules. When tumor celllineswith chromosomein­
stability(CrN+) werecomparedto tumor celllineswith stablechromosomeinheritance (CrN-;
seeTable 1), CrN+ tumor cellswerefound to havea poorly organizedmitotic apparatus, fewer
astral microtubules that contact the cellcortex and lessstablekinetochore-microtubuleattach­
ments.Theseobservations suggest that changes at the plus-endsof microtubules might underlie
the disorganized mitotic apparatus(Fig. 1).13 Although crN+ cells allexhibitedasimilararrayof
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Figure1. Mitotic spindles in human colorectal cell lines characterized to be C1N- (HCTl16) or
CIN+ (HT29). Cellswere fixed and stainedwith antibodiesagainst (A) tubulin to show the mitotic
spindleand(B) with DAPIandanticentromere antibodiesto reveal chromosomes andkinetochores,
respectively. Note that the metaphase chromosomes in HT29cellsform a less compactalignment
than in HCTl16 cells, a defect causedby inefficient kinetochore-microtubule attachment."

mitotic defects,there is a rangeof severity in different tumor celllineswhich suggests that there
maywellbe additional modifiersof mitotic function.'! Such modifiers, in principle.could allow
tumor cells withdefective mitoses to overcome otherwisecripplingdefectsindivision. Importantly,
the mitotic phenotype observedin CIN+ tumor celllinescorrelates with the genotypeofAPC;
all CIN+ colon tumor cellshave mutations in APe. Most. but not all, tumor cells with APC
mutations exhibit CIN as determined directly by nondisjunction eventsor as inferred by large
changesin ploidy(seeTable1).Interestingly. the exceptions (VACO-S,Gp2dand DLD 1)exhibit
microsatellite instability (MIN), a phenotype that is likelycausedby defective DNA mismatch
repair. It is tempting to speculatethat cellswith MIN require modifiers to suppress the mitotic
defectsassociated withAPCmutationsin order to beviable. It isalsopossible that nondisjunction
eventsoccurin thesecelllinesbut the resultinganeuploidsarenot viable due to the high mutation
rate (Le.•lossofheterozygosity).A morecarefulexaminationof the mitoticapparatusin thesecells
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will be required to distinguish between these possibilities. These examples not withstanding, there
is a strong correlation between mutations in APC and the CIN phenotype.

Using fusions of CIN+ and CIN- tumor cells, Vogelstein and colleagues showed that CIN
acts dominantly.15 The dominant quality ofCIN allowed for a genetic test of the prediction that
APC mutations are sufficient to give rise to mitotic defects and to CIN. Conditional expression
of a clinically relevant truncation mutant ofAPC (APC;I.145ocodes for amino acids 1-1450) in
human 293 cells (CIN-), which contain wild type APC, resulted in mitotic defects identical to
those found in colorectal tumor cell lines; astral micro tubules are decreased, kinetochore microtu­
bules are lessstable due to inefficient kinetochore attachment and chromosomes are misaligned in
rneraphase.P'Ihe dominant activity ofAPCl.1450 depends on its ability to associate with full length
APC via an amino terminal oligomerization domain. Biochemical experiments demonstrated that
the dominant negative APC-complex "poisons" the full length APC, preventing it from interact­
ingwith EBl.The localization ofAPC!·145oat microtubule plus-ends, along the length ofspindle
microtubules and at the centrosornes, places the dominant negative APC-complex in a position
to compromise mitotic spindle function .13·16In addition to the amino-terminal oligomerization
domain, sequences between amino acids759 and 1309 contribute to the dominant negative activity
ofAPCmutants.'?Significantly,evenvery low levelsofAPC!·145o perturb spindle function, implying
that precancerous cells with one mutant and one wild type copy ofAPC will have similar mitotic
defects. A similar dominant activity was observed when amino terminal fragments ofAPC were
reintroduced into CIN- , H CT116 colorectal tumor cells." Together, these observations provide
compelling evidence that APC has an important mitotic function and that it is linked to its as­
sociation with the microtubule plus-end binding protein, EB1. Obviously, the dominant activity
ofAPC mutants found in cancer cellshas important implications for understanding chromosome
instability and the genetics ofAPC mutations (discussed below).

APe Regulates Microtubule Dynamics in Mitosis
Dominant alleles ofAPC or siRNA directed reduction ofAPC protein inhibit spindle mi­

crotubule dynamics, compromising the formation of microtubules important for chromosome
segregation and for anchoring the spindle to the cell cortex' ?(see cartoon in Fig. 3). To understand
the role of APC in mitosis , attention has focused on the microtubule regulatory properties of
APC. How does APC regulate microtubule dynamics and is this function distinct from its other
roles in the cell? While complete answers to these questions have yet to be found, initial progress
has been made by focusing on the carboxy-terminal domains ofAPC that mediate its interaction
with microtubules. Although APC isoften described as a microtubule plus-end associated protein
(+TIP), its localization along the lengths of some microtubules as well as at plus-ends makes it
distinct from other +TIPs.IS In addition, APC is found only on a subset ofcellular microtubules
while other +TIPs such as EB1can be seen on most growing microtubule plus-ends.v ln migrating
cells,APC appears in clusters associated only with the leading edge ofthe cell.4ln mitotic cells, as
microtubule dynamics increase to facilitate their "search and capture" ofmitotic targets such as
klnetochores.P'" APC is found associated more extensively with a large number ofmicrotubule
plus-ends. The more obvious association ofAPC with spindle rnicrotubules may reflect the in­
creased importance of the microtubule regulatory function ofAPC in mitosi s.

APC has three described modes of microtubule interaction: (i) via the Armadillo repeats
(amino acids, 446-880) ,23 APC interacts with KAP3, the kinesin light chain associated protein
and apparently uses this interaction to move along the length of rnicrotubules: (ii)via its basic
domain APC interacts directly with microtubules (amino acids, 2219-2580);24 and (iii) via a
second domain in the carboxy terminus, APC interacts with EBI (amino acids 2781 -2831).25.26
Localization studies ofAPC in migrating and mitotic cellsare consistent with there being multiple
populations ofmicrotubule-associated APC.

The meaningofthe diverse localizations ofAPC in mitosis remains to be determined, however,
there are several important implications to be gleaned from our current picture. First, the localiza­
tion ofAPC along the lattice of spindle micro tubules may indicate that there are discrete pools
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ofAPC that are targeted to specific mitotic structures, such asthe kinetochoreor the cellcortex.
Understanding the nature of thesecomplexes and their motility in moredetailwill be important
for determiningtheir significance.Secondly, thepresenceofAPC at theplus-endsof microtubules
points to the important relationship between APC and EBI, one that has led to the proposal
that this complexregulates microtubuleplus-enddynamics. The infrequent interaction between
APe and EBI-associated microtubules in interphase cells highlights the complicatedrelation­
ship betweenAPC and EB127and raises the possibilitythat APC-EB1complexes act differently
in interphaseand mitotic cells. Finally, it ispossible that the direct interaction betweenAPC and
microtubulesleadsto changes in the dynamicpropertiesof microrubules, Whatever the relevant
biochemicalinteractionsbetweenAPC and rnicrotubules, it is likely that the relationshipisnot
simple. For example, a truncated APC mutant (i.e., APCI.1450) formsa hetero-oligomerwith the
fulllength APC protein that stillassociates with microtubuleplus-ends, but inhibits the ability
of full length APC to interact with EB1.Thus,APC iscapable of differentmodesofinteractions
with microrubulesand its association with EB1isneither necessary nor sufficient for its localiza­
tion.17,28 Ultimately, it will be important to identify binding parmers and biochemical activities
of the different populations of microtubule-associated APC in order to better understand their
functions in both cellmigrationand mitosis.

Despitethecomplicatedpictureofmicrotubule-associatedAl'C, mutantsthatdisrupt the inter­
actionbetweenAPC and EB1clearly inhibit microtubuledynamics in mitoticcells. Asmentioned,
APCI.1450 acts asadominant negative byoligomerizing with full length APC and preventingfull
lengthAPC frominteractingwith EB1.17Thisbiochemical defectcorrelates with the disorganized
mitotic spindlesobservedin cells expressing APC 1.1450 and inAPC mutant tumor cells. A similar
phenotype isobservedwhenAPC isinhibited bysiRNA,thus confirmingthe dominant negative
activityof the APC truncations. Measurements of EBl-comet behaviorshow that expression of
APC!·1450 reduces microtubuledynamics byincreasing thepausefrequency ofspindlemicrotubules.
Deletionofthe amino-terminaloligomerization domain (i,e.,APCS8.1450) eliminatesitsdominant
negative activity, restores APC-EB1interactionand restores robustmitoticspindles. Interestingly,
the APC allelelackingthe oligomerization domain acts as a gain-of-functionallele, decreasing
EBl-cornet pauseduration relative to controls." That alleles ofAPC demonstrateeither lossor
gain-of-function phenotypes that correlatewith EBI interaction stronglysupports the abilityof
APC to, directlyor indirectly, regulateEB1and thus microtubuleplus-enddynamics.

How then does APC regulate microtubule dynamics? The answermay lie in the ability of
APC to simultaneously interact with multiple protein complexes. In this scenario, the associa­
tion of APC with microtubules could target associated proteins to microtubule plus-ends. For
example, the APC-associatedproteins, p-catenin, GSK3p and Axin colocalize at microtubule
plus-end clustersin migratingepithelial cells," neurons 30,31and are found together on mitotic
spindles (Green and Kaplan; unpublished observations). Thus, it is possible that APC regulates
microtubule dynamics through the canonical p-catenin "destruction"complex (a complexthat
helps target p-catenin for ubiquitin-mediated degradation), perhaps by controlling the activity
(i.e.,phosphorylationstateor protein levels) ofother +TIPs.Alternatively, theremaybeadditional
APC-bindingpartnersimportant for regulatingmicrotubuledynamics assuggested bybiochemical
fractionationexperiments whichhaveidentifieddestructioncomplexfreepoolsofAPC associated
with membrane clusters.32.34

Interestingly, the interactionofother proteinswith EB1suggests that APC isnot unique in its
abilityto bridgeinteractionsbetweenmicrotubulesand complexes important for cellpolarity.In
this regard, it isinstructiveto considerthe caseofmelanophilin,aprotein that interactswith EB1
andlinks myosin on melanosomes to microtubuleplus-ends.Recentworkshows that melanophilin
containsanEB1bindingdomainwithhomologyto theonefoundinAPe, Geneticstudiesindicate
that the EBl-blnding domain in melanophilinlinksit to microtubuleplus-ends in order to deliver
melanosomes to the periphery of rnelanocytes." Such a polarized delivery role is distinct from
the more regulatoryroleproposedfor APC at microtubuleplus-ends. Thisdifference maynot be
surprisinggiven the lack of sequencehomology outside the EBI-binding domain. Nonetheless,
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it may be useful to consider the possibility that these cases are more similar than they first appear.
For instance, the interaction between APC and EB1 may be necessary to deliver APC to its site of
action. On the other hand, the role ofmelanophilin in microtubule regulation has not been exam­
ined; it may be that it feeds back and regulates microtubule plus-ends as it is being transported to
the cellperiphery. Such acomplex relationship would be consistent with functional studies linking
APC and complexes important for actin regulation to microtubule plus_ends.17,36-40

APC Function in the Spindle Checkpoint
The role ofAPC in the spindle checkpoint is an important issue not only because it has the

potential to inform our understandingofcheckpoint function, but also becauseAPCmutants that
are defective in sensing misaligned chromosomes fulfill a basic prediction ofmodels ofgenomic
instability (i.e., loss ofcheckpoint function; see Fig. 3 model).41 .43Spindle checkpoint proteins are
found associated with kinetochores that have not been properly attached to the mitotic spindle.
Here, they rapidly exchange with a pool ofcytosolic checkpoint complexes important for trans­
mitting a "stop-anaphase" signal. Followingproper kinetochore-microtubule attachment, spindle
checkpoint proteins dissociate from the kinetochore and anaphase proceeds.r' Although not a
prototypical checkpoint protein, there is significant evidence that APC is important for detecting
misaligned chromosomes. However, as in its involvement in microtubule dynamics, the precise
function ofAPC in the checkpoint defies simple explanation.

Accumulated evidence suggests that APC functions independently from traditional checkpoint
complexes to detect misaligned chromosomes. For example, APC does not accumulate at unat­
tached kinetochores: in fact, it requires microtubules for its kinetochore localization. Moreover,
a number ofgroups have reported that cells defective for APC have "normal" spindle checkpoint
function asdefined by the ability ofcellsto arrest in response to microtubule depolymerization.16,17.45
On the surface, these results indicate that APC is not required for the spindle checkpoint complex
to arrest cells. However, expression ofthe dominant negative APC 1.1450in cells induces a dramatic
increase in misaligned chromosomes that does not result in mitotic arrest ,17 a finding that suggests
these misaligned chromosomes are "invisible" to the spindle checkpoint. This result isparticularly
suggestive as it is this heterozygote genotype that ofien precedes colorectal cancer and raises
the possibility that APC can simultaneously inhibit chromosome segregation and the quality
control mechanisms that prevent chromosome instability. Finally and perhaps most significantly,
live-imaging of cells expressing dominant negative mutants ofAPC (e.g.,APO·1450and N-APC
(amino acids 1-750)) or ofcells inhibited for APC by siRNA demonstrate a premature exit from
mitosis in the presence oflagging chromosomes.t' The unavoidable conclusion from these studies
is that APC assists the spindle checkpoint in detecting misaligned chromosomes.

There is precedent for how misaligned chromosomes can become "invisible" to the spindle
checkpoint. Chromosomes that have attached aberrantly to the mitotic spindle so that one ofthe
two attached sistersare connected to microtubules from both poles,known as merotelic attachment,
results in tension that inactivates the checkpoint even though chromosomes cannot be segregated
to opposite poles." However, the fact that sister kinetochores of misaligned chromosomes in
APC defective cells exhibit reduced tension rules out a simple merotelic attachment explanation
for why misaligned chromosomes are "invisible".17,45Another intriguing possibility is that APC
is required to amplify the "stop-anaphase" signal in the context of tran sient kinetochore-micro­
tubule attachments. Such signal amplification might be important in the presence of nascent
kinetochore-microtubule connections which probably give rise to the transient establishment
of tension, a state consistent with the pre-anaphase "breathing" observed at cent romeres in both
human and yeast cells.48.49 Importantly, such an amplifier would not be required when cells are
treated with microtubule poisons that eliminate all rnicrorubules and therefore explains why the
checkpoint appears functional when APC defective cells are treated with nocodazole. How does
APC amplify a microtubule-dependent checkpoint signal? Interestingly, inhibitingEB1 givesrise
to similar "invisible"misaligned chromosomes and therefore argues that the role ofAPC in amplify­
ing the spindle checkpoint signal is related to its ability to regulate microtubule dynamics." Since
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inhibitingeitherEBlorAPC results in less dynamicmicrotubules that spendmoretimeinapaused
state (l,e., neither growingnor shrinking), it maybe that maintaining dynamicmicrotubules at
the nascentkinetochore-microtubule interfaceisimportant to amplifycheckpointsignals prior to
full kinetochore-microtubuleattachment and maximalforcegeneration. Sucha role isconsistent
with the more generalfunction of APC and EBI in regulatingmicrotubule plus-end behavior.
To address such a model,it willbe important to determinehow changes in microtubuleplus-end
behaviorimpact the activityof the spindlecheckpoint complexes.

APC and Microtubule Dynamics in Cytokinesis
Classicexperiments byRayRappaport establishedthe roleofthe mitotic spindlein the speci­

ficationofthe cytokineticfurrow.50 While the specifics varywidelyamongspecies, it is clearthat
a combination ofdynamiccorticalmicrotubules, stablecentrosomes and midzone microtubules
direct actinpolymerization and thus the locationofthe cytokineticfurrow.While the importance
ofmicrotubules and actin in cytokinesis are indisputable, the moleculardetailsconnectingthese
two cytoskeleton systems remain less clear. Current models propose that the Rho family of G
proteins (i.e., Cdc42, Rae,or Rho) that locallycontrol actin polymerization at the cortex are af­
fected by the action ofspindlemicrotubuledynamics per se or by the abilityof dynamicspindle
microtubules to "deliver" important regulatoryfactors (e.g., GAPsand GEFs).1he criticalroleof
spindlemicrotubulesin cytokinesis raises thepossibility that APC isalsoimportant forcytokinesis,
either through its influence on anaphase spindleorganization, dynamics or microtubuleassociated
activities that influence actin behaviorat the cellcortex.

Observationsof anaphase spindlesin cellsdefective for APC function providea strongpiece
ofcircumstantialevidencethat APC is requiredfor proper cytokinesis. Anaphasecells expressing
the dominant negative APCl-1450 exhibit a dramatic lossof corticalspindle microtubules, fewer
microtubule plus-endscontacting the cortex and an increase in off-centermitotic spindles (Fig.
2).13 Furthermore,live-cell imagingof cells expressingAl'C'Y" or ofcells inhibited forAPC func­
tion by siRNA show spindlesthat undergo dramatic rotational oscillations. v-" Ifwe accept the
ideathat the mitotic spindleactsasasignalingplatformwhoseposition can influence cytokinetic
furrowinduction, 52 then it iscompellingto askwhat might happen to cytokinesis in cellsthat fail
to anchor their mitotic spindle.An important cluecomesfrom studies in Xenopus laeuis, where
mechanically sliding the mitotic spindle along the cortex of the cell expandsthe zone of active
RhoA and actin polyrnerization.P Consistent with this result,we haveobserved that epithelial
cellswith defective spindleanchoringcausedby mutant APC havea similarly expandedzoneof
activeRhoA (Caldwelland Kaplan; unpublishedobservations). It shouldbenoted, however, that
APC function is not required for cytokinesis in Drosophlla.v Therefore, at least in mammalian
systems, the ability of APC to regulateanaphase spindle function appears to be important for
mitotic cellsto properlyorganizetheir cortexfor cytokinesis.

If these types of changes in anaphasespindlebehaviorseverely compromise cytokinesis then
it follows that cellswith reduced APC function will becomepolyploid (Le., tetraploid) due to
cytokineticfailure. Evidence to support this prediction comesfrom the observationthat cellsex­
pressingAl'C'{'" haveasignificant numberofanaphases wherethereisno observable cytokinetic
furrow; live-cellimagingreveals that such cellsexit mitosiswith normal timingand thus giverise
to bi- or multi-nucleatedcells." In addition, depletion of APC in cultured cells rapidlyleadsto
the accumulationof tetra- and polyploidcells.46 Importantly, not everycellexpressing APCI-14S0

fails to anchor its spindle or fails to complete cytokinesis, implyingthat either APC dominant
mutants are not null or that there are multiplepathways that contribute to spindleanchoring, or
both.Significantly, this observationalsoimpliesthat tumor cells that havelostAPC function can
still undergo successful celldivisionand thereforeare able to contribute to the expansionof the
tumor.Similarpolyploidcells havebeenrecentlyreportedfor micecontainingatargetedknockout
of APC function" and agreewith our data that dominant APe alleles contribute to polyploidy
in intestinal epithelialcells." Together, theseobservations implythat cytokineticfailures in cells
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Figure 2. Expression of the clinically relevant APCl-1450 in cells with wild type APC prevents
normal organization of anaphase spindles. Control human 293 cells (A) or cells cond it ionally
expressing APCl-1450 (B) were transfected with EB1-GFP to visualize the mitotic spindle and
microtubule plus-ends (see arrows). The region inside the box was enlarged 1.S-fold to show
microtubule plus-ends near the cortex. Yellow filled in circles indicate the approximate posi­
tion of the spindle poles. (C) and (D) are cartoons derived from the cells in (A) and (B) to show
the relative position of the spindle poles with respect to the cell boundary. A color version
of this figure is available online at www.landesbioscience.com/curie.

that lose APC function are not simply an in vitro artifact ofcell culture and that mitotic defects
occur in tissues where APe mutations give rise to cancer.

How might APC contribute to anaphase spindle signals required for cytokinetic furrow induc­
tion? There are two general possibilities: (I)APC influence over signals generated from anaphase
spindles may be indirect. simply reflecting the need for normal microtubule dynamics necessary
to bring cortical microtubules to the cortex or, (ii) APC may directly form or regulate signals
that control actin dynamics at the cortex (see model, Fig. 3). A variety ofexperiments argue that
microtubule dynamics per se are not required for successful cytokinesisss.s6and thus point to a
role for microtubule plus-end binding complexes in regulating actin at the cortex. More direct
evidence for such a relationship comes from the observed connection between APC, EB1 and the
RhoA effector, mDia (a formin that stimulates actin polymerization) in migrating fibroblasts. a
relationship that suggeststhe possibility ofdirectly linking microtubuie-associatedAPC complexes
to actin during cytokinesis? While this complex has been proposed to stabilize microtubules in
migrating cells, evidence from sea urchin embryos suggest that complexes on spindle microtubule
plus-ends, including APC, EBI and pISOglued. are necessary for proper cytokinetic timing." In
addition to the cytoskeleton-related APC complexes. it is also important to consider how the
well-characterized p-catenin "destruction" complex may influence actin regulation. For example .
APC2, GSK3P, Armadillo and n-catenin have been shown to be important for spindle anchor­
ing in Drosophila syncytial miroses.P In addition. APC forms a complex with Axin-GSK3p and
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MCAF I, a microtubule-actin cross linking factor. 59 It is therefore possible that APC-microtubule
associated complexes integrate with those complexes known to regulate p-catenin both during
changes in cellpolarity and during anaphase to complete cytokinesis. It will be necessary to define
the composition ofAPC complexes in mitotic cells to identify activities required for the initiation
of the cytokinetic furrow (as summarized in Fig. 3B).

The Dominant Activity ofAPe in Mitosis-The Tip ofthe Iceberg
While studies that have examined the cell biology ofAPC have informed our view of its role

in cell polarity and mitosis, the association between APC and colorectal cancer in humans adds
both significance as well as an important dimension to the discussion . Specifically, it is significant
that APC mutants found in human cancer act as dominant negatives to inhibit microtubule
dynamics . Inheritance or the sporadic occurrence ofsuch alleles can now be connected to specific
cellular phenotypes and therefore informs our view of the long-described dominant predisposi­
tion to cancer in familial adenomatous polyposis (FAP) patients inheriting one mutant allele of
APC (see Fig. 3A). Indeed, the majority ofFAP patients have a mutation in APC resulting in the
expression ofa truncated protein. FAP patients are assured ofdeveloping hundreds to thousands
ofcolonic polyps with adenomas often appearing in preteen and young adult years/" The question
that naturally arises is: does the defect in spindle microtubules contribute to the predisposition of
colorectal cancer? By considering the answer to this question, we can begin to appreciate how the
observed mitotic defects represent the tip of a phenotypic iceberg-a subset, or all ofwhich, may
help to "evolve" tumor cells in the gut.

Ultimately, to address this question we must understand the full range ofcellular phenotypes
associated with the reduction of microtubule dynamics caused by dominant APC mutants.
While the global role of microtubules in organizing epithelial cells raises numerous potential
consequences for cells,we will focus on two that could in principle drive cancer cell evolution: (i)
the dominant effect ofAPC on microtubule dynamics may impact the normal organization of
polarized epithelial cells with respect to cell migration as well as mitotic spindle orientation and
(ii),changes in mitotic fidelity may contribute to genomic (Le., chromosome) instability. We will
briefly address each ofthese possibilities and the ramifications ofsuch changes for cancer progres­
sion. The dynamic exchange ofAPC between complexes that degrade p-catenin and complexes
that bind to micro tubules argues that there is a direct relationship between microtubule dynamics
and the stability ofadherence junctions.34.61.62In addition, a number ofstudies have linked APC,
EB1and microtubules to events during cell migration such as the stabilization ofmicro tubules at
focal contacts'?While the molecular connection between microtubules and actin remains unclear,
visualization of these structures in living cells has highlighted the relationship between growing
microtubules and actin polymerization.27.63.64 It is therefore conceivable that, as in cytokinesis,
changes in microtubule dynamics in interphase cells could contribute to the well-documented
changes in epithelial cell adhesion and migration observed in tumors with APC mutations/? In
many epithelial tissues, the case has been made for the importance ofspindle orientation in the
asymmetric cell divisions that allow stem cell maintenance and cell differentiation.66•67 Changes
in spindle orientation in the gut could therefore have significant impact on the properties of in­
testinal stem cells. Importantly, all of these changes are postulated to occur prior to LOH at the
APC locus and may expose intestinal epithelial cells to new selective pressures in the intestinal
crypt by causing changes in cell position, stem cell maintenance and loss of proper signals that
normally restrain cell division.

As reviewed above, the evidence is compelling that the dominant activity of APC mutants
contributes to mitotic defects in chromosome alignment and cytokinesis both in vitro and in mice.
While many tumors exhibit aneuploidy, it remains controversial whether these changes causecancer
(onset or progression) or, instead, are an effect ofaccumulated lesions present in tumor cells. The
dominant nature ofAPC truncating mutants argues that mitotic errors can occur prior to other
changes associated with colorectal cancer (i.e., LOH ofAPC and stabilization ofp-catenin).Thus,
the early presentation of the phenotype might persuade some that mitotic defects are important
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at the earlieststagesofcancer. Butwhat evidence isthere that changes in mitotic fidelity can cause
cancer?The long-cited correlationbetween aneuploidyand malignancy minimallysuggests that
changesin chromosomenumber maybe a lateevent that enhancescharacteristics associated with
malignancy (e.g.• metastasis or angiogenesis) .68 However, polyploidymay reflect a more global
genomicstabilityproblem and hasbeen proposed to bea drivingforcein cancer." In support of
this contention, studiesin yeastdemonstrate that polyloidcellsare more susceptible to chromo­
somelossand DNA repairdefects,?o.71 Parallel experiments in mammalian cells showedthat arti­
ficially creatingpolyploidcells promote mitotic errorsand tumor formation.72.73 The occurrence
oftetraploid cellsin multiplehuman cancershas led to the model that tetraploid cellformation
is a rate limiting event that precedesother forms of genomic instabilityand ultimatelycancer
progression." The significant rate of cytokineticfailurein cultured cells and in micecontaining
a single mutant alleleof APC providesthe first direct evidence that a clinically relevant lesion
can promote tetraploid formation earlyin cancer, thus placingit asa cause rather than effectof
cancer. In the future. it willbe necessary to usemousemodelsto test how the earlymitotic defects
associated with APC mutants contribute to colorectalcancerprogression.
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CHAPTER 6

Role ofAPe and Its Binding Partners
in Regulating Microtuhules inMitosis
Shirin Bahmanyar, w. JamesNelson andAngela I.M. Barth"

Abstract

}Jenomatouspolyposis coli (APe) isa multifunctional protein commonly mutated in colon
cancer. APC contains binding sites for multiple proteins with diverse roles in signaling
nd the structural and functional organization ofcells. Recent evidence suggests roles for

APC and some of its binding partners in regulating microtubules in mitosis . APC localizes to
three keylocations in mitosis : kinetochores, the cortex and centrosomes. Here, we discusspossible
mechanisms for APC function at these sites and suggest new pathways by which APC mutations
promote tumorigenesis.

Introduction
Mutations in adenomatous polyposis coli (APC) are associated with most colon cancers' :'

although how these mutations affect the development ofcancer is not fully understood. In part,
this is because APC is a multifunctional protein involved in a wide variety ofcellular processes,
as indicated by the number ofAPC interacting proteins (Fig. lA). A subset of these interacting
proteins, ~-catenin and Axin, form a complex that regulates Wnt signalmg."? Other interacting
proteins, such as Kinesin-Associated Protein 3 (Kap3), Mitotic Centromere Associated Kinesin
(MCAK), mDia, microtubules (MT) and End-Binding 1 (EB1) appear to playa role in microtubule
dynamics.s' l2 Studies have shown involvement ofAPC in cellular functions related to microtubule
dynamics such as migration ofepithelial cells and neuronal growth cones.13•14 Here we focus on
the role of APC and its binding partners in regulating micro tubules in mitosis. APC has been
reported to act at three key locations for normal progression through mitosis: the kinetochore,
cortex and centrosome.' >" Potential roles for APC in mitosis suggest new pathways by which
APC mutations can contribute to cancer progression.

APe at the Kinetochore: Regulation ofMicrotubule Dynamics
APC localizes to kinetochores and forms a complex with kinetochore-bound proteins.1$.16

Microtubule-plus end proteins at kinetochores are thought to attach microtubules to chromosomes
and/or regulate the local polymerization and depolymerization ofmicrorubules." The opposing
stabilizing and destabilizing activities of kinetochore-attached microtubules facilitate chromo­
some congression at the metaphase plate," which is required for equal and opposite segregation
ofchromosomes in anaphase.

Roles for APC in either kinetochore-microtubule capture and attachment, or regulation of
kinetochore-microtubule plus-end dynamics have been proposed." In support ofa role for APC
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Figure 1. APC regulates microtubules at multiple mitotic locat ions. a) Domains of vertebrate
APC that are involved in microtubule regulation or Wnt signaling are indicated. APC can bind
microtubules indirectly through its interaction with Kap3 (Kinesin associated protein 3) via
the N-terminal Armadillo repeats (red), or MCAK (Mitotic Centromere Associated Kinesin)
and EB1 (End-Bind ing 1) at the C-terminus. APC can also bind microtubules directly through
its microtubule (MT) binding domain. APC has multiple binding sites for ~-catenin (green and
blue) and Axin (purple), which are located in the central domain. b) APC localizes to kineto ­
chores where it may have key functions in regulating local microtubule plus-end dynamics .
APC may coord inate stabilization and destabilization of microtubule plus-ends at kinetochores
through its interactions with EB1 and MCAK , respectively. c) In spindle positioning, a pro­
posed role for APC may be to stabil ize and attach astral microtubules to the cortex . EB1 may
target microtubule plus-ends to cortical APC clusters. Further work is required to determine
whether APC localizes in clusters in mitosis. d) APC localizes to the mother centriole where
it is proposed to load onto a subset of microtubules with specif ic functions, such as cortical
attachment, spindle orientation and chromosome congression. A color version of this image
is available at www.landesbioscience.com/curie.

in microtubule capture and attachment at kinerochores, colon cancer cell lines with mutantAPC
have fewer kinetochores with juxtaposed microtubule ends and an overall decrease in midzone
microtubules." However, in contrast to depletion ofother microtubule plus-end binding proteins
(+Tips) that function in microtubule capture at kinetochores, such as CLIP170, cells depleted
ofAPC have normal kinetochore-attached (cold-stable) micrombules." and decreased levels of
Mad2 at kinetochores, which normally accumulates to unattached kineeochores.P'" Thus, similar
to the role ofAPC in regulating microtubule plus-end dynamics in migrating cells and mitotic
Xenopus extracts/So2

? an alternative , but not mutually exclusivefunction for APC at kinetochores
could be to regulate local microtubule dynamics. A role for APC in regulating microtubule dynam­
ics at kinetochores is supported by the finding that the distances between kinetochores ofsister
chromatids is decreased in APC depleted cells.23•24 This is similar to what happens in response to
taxol, which inhibits microtubule dynamics but not attachment at kinerochores.Pf" Thus, APC
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depletion results in reduced tension at kinetochores, an indicator of abnormal kinetochore-mi­
crotubule dynamics." Interestingly, reduced tension at kinetochores in APC depleted cells cor ­
relates with abnormal chromosome congression." Since localization ofAPC to kinetochores is
microtubule-dependenr," APC may regulate kinetochore microtubule plus-end dynamics of
unattached microtubules and thereby promote microtubule capture at kinetochores. Once the
rnicrotubules are attached, APC may regulate local kinetochore microtubule plus -end dynamics
to generate tension, which is required for chromosome alignment at the metaphase plate.

APC may stimulate microtubule growth by directly interacting with rnicrotubules through the
basic domain or through its interaction with known microtubule stabilizingproteins such as EB1.9.29

Consistent with the latter idea, out of a panel of+Tips analyzed, EB1 was most related to APC
in that its localization to kinetochores was microtubule dependent and depletion ofEB1caused
reduced tension but not loss ofmicrotubule attachment at kinerochores.v'Ihe only noted differ­
ence was that EB 1depletion does not engage a spindle checkpoint arrest, whereas APC depletion
results in a transient delay in meraphase.P Nonetheless, depletingeither EB1 or APC causes similar
chromosome defects that correlate with and are likely a consequence of, abnormal microtubule
dynamics at kinetochores.P APC also binds to MCAK, which destabilizes microrubules.F"Thus,
APC may coordinate microtubule polymerization and depolymerization at kinetochores allowing
for proper chromosome movement and congress ion at the metaphase plate (Fig. 1B). Future work
analyzing how kinetochore proteins that form a complex with APC, such as MCAK and EB1, are
affected in APC depleted cells could test this possibility.

APC at the Cortex: Role in Spindle Positioning
A potential role for APC in orienting the mitotic spindle seems to be conserved in several

organismsy -33The mechanism ofspindle orientation is not well understood, but the importance
for microtubule attachment at specialized cortical sites has been establishedY ·32.34 In Saccharomyces
cereuisiae, the functional analogue for APC, Kar9 , specifies the cortical site for astral microtubule
att achment.P-" In Drosophila, EAPC/dAPC2 at cell-cell adhesion sites is thought to mediate
attachment ofastral microtubules at the membrane for proper spindle positioning.17.IS.37.38Less is
known about the role ofAPC in spindle positioning in mammalian cells although there is evidence
to suggest that APC may regulate astral microtubule stability" and/or provide a cortical site for
astral microtubule attachment (see below).

In the current model in S. cereuisiae, Kar9binds asymmetrically to the daughter-bound spindle
pole body (SPB) where it interacts with Bim 1(the yeast homologue ofEB1)and is loaded onto the
plus-end ofa subset ofmicrotubules polymerizing from the SPB (Fig. 2A).40AI Kar9-Bim 1bound
rnicrotubules are guided along actin cables via My02 to the bud tip .33AlA3Once attached to the
bud tip, microtubule movement can be generated by microtubule plus-end dynamics against the
cell cortex and cortically bound microtubule motors," which enables spindle positioning relative
to the mother-bud axis. In budding yeast, the bud neck and later the bud tip direct spindle posi­
tioning by providing a predetermined axis ofcell division (Fig. 2A). In multicellular organisms,
cells often use cues from surrounding cells, specifically from cell-cell adhesion sites, to orient the
spindle and thus the plane ofdivision (Fig. 2B). 38

In Drosophila and vertebrates there are twoAPCgenes: DrosophilaE-APC/dAPC2and dAPCI
and vertebrate APC and APCL,17,4S-48EAPC/dAPC2 has been reported to localize to cell-cell
junctions throughout the embryo, in the neuroepithelium and germ cells ofthe ovary and testis ,17
and this localization is actin dependent and coincides with Armadillo and Dli-cadherin." Thus,
dAPC2 is in the correct location to playa role in spindle attachment at cell junctions and thereby
orient the spindle and plane ofdivision. In the syncytial blastoderm, dAPC2 mutants lose nuclei
from the cortex into the internal cytoplasm consistent with a loss of spindle attachment to the
cortex.ISSimilarly, RNAi ofdAPC2 in the embryonic epidermis interferes with symmetric divi­
sion along the planar axis ofthe embryo and instead these cells divide asymmetrically.37Thi s sug­
gests that dAPC2 is required for spindle orientation. Finally, in male germline stem cells (G SC),
centrosomes are mispositioned in dAPC2 mutants resulting in misoriented spindles (Fig. 2B).38
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Figure 2. Potential roles for APC in spindle positioning in budding yeast and Drosophila. A)
Model for Kar9-Biml mediated spindle positioning in budding yeast. Kar9 binds asymmetri­
cally to the daughter-bound spindle pole body (Mother SPB) where it interacts with Biml
(the yeast homologue of EB1) and is loaded onto the plus-end of a subset of microtubules
polymerizing from the SPB.40,41 Kar9-Biml bound microtubules are guided along actin cables
via My02 (not shown) to the bud tip. Once attached to the bud tip, microtubule movement
can be generated by microtubule plus-end dynamics against the cell cortex and cortically
bound microtubule motors, which enables spindle posit ioning relative to the mother-bud axis.
B) Model for dAPC2 and dAPCl mediated spindle posit ioning in Drosophila male germline
stem cells (GSC). dAPC2 localizes to the cell-cell junction between the stem cell and the hub
cells where it may facilitate microtubule plus-end attachment ." The unattached centrosome
migrates to the opposite pole to orient the spindle relative to the hub cells (dotted line marks
plane of divis ion). dAPCl is also involved in spindle posit ioning, however dAPCl localizes to
the centrosomes, not the cell cortex ." C) In mammalian cells, tethering of astral microtubule
plus-ends by APC at cell adhesion sites may orient the spindle in relation to the plane of the
epithelium.

dAPC] mutants also have defects in centrosome positioning in male GSCs, however only dAPC2
localizes to cortical attachment sites at cell junctions, whereas dAPC 1 localizes to centrosomes in
these cells" (seebelow and Fig. 2B). Thus, dAPC2 may playa key function in spindle orientation by
providing cortical attachment sites at adherens junctions for microtubules (Fig. 2B), although the
mechanism ofattachment to adherens junctions by dAPC2 is not understood. One possibility is
that dAPC2 functions in maintainingjunctions and affectsspindle positioningindirecdy. However,
fly embryos completely null for dAPC] and dAPC2 do not display obvious defects in adhesion,"
suggesting that dAP C2 may have a direct role in spindle positioning at cell junctions.

In vertebrates, APC depletion in mitotic cells results in loss of astral microtubules and
mispositioning of the spindle relative to the geometric center of the cell." APC localization to
adherens junctions is weak and whether APC functions at adherens junctions in mammalian
cells remains to be shown.50-52 In mitotic MDCK cells, small clusters ofAPC can be found at the
cell cortex, some ofwhich align with astral rnicrotubules (S.B., unpublished data). Thus, rather
than tethering microrubules at adherens junctions, APC may provide cortical sites at the plasma
membrane that stabilize and anchor the plus-ends ofastral microtubules (Fig. 1C). Whether APC
arrives at these sites independent ofmicro tubules, or by traveling along rnicrotubules and/or with
microtubule plus_ends25•53 remains to be shown . Furthermore, it will be important to determine
whether these cortical sites also provide cues to orient the axis of the spindle in relation to the
plane ofthe epithelium.
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D isruption ofAPC's binding partner EB I results in spindle mispositioining in Drosophila37•54

and mammalian cells" similar to the effects ofdisruption ofAPC. However,Drosophila dAPC2
lacks the vertebrate C-terminal EBI and microtubule binding sires" and may not bind EBI
directly." Therefore. it remains unclear whether dAPC2 and EB I interact in a common pathway
to regulate spindle orientation in Drosophila. In mammalian cells, depletion of both APC and
EBI does not have an additive affect , supporting the idea that APC and EBI function in similar
pathways governing spindle orientadon.'?One possibility is that, similar to yeast , APC capture of
astral microtubule plus ends through EBI assists spindle orientation in mammalian cells (Fig. I C).
FUrther experiments are needed to confirm that interactions between APC and EB I in mammalian
cells are required for spindle orientation.

Our knowledge about the function of APC in orienting the mammalian mitotic spindle is
still at the early stages. Nevertheless, it is tempting to speculate that APC's role in positioning
mitotic spindles is similar to its cytoskeletal roles at the cortex of interphase cells. In migrating
cells.APC puncta localize to specialized cortical regions that promote microtubule growth.13.25.53.55
At the basal cortex. APC puncta localize along the path of microtubules and provide points at
which microtubules pause and rescue.56.57Thus. APC on the plasma membrane in mitotic cells
may function similarly in guiding and stabilizing astral microtubules. Live cell imaging ofmitotic
cells to analyze the interaction of astral microtubule plus -ends with APC puncta is required to
support this idea.

APC at Centrosomes: Potential Roles
APC local izes to mammalian centrosomes and this localization is conserved in the yeast ana ­

logue. Kar9 and the Drosophila homologue, dAPCI (Fig. 2) .19.38.58.87Centrosomes nucleate and
anchor microtubules and are essential for establishment ofa bipolar spindle.59.60APC mutant mouse
embryonic stem cells (ES cells) have multipolar spindles and other centrosome abnormalities in
mitosis indicating a role for APC at mitotic centrosomes." Very little is known about the function
ofAPC at mammalian centrosomes, However. data from lower eukaryotes suggest several interest­
ing functions for APC at centrosornes including recruiting interacting proteins to th is site.

In S. cereuisiae, Kar910calizes asymmetrically to the daughter-bound spindle pole body (SPB),
the yeast equivalent ofthe centrosome (Fig. 2A). 40·41.58It is thought that the spindle pole body acts
as a 'loading dock' for Kar9 assuring that only a subset ofmicrotubules are loaded with the complex
between Kar9 and Bim1.41Asnoted in the previous section, Kar9 -Bim 1 bound rnicrotubules are
then directed to the bud tip where Kar9 mediates attachment ofmicrotubule plus-ends to the cortex
(Fig. 2A). 34 In Drosophila testes. dAPCIlocalizes to the centrosornes while dAPC210calizes to

the cortex (Fig. 2B).38Although the relationship between dAPCI at centrosomes and dAPC2 at
the cortex in Drosophila test es is unknown. mutants in either gene cause centrosome and spindle
rnisorienratlon." Vertebrate APC and EB I localize specifically to the mother centriole. which is
known to anchor a subset ofrnicrotubules.P'" Furthermore, APC decorates a subset ofmicroru­
bules in migrating cells.12Thus, similar to yeast , a subset ofmicrotubules anchored to the mother
centriole may be loaded with APC and guided to their cortical destination (Fig. ID).

In addition to APC, several other regulatory components of the Wnt signaling pathway lo ­
calize to centrosomes. In the absence of a Wnt signal, a core destruction complex ofAPC, Axin
and GSK3~ control ~-catenin levels by phosphorylating ~-catenin7.61 (sec Kennell and Cadigan,
this volume) . Recent reports show that ~-cateninalso localizes to centrosomes in interphase and
mitosis,62.64 and regulation ofits levels at centrosomes throughout the cell cycle may be important

for proper centrosome function.62.63O verexpression of~-catenin results in increased centrosome
number in interphase (SB unpublished results) ,65whereas ~-catenindepletion inhibits centrosome
separation in mitosis,62.63suggesting that there may be a threshold level of~-catenin that is impor­
tant in some aspect ofcentrosome organization and function. Consistent with a requirement for
regulated levels of ~-catenin at centrosomes , GSK3~ is act ive at cent rosomes during interphase
and is inactive at centrosomes in rnitosis/" However, it is not known whether GSK3~ activity at
centrosomes regulates ~-catenin levels at th is location.
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Phosphorylated ~-catenin isrecognized bythe SCF (Skpl-cullin-Fbox) ubiquitin ligase~-TrCP
which ubiquitinates ~-catenin marking it for degradation by the proreasome.F Components of
the SCF ubiquitin ligase, Skpl and Cull, localize to centrosornes and are required for centriole
duplication and separation in Xenopus egg extracts," ~-TrCP-/· mouse embryonic fibroblasts
and Drosophila ~-TrCP /Slirnb mutants have overduplicated cenrrosornes/" Furthermore, com­
ponents of the proteasome machinery have been localized to the centrosome and requirements
for proteolysis in centrosome duplication and separation has been suggested.69-71Thus, most com­
ponents of the core destruction complex and proteasome machinery are present and functional
at centrosomes. A function for APC with the other components of the destruction complex at
centrosornes may be in regulating ~-catenin levels, which in turn could be important for normal
centrosome duplication and separation.

APC localization to centrosornes together with several APC interacting proteins suggests
several interesting possibilities for APC function at this site. APC, similar to Kar9 in yeast, may
load onto a subset ofmicrotubules in mitosis destined to perform specificfunctions such ascortical
attachment, spindle orientation and chromosome congression. On the other hand, the centrosome
may act as a signaling hub where Wnt signals coordinate with the cytoskeleton to perform specific
tasks (see next section). Experiments that specifically inhibit APC at centrosomes will directly
test for these potential functions.

Connecting APC Functions in Regulating Wnt Signaling
and Microtubules

APC has divergent roles in cells: it is a regulator ofWnt signaling and also affects cytoskeleral
function. In Wnt signaling, APC forms a complex that phosphorylates ~-catenin leading to its
degradation. As a cyroskeleral regulator, APC binds to proteins that either stabilize or destabilize
microtubules at several locations in mitotic and interphase cells.Whether there isa funcrionallink
between Wnt signaling and regulation ofmicro tubules through APC is unknown. One possibility
is that APC can translate Wnt signals into cyroskeleral changes as it has been shown recently for a
noncanonical Wnt signal during cell migration." In the absence ofWnt signal, the pool ofAPC in
the destruction complex isdistinct from the pool ofAPC that binds to rnicrotubules." Moreover,
GSK3~ phosphorylation ofAPC inhibits the interaction ofAPC with rnicrorubules," supporting
the idea that the pool ofAPC in the destruction complex may be unavailable to regulate micro ­
tubules. In the presence ofa Wnt signal, GSK3~ in the destruction complex is inhibited,"which
may release APC from the destruction complex to interact with microtubules. Determining the
influence ofWnt signaling on APC's role in microtubule regulation will provide a link between
the function ofAPC in gene expression and microtubule dynamics and will provide insight into
the synergistic consequences ofAPC mutations that give cells the clonal advantage needed for
tumor formation (see below).

Multiple Mechansims by whichAPC Mutations Contribute to Cancer
Mutations inAPC result in unregulated expressionofWnt-responsive genesand mitotic spindle

defects. The mechanism by which APC mutations lead to unregulated gene expression and the
consequences ofthis deregulation on cancer progression has been thoroughly examinedp5.76 Here ,
we will focus on potential consequences ofAPC mutations on centrosomes and kinetochores in
mitosis, which could contribute to tumorigenesis by promoting chromosomal instability (see also
Caldwell and Kaplan, this volume) .

Most colorectal tumors exhibit chromosomal instability (CIN), which iscausedbychromosome
missegregaeion.T" Abnormal centrosome nnmber'" and/or flawed attachment ofmicrombules
to kinetochores" can lead to chromosome segregation defects.APC mutant mouse ES cells have
multipolar spindles and abnormal centrosomes indicating thatAPC mutations could lead to defects
in cenrrosomes." Moreover, depletion ofAPC has been shown to cause lagging chromosomes,
which correlates highly with reduced tension caused by lack of APC at kineeochores." Thus,
abnormal APC function at centrosomes or kinetochores could cause defects in mitosis that may
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result in chromosomal instability. It will be necessary to determine whether mutations in APC
correlate with centrosome or chromosome abnormalities in colon cancer tissues. Since centrosome
abnormalities could arise through indirect effects ofabnormal mitoses," it will be important to
determine whether centrosome abnormalities are present in adenomas at the earliest stages of
colon cancer.

A critical consequence ofAPC dysfunction in mitosis may be that in the absence ofAPC cells
are able to bypass the mitotic checkpoint.Y " Depletion ofAPC result s in a less efficient mitotic
checkpoint.P " which would allow cells with centrosome and spindle abnormalities to progress
through mitosis with chromosome segregation defects.28Checkpoint proteins sense lack oftension
on kinetochores and respond by inhibiting transition into anaphase.P After prolonged culture.
colon cancer cellswithAPC mutations exhibit high levelsofaneuploidy, indicating that problems
in chromosome segregation bypass the checkpoint machinery." Furthermore, depletion ofAPC
does not cause an arrest in mitosis and cells progress through mitosis with lagging chromosomes.
potentially a direct causeofaneuploidy.23.24In fact.APC depleted cellstreated with low doses ofno ­
codazole or taxol inappropriatelyexit from mitosis indicatinga compromised mitotic checkpoint."
Reduced accumulation ofBub 1 and BubRl at kinetochores in APC depleted cells" might be the
cause ofpremature mitotic exit allowing cellswith kinetochore abnormalities to bypass the spindle
checkpoint. Thus, APC function is required for two important kinetochore functions: proper
microtubule attachment and regulation at kinetochores and activation ofthe mitotic checkpoint
in response to chromosome missegregation. Mutations in APC may disrupt both these processes
and promote CIN. thereby giving cells the clonal advantage needed for tumorigenesis.

In summary. disruption of the diverse functions of APC may synergistically contribute to
cancer progression. Deregulated expression ofWnt-responsive genes promotes cell survival and
proliferation. whereas defect s in microtubule regulation at centrosomes and kinetochores could
contribute to spindle abnormalities that are not properly recognized by the mitotic checkpoint
and. therefore, cause CIN and. ultimately, cancer progression.
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CHAPTER 7

The Adenomatous Polyposis Coli
Tumor Suppressor and Wnt Signaling
in the Regulation ofApoptosis
Hassina Benchabane and Yashi Ahmed"

Abstract

The adenomatous polyposis coli (APC) tumor suppressor is an essential negative regulator
in the evolutionarily conservedWnt/Wingless (Wg) signal transduction pathway. During
normal development, Wnt signaling is required not only to induce cell proliferation and

cell fate specification, but also to induce apoptotic cell death. However in some malignant states
triggered byAPC loss, inappropriate activation ofWnt signaling promotes cellsurvival and inhibits
cell death, indicating that the cellular response to APC lossand Wnt signaling is highly dependent
on cell cont ext. This chapter summarizes our current understanding of the role ofAPC and Wnt
signaling in the regulation of apoptosis, based upon studi es from fly and mouse in vivo models,
as well as cultured carcinoma cells.

Introduction
Mutation of both alleles of the human adenomatous polyposis coli (APC) tum or suppressor

gene triggers the development ofupper and lower gastrointestinal polyps and carcinoma and less
frequently, hepatocellular carcinoma and heparoblastoma."? In addition to developing a number
ofextra-intestinal manifestations, individuals with a germline mutation in oneAPCallele develop
hundreds to thousands of neoplastic colorectal polyps as a consequence of somatic mutation in
the other APC allele (reviewed in ref. 8) . Some of these polyps invariably progress to carcinoma
and without surgical intervention, the mean age at diagnosis ofcolorectal adenocarcinoma is 39
years,"Biallelic inactivation ofAPC is also found in the earliest developmental stages of greater
than 80% of sporadic colorectal carcinomas, which are the second and third leading cause of
cancer-related death, respectively, in men and women living in the United States.":" Together,
these observations identify APC as a primary gatekeeper of cell proliferation and survival in the
colonic epithelium. " (see also Kwong and Dove, this volume)

APC is an essential negative regulator in the evolut ionarily conserved Wnt/Wingless (Wg )
signal transduction pathway (Fig. 1). 14-16 In the absence ofWnt signaling,APC forms a "destruction
complex" in the cytoplasm with Glycogen Synthase Kinase 3 (GSK3), Casein Kinase 1 (CKl) ,
Axin and ~-cateninlArmadillo (Arm) (see also Kennell and Cadigan, this volume) . GSK3 and
CKI sequentially phosphorylate specific serine and threonine residues in the amino-terminus
of ~-cateninlArm, an event that depends on th e scaffolding functions of Axin and AP C.
Phosphorylated ~-cateninlArm is targeted for ubiquitination by the E3 ubiquitin-ligase ~-TrCP

and subsequently degraded by the protea some. Bindingofthe Wnt ligand to its coreceptors Frizzled
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Figure 1. Schematic representation of the evolutionarily conserved Wnt/Wingless signal
transduction pathway.

and Low-density lipoprotein-receptor-related proteins 5/6 (LRP5/6), stimulates the dissociation
ofAxin from APC and leads to the stabilization of cytoplasmic and nuclear ~-catenin/Arm.
Nuclear ~-catenin/Arm binds to the transcription factor T-cell factor/lymphoid enhancement
factor (TCF/LEF) and activates transcription of target genes in cooperation with Legless/Bcl-9
and Pygopus. ~-cateninlArm regulates the transcription ofgenes involved in a number ofcellular
events, including cell fate determination, cell proliferation, cell differentiation and apoptosis.

This chapter summarizes our current understanding of the role ofAPC and Wnt signaling in
induction ofapoptotic celldeath.Activation ofthe Wnt signaling pathway has been shown to both
positively and negatively regulate apoptosis.P:" In concordance with its essential role as a negative
regulator ofWnt signaling,APC activity impacts the induction ofprogrammed celldeath in a num­
ber ofcell types. We describe examples from flyand mouse model systemsin which APC is required
to prevent apoptosis and thereby promote cell survival during normal development. Conversely,
analysis of APC loss in cultured colonic carcinoma cells reveals that the resultant activation of
~-cateninsignaling promotes cell survival and inhibits cell death. Together, these studies indicate
an essential role for APC and Wnt signaling in regulating the decision to undergo apoptotic death
and reveal the importance ofcell context in determining the response to APC loss.

Overview ofApoptotic CellDeath
Apoptotic cell death is an evolutionarily-conserved process that is critical for normal develop­

ment and for homeostasis in the adult life ofanimals (reviewed in ref 28). Duringembryogenesis,
apoptotic death is required for the patterning of many tissues and for eliminating tissues that
have outlived their usefulness. In adults, apoptosis serves to eliminate infected cells, cells having
undergone DNA damage and inappropriately proliferating cells. In addition, apoptotic death is
also important in selecting the immune repertoire and for maintaining homeostasis in tissue size.
Apoptosis is particularly important in maintaining homeostasis in regenerating tissues, such as the
absorptive epithelium of the small intestine, which in mice, turns over entirely every three to five
days (reviewed in ref 14). Maintenance of the normal crypt-villus intestinal structures requires
continual production of new cells in the crypt compartment, as well as elimination of cells by
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apoptotic death at the tip of the villus (for more detail s see Kwong and Do ve, and Sansom, thi s
volume) .

Apoptosis is med iated by a family of cysteine proteases known as caspases. Caspases are
initially expressed as inactive pro -caspase precursors that must und ergo proteolytic activation.
Initiator caspases are activated in respon se to developmental signals and cellular stress and cleave
the precursor forms ofeffecto r caspases. Activated effector caspases in turn cleave a series ofcel­
lular substrates, such as Bid, Retinoblastoma and Poly(ADP-ribose) polymerase (reviewed in ref.
29), result ing in apoptosis. Two pathwa ys trigger caspase activation and apoptosis in mammalian
cells: the int rinsic and extrinsic pathways (Fig. 2; reviewed in refs. 30-32). The int rinsic apoptosis
pathway involves the release of Cytochrome c from mitochondria and is regulated through the
Bcl-2 family ofproteins, while the extrinsic apoptosis pathway is initiated by the binding ofdeath
ligand s, such as Fas and TNF-a, to cell surface death reccptors.P:"

APe Prevents Neuronal Apoptosis during Retinal Development
in Drosophila

As the Wnt/Wg signaling pathway is evolutionarily conserved, genetic studies in Drosophila
have been instrumental in identifying new components in the pathway and for elucidating their
in vivo function . While Wg signaling has well-established roles in cell proliferation and cell fate
specification during normal development , recent studies have revealed that Wg signaling is also
important for developmentally regulated apoptotic cell death and highlight the importance of
~-cateninlArm signaling in thi s process. Two well-established examples of Wg-induced apop ­
tosis occur dur ing the developm ent of the fly retina. First, Wg signaling is required to refine the
highly-ordered compound eye structu re by eliminating excesscells that are present between each
ofapproximately 750 un it ommatidia." Second, Wg signaling is also requ ired to induce the death
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Figure 3. Inactivation of Apc1 causes apoptosis of Drosophila retinal photoreceptors. (A, C,
E) Wild type (WT) eye. (B, D, F) Ape1 mutant. Cross-sections of the retina are presented in
A and B. In WT (A), Photoreceptors (in blue) are surrounded by pigment cells. In the Ape1
mutant (B), photoreceptors are absent and only pigment cells remain. Activated Caspase-3
expression is presented in C-F. Whole retinas are shown in C and D and dose-ups of the
retina are shown in Eand F.

of all retinal neurons (photoreceptors) at the edge of the eye (Fig. 3), a process believed to be
important for eliminating defective neurons and for sculpting ofthe retinal periphery.18.34 During
eye development, Wg is secreted by epithelial cells that surround the retina and spreads into the
eye edge to activate j3-catenin/Arm signaling. Transduction ofhigh-level j3-catenin/Arm signal­
ing activates the transcription ofthree major apoprosis effectors, reaper, hidandgrim (see Fig. 2) .
Inactivation ofWg signaling in the retinal periphery results in an excessiveaccumulation ofretinal
neurons and a disordered eye structure, revealing an essential role for Wg in developmentally
regulated apoptotic death.18.34
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Analysis ofAPC function in the flyeye confirms the critical role ofWg signaling in regulating
apoptosis during retinal development. In Drosophila, as in humans, there are two APC homologs
(Apcl andApe2) and genetic studies have provided evidence that the function ofAPC as a critical
negative regulator of p-catenin signaling is conserved from flies to humans.17.35.36 Inactivation of
Apcl results in hyperactivation ofp-catenin/Arm signaling in all retinal photoreceptors,17.37which
induces both their apoptotic death and a concomitant hypertrophy of the neighboring retinal
pigment cells (Fig. 3).17 Supporting the conclusion that this photoreceptor apoptosis results from
ectopic p-catenin/Arm signaling, the apoptosis can be suppressed simply by reducing the gene
dosage ofArm,or its transcriptional activator dTCF/Pangolin. Conversely, in otherwise wild-type
flies, photoreceptor apoptosis can be induced by overexpression ofWingless or Arm .17.38.39 Thus,
the apoptotic response ofall photoreceptors upon Ape 1 loss is similar to the response ofperipheral
photoreceptors to Wgsignalingat the retinal edge during normal eyedevelopment. I 8.34 Furthermore,
in both wild-type and in Ape1 mutant flies, elimination of the apoptosis effectors hid,reaper and
grim prevents photoreceptor apoprosis:" however, whether these three genes are direct targets
ofWg transduction remains to be elucidated. Together, these studies reveal a critical role for Wg
transduction in promoting apoptosis and for APC in promoting cell survival in retinal cells in
which Wg is low or absent .

Unexpectedly, the fly retinal cell death phenotype induced by Apcl loss parallels a retinal
defect found in humans with germline mutations in APC, termed congenital hypertrophy of the
retinal pigment epithelium." In these individuals, congenital retinal lesions are ofien bilateral and
multifocal. In the rare instances in which these lesions have been sectioned at autopsy, they have
been found to be composed ofdegenerated photoreceptors and hypertrophied pigment cells.4 1

,42

Thus, reduction ofAPC activity in flies and humans results in retinal defects that are at least su­
perficially similar. A mouse model for APC loss recapitulates these rerinal lesions" and provides
a means to determine whether, as in the fly, the retinal neuronal degeneration induced by APC
loss in mammals results from an apoptotic response to hyperactivation ofp-catenin signaling. This
model will also be useful in determining whether heterozygosity for APC is sufficient to induce
these changes, or whether, like in the intestinal epithelium, both wild type copies have to be lost .

APC Prevents the Apoptotic Death ofMammalian Cephalic
and Cardiac Neural Crest Cells

Neural crest development in the mouse provides another interestingexample ofthe roleofAPC
in preventing apoptosis and promoting cell survival. Neural crest cells are a multipotent stem cell
population that migrates from the dorsal neural tube to diverse positions throughout the body,
differentiating into a variety ofcell rypes." Derivatives ofneural crest include bone and cartilage
tissues, peripheral nerves, glia, smooth muscle cells, Schwann cells and melanocytes. The Wnt
signaling pathway plays an important role in the early stages of neural crest development, such
as neural crest induction and melanocyte formadon.v" Hasegawa et a149 analyzed the function
ofAPC in neural crest cells by specifically inactivating Apein the neural crest of mice, using the
Cre-loxP recombination system. The mutant mice generated had markedly increased apoptosis,
as revealed by TUNEL staining, in the ventral craniofacial mesenchyme, the branchial arch and
the cardiac outflow tract, indicating that APC loss leads to the apoptosis ofa subset ofneural crest
derivatives. As a result, these mice had severe craniofacial and cardiac defects and died shortly afier
birth. All bones derived from the cephalic neural crest were affected and cardiac defects included
ventricular septal defects and persistent truncus arteriosus. Remarkably, neural crest derivatives
destined to become bone or cartilage undergo apoptosis, wheras those that differentiate asperipheral
nerves, Schwann cells, or melanocytes survive, indicating that the apoprotic response of neural
crest cells to APC loss is context dependent. Increased p-catenin levels were observed in tissues
containing TUNEL-positive cells, indicating that the apoprosis induced by APC loss may result
from increased p-catenin activity; however a direct link between the apoptosis and increased Wnt
signaling awaits further investigation.
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APC Loss and Activation ofWnt Signaling Results in Both Increased
Cell Proliferation and Increased Apoptosis in Mammalian Intestinal
Epithelia

Analysis of the mammalian intestinal epithelium exposed to different levels ofWnt signaling
revealed unexpected effects on proliferation and apoptosis. The mammalian intestinal epithelium
is a self-renewing tissue organized into highly ordered structures composed of villi and crypts
(see Kwong and Dove , and Sansom, this volume). Mitotically active stem cells present at the base
ofeach crypt migrate along the crypt-villus axis where they differentiate, carry out their specific
role in the epithelium and finally undergo apoptosis and are shed into the gut lumen. The Wnt
signalingpathway isa key regulator ofcell fate along the crypt-villus axiS.14.So-S2 Inactivation ofWnt
signaling results in a complete loss ofthe crypt progenitor compartment, while hyperactivation of
signaling results in ectopic expression ofWnt-target genes and hyperproliferation ofcells in the
crypt compartment. Asa result ofWnt pathway activation, epithelial cells displayed a number of
phenotypes associated with colorectallesions. Migration ofepithelial cells along the crypt-villus
axis was abrogated,differentiation was arrested and increased proliferation was observed. In addi­
tion, proliferation was no longer confined to the base ofthe crypt. Together, these studies reveal
the critical role ofWnt signaling in regulating self-renewal ofthe intestinal epithelium.

Unexpectedly, hyperactivation ofWnt signaling in the intestinal epithelium results not only
in increased cell proliferation, but also in increased apoptosis. Increased apoptosis was observed
in three distinct mouse models that address the effects ofincreased Wnt signaling in the intestinal
epithelium. First, directed expression ofa constitutively activated ~-catenin, similar to that found
in some colonic carcinomas, resulted not only in increased cellproliferation in crypt epithelial cells,
but also in increased apoptotic death." Second, conditional inactivation ofAPe in the mouse
intestinal epithelium led to the accumulation and nuclear translocation of~-cateninand increased
Wnt signaling." This in vivo model for increased Wnt signaling resulted in qualitatively similar
results : not only was cellproliferation increased, but apoptotic cell death was increased also.Third,
expression ofa ~-catenin/Lef-l fusion protein that enhances Wnt signaling in the intestinal epi­
thelium ofa chimeric mouse model also resulted in increased apoptosis.ss In these mice, increased
apoptosis was restr icted to only those intestinal epithelial cells that expressed the ~-catenin/Lef-l

fusion protein and unexpectedly was not associated with increased cell proliferation.
Based on these data, it has been proposed that different levels of ~-cateninsignaling result in

qualitatively dist inct cellular responses.ss In this model, high levels of~-catenin signaling in the
intestinal epithelia induce apoptosis, wheras intermediate levelsofsignaling result in sustained cell
proliferation. Conversely, complete loss of~-catenin signaling results in the absence ofprolifera­
tion and differentiation. Evidence supporting dosage-dependent cellular responses to APC loss
and ~-cateninsignaling has been documented in severalmodels, including mouse embryonic stem
cells.s6.57 Whether high-level ~-catenin signaling isimportant for an apoptotic response in intestinal
epithelia and whether there exists a direct link between ~-cateninmediated target gene activation
and the induction ofapoptosis in these cells awaits further experimental analysis.

Promotion ofCell Survival and Negative Regulation ofApoptosis
byWnt Signaling in Carcinomas

Although activation ofWnt signalingcan induce both proliferation and apoptosis during normal
development, Wnt signaling is also thought to have the opposite role ofpromoting cell survival
and increasing cell proliferation in cancer cells. For instance, Wnt expression is upregulated in a
number ofhuman cancersS8-64and monoclonal antibodies or siRNA directed against Wnt-l and
Wnt-2 in cultured carcinoma cells leads to ~-catenin downregulation and induction ofapopto­
sis.22

•
2sWhen either melanoma, non-small cell lung carcinoma, breast carcinoma, mesothelioma,

or sarcoma cells overexpressing Wnt-l or Wnt-2 are injected in nude mice along with the Wnt-l
or Wnt-2 monoclonal antibody, respectively, tumor growth is inhibited and more apoptotic cells
are observed compared to mice injected with the Wnt-l or Wnt-2 overexpressing cells alone .22,24
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Similarly, in several different types ofcultured carcinoma cells, decreased ~-catenin levels in­
duced by forced expression ofmembers ofthe destruction complex lead to induction ofapoptosis.
Hepatocellular and colorectal carcinoma cells, for instance, havehigh levelsofnuelear ~-catenin due
to lossoffunction mutations inAPC orkin,or hyperactivatingmutations in fJ-catenin. Expressing
APC or Axin in these cellsinduces apoptosis.f Similarly, expressingAPC or a dominant negative
TCF in a colon carcinoma cell line lacking endogenous APC increases caspase expression and
activity and stimulates apoptosis. 66.67 Together, these studies provide evidence that activation of
Wnt signaling is important for promoting cell survival in some types ofcarcinoma cellsand again
suggest that the cellular response to Wnt Signaling is highly dependent upon cell context.

Recent studies have identified several candidate target genes that prevent apoptosis and are
regulated by Wnt signaling. Huang et al68 analyzed the expression profile of HeLa cells in which
~-catenin expression wasdown regulated by RNAi.The expressionofa number ofapoptosis-related
genes, ineludingMYBL2, BAG2, BAG3, PTEN, HIFIA, PDCD6IPand DAP3, is increased in
these cells. The anti-apoptoric protein Bel-XLhas also been identified as a potential target ofWnt
rransduction/" In thymocytes, whose survival depends on Wnt signaling, inactivation ofTCF-I
leads to a decrease in Bel-XLexpression. These studies are among the first to delineate targets
of Wnt transduction that are important for regulating apoptosis. It is important to note that
disruption ofAPC may affect apoptosis independently ofWnt signaling as well.7o•

71 Dikovskaya
et al recently demonstrated that loss ofAPC resulted in decreased apoptosis to the same degree
in wild type cultured cells as in a cell line where the Wnt pathway was activated by mutation in
~-catenin?O The mechanisms by which loss of APC may affect apoptosis independent ofWnt
signaling are not known.

Conclusion
The Wnt signal transduction pathway has well-established roles in promoting cellproliferation

and differentiation in both vertebrates and invertebrates. Recent studies have revealed that during
normal development, Wnt signaling also has an essential role in promoting apoptosis. In some
cells that are not normally destined to die, loss ofAPC activates ectopic Wnt signaling and results
in excessive apoptotic death, revealing that APC is required to promote cell survival in different
developmental contexts. Conversely, in some cultured carcinoma cells, Wnt signaling is critical
for cell survival and inhibition of apoptosis and recent work has revealed a number of putative
target genes that might directly regulate this Wnt signaling-induced response. Together, these
studies in both in vivo models and cultured cell lines highlight the importance ofcellular context
in determining the apoptotic response to APC loss and Wnt transduction.

How do some cells respond to the lossofAPC by proliferating, while others respond by dying ?
One current challenge in addressing thisquestion isto determine the cellcontexts in which elevated
~-catenin signaling directly induces an apoptotic response upon AP C loss and whether apoptosis
results specifically from high-level of ~-catenin signaling. The recent generation of numerous
reagents that allow either conditional activation or conditional inhibition ofWnt transduction
will be instrumental in addressing this issue. In addition, determining the molecular factors that
establish the context ofa cell and thereby influence the cellular response to activated Wnt signal­
ing,also awaits further analysis.Understanding how these effectors regulate the decision to induce
proliferation, differentiation, or death isoffundamental importance in developing novel therapies
that redirect APC mutant colonic tumor cells from a proliferation to a cell death program.
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CHAPTERS

APe and Its Modifiers in Colon Cancer
Lawrence N. Kwongand Will iam F. Dove"

Abstract

Colon cancer closely follows the paradigm ofa single "gatekeeper gene ." Mutations inacti­
vating the APC (adenomatouspolyposis coli) gene are found in -80% ofallhuman colon
tumors and heterozygosity for such mutations produces an autosomal dominant colon

cancer predisposition in humans and in murine models. However, this tight association between a
single genotype and phenotype belies a complex association ofgenetic and epigenetic factors that
together generate the broad phenotypic spectrum ofboth familial and sporadic colon cancers. In
this Chapter,we give a general overview ofthe structure, function and outstanding issues concern­
ing the role ofApc in human and experimental colon cancer. The availability ofincreasingly close
models for human colon cancer in genetically tractable animal species enables the discovery and
eventual molecular identification ofgenetic modifiers ofthe Ape-mutantphenotypes, connecting
the central role of Ape in colon carcinogenesis to the myriad factors that ultimately determine
the course of the disease .

Colorectal Cancer
Colorectal cancer is the second leading cause ofcancer morbidity and mortality worldwide.'

Almost halfof the population will develop at least one benign adenomatous colonic polyp dur­
ing life, with less than 3% ofthose cases going on to develop colorectal cancer. Because symptoms
are rare until very late stages , most cases go undetected. Colon cancer manifests itselfas polypoid
growths that progress to malignancy; metastases to the lymph nodes, liver and lung are the primary
cause ofdeath in patients with advanced disease.

In the study ofcolon cancer, research is divided between sporadic and familial cases. Although
hereditary colon cancer predispositions make up less than 5% ofall colon cancer cases worldwide,
the extensive pedigree information available in such caseshas provided statistical power for isolating
both the underlying causes and the genetic, environmental and dietary modifiers of the pheno­
types. The relationship ofsporadic to familial colon cancer is highlighted by the successful use of
therapeutics such as nonsteroidal anti-inflammatory drugs (NSAIDs) to treat both diseases.' At
present, a combination ofchemotherapy, radiation treatment and surgery is used to treat colon
cancer. The 5-year survival expectation for colon cancer patients ranges from 93% for early stages
to 8% in fully advanced stages.'

In this chapter, we will introduce and review the genetics and function ofthe central gatekeeper
gene in colon cancer: Adenomatous Polyposis Coli (APC/Ape)"

"APC and Apc are the designat ions for the human and murine genes, respectively; Apc is
used herein for the function of the gene, regardless of species.
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Biology ofthe Human Intestine
The small intestine is composed of interdigitated villi and crypts of Lieberkiihn (for a more

in-depth discussion. see Sansom. this volume). The villi serve an absorptive function in the
processingoffood.4 The colon doesnot contain villi. but rather iscomposed ofcrypts. invaginated
into a flat surface that is folded at variousintervals called rugae.During human development. the
adult intestine expands in part by a process of crypt fission. where entire crypts divide. produc­
ing daughter crypts.S.6This process "purifies" crypts in that the early polyclonal crypts?become
monoclonal. Thus.each adult crypt lineageislimited to one somaticgenotype. Crypt purification
alsooccurs by stem cellsuccession, wherebya clone becomesdominant within the crypt. Analysis
ofmethylation patterns in human crypts shows that stem cellsuccessioncontinues over the lifeof
an adult. as measured byrandom methylation changesthat graduallybecome fixedin a crypt."An
estimated 4-16adult stem cellsresideas a clonal cohort in a niche near the bottom ofeach crypt.
Ascellsreach the top ofthe villusin the smallintestine or the collarofthe crypt in the colon. they
undergo apoptosis and are shed into the intestinal lumen. Cells ofcrypts thus turn over at a high
rate (every3-5 days'') owing to the continual flowofnewlyproduced cellsup the crypt/villus axis
(see Potten and Morris'? for a reviewofa classic body ofwork).

Intestinal epithelial stem cellscandifferentiate into anumber ofdifferentcelltypeS.l1,1 2Within
colonic crypts lie goblet cellsthat secrete mucus; at the base ofsmall intestinal crypts lie Paneth
cellsthat provide defenseand that help to maintain the gut flora.Enterocytes perform an absorp­
tive function for nutrients crossingthe epithelium and comprise up to 80%ofthe small intestine.
Finally, rare enteroendocrine cells. comprising -1% of the intestine, secrete hormones such as
serotonin. Belowthe epithelial layerlies the laminapropria. which comprisesthe stromal connec­
tiveand endothelial tissuethat lendssupport and circulation to the epithelial cells.The muscularis
mucosa lies immediately below the epithelial layerand separates it from the submucosa,which is
composed ofconnective tissue.Belowthat is the muscularis externa, the musclelayeralong which
peristalsismoves food through the intestinal tract. Finally. the serosallayermarks the outermost
edge of the intestine and is attached to the mesentery.

Development ofHuman Intestinal Tumors
Intestinal tumors havebeen hypothesizedto arisefrom the stem cells near the bottom of crypts,

but other interpretations are possible, as discussed below. Accumulatingevidence in variousfields
ofcancer researchsupports the stem cellorigin ofrumors." Such researchbegan with the study of
hematopoietic stem cells. for which the geneticsand quantitativebiologyhad been well-established
forseveraldecades." It wasnoticed that the cellsofhematopoieticmalignancies exhibitedsimilarities
to multipotential hematopoietic precursors.particularlythe abilityto self-renew," Eventually. it was
discoveredthat onlyacertainsubpopulationof hematopoieticcancercellsarecapableof transferring
cancerto immunocompromisedNOD/SCID mice." Recently. solidtumors havebeen investigated
in asimilar manner.Forexample. human breastcancerspassagedserially through NOD/SCID mice
showthat asmallnumber ofcancercellsexpressingacertainprofileofsurfacemarkersaresufficient to
initiate newtumors.whereasa largenumber ofcancercellswith differentprofilesarenot sufficientP
Such"cancerstemcell"profileshavebeenshownforother cancertypesincludingmyeloma.brainand
prostate.18020Indeed recent studies haveidentified CD133 as a markerenriched in a self-renewing,
tumor-initiatingsubpopulationof cells fromhuman colonictumorsY,22 Progress in the development
ofdiagnostic cell markerswill help to resolve the issueof whether the geneticevent that initiates
tumorigenesisnecessarily occursin stemcellsproper or whether, alternatively. they can alsooccur in
undifferentiatedor dedifferentiateddaughter cells.23

The issueof tumor progenitor cellshasled to adebateabout whether intestinal tumors form bya
"bottom-up" processoriginatingat the stemcellniche.or bya"top-down"processoriginatingin cells
in the inrer-cryptalspaceat the top of the crypt/villusaxis.Evidencefor the "top-down"hypothesis
comesfrom monocryptalhuman sporadicadenomasin whichdysplasia isconfinedto the top halfof
the crypt,with normal-appearingcellsmore basallylocatedin the crypt." The implicationisthat the
dysplasia must havestarted at the top and growndown towards.rather than emergingfrom the stem
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cellniche. However,it ispossible that thedysplasiaoriginated inthemiddleofthecryptandexpanded
upwards. Thus,both the "bottom-up"and "top-down" models couldbe explained by an upwards
expansion ofstemcellderivatives" fromthemiddleofthecrypt,or bythe transformation ofdaughter
stemcells to becomingtumor-competent. Clearly, the molecular identification ofcoloncancerstem
cells isneededto determinethe locationof the celloforiginforparticularintestinaltumors.

An earlystageof colonic tumorigenesis is the benign adenomathat progresses to adenocarci­
noma in situ-tumors that havedevelopedhigh-gradedysplasia but are confined to the region
abovethe submucosa.Progression to adenocarcinomas withinvasion intoor beyondthe submucosa
can be classified usingdifferentsystems. The Dukesstagingsystem (DukesA, B,C, D, or E) is a
measureof how far the invasive front of the cancerpenetratesthe intestinalwall."In the AJCC/
TNM system, numbers identifyingT (tumor), N (metastasis to the nodes) and M (metastasis
to distant sites) provide a comprehensive viewof tumor progression." For example, a T4N}Mo
cancerindicatesan adenocarcinoma that has invadedthrough the wallof the intestineand spread
to 1-3 regionallymph nodes,but not yet to distant sites.Finally, the histological classification of
polypscan be villous, tubulovillous, tubular, hyperplastic, or serrated. The rarevillous adenoma
class isbelievedto havethe greatestpotential for malignancy," Hyperplastic and serratedpolyps
havetraditionallybeenviewedasbenign;however, recentevidence points to apossible hyperplas­
tic-serrated-adenocarcinoma progression sequencethat involves somatic hyperactivation of the
BRAFoncogene." Thecombinationof theseclassification systems allows for astandardizationof
terminologyamongphysicians. However, not all tumors fall into only one class and eventumors
in the samenominal class can behavedifferently betweenand within patients.

Discovery ofAPeMutations in Human Colon Cancer
Familialadenomatous polyposis (FAP) was first described as Gardner's syndrome" and in­

cluded extracolonic manifestations such as osteomasand congenital hypertrophy of the retinal
pigment epithelium (CHRPE) . Over time, it becameclear that differentclasses ofFAP existed
with different symptoms,of which Gardner's syndromewas only one. For example, "classical"
FAPmanifests asone hundred or morepolypsin the colon, usually developing by twelve years of
age,whereas patientswith fewerthan a hundred polypsareclassified asattenuated FAP(AFAP).
Manyextracolonic symptomsfurther subdivideFAP.31

Linkagestudiesand the FAP-associated interstitial SqHerrera deletion narrowedthe genetic
region underlyingFAPto the Sq21subchromosomalregion (Fig.l).32.33TheAPC genewasthen
linked to FAPconcurrentlyby Kinzleret al,34 Nishisho et a1,35Joslynet al36and Groden et a1,37
APC mutations were subsequently found in -80% of sporadic colorectal tumors ," confirming
that Ape acts as a central gatekeeper protein in colorectal tumorigenesis. APC mutations and
hypermethylation havealso been found in various other cancer types, including pancreaticand
gastriccancers.39.40

Function ofApc
Soon afier the discoveryof the APC gene, the function of the geneproduct cameunder in­

tense scrutiny. The crucial understanding of its function came concurrently from Su et al" and
Rubinfeld et al42who identified the relationship between Apc and the regulation of ~-catenin.

We now know that the central lesions in both hereditary and sporadic colon tumors result in
activation of the Wnt signalingpathway (see Kennell and Cadigan, this volume). In nearlyall
tumors, deactivatingAPC or GSK3~ mutations or stabilizingCTNNBI (encoding ~-catenin)

mutations are presene." More specifically, the canonical tumor suppressorfunction of Apc is to
form a "destruction complex"with Axin/Axin2 and GSK-3~ that promotes the ubiquitination
and subsequent proteasomal degradation ofthe oncogene ~-catenin in the absenceofWnt sig­
naling. Lossof Ape function results in an accumulationof ~-catenin, which translocates to the
nucleusand engages the Tcf/Leftranscription factor complexto activatetranscription of a large
numberof targetgenesincludingcyclinDI, c-myc and CRD-BP.44Thetumorigenicconsequences
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ofunregulated 13-catenin activitymaybe relatedcoboth the direct stimulationof cellulargrowth
and proliferationand cothe disruption of differentiation programs.

In addition coits role in the Wnt signalingpathway, Apc alsofunctions to promote microtu­
bule stability in a number of cellularcontexts. The impact of the disruption of this function on
tumorigenesis is not wellunderstood (seeCaldwelland Kaplan,Morrisonand Bahmanyar et al,
thisvolume). However, it isworth noting that twogroupshavereported that stabilized13-catenin,
expressed either from a conditionallyacrivatable alleleexposedto Cre or from a transgene, is suf­
ficientto induce intestinalpolyposis in mice,45.46 suggesting that lossof the microtubule-binding
functions of Ape isnot absolutely required for earlytumor formation.Furthermore,asdiscussed
below, mice homozygous for the 1638T Apeallele lackingthe microtubule- and EBl-binding
domains of Ape, but not the 13-catenin binding domains,do not developtumors. Despite these
findings, an attractivespeculationis that the disruption of microtubule functions contributesco
tumor progressionrather than to tumor initiation. Investigation of this ideaawaits analysis of the
progressionstages of colonic neoplasiaand the construction of mouse lines in which only the
C-terminus ofApecan be conditionallydeleted.

Structure ofAPe
The humanAPCgenespans58kb,with a 15-exoncodingregionof8529 bp encodinga 2843

amino acid(aa),310 kD protein. Several exonsexist5' of exon 1:0.1, 0.2,0.3,47BS48 and possibly
more. The extent to which these isoformsplaya role, if any, in colon cancer is unknown; many
appear cobe neuron-specific."

ThecanonicalApe transcriptinitiatesat exon1and producesaprotein witheightknownfunc­
tionalsub-domains(Fig.2).Themajorityof truncatingmutationswith severe phenotypesremove
most of the 13-catenin-binding "20 amino acid" (20aa) repeats (1256-2031aa).50 Interestingly,
moreC-terminal truncationsthat removeonlythe Axin-bindingSAMPrepeats (1568-2053aa) ,51
microtubulebindingrepeats(2220-2597aa),52EBI-bindingdomain (2670-2843aa)and/or PDZ
domain (the C-termina173aa that mediatesanchoring co the cytoskeleton)" generally havean
attenuated phenotype.N-terminaltruncations that apparentlyaffectonly the homodimerization
domain (6-57aa),owingcobypass through the useofan internal translation restart site, likewise
generally giveattenuated phenotypes (seeFig. 1).54 Mutations that truncate within the armadillo
repeats(453-767aa)-which bind several proteins includingAsefand KAP3, both involved with
different aspectsof cytoskeletal function55.56- or within the 13-catenin-binding "15 amino acid"
(15aa) repeats(1021-1187aa)tend to be somewhatmilder than the 20aa repeat truncations. An
interestingmolecularcorrelationin tumorswasobservedthat mayexplain thesefindings :germline
APCmutationsin the mutation clusterregion(MCR) spanningmostof the 20aarepeats generally
exhibit acquiredlossof the wildtypeallele, whileAPC mutationsoutsideof this regiongenerally
exhibit acquired truncating mutations in the wildtype allele." Several hypotheses havebeen put
forth: the "just-right'l" and"loosefit"59 hypotheses, eachofwhichproposesthat anoptimalnumber
of 15aarepeatsmust remainafterbiallelic APC inactivationcoproducea severe FAPphenotype.
Thesehypotheses remain to be rigorously tested.

Genotype-Phenotype Correlation in FAP
One difficultyin understanding the genotype-phenotype correlationis the current lack of a

comprehensive public databaseofFAP patients. For research on mousemodels, this lackof data
makesit difficultto contextualize observations in termsof the human disease. So far, a literature
searchhasfoundonlyonelarge-scale attemptcocompile suchinformation,althoughit presents only
the resultsof the analysisand doesnot makethe rawdata available/" Compounding thisdifficulty
is that most reports on human cases do not count the multiplicityof tumors, but rather giveonly
an estimate. Furtherdifficulties comefromdifferences in phenotype that mayrelatecowhether the
patient has received surgeryor chemotherapeutics and to the ageofdiagnosis. To address this gap
temporarily, wehavecompileddata on 441 cases from 37 reports (seehttp ://mcardle .oncology.
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Figure 1. Organization of the mouse, rat and human chromosomes bearing the APClApc and
Mom 7 orthologs. A) The Apc locus of the mouse lies on a telocentric chromosome, in contrast
to its orthologs in the rat and human, each of wh ich lies on a metacentric chromosome. A
metacentric character enables a facile discrimination between whole chromosome loss versus
somatic recombination. B) The APClApc locus of the mouse is linked to the Mom710cus on Chr
18, while the orthologs of these two loci are not linked in the rat and human karyotypes.

wisc.edu/dove/Daea/Eakhrm).We suggest that a curated public database be generated under the
aegis ofa society for gastroenterology, for easy access to vetted information of this sort .

These data lead to a conclusion different from that of Crabtree er al,60 who claim that "muta­
tions between codons 1020 and 1169 hav[e] the milde st disease" and that the most N-terminal
truncations (i.e., prior to codon 248) do nor lead to an attenuated phenotype. instead, it seems that
N-terminal truncations produce the mildest disease, although mut ations between codons 1020
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Figure 2. The structure of the Ape protein . A) Arrows on top indicate orthologous locations of
mouse model mutations and the two mostcommon FAPmutation sites. B)Thegenotype -phenotype
correlation of sites of protein truncation to disease severity. The data used to generate this bar
can be found at http://www.mcardle .wisc.edu/dove/Data/Apc.htm .aa.amino acid . Adapt ed
from Amos-Landgraf and Kwong et al, Proc Natl Acad Sci USA 2007; 104:4036-4041.
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and 1169 tend to generate fewer tumors than mutations in the classicMCR (codons 1250-1450:
cf the "loose fit" hypothesis mentioned above, which predicts that MCR mutations leave be­
hind a more optimal number of ~-catenin-binding15aa repeats). These discrepancies could be
explained by geographic ancestry, as most of the patients ofCrabtree et als come only from the
UK, whereas our compiled data are based on reports from around the world. In this regard, it is
interesting to note the significant differences in presentation of colonic cancer in patients from
the Middle East compared to those from the United Stares," possibly indicative ofsegregating
modifier alleles (see below).

Biology ofthe Murine Intestine: An Introduction to Murine
Models ofColon Cancer

The mouse has long been used as a model for various human diseases,due to its experimental
tractability and frequently significant reflection ofthe human phenotype. For colon cancer, mice
readily form polyps after certain chemical treatments or genetic modifications and have been an
invaluable tool for drug and modifier locus discovery, among other benefits. In the following
sections , we introduce numerous well-used mouse models, as well as a novel rat model. We also
discuss other animal models involving Apeinactivation.

One caveat in using animal models isthe deviation from human biology.The murine intestine­
both mouse and rat-generally resembles that ofthe human in both development and structure,
particularly in the formation ofcrypts and villi in the small intestine and in the crypt architecture
of the colon. However, a few major differences exist: (i) the murine colon and small intestine are
intermingled within the peritoneum, rather than separated, (ii) the rugae ofthe proximal murine
colon have a diagonal rather than perpendicular pattern and (iii)the murine cecum isproportion­
ately much larger.The extent to which these differences affect tumorigenesis isunknown, but must
be taken into consideration when extrapolating from model animals to humans.

Mouse Models ofIntestinal Cancer
The first hereditary mouse model of colon cancer was described in 1990. Efficient ENU

mutagenesis of the germline of C57BLl6J (B6) mice and subsequent outcrossing to AKR/J
mice identified a phenodeviant with both a circling behavior and anemia.S After continually
backcrossing to B6, it was noted that the anemia trait segregated separately from the circling
phenotype. Dissection of the anemic mice revealed multiple lesions throughout the intestinal
tract, the majority in the small intestine. Histological preparations confirmed these lesions to be
adenomas. This line ofmice was therefore given the name Min (Multiple intestinal neoplasia). Su
and colleaguesv used the link between Apemutations and FAP to narrow the search for the gene
underlying the Min phenotype. SequencingoftheApegene ofMin mice revealeda singlechange­
from leucine to an amber stop codon at position 850. This mutation segregated perfectly with the
small intestinal phenotype ofMin mice; the mutant allele was thus termedApcMin

• Min mice have
since been extensively characterized in the literature and are currently the fourth best-selling line
at the Jackson Laboratory. Its popularity can be attributed in part to several properties: [i) Along
with more recent targetedApemutants, Min is the only mouse cancer model with a single genetic
change that produces a fully penetrant, organ-specific, consistent and discrete tumor phenotype.
(ii) Adenomas in Min mice develop rapidly, with lesions visible as early as two months. Tumor
multiplicities are on the order of 100 per intestinal tract, providing strong statistical power. (iii)
The multiple pathways impacting tumorigenesis enable many entry points for basic or applied
study (see section below on modifier s).

Many other lines ofmice with targeted genetic modifications ofApehavesince been produced.
Table 1 provides a summary of mice generated with these disruptions. When heterozygous, the
!:J.474,!:J.l4, !:J.716,lacZand !:J.1309 models allgivephenotypes similar to that ofMin.64-68In contrast,
heterozygosity for the 1638N allele results in 0-2 tumors (none in the colon)69 while the 1638T
model is tumor-free and, unlike any other truncating allele, is homozygous viable." Each of these
two alleles truncates the protein at amino acid 1638; however, 1638N has only approximately 2%
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the transcript expression level ofwild type Apc while 1638T has the full expression level. The lat­
ter observation implies that the Cvrerminus ofApc containing the direct microtubule and PDZ
bindingdomains is nonessential, either for normal embryonic development or for preventing tumor
initiation. However, it is important to note that the 1638T allele is not cornpletely wildrype, since
animals doubly heterozygous for 1638Tand Min are embryonic lethal (as discussed by Sansom, this
volume). Nonetheless, the two observations suggest that it is the reduction in Ape protein. not the
codon 1638 truncation itself which results in the 1638N tumor phenotypes. That a reduction in
functional Ape protein levels leads to tumor initiation was confirmed by Li and colleagues," who
inserted a neomycin cassette in either orientation (reverse . neok, or forward. neoF, see Table 1)
into the 13th intron ofApeto generate full-length hypomorphic alleles. These heterozygous mice
developed fewer than two adenomas per mouse, with Ape protein levels and activity (as measured
by ~-catenin transcriptional activity) inversely correlating with tumor multiplicity. However. it is
unclear whether the neomycin/hygromycin cassette in these insertion alleles ofFodde et al and Li
et al exerts a regional position effect on a neighboring gene(s) that may also contribute to the pheno­
type. 12 ln this context, a clear demonstration ofmodification ofthe Min phenotype by a cis-linked
recessive lethal factor has been provided in the analysis of the modifier locus Mom2.73

Recent advances in molecular cloning have enabled the construction of three independent
conditional alleles ofApein which specific exons are flanked by loxPsites (see Table 1): one allele
that removes exon 11 upon the administration of Cre recornbinase, resulting in truncation at
codon 46874 and two alleles that remove exon 14, resulting in truncation at codon 580 .65.75The
homozygous ablation ofApe in various organs has broadened the understanding of the known
functions of Ape in maintaining hornoeostasis in the liver. kidney, thymus and intestine.74,76-79
Indeed, carcinomas are induced in the liver and kidney upon tissue-specific deletion ofApe. The
ability to temporally control Apeloss. combined with a titration of Cre, opens up novel avenues
for understanding the sufficiency ofApe loss for tumorigenesis , The recent finding that somatic
c-Myc deletion abrogates the phenotype of concomitant Ape loss in the intestine confirms the
power ofsuch conditional alleles for pathway analysis."

Finally, chemical carcinogens such as AOM81and ENU82have been shown to induce intestinal
cancer in wild type mice and have been used as models ofcolon cancer."

Biology ofMouse Intestinal Tumors
Tumors in the small intestine ofthe Min mouse are composed ofdysplastic crypts surrounded

and supported by hyperplastic villi and crypts, displaying a characteristic"rose" shape. Bycontrast,
colonic tumors are peduncular. forming a spherical mass ofdysplastic cells supported by a stromal
stalk.84Tumors have a higher mitotic index than adjacent normal tissue" and crypt fission indices
ofMin intestines are also higher than wild type.' In contrast to the top-down/bottom-up contro­
versy in human tumorigenesis.v -" reviewed by Leedham and Wright.87 there is little controversy
over the directionality oftumor development in the Min or 1:1716 mouse models: tumors begin as
an outpocketing in the crypt and the dysplastic cell population expands in both directions along
the crypt/villus axis.84

Rat Models ofIntestinal Cancer
Wild type rats develop colon cancer at a very low incidence «0.1%)88 with the exception of

the Wistar-Furth/Osaka line that spontaneously develops adenocarcinomas at a rate of30-40%.89
However, the genetic factors underlyingthis predisposition are unknown and no recent studies have
been reported. The majority ofcurrent rat models ofcolon cancer rely on the induction oftumors
via treatment with the carcinogens AOM, D MH, or PhlP.90 The advantages ofcarcinogen-treated
rat models are that tumors often progress to adenocarcinomas and that tumors have not been
reported in the small intestine; the disadvantages are low polyp multiplicities «2 in F344), long
tumor latencies (>10 months) and laborious carcinogen administration regimens with the potential
for inconsistent dosage. Carcinogen treatments have been required in the past. owing to the lack of
rat embryonic stem cells required for generating genetically engineered rats. However, the ability
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to generate target-selected mutations, including nonsense alleles, has recently been implemented
by several laboraeories.t' r" This capacity has been drawn upon to generate a rat strain carrying
a nonsense allele in codon 1137ofApe. F344 rats heterozygous for this allele develop multiple
intestinal neoplasms by three months ofage, predominantly in the colon and survive in the range
ofone year.93The important colonic predisposition of tumorigenesis in this strain has led to its
designation as Pirc: polyposis in the rat colon.

The size of the laboratory rat confers certain advantages to the Pirc model; for one, classical
endoscopy can be used to monitor and biopsy colonic rumors.P In addition, microCT and micro­
PET imaging can strengthen the annotation ofeach ofthe tumors, whose sizes-s-ofien exceeding
1ern in diameter-greatly facilitate visualization and biopsy sampling. It can significantly enhance
the molecular and morphological analysis oftumor progression to annotate individual neoplasms
while keeping the animal alive. While these methods are also feasible in mouse models ofcolon
cancer, the colonic predisposition, size and longevity of the tumor-bearing Pirc rat can provide
significant advantages in developing these experimental avenues. Thus, the rat's promising utility
for genetics combined with its size and feasibility for longitudinal studies of therapeutic regimes
poises the Pirc kindred as a model for colon cancer that is complementary to the genetically
powerful Min mouse model.

Coincidentally, the rat and mouse Ape loci each lie on Chromosome 18 of their respective
genomes. The synteny over Chromosome (Chr) 18 is remarkably conserved between the mouse
and the rat. The only difference in synteny is the most proximal 10 Mb ofthe mouse chromosome,
the homologous region ofwhich is located on rat Chr 17.However, a more important difference
between these two versions ofChr 18is the placement ofthe centromere.Apelies-30 Mb distal of
the acrocentric mouse centromere but -11 Mb proximal ofthe metacentric rat centromere (Fig. 1).
By contrast, in the meracentric human Chr 5,Ape is -65 Mb distal ofthe centromere.

ApeMutations in Other Organisms
To date, Apemutants have been isolated in three other experimental organisms. TheApcMc R/+

zebrafish (Daniorerio) develops intestinal, hepatic and pancreatic neoplasms, demonstrating the
conservation oforgan-specific gene functions between vertebrate phyla." Drosophila melanogaster
lines heterozygous for mutations in either ofthe two Apehomologs,dApeI or dApe2,develop with
a completely normal phenotype despite the evolutionary conservation ofWnt Signalingfunction."
It is interesting to note in this context thatdApeI can complement the function ofhuman Ape in
suppressing ~·catenin-mediated transcription in colon cancer cell lines." Finally, RNAi-induced
reduction ofCaenorhabditis elegans Apr-I, a gene homologous to the N-terminal halfofhuman
APC, results in aberrations in blastomere development and endoderm specification.~ Recent stud­
ies have linked Wnt signaling and the regulation ofWRM-1, a nematode homolog of ~-catenin,

to Apr-I function during critical asymmetric cell divisions in development."

Mechanisms ofLoss ofHeterozygosity at the ApeLocus
BialleliclossofApefunction appears to be required for tumorigenesis,but it remains open whether

a heterozygous phenotype (also see below) is a necessary preliminary step to the complete loss of
Apc function in tumors. In principle, loss offunction ofthe wild type allele from the heterozygote
can occur through any of several mechanisms, including: somatic recombination, nondisjunction
with or without reduplication, codingor regulatory mutations, epigenetic silencing,or partial or full
gene deletion. Early studies in Min mice demonstrated whole-chromosome loss ofheterozygosity
(LOH),99 narrowing the possibilities to somatic recombination or nondisjunction. However, the
acrocentric nature ofmouse chromosomes makes it difficult to distinguish between somatic recom­
bination, which results in the homozygosis ofall allelesdistal to the recombination site and mitotic
nondisjunction,which results in the lossofan entire homolog. Unless the centromere can be marked ,
each ofthese processesgivesidentical results for acrocentric, but not for metacentric chromosomes .
Subsequent studies in Min mice harboring an abnormal Robertsonian metacentric Chromosome
18,100 in Pirc rats with a naturally metacentric Chromosome 18 (Fig. 1),93and in FAP patients with
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Ape truncations past codon 1286,101 are consistentwith somatic recombination; the majorityof
theseintestinaltumorsexhibitLOH limited to a single chromosome arm. Further,the genomes of
the earlymousetumorsappearto bestable, asassessed byFISH and karyotypic analysis.l02Somatic
recombination hasalsobeenshownto be involved in LOH ofother tumor suppressors in humans,
suchasthe retinoblastoma geneRb1.103.104

Bycontrast, analysis of sporadic rather than familial human colon tumors suggests that the
lossevent mayoccur via a karyotypically unstablepathway. For example, Thiagalingam and col­
leagues'?' demonstratedthat theobserved singlep-arm loss seenin36%ofrumorsinvolved complex
translocations rather than conservative somatic recombination. However, it is unclear whether
the translocationswere the cause of LOH, or instead wereacquired during tumor progression.
A study by Shih and colleagues.P" showed allelic imbalanceacross the genomeby digital SNP
analysis; however, this findingwill require confirmationusing more current technologysuch as
Pyrosequencing.!" Another studyhasshownthat 1638Nrumorsexhibitsignificant genomiccopy
nwnber changesbycomparative genomichybridlzadon.'" this highlightsdifferences betweenthe
1638N and the genomically stableMin models since the 1638N phenotype maybe influenced
by regionalposition effects from the neomycin cassette." In these investigations, another open
issueis whether the earlieststage in tumorigenesis is being analyzed. Thus, the debate over the
roleof genomicinstabilityin colorectaltumorigenesis remainsdividedinto two hypotheses: that
instability is a prerequisitefor initiation and will be observedat the "birth" of the neoplasm, or
that it is acquiredduring dysplastic growth along the neoplasticpathwayand necessary only for
progression.

Mathematicalmodelshavebeen invokedto support eachhypothesis. Nowakand colleagues'P
showedtheoreticallythat chromosomalinstability(CIN) candrivethe majorityofsporadicLOH
events: a hypothesized efficient statistical "tunneling" effect of CIN could drive cells towards
an equilibrated LOH population. By contrast, Komarova and Wodarzllo suggested that CIN
would not be efficient, owingto the lag time required for the initial genomichit to create CIN.
Furthermore, Tomlinson and colleagues'!' used an evolutionaryapproach to stem cellstatistics
to show that any instability associated with colonic tumors could be explainedby a selective,
exponential accwnulation of aberrations,rather than by a pre-existing state of instability. Such
mathematicalmodels mayprove to be valuable frameworks for the designof new quantitative
experimentaltests.

Are Some Apc Truncation Peptides Dominant Negative?
Several linesof evidence suggest that certain truncated Apcproteins might act in a dominant

negative manner, either by homodimerizing to wild type Ape or by competing for binding to
13-catenin. For example, transfection of constructs encoding the N-terminal 750aa, 1309aa,
1450aa, or 1807aaofhwnan Ape into colorectalcancercelllinesinduced chromosomesegrega­
tion dysfunctions, evenindiploidcelllines.I 12.1 13Another example isthat endogenousN-terminal
Ape fragmentsbind to exogenous C-terminal fragments, alteringthe former's ability to bind to
its partner Kap3y4Thus, truncated Apc proteins could dominantly interferewith the function
ofthe remainingallele's product. Less direct linesof evidence comefromanalysis of normal tissue
in Min mice.Forexample, differences havebeenobservedbetweenthe intestinesof Min and wild
typemicein enterocytemigration,115 E-cadherinlocalization116 and Egfrexpression. I I? It isnot yet
resolved whether theseeffects areautonomousto the heterozygous normal tissue,or arecausedby
a systemic effectof the tumors carriedin the Min mouse.

Bycontrast, a line of mice transgenicfor a !!J.716 or !!J.1287 fragmentof the Apegenefailedto
developintestinal tumors."! Here, it isunclearwhether the transgeneexpression levels reacheda
tumorigenic threshold,especially in the presenceof two copiesof the wild type allele. The ques­
tion of whether Min is dominant negative has important implications for the study ofLOH. If
normal heterozygous tissuefrom Min animalshasaphenotype that predisposes to tumorigenesis,
then the familial casemaydifferfrom the sporadiccase, wherenormal tissueishomozygous wild
type for Ape,A full understandingofApe action must alsoaccount for the full-blown polyposis
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phenotype oflocus-wide deletions including the classicalHerrera deletion by which theAPC locus
was first mapped.33.119.120 It is also worth noting that similar C -terminal truncations ofAPC2 in
D rosophila do not exhibit dominant negative effects on Wnt signaling or viability, but in some
cases do have dominant effects on cytoskeletal organization in the embryo." Thus, the question
ofpredisposing haploinsufficiency or dominant negativity requires resolution.

Modifiers of Murine Intestinal Cancer
Many different pathways have an impact on the initiation and/or progression ofintestinal ad­

enomas: karyotypic stability, DNA mutation rates, stem cell turnover, cellular growth and prolifera­
tion, cellular differentiation, environmental factors , diet, exercise, therapeutic drugs and others. In
this chapter we address only genetic modifying factors (for a review ofdiet and therapeutic drugs ,
see ref. 93).90 In experimental genetics , a modifying locus has no phenotypic consequence in the
absence ofmutation at the primary locus of interest, in this case Ape. In epidemiology, however,
the factors controlled by modifying loci may be found to have an impact, since the functional state
of the primary locus may vary covertly or overtly in the population being studied.

The phenotypic variation ofMin among different inbred strains highlights the importance of
modifier alleles. Historically, B6-Min mice develop approximately 100 tumors in the intestinal
tract. Other inbred backgrounds on which the ApcMin allele has been introgressed show a broad
spectrum oftumor multiplicities (Table 2). For example,BT BR isa strongly enhancingbackground,
with mice becoming moribund by 60 days ofage due to th e presence ofmore than 600 rum ors."!
At the other extreme lie AKR mice, which develop only one to four tumors per animal and can
survive for up to a year ofage.122 C3H and 129S6 have milder suppressive phenotypes compared
to AKR. General strain effects have led the way for the identification ofpolymorphic modifier loci
by quantitative trait locus analysis ofthe phenotypes ofMin carriers in outcrossed progeny.l"

Perhaps the most well-known modifier isMoml (Modifier ofMin 1). A quantitative trait locus
(QTL) analysis using SSLP markers in crosses involving 4 inbred strains found a QTL on chro­
mosome 4 that was shared among all mapping crosses.l" It was apparent that at least rwo alleles
ofMomI existed: a resistance allele found in AKRI), MA/My) and CAST/Ei] and a sensitivity

Table 2. The genetic background dependence of the Min pheno type

Small
Stra in Moml Age (Days) Intestine Colon N Referen ce

12956 SIS 103-163 45 23 L.N. Kwong, unpublished

BTBR/Pas SIS 54-82 625 12 74 Kwong et al, 2007'"

C3H/Hej SIS 100-120 16 0.4 89 Koratkar et al, 2004'"

C57BU6j SIS 90-120 128 3 48 Kwong et al, 2007'"

AKR/j R/R 146-336 4 0 42 Kwong et al, 2007'21

129 x B6 F1 SIS 92-164 82 0.2 35 L.N. Kwong, unpublished

AKR x B6 F1 RIS 104-143 25 0.1 15 Kwong et al, 2007'2'

BTBR x B6 F1* SIS 80-93 117 1.6 16 A. Shedlovsky, unpublished

BTBR x B6 F1** SIS 84-89 215 1.4 19 A. Shedlovsky, unpublished

C3H x B6 F1 RfS 130-1S0 8 0 10 Koratkar et al, 2004'51

CAST x B6 F1 RIS 100-120 3 0 14 Koratkar et al, 2002'52

CAST x B6 F1 RIS 185-215 7 0 11 Koratkar et al, 2002'52

*Min from B6 parent. **Min from BTBR parent.
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allelein CS7B/6] (B6).Mom] is semidominantwhereeachcopyaffects tumor number bya fac­
tor ofabout 2. MacPheeand colleagues!" suggested that the Pla2g2a gene (encodingsecretory
phospholipase 2A) might explain the Mom] effect. This hypothesis was confirmed in a line of
B6 Min mice transgenicfor a cosmid containing the resistance allelePla2g2a,125 which showed
reduced polyp number. Subsequenthigher resolution genetic analysis showed that the Mom]
locusconsists of both Pla2g2a and at leastone other distal factor. l 26 TheeffectofMom] explains
a significant proportion of thevariance in tumor multiplicityseenin crosses betweenB6-Minand
AKRor C3H mice(Table2). Interestingly. the Pla2g2a geneseems to act inacellnon-autonomous
fashion: it isexpressed from postrniroticPaneth and gobletcellswithin the micro-environment.
affectingthe net growth rateof adjacenttumors." (Evidence hasbeen reported that the secretory
phopholipase A2 can instead stimulate colonic tumor growth when expressed autonomously
within the tumor Ilneage.!") This apparent non-autonomous action of Pla2g2a illustrates the
necessityof investigations in the whole animal. as such effects would be lost in cell culture or
non-orthotopic xenograftmodels.F'The exactmechanismbywhichPla2g2a exertsits effects on
colontumorigenesis remains unresolved.!" highlightingthe challenges ofcancermodifiergenetics.
Furthermore. its relevance to the human disease is unresolved. Three studieshavefailed to find
significantcancer-associated germlineor somaticvariation in the human PLA2G2A gene.I30

' 132

One sporadic colon cancerpatient has been reported with a constitutional frameshift mutation
in this gene.133Finally. a correlationhasbeen reported betweenPLA2G2Aexpression and gastric
adenocarcinomapatient survival.!" Overall. the identificationof Mom] has had a long-lasting
impact on modifier genetics. as it was an important proof of principle that such studies could
identify at the molecularlevel geneticdeterminants modifyinga cancerphenotype.

By utilizingsimilar mappingmethods. additional polymorphicModifiers ofMin havebeen
discovered: Mom2.Mom3 and Mom7. each of which resides on Chromosome 18. Mom2 arose
spontaneouslyin a stockofApcM in/+ miceon the CS7BLl6] backgroundand mappeddistal to the
Apelocus.l" Congenicline. expression and sequencinganalyses pinpointed a recessive embryonic
lethal 4 bp duplication in the ATP synthase AtpSa] gene." When in ciswith the mutant Min
allele. this mutant Mom2 alleleconfersan -12-fold resistance to tumor multiplicity, but has no
effectwhen in trans. Alongwith adecreased LOH incidence. theseresultsindicated that somatic
recombination proximal to both the Apeand AtpSa] loci would generatehomozygous AtpSa]
segregants that would be cell- and therefore tumor-lethal.

TheMom3locuswasdiscovered in alineof Min micethat hadbecomestrain-contaminated.P"
resultingin an increase in tumor multiplicitycompared to control B6-Min mice. It mapped to
within the first 2ScMof chromosome18. proximalto Ape. However. the lackof additional poly­
morphic markers. alongwith the unknown contaminatingstrain background. prevented further
positionalrefinement. In aseparate study. theMom710cus mappedto asimilarregionasMom3. but
camefromdefinedcrosses of the B6Apc"·Hn/+ line to the AKR. BTBRand AI] strains.'!' Congenic
lineand in silicomappinganalyses reducedtheMom7 interval to the first4.4 Mb of chromosome
18.includingthe complexsequence of thecentromere. UnlikeMom2. Mom7ishomozygous viable
forallalleles and the B6allele showsadominant resistance phenotypein both the transand ciscon­
figurations.WhetherMom7andMom3represent thesameunderlyingmodifiermustberesolved by
complementationtesting. Interestingly. the Rb(7.l8)9Lub Robertsoniantranslocation(Rb9), also
at pericentromericChromosome 18. lowers tumor multiplicityinApcM in/+ mice.'?'FISH analysis
showed that the Chromosome 18 homologsweremispairedin the nucleolarorganizingregion,
leadingto the hypothesis that the opportunity for somaticrecombinationat Apeis decreased by
thiscentricfusion.AlthoughMom7and Rb9mapto the samelocation.it isimportant to note that
Rb9 involves a grossphysical chromosomeabnormality. whileMom7 involves a normal chromo­
some; furthermore they havequalitatively differenteffects. withMom7 resistance fullydominant
and Rb9 semidominant. makingit unlikelythat they represent the samemodifier. Furthermore.
none of these modifiersshowsthe "overdorninant effect"predicted for sequenceheterozygosity.
which would suppress somaticrecombinationin heterozygotes but not in homozygoses.'?Thus.
the Mom7 and Mom3are modifiersdistinct from Rb9.
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As illustrated by the growingset ofmodifiers ofthe Min phenotype, it is clear from Table 3 that
strategies for cancer prevention and therapy have many points ofentry, providing both a wealth of
candidate therapeutic targets and the challenge ofconverting any of them into potential human
therapies. However, the benefit ofsuch modifier studies extends beyond clinical relevance; each
dataset informs both the functions ofthe modifier and ofApe. In turn, each modifier has a role in
processes other than tumorigenesis. For example, the increases in both karyotypic instability and
tumor multiplicity in BubRJ+/'; Apt'lin/+mice provide insight into the normal checkpoint functions
ofboth BubRI andApc.138Another interestingexample is that deletion ofH19induces the biallelic
expression of/gf2,increasingMin tumor rnultiplicities.P"This genetic model ofloss-of-imprinting
(LaI) highlights the functional importance ofgenomic imprinting. In human sporadic colorectal
cancer patients, LOI at Igf2 isofien elevated in peripheral blood lymphocytes compared to healthy
controls.!" implying that LOI can precede the loss ofApe function and become a risk factor for
otherwise normal individuals.

Probing deeper into the modifiers organized in Table 3, several interesting patterns are
noted. First, mutations in either of the mitotic stability genes BubR1138 or Cdx2141 generate
a complex modifying phenotype, whereby the multiplicities of tumors of the small intestine
decrease, while multiplicities of colonic tumors increase. This striking disparity between the
effects of the same mutation in two different regions ofthe gut suggests that the small intestine
and colon have different abilities to respond to CIN. Perhaps the small intestine expresses a
senescence and/or apoptosis response that efficiently blocks CIN-induced tumor formation.
By contrast, the hyper-recombination phenotypes ofBlm142,143 or Reqf1 44 mutations affect the
entire intestinal tract.

The contrast between the regionally diverse response to mitotic instability and the uniform
response to hyperrecombinational instability suggests that different responses to different types of
instability exist in different regions of the intestinal tract. In the same vein, the Mbd2 and Mbd4
methyl-binding proteins have opposite effects on intestinal tumor multiplicity,145.146 indicating
that the epigenetic machinery has both po sitive and negative indirect regulators ofmethylation-as­
sociated DNA mutation and/or silencing. Indeed, the potency ofmutations in mismatch repair
genes to generate tumors in the ascending colon illustrates both the centrality ofsequence stability
to tumor suppression and the regionality of the se effects. Next, mutations in the Ephrin family
ofgenes '? demonstrate that differentiation is key to tumorigenesis, mirroring the dysregulation
ofephrin receptors in mice conditionally inacti vated for Ape,?8Finally, many "classic" regulators
ofnumerous tumor pathways-including pS3, p27, p2I, c-Jun and cyclin D I-modify the Min
phenotype, raising the possibility that therapies directed towards oth er classesofcancer could also
have an effect on colonic tumors.

Conclusion
The complexity of both morphological and molecular pathways in colon cancer presents a

challenge to clinical therapies, which are already multifaceted. For example, the FOLFOX regi­
men combines fluorouracil, leucovorin and oxaliplarin, which can be used in addition to standard
surgery and radiation treatments. Despite the complexity, the many different animal models now
available-mouse, rat, zebrafish and invertebrates-expand our ability to identify and validate dif­
ferent therapeutic targets. Indeed, the convenience ofthese animal models simplifies many aspect s
ofcolon cancer research that would otherwise be difficult to control from a highly heterogeneous
human population. The effectiveness of such models emerged from the discovery of Ape as the
central molecule negatively regulating colon cancer. This discover y, a result of Herculean efforts
by several centers ofhuman genetics 33.34.37.148allowed for both the identification of the molecular
basis of the Min phenotype and the characterization and construction of single-gene mutants
with profound cancer phenotypes. Overall, the study of colon cancer radiates out from our un­
derstanding of the mechanisms of action of the Apc protein, a central node regulating multiple
cancer pathways.
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CHAPTER 9

Tissue-Specific Tumour Suppression
byAPC
Owen Sansom'

Abstract

O ne question that has been central to the study oftheApegene iswhy theApegene ismutated
so frequently in colorectal cancer but relatively infrequently in other tumour types . This
chapter reviews recent data obtained in mice after conditional deletion ofboth copies

of the Ape gene from adult epithelial tissues with particular focus on the intestinal epithelium.
These data suggest that a major reason for the frequent mutation ofApein colorectal cancer lies
in the distinct character of the intestinal epithelium where Apc loss leads to a progenitor-like
phenotype. Thus intestinal enterocytes lacking Apc escape the two major selective constraints
that usually prevent cells from becoming cancerous in the intestine: they fail to differentiate and
fail to migrate so are not sloughed offinto the intestinal lumen.

Introduction
As mentioned in the chapter by Kwong and Dove. this volume. numerous insights have been

gained into the role ofApc in adenoma formation from heterozygous ApcMin/+mice.' Here ad­
enomas are formed upon loss of the remaining wild type Apeallele; confirming that Apc loss is
the iniating event in tumour formation. 2 These mice (and other Apeheterozygous mice including
Ape.s80Ape,6716 3 Apel638N 4 mutant alleles) have been used to great effect in examining chemopre­
vention strategies and assessing the importance of other genes in adenoma formation (through
intercrossing with other genetic mouse knockouts). However, determining the role Apc plays in
the normal intestinal epithelium is difficult since the complete genetic knockout ofApeleads to
embryonic lethality at a very early stage.'

To overcome the problem of embryonic lethality the bacterial CRE-LOX (Cre: Cause
REcombination. LOXPI (locus ofX-over PI) system has been used in mammalian cells.' This
system relies on a sequence specific DNA Cre recombinase which mediates intramolecular recom ­
bination and deletion ofDNA between LoxP sequences. LoxP sequences are small sequences of
DNA of34 base pairs. Using gene targeting LoxP flanked alleles have been generated, allowing
deletion ofgenes upon expression ofCre recombinase. Shibata et a16 produced the LoxP flanked
Apeallele 580S, which leads to the production of a truncated Apeallele following Cre recombi­
nase expression . To permit gene deletion in the tissue of interest, tissue specific Cre transgenes
have been generated so that currently genes can be deleted in nearly every tissue of the mouse ?
This has led to new insights into the role Ape ofin development. homeostasis and tumorigenesis
in a number ofdifferent tissues. which has helped to explain why Apc acts a 'gatekeeper' against
tumourigenesis specifically in colon.

'Owen Sansom-Beaton Institute of Cancer Research, Glasgow. G61 1BD. UK
Email: o.sansornebeatson.gla.ac.uk.

APC Proteins. edited by Inke S. Nathke and Brooke M. McCartney. ©2009 Landes Bioscience
and Springer Science+Business Media.
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Ape Gene Deletion in the IntestinalEpithelium
Cell renewal within the intestinal epithelium is highly regulated and position dependent.

Absorptive cells generatedwithin intestinalcrypts migrateupwards until they are shed into the
gut lumen; the entire process from cells' "birth" to "death" takes 3-5 days.8 Within the intestinal
crypt there arethought to be4-6 slowly dividingstemcells that give riseto rapidly dividingtransit
amplifyingcells that differentiate into absorptive cells within the intestine," Other celltypesthat are
ultimately producedby the stem cells are the mucin secreting gobletcells, the hormone secreting
enteroendocrine cells and the downwardly migrating, lysozyme-secreting antibacterial paneth cells
(seeFigure 1for overview of intestinaleplthelium.)

Giventhe high turnoverof the intestinalepithelium, it isnecessary to express Cre-recombinase
within the intestinal stemcells topermanentlydeletegenes containingLox-P sites. Twoinducible Cre
transgeneswiththispropertyexist: theArylHydrocarbon AhCrelOandtheVillinCreERtransgene,"
TheAhCretransgenic mouseuses theinducible CytochromeP450IAI (CYPIAI) promoterto drive
Cre expression. Cre expression is inducedby injectionof an inducerof cytochromep450such as
~-napthoflavone.This smallmolecule bindstheAh receptorat thecellsurface to cause itstransloca­
tion into the nucleus to bindxenobiotic bindingelements in the CYPIAI promoterand inducecre
expression.PP'Ihis leads to high levels of inducible Cre expression in nearly all smallintestinalen­
terocytes andliverhepatocytes, but alsoin thecolonalbeitat lowerlevels. ThevillinCreERtransgene
utlises thevillinpromoterto driveCreexpression in intestinalenterocyres.ThisCreisinactive under
normalcircumstances; however, injection of4-Hydroxyramoxifen (40HT) causes theactivation and
expression ofthe villin-cre, predominantly in the smallbut alsoin the largeintestine.

Both of these inducible Cre transgenic mice have been intercrossed with mice carryingloxp
flankedApe580s alleles to haveproducesimilar results. I1.13Deletion ofApefrom the intestinalcrypt
produceda rapidand markedphenotype(seeFig. I): within4 days afterloss, intestinalcryptswere
greatly enlarged, with intestinalenterocytes proliferating independently of position.However, this
wasaccompanied byan increase in apoptosis. Differentiation wasaffected asindicatedbya marked
reduction in goblet,enteroendocrine and absorptive cells. Importantly, Ape-deficient enterocytes
alsostopped migratingalongthe crypt-villus axis. Wecan thus describe cells that lackApcin intes­
tinalcryptsascryptprogenitorcell-like.13Therefore Apelossovercomes two important factors that
normallyconstraincancercells in the intestine: continuedproliferation and lackof elimination by
migrationand sloughing off.

LossofApcoutsidethe intestinal cryptappears to have adistinctphenotype. Usingvillin Cre-ER,
Apewasdeletedfromthevillus compartmentto producecells that appearedrelatively normal," One
of the mostintriguingpopulationsofcells to examine the consequence ofApcloss iswherecells just
exit the crypt to join thevillus. Genescanbedeletedin this regionusingboth of the Cre transgenes
described above. Upon depletingApe,cells in thisregionappearto dedifferentiate backto crypt-like
cells and lackexpression ofvillimarkers. However, theydifferfromcrypt cells that lackApcin that
theyhavelargernuclei, appearpolyploid and have increased levels ofCyclinD1andp21.11.14,15Thus

evenwithin the intestinalepitheliumthe phenotype that isproduced bydeletingApedependson
the cellular context(Fig. 1summarises thisdata).

The Phenotype ofApe Loss and Wnt Signalling
Ashas beenmentionedin previouschapters,one of the keyfunctionsof the Apcgeneis to act

asanegative regulator ofWnt signallingwhereit isrequiredforthe turnoverof~-catenin.16Following
Apeloss, ~-catenin isno longerphosphorylated byGSIG andsoit isno longertargetedfordegrada­
tion by the proteosome. Insteadf3-cateninnow translocates to the nucleus whereit interacts with
LEF/TCF transcriptionfactors to activate Wnt targetgenes. Consistentwith thesein vitroreports,
the onset of the crypt progenitor cell likephenotype following Apegenedeletion correlates with
nuclearaccumulation of f3-catenin.13A definitive experiment to showwhether the accumulation of
f3-catenin issufficient forallthephenotypes producedbyApelosswouldbe to deleteboth f3-catenin
and Apcsimultaneously and thus ascertain the Wnt-dependentand independentfunctionsof Apc
loss. However, conditionaldeletionof f3-catenin from the mouseintestineis highlytoxicto crypt
eneerocytes and all f3-catenin-deficient cryptenrerocytes arelost4 days aftergenedeletion, making
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Figure 1. The position of Apc loss within the crypt is important for the precise phenotypic
outcome. A) Expression of the intestinal AhCre and ViliinCreER transgenes. Diagram show­
ing simplistic version of the intestinal epithelium. The crypt (C) contains the stem cells (SC)
and paneth cells (P) at its base. The rest of the crypt is composed of rapid dividing intestinal
enterocytes and the secretory lineagesmarked inbluewhich are eithergoblet cellorenteroeno­
dcrine cells (SeC). The Cells migrateonto the villus(V) which is composed predominanlty of
absortptive enterocytes (AE) which are then sloughed off into the intestinal lumen. The red
cell in the villusrepresents a cell which has originally produced by the red epithelial stem cell
and moved onto the villus. Usingthe AhCre transgene, following the intraperitineal injection
of a cytochrome p450 inducer, the Cre is induced within the intestinal crypt (though not the
villus). Using the VillinCreEr transgene following the intraperitineal injection of tamoxifen,
Cre is induced througout the entire crypt villus axis. In both cases Cre expression occurs
within the intestinal stem cells so gene deletion is permenent. B) Phenotype of Ape loss in
different populations of cells within the intestine. Using both Cre recombinases, when Ape is
deleted within the crypt (yellow cells) this leads to a rapid induction of proliferationand the
induction of a crypt progenitor cell-like phenotype. When Ape is deleted at the crypt-villus
junction (green cells), cells upregulate p21 and Cyclin 01 and become polyploid (and are
retained). When Ape is lost within the villus using the villin Cre Er transgene despite nuclear
~-catenin, there is no observable phenotype . A color version of this image is available at
www.landesbioscience.com/curie.

thisexperiment impossible." Thisisprobablydue to the requirement for Wnt signallingwithin the
intestinalcryptasmiceectopically expressing theWnt repressor Dikkopfcauses a large reductionin
intestinalproliferation and leads to cryptdeath."

An alternative, more feasible approachis to identifyWnt target genes that are upregulared in
the intestinefollowing Ape loss in vivo and assess the importanceof thesegenes for the increased
proliferation, reducedmigrationand differentiation observed. One wayto identifythesegenes in
vivois to compare the transcriptome profile by microarray analysis beforeand after Apc 10SS.13.18

Interestingly, despitenuclear~-catenin in every cellonlya smallproportion of the publishedWnt
targetgenes areupregulated in intestinaltissue following Apcloss (around50/300).Thisprobably
reflects thedifferences betweenin vivo and in vitroexperiments in cancercelllineswheremostWnt
targetgenes wereidentified."
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Ofthe 300 Wnt targetgenes that wereidentified in celllines, I will now review the impactof
the three of the mostcitedexamples, PPARj3/~, CyclinD1and Mycon the phenotypesofApe loss
in vivo. The reasonfor choosingthese three genes is the impactof thesegenes have been assessed
following lossof both copies of Ape in intestinalcells in vivo. Thus the precise function of these
genes can be dissected out in vivo. Other wellknownWnt targetgenes suchasthe EphBreceptors
havebeen alsoshownto be important in vivobut appearto be downstream ofMyc and so will be
discussed in the Mycsection.

PPARf:JM
Peroxisome prollferaror-actlvared receptors (PPARs) are membersof the nuclear hormone

receptor superfamily of ligand-activated transcription factors. PPAR~ (also known as PPAR~)
heterodimerizes with retinoicX receptora to forma transcriptionally competentcomplex, that is
expressed in the intestine" (Fig. 2). PPARj3/~ wasfirstidentified in a screen for genes upregulated
in colorectal cancercelllinesand is repressed bythe re-expression ofApe.20 However, followingApe
lossin vivo, PPAR/3/tJwas not upregulated nor wasit upregulated in polyps fromApC'lin/+ mice;on
the contrary, its expression wasreducedin adenornarous tissue.19.21 Most importantly, knockoutof
PPARj3/~ did not affect anyof the immediatephenotypesofApe loss. Furthermore, spontaneous
tumourigenesis in the PPAR~/~-I- ApC'lin/+ mousewasnot suppressedcomparedto ApC'lin/+, in fact
a slightacceleration wasdetected.19.21

CyclinDI
Similarto PPAR/3/tJ,Cyclin D1wasalsofoundto beupregulatedbyWnt signallingincolorectal

cancercelllines," However, although it the most cited Wnt target geneand has beenpostulated
to be essential for Wnt mediated proliferation (Fig. 2), Cyclin Dl is only upregulated in a small
subsetofcellsimmediately followingApe lossin vivo.14Thissuggests that nuclear~-catenin isnot

PPAR Cyclin 01

c...... praa.1on 01 PPA!b
.,d PPARr IMgel
gene.

AclMoIlon of PPARl\
d ,ael IMgal gan..

Figure2. Overview of PPARjVo and Cyclin D/CDK4 pathways. A) PPARjVo signalling pathway.
PPAR~IO heterodimerizeswith retinoic X receptor a (RXR) to form a transcriptionallycompetent
complex.PPAR~ interactswith RXR andtranscriptional corepressors (Co-Rep) tocause repression
of PPARafy targetgenes. On ligand binding (L), PPARjVo interactswith RXR and transcriptional
co-activators(Co-Act)tocause transcriptional activationof PPAR~/o targetgenes. B)CyciinD/CDK
cell cycle. D-type cyclins are important mediatorsof the cell cycle. The interactionsof D-types
cyclins with Cyclin DependentKinases (CDK)2/4/6 control the G1/S-phase transition.They do
this via phosphorylation and inactivation of tumor suppressor of retinoblastoma family.
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sufficient to induce CyclinD1 in intestinalepithelium.Thisconclusionis consistentwith recent
data suggesting that activationof Cyclin Dl requiresboth Wnt and TGF~ signalling in the in­
testine." Indeed, usingthe samecolorectalcancercelllinesusedbyTetsuand McCormick 1999,
Sansomet a1200Sshowedthat the Cydin D l luclferase reporter wasresponsive to Wnt inhibi­
tion, whereasendogenouslevels of Cyclin D1 werenot affected. Given that Cydin D1 wasnot
upregulated immediatelyfollowing Apelossin vivoit wasnot surprisingthat knockout of Cyclin
Dl had no effecton proliferation, differentiationor migration following Ape10ss.14 Therefore,
other target genesmust be involved in the increasedproliferationfollowing Apeloss.

Myc
The proto-oncogene Myc has been implicated in stem cell survival. proliferation, apoptosis

and tumourigenesis within a numberof tissues.24.25Myc(c-Myc) isa transcriptionalactivatorand
repressor andisakeyoncogene commonly upregulated incancer.Mycisupregularedco-incidentally
with nuclear~-catenin followingApe 10ss.13 Completegeneticknockout ofMye causes embryonic
lethality.26 Thus, to examinethe significance ofMye upregulation followingApe loss. the importance
ofMyc for intestinalhomeostasis had to be examinedfirst.27.28DeletionofMye hasvaryingaffects
on intestinalhomeostasis: Bettess eeal27found that,although Mycwasimportant for the develop­
ing intestine, it wasnot requiredfor normal intestinalhomeostasis. On the other hand, Muncan
et aF8 showedthat the immediateconsequences ofMye deletion included reductions in cellsize,
metabolismand proliferation.Over the longer term (2-4weeks), this led to lossof Myc-deficient
cells from the intestinaltissue. Thereasonsfor the observeddifferences areunclear, but differences
in the Cre transgenes and genetic backgrounds are likely to blame. Common to both reports
wasthe finding that Myc-deficient cells wereviable (albeit overa short term). Thisallowedus to
determine the impact ofMye deletion on Ape-deficient cells. Micecarryingthe AhCre transgene
wereintercrossed to micebearingLoxPflankedApeandMye floxed knockoutalleles." Remarkably.
deletionofMye rescuedvirtuallyallof the phenotypesofApeloss:4 daysfollowingApe loss. crypts
wereno longerincreased insizeand intestinalenterocytes migrated.proliferatedanddifferentiated
asnormalwild type cells." Thiswasdespitethe fact that all intestinalenterocytesstillhad nuclear
~-catenin, indicatingthat ~-catenin wasnot sufficient to imposethe crypt progenitor phenotype
in the absence of Myc. Because Myccan modulate transcription, it was important to examine
the transcriptome in intestines lackingboth Apeand Mye. Almost half of the Wnt target genes
that werederegulatedfollowing Apelosswereno longerupregulated.Furthrrnore, genesthat are
normallyrepressed byMyc,likep21,werenowupregulated. Thissuggests Mycactsa centralnode
downstreamof13-catenin upregulationto control the transcriptionalactivationand repression of
genesthat are required to maintainApe-deficientcells in a crypt progenitor cell likephenotype
(Fig. 3 presents a modelof how Mycactsa centralnode for Wnt signalling).

One of the best examples of how the molecularchanges following Apeloss(whichare reliant
on Mycexpression) can explain phenotypic changes relates to paneth cell positioning and the
expression pattern of EphB receptors. EphB2 and EphB3 receptors control the positioning of
paneth cells within the normal crypt.Theyareexpressed at the base,the sitewith the the highest
levelofWnt signalling." FollowingApe loss, 13-catenin isexpressed throughoue the crypt, which
causes the upregulationof the EphB2and EphB3receptors and so removes the gradientofEphB
expression that normallypositions paneth cells." Following the combined lossof Apeand Mye.
EphBreceptorsareno longerupregulated (theyrequireMyc) and paneth cellsremainpositioned
at the baseof the crypt.29It is possible that the failureof Ape-deficient cells to migratealong the
crypt-villus axisis causedby increasedlevels of the pro-adhesive TIAMI (Tumour Invasion and
Metastasis 1)gene.which is alsodependent on Myc. Recentstudiesshowedthat lossofTIAMl
slows tumour formation in the Ap(Min/+ mouse but the tumours that arise are more invasive."
Howeverit cannot be ruled out that the migrationchanges maysimplyrepresentachangein cell
fate. Futurestudiesarerequiredto identifyotherWnt targets thatareupregulated inMyc-dependent
manner to determinewhether they are responsible for changes induced byApeloss. Suchan ap­
proachcouldhelpresolve whetherMyc-dependent upregulationofCDK4 isessential for increased
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Figure 3. Myc is essential for the phenotypes of Ape loss. Model showing the importance
of Myc for the phenotypes of Ape loss. Following Ape loss there is an induction of nuclear
~-catenin which results in an upregulaltion of two setsof Wnt target genes; Myc dependent or
Myc independent. Despite nuclear ~-catenin the Myc independent Wnt target genes are not
sufficient to induce any of the phenotypes of Ape loss. Further study of the Myc dependent
Wnt target genes should allow us to dissect out which of these genes are important for the
the phenotypes of Ape loss namely proliferation, differenta it ion and apoptosis.
Abbreviations: Putative candidate genes EphB2/3: differentiation; TIAM1: migration; and p21
repression/CDK4 activation: proliferation; are highlighted on the figure.

proliferation. Targets that are required for the phenorypets) induced byApelossmayrepresent
important therapeutic targetsfor colorectalcancer.

Wnt-Independent Consequences Induced byLoss ofApe
As has been mentioned in previouschapters. in addition to controllingWnt signalling Ape

plays Wnt-independentrolesincytoskeleton andmitosis.15•32.33Thefindingthat Myclosscanrescue
manyof the phenotypes ofApelossin vivoraises questionsabout the importance of these other
functions of Ape, In this context,it is important to emphasise that although Mycisnecessary for
the phenotypesproducedbyApeloss, it hasnot beshownto besufficient for thiseffect.Thusother
functions of Ape in addition to other Wnt targets could be crucialfor colorectalcarcinogenesis.
For example. the large increase in proliferation that is induced byApelosscould expose the im­
portance ofWnt-independent effects of Apc in mitosisand migration. Without Myc, there will
be no increasein proliferation, sothat the defectsin mitosisthat resultfromApeloss(due to Wnt
independent functions) do not havea chanceto support the genomicinstabilitythat are usually
observedat later stages of colorectalcancer. 15.34

One of the difficulties in assessing theseadditionalfunctionsof Apcisthat,due to the difficulty
in overexpressing full lengthApeprotein, manyapproaches havereliedon overexpressing portions
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ofApe carry point mutations. The general problems associated with overexpression studies and
the difficulty introduced by the fact that a number ofdistinct domains in the Ape molecule that
are ofien separated by long stretches in the linear sequence are involved in specific functions make
it difficult to assess the significance of these other functions independently of changes in Wnt
signalling. One way to overcome these problems is to make knock-in point mutations ofApeusing
the endogenous allele (Fig. 4, Apepoint mutations on the protein structure). Thus far only one
allele has been produced that can distinguish some of the Wnt-independent functions ofApc.35

This allele is a truncation allele position 1638,Ape1638T, that, unlike all the otherApealleles used
so far, contains the first conducrin/axin binding SAMP repeat and retains the ability to regulate
l3-catenin. Analysis ofthis allele found normal levelsofWnt signalling and TCF/LEF transcription
suggesting that any affects produced by this allele are Wnt-independent. HomozygousApc638T/1638T
mice are viable, but they have a number ofdefects. They lack preputial glands , develop cutaneous
cysts and are growth retarded. Interms ofcancer predispostionApel638T/1638T mice are not tumour
prone, arguing that removing the C-terminal domain ofApc is not sufficient to induce tumouri­
genesis. Attempts to generate compound heterozygotes by crossing Apd638T11638Twith mice that
have a loss of function Apeallele like Apc638T/Min or ApC638T/1638Nled to embryonic lethality (see

figure 4 for the structure of these Apealleles). Future studies using the conditional LoxP alleles
ofApe together with the Apel638T crossed to intestinal Cre-transgenes will allow comparisons to
Ap!"+ mice and will be pivotal in examiningwhether theApe58Ck/1638Tmice show increased adenoma
formation and/or whether the ApC638Tallele is lost in adenoma.

One reason for the debate over the Wnt-independent functions ofApc for colorectal carcinogen­
esis,is that two loss-of-functions mutations are required in Apewhereas a single activating mutation
in l3-catenin (which prevents its phosphorylation by GSK3 and thus its targeting for degradation)
is sufficient to activate Wnt target genes. Therefore given that one scenario requires 2 mutations
in the same gene in the same cell (or stem cell lineage) whilst other require a single mutation, one
would predict that activating ,B-eatenin mutations should be much more prevalent (however they
are very rare in colorectal cancer). One potential explanation is that LOF mutations occur in many

Ape
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Figure4.Apc truncation mutants. Figureshowing the structure of theApc geneand theApc1638T
allele . The arrows in red mark where the Apc580s, Apc Min and Apc1638 mutations are in
the Apc alleles. Briefly, the Apc 1638T allele still contains the first axin/conductin binding
repeat which allows it to bind to the destruction complex and turnover f}-catenin. Although
identical the Apc1638N allele conta ins a neomycin cassette in the opposite orientation to
the Apc gene locus, which interferes w ith the transcript ion of this allele so that protein from
this the truncated allele cannot be detected . Thus this mutant cannot bind to the destruction
complex and is equivalent to a knock out allele of Apc. Comparison of these two alleles can
thus dissect out the impact of the Wnt independent functions of the Apc protein . A color
version of this image is available at www.landesbioscience.com/curie.
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different sites of the Apegene and may represent a larger and thus more frequently hit target for
mutations than a single site in fJ-eatenin. However, in other cancers such as hepatocellular cancer,
Apemutations are rare and activating mutations offJ-eatenin are more frequent.36This would argue
that a direct comparison between a knock-in, activated allele of fJ-eatenin Catnb+l1ox(cx3) (where
the phosphorylation domain of fJ-eatenin is flanked by Loxp sites so that after induction of Cre
Recombinase l3-catenin could no longer be targeted for degradation by the proteosome) with a
knockout ofboth allelesofApecould revealwhether lossofboth copies ofApeprovides a significant
advantage for intestinal enterocytes over gaining one copy of constitutively active l3-catenin. A
direct comparison ofthese alleles using the same inducibe, intestinal cre-recombinase promoters
has not yet been published. The effect of activating mutations of fJ-eatenin in the intestine was
examined using Keratin 5Cre to drive Cre expression. K5Cre Catnb+!Iox(ex3) mice rapidly developed
intestinal polyposis, with adenomas comparable to those in the ApcMinl+ mouse . Preliminary studies
in our own laboratory using the AhCre to drive fJ-catenin (AhCre Catnb+l1ox(ex3)) expression in the
intestine suggest that the onset of the intestinal phenotype is slower compared to the situation
when both copies ofApewere deleted. When Ape is deleted enlarged crypts are observed from
day 4 and with increased levelsofnuclear l3-catenin and transcription ofWnt target genes such as
Myc. However inAhCreCatnb+!lox(ex3)mice it takes longer before a phenotype is detectable (over 7
days) and also longer time before increased levelsofnuclear l3-catenin are observed. One possible
explanation for this difference is that complete loss ofApeprevents all targeting of l3-catenin for
degradation so that it accumulates rapidly. On the other hand, following a single activating muta­
tion in fJ-eatenin, 50% ofthe l3-catenin can be still targeted for degradation and so it takes longer
to accumulate. Based on the fact that intestinal cells turn over every 3-5 days, this data argues that
loss ofApefrom cellsanywhere within the crypt will allow these cells to persist and form adenomas.
However, unless cellsacquire an activatingfJ-eatenin mutation while still in the stem cell compart­
ment, they would differentiate and be eliminated before they can alter their phenotype. This idea
is speculative, but could explain the high frequency ofcolorectal cancers that have Apemutations
rather than activating fJ-eatenin mutation, as the Apemutations are retained within the intestinal
epithelium whilst the fJ-eatenin mutations are lost.This data would alsopredict that in other tissues
with lessturnover, mutations in othercomponents ofthe Wm signalling pathway would be retained
in the tissue and thus would be more common. Future studies directly comparingApe (LOF) and
fJ-eatenin (GOF) mutations using the same Cre transgenes on identical genetic background will
also dissect any Wnt independent functions that Apc loss has in vivo.

Deletion ofApe in the Liver
Although Apemutations are rare in hepatocellular cancer (HCC), activation ofWnt signal­

ling is thought to occur in up to a 1/3 ofHCC.36 However, in these casesactivating mutations in
p-eatenin and less frequently mutations in Axin are more common. Unlike colon cancer, where
activation ofWnt signalling through Ape loss is not thought to be an initiating event of H CC
activating Wnt signalling is thought to be a later event. Consistent with this idea, ApeMin!+ mice
do not develop H cc. In contrast to the intestine, where intestinal enrerocyre turnover is rapid,
the predominant cell type in the liver are postrnitotic, differentiated hepatocytes.

Two recent studies have revealed critical roles for Ape and Wnt signalling in liver physiology:
first, Ape was shown to have a physiological role in the liver and acts as a zonation gate keeper r?
second, Wnt signallingwas shown to be important for the massive burst ofproliferation during
liver regeneration after injury." During regeneration, l3-catenin relocalises to the nucleus and
activates Wnt target gene expression. More importantly, this has been show to be functionally
important as deletion of p-eatenin (using a liver specific Cre and a Loxp flanked fJ-eatenin al­
leles) prevents regeneration following injury,"

Within the liver, deletion ofApe or activation of l3-catenin results in similar phenotypes.
Both cases produce a massive burst ofproliferation (akin to regeneration) and heparornegally,
i.e., the liver doubles in size.39,40 IfApeis depleted or l3-catenin is activated in a high percentage
of heparocytes, liver failure ensues before tumourigenesis occurs. IfApe is lost or fJ-eatenin is
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activated in a smaller subset of hepatocyres (though still in around 10%), H CC is the result ,
although this is infrequent and requires additional genetic mutations to produce cancer such as
H-rasactivating mutations or p53 inactivating rnutations.P'" Ifwe compare this to colorectal
cancer, although Ras and P53 mutations accelerate intestinal tumour progression, it appears Ape
loss alone is sufficient to induce tumour formation. It is important to note that Myc is required
for neither the regeneration following liver injury" nor the proliferation that results from Ape
loss (personal data). This highlights that the cellular context is essential for the downstream
outcome ofan Ape mutation.

Deletion ofApe in the Kidney
Unlike colon cancer and H CC, where a large amount ofgenetic evidence exists for the im­

portance of mutations of tumour suppressor and activation of oncogenic pathways, very little
is known about the molecular genetics of renal carcinoma. Loss of heterozygosity at the Ape
locus has been reported in up to 50% of renal carcinomas. However, it is still unclear whether
this due to loss ofApeor a nearby gene." A further line ofevidence suggesting that Wnt signal­
ling may be deregulated in renal cancer is the fact that nuclear f3-catenin has been reported in
a significant proportion of renal cancers." It is possible that in kidney cancer, mutations in
other members ofthe Wnt pathway contribute, but these have yet to be described . Two studies
investigated whether Ape acts as a tumour suppressor in the kidney using deletion of Ape in
renal epithelium ofthe mouse.45•

46 One used an approach where Apewas deleted throughout the
entire kidney using a constitutively active kidney-specific cadherin (Ksp-Cre) Cre recombinase.
The other approach used the AhCre mouse, which has spontaneous sporadic recombination
within the kidney. Kidneys from AlrCre: Ape580'/58o, appeared normal, although mice begun to
develop renal carcinoma from 6 months ofage. However,only 30% ofthese micedeveloped renal
lesions by 9 months." To put this into perspective, intestinal adenoma formation occurs in all
mice 20 days following Ape loss following intestinal Cre induction in these AhCre' Ape580'/580'
mice. When AhCre' Ape58o,/58o, mice were intercrossed with either p53 knockout mice or mice
that carry an oncogenic LXL (Lox Stop Lox) KrasV12D mutation (AhCre'Ape580s/580K-rd'I2D/') ,
renal carcinoma were rapidly accelerated so that mice had kidney tumours by 2 months of
ages." Unlike Ape deficient mice which look histologically normal, kidneys from Ah'Cre:
Ape58O,/58O, p53-1- or AhCre' Ape58O,/58O, K-ra?12D1. also had 100's ofsmall lesions by 2 months of
age.This raised the possibility that Ape loss alone within the renal epithelium confers a selective
disadvantage and that most mutant cells are lost and replaced wild type cells. However in the
presences ofoncogenic mutation (KRAS) or loss of tumour suppressor (p53), these allow the
survival ofthese Ape deficient cellswhich can then go on to form tumours. To test this idea, the
level of recombination in the kidney was assayedusing the LXL ROSA26R laeZ reporter allele
for recombination to assess whether cells there is a reduction in the levels of this reporter in
AhCre' Rosa2(J'd+ Apc580'/58o,when compared to 'wild type' AlrCre" Rosa2(J1I· Ape* kidneys. As
predicted,Ape-deficientAhCre' Ape580'/580' kidneys showed a dramatic reduction in the number
ofrecombined cells compared to wild type Ah Cre'Ape": kidneys." This argues that within the
kidney, lack ofApecausescells to be deleted so that in the AhCre' Ape58O,/58O, kidneys only a small
proportion of Ape depleted cells remain, which rarely progress to tumourigenesis. However,
when Ape deficiency is combined with p53 mutations or activating K-ras mutations, cells per­
sist and tumour development is rapid. This scenario is distinctly different from the phenotype
within the intestine, where loss ofApe is sufficient to confer a selective advantage on cells. It is
also interesting to note that neither loss ofp53 nor K-ras activation affect the early phenotypes
produces byApe loss in the inrestine. " Therefore this data argues that whilst activation ofWm
signalling with renal epithelium is unlikely to iniate tumourigenesis, it would collaborate with
other oncogenic or tumour suppressor mutations.
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Deletion ofApe in the Mammary
There issome debate over the frequency and the significanceofApeloss in breast cancer.Whilst

there are few reports for Apemutations, hypermethylation ofthe Apepromoter has been found in
30-40% ofprimary breast cancers.48.49

To test whether Ape loss is sufficient to induce mammary tumourigenesis Ape58os/580s mice
have been crossed to mice carrying a mammary specific ~-lactoglobulin Cre transgene (BLG
Cre).50.51 In a situation analogous to the kidney, in the developing mammary. Ape-deficient
cells were lost . leading to the slow growth ofmammary epithelium from nonrecombined, wild
type cells." To induce Cre-mediated deletion ofApeat later stages during mammary develop­
ment. female mice were mated, to produce high levelsof recombination during pregnancy and
lactation. Mice lacking Apc in the mammary epithelium suckled pups poorly, as indicated by
slowed weight gain of pups. Histological examination of the mammary epithelium revealed
transdifferentiation into squamous metaplasia ." As expected these cells showed high levels of
~-catenin. Importantly. even when these mice were aged to 18 months. they were not prone to

mammary tumours. Therefore,Apeloss alone was not sufficient to induce tumourigenesis in the
mammary gland. The precise level ofWnt signalling does appear to be important for tumour
initiation in the mammary gland. Mice highly overexpressingWntl develop mammary tumours
and when when BLG-CreApe58os/580s mice were intercrossed to mice with mice deficient for
TCF1 (a transcriptional repressor of canonical TCF/LEF transcription), all mice developed
multiple mammary tumours by 6 weeks ofage. Thus very high levels ofWnt signalling induce
tumourigenesis whilst lower levels induced by Ape loss induce differentiation. In a scenario
analogous to the kidney and the liver, intercrossingBLG-CreApe580s/580s mice with p53 knockout
mice led to tumour formation.P

Conclusion
Comparing the phenotypes produced by Ape loss in a range ofdifferent epithelia has high ­

lighted why Apc is such a key tumour suppressor in intestinal epithelium. Within the intestinal
epithelium, Apc loss alone is sufficient to induce a crypt progenitor cell like fate and induces
the onset of benign tumour format ion. The escape from differentiation and migration gives
Ape-deficient cells a selective advantage and allows them to persist and acquire other mutations
such K-rasV12, p53,which are required for later stagesofcolorectal carcinogenesis." Within other
tissues, such as kidney or mammary. loss ofApc produces a selective disadvantage so that cells
are deleted or resistant to transformation following Apc loss and other mutations are required
for tumourigenesis. This does not preclude the Wnt signalling pathway as an important factor
for tumourigenesis in these other tissues but it does excludeApemutation as the initiatingevent.
In these other tissues. the amplitude ofwnt signalling may be important, for example in the case
of the mammary gland . an extra feedback loop (TCF1) must be lost together with Ape before
mammary tumours can be formed. However, within all other epithelial tissues studied so far,
activation ofWnt signalling co-operates with other oncogenic mutations such as p53 loss or
K-ras activation .This argues that Wnt signalling may be deregulated commonly in these tumour
types. Indeed, the numbers of tumours with activated Wnt signalling may be far higher than
reported as mutations in other negative regulatory components or the overexpression ofWnt
ligands could also contribute to dysregulated Wnt signalling. The rout ine investigation into
these alternative modulators ofWnt signalling is just beginning.

In conclusion. the response of the intestinal epithelium to Apc loss appears to be a binary
switch , so that as soon asApc is lost cellsare locked in a progenitor cell-likestate. It is interesting
to note that drugs like aspirin that are strong chemopreventitives not only inhibit COX2, but
also can downregulate TCF/Lefsignalling." Studies of these drugs in the Ape/'Hn/+ mouse have
highlighted that these agents stimulate migration and reduce proliferation thus overcoming
the two most important selective advantage ofApemutant cells.54,55 Further work to dissect the
important downstream effectors ofApc lossmay allow us to increase not only our knowledge of
colorectal tumourigenesis but may also aid in our ability to prevent and treat this disease.
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CHAPTER 10

Extra-Colonic Manifestations of
Familial Adenomatous Polyposis Coli
Alison H. Trainer"

Abstract

T he most important clinical manifestation of Familial Adenornarous Polyposis (FAP) is a
profuse polyposis predi sposing to colorectal cancer. This clin ical picture emphasises the
fundamental cellular role ofAPC in colorectal tumorigenesis. Asprophylactic colorectal

surgery has significantly reduced the mortality associated with this disorder, other less penetrant
signs and symptoms of the condition are becoming more clinically relevant. Highlighting these
problems will help improve the quality oflife for patients with FAP and may have the additional
benefit ofshedding new light on other possible functions ofthe APC protein.

Introduction
First described in 1847, familial adenornatous polyposis (FAP) is the archet ypal colorectal

cancer predisposition syndrome, characterised by the early development of hundreds to thou­
sands ofadenoma throughout the large bowel. Left untreated, colorectal cancer usually develops
before the age of fort y with a severely decreased life expectanc y, but usually not before the next
generation is affected.

FAP isa highlypenetran t, autosomal dom inant condition that isdue to heterozygousgermline
mutations in the adenomatous polyposis coli (APe) gene. Abrogation of the second, wildtype
APC allele in the colon ic epithelium is associated with the formation ofnumerous premalignant
adenomas. Although autosomal dominant in inheritance, a third ofaffected individuals develop
the condition due to a de novo APC mutation, with no prior family histor y or experience of the
condition. Understandably, the main clinical focus at diagnosis is on genetic counselling and
molecular testing within the families and reducing the colorectal cancer (CRe) risk for the af­
fected individual.

Surgery is the mainstay of management. Often the polyps are too num erous and confluent
to be removed individually and the most effective option for the patient is to undergo surgical
removal ofth e colon with preservation of the rectum or, in caseswith severe rectal involvement,
additional removal of the rectum and the formation of a 'pseudo' rectum/pouch from the small
bowel. The timing ofthe operation isdiscussed and performed before the risk of developing CRC
is high and at a time when the operation and subsequent recuperation period will impact least on
the individual's social development, education and career plans.

Prophylactic surgery results in a substantial increase in the lifeexpectancy ofpatients with FAP;
however, this is usually still less than that in the general population. This is due to extracolonic
manifestations ofFAp1

; with duodenal carcinoma and desmoids as the most common causes of
death after colorectal cancer.!?
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Extended clinical studies have revealed that the clinical spectrum of mutations at the APC
locus is much wider than first rhoughr'" and that mutations within the APCgene may be more
common in the population than originally anticipated. In addition, the expanding body ofwork
on APC functions that may affect sites other than the colonic crypt suggests that loss ofAPC may
result in subtle extracolonic phenotypes that our clinical experience to date has not identified.
Even as early as 1912, Devic and Bussy described the combination ofFAP with extra-intestinal
lesions such as soft tissue tumours and multiple benign bone growths (osteomas)? This original
triad was further extended by Gardner with the recognition ofdental anomalies, desmoids and
skeletal changes associated with FAP.s This combination ofpolyposis with a high incidence of
extra-colonic features was classicallyknown as Gardner syndrome.

The extracolonic manifestations described in FAP patients involve tissue that derives from all
three embryonic lineages including the mesoderm: desmoids, osteomas and dental anomalies;
endoderm: adenoma and adenocarcinomas ofthe upper gastrointestinal tract, liver and endocrine
tumours; ectoderm: epidermoid cysts of the skin and congenital hypertrophy ofthe retinal pig­
ment epithelium (CHRPE). Interestingly, phenotype/genotype correlations have been mapped
for some clinical presentations as shown in Figure 1. In the next section I will describe some of
these extracolonic manifestations in more detail.

Desmoids
Desmoids are slow growing fibrous tumours that, although nonmetastatic, are highly locally

invasive, resistant to therapy and prone to recurrence after resection. They occur extremely infre­
quently in the general population, but arise in about 13% ofpatients with FAp9and are one ofthe
most common causes ofmortality and morbidity after colorectal cancer in these patients. They
often arise in the abdominal wall and mesentery and slowly infiltrate local organs. Their natural
history is variable with periods ofminimal growth and some apparent spontaneous regression.
They are significantly more common in females, in patients with a family history ofdesmoids,
osteoma or dermoid cysts, and after intra-abdominal surgery.10 In the classicalform ofFAP they
usually arise singly in the mesentery of the small bowel. There is a strong correlation between
desmoids andAPC genotype: patients with mutations after codon 1444 are 12 times more likely
to develop desmoids than those individuals with an APe mutation more 5' in the gene!' (Fig.

-- -

• Attenuatod FAP (97-208. exon 9. 3' end of gene) . Desmolds(From 1445 )

ClasSesl FAP (188-1250 ,1400-1580) • Hepatoblastoma enrichment (141-1387)

• Profuse FAP (1250-1464 )

• CffiPE(302-1444)

• "'artanold habitus (and lull gene deleUon)

n Famili al desmoids (1924'2. 1962".2504 12,2643" )

Figure 1. The processed APC transcript comprises 2,843 codons. Shown on the schematic are
the positions of published common clinical presentations of APC germline mutations along
the transcript. Families with identical germline mutations can present with different clinical
signs and symptoms, showing that there is significant intra- and inter-familial variation.
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1). Consistent with this correlation, families have been documented in whom an autosomal
dominant, 100% penetrant form ofhereditary desmoids was associated with mutations at the 3'
end oftheAPCgene. In these families, the desmoid formation was more florid and arose near the
axial skeleton, rather than intra-abdominally. Only a few polyps were present in specific individu­
als within the family as the colonic phenotype was uncharacteristically less penetrant than the
extracolonic features.P'" Although in these desmoid-predisposed families , the germline mutant
allele retained at least two ofthe 20 amino acid repeats which are required for binding ~-catenin,

some desmoids show a somatic alteration or deletion of the APC locus within the tumours'S' S

and show ~-catenin staining in both cytoplasm and nucleus. IS Similar to the evidence in CRC
and duodenal tumours, there is an association between the position of the germline mutation
within theAPClocus and the subsequent somaticAPC mutation within the tumour. Desmoids
from patients with FAP consistently retain at least two 20 amino acid ~-catenin binding sites
or one allele with loss of all 20 amino acid binding sites on the other allele.16.17 Although this
particular correlation between somatic and germline mutant allele is unique to desmoids.I'-'? it
follows the same 'somatic mutation preconditioned by germline mutation' model as in the other
FAP-associated gastrointestinal tumours, indicating a selective regulation ofspecific APC func­
tions within these tumours."

SomaticAPC mutations in conjunction with either LOH or retention ofthe wildtype allele"
and indeed activating f3-catenin murations,!" have been described in some sporadic desmoids
tumours. The extent to which loss ofspecific APC-associated pathways contribute to sporadic
desmoid formation is uncertain," as immunohistochemistry shows ~-catenin in both the cyto­
plasm and nucleus ofthe cells, whilst desmoid cells express N-cadherin rather than the E-cadherin
expressed in colonic epithelial cells."

Medical treatment regimes used for treatment ofdesmoids include chemotherapeutic agents
such as doxorubicin and dacarbazine," non steroidal anti-inflammatory agents and, based on
the higher incidence ofdesmoids in women, oestrogen modifying agents like Tamoxifen. These
treatments are often given in progressive disease to defer surgery, which is associated with a high
recurrence rate . These agents can cause regression or stabilisation of the tumour growth.21.23

However, strong evidence for the clinical utility of these drugs is sparse as the scarcity of the
condition means there is no random control trial data available and the variable natural history
of the condition confounds interpretation of retrospective studies.

Congenital Hypertrophy ofthe Retinal Pigment Epithelium
Congenital hypertrophy of the retinal pigment epithelium (CHRPE) was first mentioned in

1975 by Buettner" to describe flat pigmented lesions in the retinal pigment epithelium. These
lesions are generally benign although they can occasionally cause visual field defects. In the general
population, CHRPE manifests as a single, unilateral lesion that is usually detected during routine
ocular examination. The reported incidence ofsingle unilateral CHRPE in the general population
varies greatly from 0.3 to 40% depending on how actively these lesions are sought.These lesions are
not associated with an increase in CRC risk." A subtype ofCHRPE was described in a subgroup
of families as a congenital, nonprogressive, diagnostic marker for FAP whose presence often pre­
dated other clinical manifestations." In contrast to the CHRPE arising in the general population,
FAP-associated CHRPEs are often bilateral, rnultifocal, often with a hypo-pigmented halo with
underlying RPE hyperplasia and thickening ofBruch's membrane." Interestingly, in contrast to
sporadic CHRPE lesions, in FAP patients the large majority of lesions tend to occur near the
retinal vessels." In addition, about 10% ofsmall satellite lesions are only detected by fluorescein
angiography.29A reclassification of these types of lesions as 'multiple retinal pigment epithelial
hamartomata' has been proposed." From a clinical perspective, they form a useful non-invasive
diagnostic marker whose presence in a patient predicts a specific subset ofAPC mutations that
lie between codons 311 and 1465,31·33
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Oral and Maxillofacial Manifestations
Although often seen as an isolated anomaly, supernumerary teeth are commonly present in

individuals with a diagnosis ofcleidocranial dysostosis, syndromic cleft lip and palate and FAP.34
The frequency ofsupernumerary teeth in patients with FAP is 11-27%, significantly higher than
in the normal population (0-4%).35.36 In normal tooth development, the proliferating dental
lamina extends outgrowths into the ectornesenchyme at sites of odontogenesis. As the tooth
develops, the dental lamina and the projecting cells,which connect the developing tooth to the
oral epithelium, fragment and undergo apoptosis.In humans, numerous theories exist to explain
the pattern and incidence ofsupernumerary teeth. One proposed mechanism evokesfailure ofthe
dental lamina remnants to degenerate and instead to re-activate to form accessory tooth organs.
Alternatively, it is possible that the intact dental lamina continues to proliferate due to failure of
the epithelial and mesenchymal signalling that normally induces apoptosis . Lastly,the possibility
that supernumerary teeth arise from the division ofa single tooth bud is supported by a few case
reports (review7). However, recent mouse work, focussed on addressing these questions , indicates
that the Wnt pathway is active at multiple stages in tooth development. Constitutive activation
of this pathway, by inhibition ofGSK3-~ in explant culture or expression of a nondegradable
form of~-catenin, is associated with expanded expression ofkey signalling molecules for normal
dentation, Lefl, Bmp4, MsxI and Msx2 and with abnormal and ectopic tooth initiation, whilst
inhibition of the pathway by Dickkopf (Dk/d) produced a patterning defect in tooth develop­
ment that was associated with a reduction in signalling molecules." A similar pattern of tooth
developmental arrest associated with DKKI expression is also seen in Msxl-/-,Msx2-/- mice
suggesting that this phenotype directly correlates with lossofthe Wnt/l3-catenin/Lefl transcrip­
tion activation parhway.'?

This work underlines the importance ofboth the Wnt pathway itself as well as its exquisite
regulation in tooth development. Interestingly, the phenotype in the patient with FAP is as­
sumed to arise in the context of cells with a heterozygous APC mutation. Heterozygous FAP
mouse models show no abnormality in tooth development whilst the APC homozygote dental
phenotype has not been examined (Owen Sampson , personal communication).

Odontomas, well-defined encapsulated hard tissue growths with an odontogenic appearance,
are also more frequently present in the mandible and in the maxilla ofFAP patients than the
normal population.w" The highest incidence ofsupernumerary teeth and odontomas is seen in
FAP patients with more than three osteomas ," which is consistent with the finding that patients
with widespread osteomatous lesions have a higher frequency ofodontomas than patients with
a Singlelocalised lesion." Although, in patients with mutations 3' to codon 1444 more dental
anomalies are detected on dental panoramic radiographs than in pat ients with mutations more
5' in the gene," a correlation between dental abnormalities and colonic adenomas has not been
detected so far.42The APC mouse models show no dental abnormalities, but as murine dentition
is severely reduced compared to human, lacking premolars and canines, the validity ofthe mouse
as suitable model in this case is not clear.

Osteomas are detected in 46-93% ofpatients with FAP; a prevalence that is 4-20X higher
than in the normal population.40.43-45 They commonly occur in both the upper and lower jaws,
although they seem to have a predilection for the mandible and vary in size from 3 mm to 4
cm.46.47They occur around puberty and can show a slow growth pattern after adolescence.w"
Most patients have osteomas enclosed within the normal bone, i.e., enostoses and these are
commonly found in the premolar-molar region.4o•46 However, in a third ofpatients these lesions
protrude, l.e., exostosis, around the mandibular angle or the zygomatic arches." Most osteomas
are asymptomatic, although their growth may impinge on local function such as oral movement
and produce palatal and speech defects. Restriction of movement and cosmetic disfigurement
are the two most common reasons for surgery.
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Extra-Gastrointestinal Tumour Predisposition
The three main sitesfor extra-colonictumours in patients with germlinemutations in the APC

gene locus are brain, thyroid and liver. Although the relative risk of developing these cancers is
greatlyincreasedin patientswith FAPcompared to the generalpopulation, their absoluteincidence
within the FAPpatient population is still low. Consistent with this low penetrance, these tumours
themselves seldom show somatic lossor mutation of the wildtypeAPC gene locus,suggesting an
interaction betweenAPC haploinsufficieney and either an environmental or modifiergene effect
on tumour initiation/evolution.

Turcot syndrome (brain tumour-polyposis syndrome) is characterisedby the concurrenceof
primary brain tumours and colorectaladenomas.One third of the families that present with this
disorder are diagnosed with hereditary nonpolyposis coli (HNPCC) syndrome,which is due to
an aberrant mismatch repair pathway, whilst two thirds are due to FAP. The main CNS tumours
associated with FAParemedulloblastoma, astrocytomaand, lessfrequently,ependymonaand pine­
aloblaseoma.v Ihe incidenceof CNS tumours islow,althoughthe relative riskfor aCNS tumour and
more specifically a medulloblastomain patientswith FAPis increased7 and 92 times," respectively
compared to that of the generalpopulation. Despite the acceptedclinicalassociationbetween FAP
and medulloblastomas, thereislittleconclusive evidence ofLOH or mutationof the somaticwildtype
APC allele in FAP-associated CNS tumours.49,50In addition, neither somaticAPCmutations5Q-52 nor
axinl mutations 53,54 arecommon in sporadicmedulloblastoma. Similarly, despiteaberrant fkatenin
stainingin 25%of medulloblastoma,less than 10%ofthesetumours havean oncogenicmutation in
~-catenin itse1£51,55 Although a correlationbetweenAPCmutations betweencodons679-1224and
an increasedriskofCNS tumours hasbeen proposed recently.'"the molecularaetiologyofmedullo­
blastomain the context ofFAP patients is stillunclear. Specifically how aberrant Wnt signalling or
the lossofother APC functions contribute to these tumours is not known.

Hepatoblastomaisa rapidlyprogressive malignantembryoniclivertumour that classicallyoccurs
in the firstfewyears oflife.Ithasa reasonable prognosiswith overallsurvival rateof65-78%.Although
the overallincidenceisonly 0.82%to 1.5%in FAPpatients,with a malepredominance.S " this rep­
resentsan increasedrelativeriskof 750-7,500 timescompared to the normal population. Although
the site of the APC mutation does not predict the occurrenceof this tumour within FAP families,
thegermlinemutationsassociatedwith hepatoblastornaareenrichedbetweencodon 141to 1387.56-18

Contrary to hepatocellular carcinoma,heparoblastornas areoftendiploidor hyperdiploid andharbour
only a limited number of chromosomal abnormalities.More than half of these tumours express a
mutant formof~-cateninwith interstitialdeletionsor mis-sense mutationswithin the GSK3~ phos­
phorylation site. This mutant protein wasfound to be nuclearon imrnunohisrochernisrryvlreview
60).Thereislittle informationabout the somaticAPCallele in FAPassociatedwith hepatoblastomas,
Although somaticmutations ofthe wildrypeallele havebeen reported," it is not always present/"

Consistent with activationofthe Wnt signallingpathway, increasedexpression of eyclinD1has
been demonstrated in primary hepatoblastomas, although interestinglyanother known ~-catenin

regulatedgene,c-myc, wasnor." Somaticmutations within theAPC genelocushavebeen found in
a limited number of sporadichepatoblastomasonly.63

Thyroidcanceroccursin approximately 1%ofFAP patientswith ahighfemale predominanceand
is often associated with extra-colonic features." Characteristically, it is multi-centric,occursearlier
than itssporadiccounterpartand isoftenassociatedwithan unusualpapillarycribriformvariant.65The
tumoursrarelyshowLOH ofthewildtypeAPCallele, althoughmissensesomaticmutationshavebeen
described.66.67Thereisahigh rateof rearrangementwithin theRET proto-oncogenefoundwithin the
tumours,which resultsin constitutiveexpression of the Ret oncogene.65.68.69Rearrangements in the
RETlocusisfound in 25-40%of papillarythyroidcarcinoma."Thissuggests that the predisposition
to papillary thyroid carcinomain FAP patients, unlike that of colorectalcancer, is associated with
APC haplo-insufficiency, This haplo-insufficiency maycooperatewith constitutiveRET activation.
However, it should be noted that in addition FAP-associated and sporadic papillary cribriform
thyroid cancerare associatedwith somatic mutations within exon 3 of the fJ-catenin locus and the
accumulationof mutant ~-catenin.67
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Marfanoid Habitus
Intriguingly, three case repoftS describe individuals with profuse early onset polypos is and

clinical features suggestive ofMarfan syndrome. Marfan syndrome (0 MIM 154700) is an inher­
ited connective tissue disorder due to germline mutations in the Fibrillin-l(FBNl) gene locus.
The clinical severity of the condition is highly variable but the cardinal manifestations involve
the ocular, skeletal and cardiovascular systems. The skeletal system changes are characterized by
excessivelinear growth ofthe long bones and joint laxity. The extremities are disproportionately
long for the size ofthe trunk leading to a reduction in the arm span-to-height and upper-to-lower
segment ratios. Overgrowth ofthe ribs can also alter the shape ofthe sternum. Patients may also
present with dislocated lenses. However, the major cause ofmorbidity and mortality or Marfan
syndrome is associated with cardiovascular complications. These comprise dilation of the aorta,
which can lead to rupture, as well as a tendency to other cardiac valve prolapses .

The association of polyposis and Marfanoid features in these three patients is suggestive
of an underlying connective tissue disorder. Two of the three cases had a documented APC
mutation. Case one had a deletion of the APC gene locus associated with Marfan-like skeletal
disproportions, an abnormal ribcage, wasted calfmuscles and Caroli syndrome in addition to a
florid polyposis. The APC deletion did not involve the adjacent Fibrillin2 (FBN2) gene locus;
excluding the possibility that deletion ofthis locus was the cause ofthe marfanoid features.T'Ihe
second case, a 38 year old man , whose mother also had a marfanoid habitus and had died from
gastrointestinal malignancy at the age of34, was found to have a marfanoid skeletal dispropor­
tion with the cardiovascular complications ofa dilated aortic root, mitral valve prolapse and an
atrial septal aneurysm. In addition, he had supernumerary teeth and a mesenchymal hamartoma.
His affected sister was described as tall and thin but with no other clinical stigmata ofMarfan
syndrome. A donor splice site mutation in exon 4 ofAPC was described in this family. RNA
studies from this family confirmed a transcript lacking exon 4 resulting in a frame shifi, However,
no truncated protein was detected in imrnunoblots.F'Ihe last case also presented with features
of Marfan syndrome, high arch palate, thoracic kyphoscoliosis, moderate hypermobility and a
cardiovascular murmur but no DNA was available for mutation analysis.

The role ofAPC in the regulation of nuclear ~-catenin levels and thus in Wnt signalling is
known to be important in colonic polyp formation. Thus, most extracolonic manifestation have
been examined with regard to either loss or retention of the ability of the mutant APC to bind
~-catenin, or the cellular localisation of~-catenin by immunohistochemistry, which is ofien not
informative.Assaysfor otherAPC functions, microtubule bindingetc. are lessamenable to routine
functional scrutiny but it is noteworthy that inherent in truncations deletingeven one l3-catenin
binding site in the APC protein, is the loss ofall carboxyl terminus protein interactions.

The decreased penetrance ofmany extracolonic features suggests a lessdirect correlation with
APC function in these target cells or cell type specific effects. The identification of l3-catenin
activating mutations in sporadic hepatoblastomas does suggest that Wnt signalling is important
in the formation ofthese tumours, whilst the absence ofsomatic APCor l3-catenin mutations in
the majority of thyroid cancers suggests that the development ofthyroid cancer in FAP patients
is not dependent on this pathway.

A complicating factor is the possibility that genetic modifier genes may account for the
family-specific nature of many extracolonic features. This is particularly relevant in the case of
desmoid formation.

Now that individuals with familial adenornatous polyposis liveconsiderably longer due to the
success of preventative colorectal surgery, a new clinical approach to these patients is merited.
A finer focus on the more subtle clinical manifestations ofFAP is required. By concentrating on
the more covert as well as overt extra-intestinal manifestations of the disease, we should be able
to improve the quality as well quantity oflife for patients with familial adenomatous polyposis
coli.
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