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ABSTRACT

Colorectal cancer (CRC) is the second leading cause of death from
cancer in the United States. Aggressive research in the last decade has
led to a wealth of information about this disease; for example, we now
know that more than 80% of sporadic colon tumors contain mutations in
the Wnt and TGF� signaling pathways. The latest avenue of research is
revealing the existence of and role for the cancer stem cell (CSC) model,
which promotes the idea that malignancies originate from a small
fraction of cancer cells that show self-renewal and multi- or pluripo-
tency. The model also endorses that CSCs are capable of initiating and
sustaining tumor growth. The body of evidence in favor of the CSC
model is rapidly growing and includes analyses from flow cytometry of
numerous CSC biomarkers, abnormal signaling pathways, symmetric
division, dietary augmentation, and analysis of the behavior of these
cells in spheroid culture formation. Although the incidence of death from
CRC remains high, fervent research, both basic and translational, is
beginning to improve patient outcomes. This paper focuses on stem cell
biology in the context of CRC to help understand the mechanisms
leading to tumor development and therapy resistance, with possible
therapeutic indications.
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Colorectal cancer (CRC) is the second
leading cause of death from cancer in

the United States. In 2009 there will have

been an estimated 147,000 newly diag-

nosed cases of CRC and nearly 50,000

deaths associated with this disease.1 The

age-adjusted incidence in the United
States is 61.2 CRC cases per 100,000 pop-
ulation among men and 44.8 per 100,000
population among women.1 These inci-
dences, while relatively high, have been
slowly declining since 1985.2

A growing body of evidence supports
the idea that human cancers can be con-
sidered a stem cell disease. According to
the cancer stem cell (CSC) model, malig-
nancies originate from a small fraction of
cancer cells that show self-renewal and
pluripotency and are capable of initiating
and sustaining tumor growth.3 The cancer-
initiating cells, or “cancer stem cells,” were
first identified in hematologic malignancies
and most recently in several solid tumors,
including CRC.

The hypothesis of stem cell–driven tu-
morigenesis in colon cancer raises ques-

tions as to whether current treatments are
able to efficiently target the tumorigenic cell
population that is responsible for tumor
growth and maintenance. This review will
focus on several aspects of stem cell biol-
ogy in the context of CRC to help under-
stand the mechanisms that give rise to
tumor development and therapy resis-
tance. It will briefly review current knowl-
edge on normal intestinal stem cells in the
context of intestinal crypt biology, which
has led to a new theory on the origins of
colon adenomas and cancers, followed by
a summary of the current status of colon
CSC markers, signaling pathways, and pro-
spective therapeutic options.

COLONIC STEM CELLS AND
CRYPT ORGANIZATION

Colonic Crypt Organization
The colon is organized into four histologi-
cally distinct layers. The epithelial layer, at
the luminal surface, consists of a single
sheet of columnar epithelial cells folded
into finger-like invaginations that are sup-

ported by the lamina propria to form the

functional unit of the intestine, called crypts

of Lieberkühn. There are four epithelial cell

lineages. The terminally differentiated cells

(enterocytes, goblet cells, and endocrine

cells), which are found in the top third of

the crypt, are derived from multipotent

stem cells located at the bottom of the

crypt. During asymmetric division, these

multipotent cells undergo self-renewal and

generate a population of transit amplifying
cells that, upon migration upward through
the crypt, proliferate and differentiate into
one of the epithelial cell types of the intes-
tinal wall. The fourth type of cells, the Pan-
eth cells, differentiate during a downward
migration to the base of the crypt, where
they reside below the stem cell population.4

A variety of functions have been attrib-
uted to Paneth cells. These functions in-

Address correspondence to: Lopa Mishra, MD, The
University of Texas MD Anderson Cancer Center,
1400 Pressler Street, FCT13.6038, Unit
Number: 1466, Houston, TX 77030. Phone:
713-794-3221; E-mail: lmishra@mdanderson.
org.

Gastrointestinal Cancer Research Supplement 1S16



clude modulation of the intestinal micro-
flora and maintenance of mucosal defense
barriers through production of antimicro-
bial peptides (cryptdins, lysozyme). The lo-
cation of Paneth cells at the crypt base, as
well as their production of growth factors
and other regulatory molecules,5–7 sug-
gests that they may also contribute to the
stem-cell niche through short-circuit para-
crine loops and/or regulate the proliferation
and differentiation programs of other cell
lineages.

A normal human crypt contains roughly
2,000 cells and is believed to have approx-
imately 19 stem cells. Analyses of mito-
chondrial DNA mutations in these crypt
cells have revealed that normal human co-
lon crypts expand by fission, providing ev-
idence that crypt structure and function are
derived from the expansion of stem cells.8

Colon Stem Cells
Stem cells are defined by two functional
properties: the ability to perpetuate them-
selves throughout an extended time period
(self-renewal) and the potential to generate
differentiated cells of the tissue of origin
(multipotency). Despite the significant re-
cent progress in the field of stem cell biol-
ogy, the identification, isolation, and char-
acterization of stem cells of the colonic
crypt remain elusive. A more recent model,
“the stem cell zone,” is based on the iden-
tification of small undifferentiated cycling
cells interspersed within the Paneth cells,
termed crypt base columnar cells (CBCs),
which are believed to be the true intestinal
stem cells.9

Several molecules have been pro-
posed as markers of stem cells in the
intestine (Table 1), including Musashi-1
(Msi-1), Hes1, integrins �2 and �1 sub-
units, EphB receptors, Bmi-1, Lgr5, and
Aldh1 (Figure 1). The RNA-binding protein
Msi-1, originally found in Drosophila melano-
gaster, is thought to be involved in asymmet-
ric division during neuronal development.10

Immunohistochemical analysis performed
in normal human colon crypts reveals that
the majority of cells expressing Msi-1 reside
in the lower region of the crypt, which
corresponds to the expected position of the
colonic stem cells.11 However, immunore-
activity is observed above the bottom of the
crypt, suggesting that Msi-1 is still ex-
pressed by early transient-amplifying pro-

genitor cells. Similarly, the expression of
Hes1, a transcriptional repressor transacti-
vated by Msi-1, has been evaluated in the
mouse small intestine epithelium.12 Hes1
and Msi-1 were coexpressed by the puta-
tive stem cells at the crypt base, although
Hes1 was expressed by a broader popula-
tion of cells. Other putative biomarkers
have been evaluated to distinguish the
stem cell population within the colon, such
as members of the integrin superfamily of
transmembrane glycoproteins, including
�2 and �1 subunits.13 More recently, EphB
receptors were described as important reg-
ulators of migration and proliferation in the

intestinal epithelium. The expression of
both EphB2 and EphB3 tyrosine kinase
receptors was reported at the bottom of the
crypt in the mouse colon.14 Inhibition of
EphB2/EphB3 signaling was shown to re-
duce the number of proliferating cells with-
out altering the stem cell number, suggest-
ing that EphB receptors are unlikely to be
an independent biomarker of colonic stem
cells. Conversely, a more promising intesti-
nal stem cell marker might be Bmi-1, a
factor involved in the self-renewal of hema-
topoietic and neural stem cells. Bmi-1 was
recently reported to be expressed within
the bottom crypts in the small intestine

Table 1. Markers that have been proposed to characterize normal intestinal SCs and
used to isolate colon CSCs

Marker Function

Normal intestinal SCs Musahi-1 RNA binding protein
Hes-1 Transcriptional repressor
EphB receptors Cell surface receptors
Bmi-1 Policomb-repressor protein
Lgr-5 Unknown, Wnt target gene
Aldh-1 Enzyme

Colon CSCs CD133 Unknown
CD44 Hyaluronic acid receptor
CD166 Adhesion molecule
Aldh-1 Enzyme

Figure 1. This represents the crypt of Lieberkühn, found in the colon wall, which continues into projecting villi
(not shown here). Wnt signals are turned on in crypt stem and progenitor cells, and they are off in differentiated
cells present in the villi, hence establishing the crypt–villus boundary. (a) Normal intestinal epithelium showing
the crypt stem cells (blue) migrating/differentiating in both directions to produce enterocytes, goblet cells,
enteroendocrine cells, as well as Paneth cells. Some common colonic stem cell markers are presented.
(b) Tumorigenic intestinal epithelium, in which a colonic stem cell has acquired certain mutations to become
a cancer stem cell (CSC), proliferating aberrantly and disrupting the characteristics of the adjacent cells. Some
common CSC markers are presented.
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predominantly by the cells at the �4 posi-

tion.15 G protein–coupled receptor 5 (Lgr5),

also known as Gpr49, is proposed as a
biomarker of colonic stem cells.16 Lgr5 is
predicted to encode a seven-transmem-
brane protein with a large extracellular do-
main for ligand binding and a short cyto-
plasmic tail for coupling to G proteins. In
the mouse colon, Lgr5 expression is re-
stricted to cycling columnar cells at the
crypt base, and it has been demonstrated
that Lgr5-expressing cells differentiate into
the expected functional lineages of the co-
lonic epithelium.16 More recently, it has
been described that single sorted Lgr-5
positive stem cells can also initiate long-
term culture by generating crypt–villus or-
ganoids in which all differentiated cell lines
are present.

Emerging new data also reveal a role for
transforming growth factor-� (TGF-�) signal-
ing in the development of gut endoderm17

and the transition of stem cells to a more
differentiated phenotype. The signaling
mechanisms that regulate development
and cancer in most organ systems can be
similar. In the gut, the TGF-� signaling
pathway is a prominent player for both
situations. Studies have localized the TGF-
�-receptor-2 (TBR2) to both differentiated
cells of the villus and undifferentiated cells
near the bottom of the crypt18 during gut
development. Recently, it was suggested
that TGF-� and Wnt pathways synergisti-
cally promote CRC tumorigenesis. In this
case, compound heterozygous Apc�716/�/
Smad4� mice developed larger colon pol-
yps that could progress to malignant ade-
nocarcinoma.19 In addition, Apc�/N1638

mice20 developed increased tumor multi-
plicity when expressed on a Smad4 hetero-
zygote background. Furthermore, inactiva-
tion of TBR2 in intestinal epithelial cells of
Apc�/N1638 mice induces transformation
and invasion of tumors, which are initiated
by the APC mutation. These tumors are
dramatically increased in a cell-autono-
mous manner.21 In addition, current stud-
ies indicate epigenetic regulation of the
TGF-� pathway members, specifically �2–
general spectrin (�2SP), a scaffolding pro-
tein that functions as a potent TGF-�–sig-
naling Smad3/4 adaptor, may play a key
role in generating transitional stem cells
and inducing epithelial cell differentia-
tion.17,22–24 The results of these studies

confirm that disruption of both TGF-� and
Wnt signaling cooperate to drive tumor ini-
tiation, likely in colonic stem cells, and
progression in vivo.

Manipulating Stem Cell Marker
Genes Reveals Function
Manipulating specific genes that are consid-
ered markers for crypt stem cells has resulted
in two outcomes: identifying the function of
that gene, and helping to identify the stem-
ness of crypt cells. The following is a sum-
mary of results for down-regulated stem cell
markers: (1) Msi-1: siRNA-mediated reduc-
tion of Msi-1 leads to mitotic catastrophe in
tumor cells. Knockdown of Msi-1 also results
in tumor growth arrest in xenografts, reduced
cancer cell proliferation, and increased apop-
tosis alone and in combination with radiation
injury. Moreover, there is inhibition of
Notch-1 and up-regulation of p21WAF1
upon knockdown of Msi-1.25 (2) Hes-1: Tar-
geted disruption of the Hes1 gene in-
creases enteroendocrine and goblet cells
and reduces enterocytes in the fetal mouse
intestine,26 suggesting that Hes1 normally
functions to negatively regulate specifica-
tion of enteroendocrine goblet cell lineages
and to positively regulate specification of
enterocytes.27 (3) Lgr-5: LGR5 deficiency
deregulates Wnt signaling and leads to pre-
cocious Paneth cell differentiation in the
mouse fetal intestine. This deregulation is
associated with overexpression of Wnt tar-
get genes in the intervillus epithelium.
Transcriptional profiling of mutant mice il-
eums reveals that LGR5 function is associ-
ated with expression of stem cell and stem
cell niche markers.28

COLON CANCER AND THE CRC
STEM CELL THEORY

Colorectal Carcinogenesis
From a molecular point of view, CRC is one
of the best-characterized cancers, mainly
because studies of hereditary cases, which
account for about 15% of CRCs, have re-
vealed many biologic aspects of this neo-
plasm. The genetic events include in-
creases in cellular proliferation and the
silencing of genes involved in inhibition of
proliferation and apoptosis. The accumula-
tion of mutations involving oncogenes and
tumor suppressor genes follows the pro-
gression of the disease along the adenoma–

carcinoma sequence, in which the neoplas-

tic process, initiated by APC or �-catenin

mutations and tumor progression, results
from the sequential mutation of other
genes, such as K-Ras and p53, in the
context of a growing genomic instability.
This model has been further refined, and
studies performed on relatively rare inher-
ited cases, such as Beckwith Wiedemann
Syndrome, led to the identification of ge-
netic alterations in pathways such as
TGF-� that play a major role in the devel-
opment of sporadic CRC.

CRC Stem Cells
CSCs are defined by characteristics similar
to those of normal colonic stem cells,
mainly their abilities to self-renew, a char-
acteristic that drives tumorigenesis, and to
(aberrantly) differentiate, a property that
generates the bulk of cells within a tumor.
These self-renewing “cancer stem cells”
might constitute only a small fraction of the
tumor cells, with the bulk of the tumor
composed of more differentiated cells that
lack self-renewal capacity. According to the
CSC hypothesis, it can be assumed that the
first mutational hit occurs in a colonic stem
cell located at the crypt bottom that, being
long lived, can accumulate oncogenic mu-
tations over years or decades. Once trans-
formed, mutated stem cells can divide
symmetrically and asymmetrically giving
rise to other CSCs and progenitors, which in
turn generate other cancer cells devoid of
self-renewal ability. Eventually, the entire
niche will be colonized by mutant stem
cells, and the crypt will be filled with their
progeny. The proliferating cancer cells will
be subjected to further changes that may
result in the progression of cancer.

Colon CSC Markers
Specific markers have been correlated to
the cancer stem cell phenotype (Table 1).
Experiments using flow cytometric analysis
and spheroid culture formation to identify
cells with surface markers that might cor-
relate with the stem cell tumorigenic phe-
notype have shown the involvement of mol-
ecules including CD133,29–31 CD44,30–33

CD34,34 CD24, epithelial-specific antigen
(ESA),32,33,35 CD166,31 CD29,31 Lgr5,31 nu-
clear �-catenin,31 EpCAM,35 CD49f,35 and
ALDH 1.36
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Several studies have demonstrated the

expression of specific cell surface bio-

markers. In the first two of these studies,
CD133 was used to identify a colon can-
cer–initiating cell (CC-IC) population in hu-
man tumors.37,38 The tumorigenic potential
of CD133� CC-IC was evaluated by sorting
freshly dissociated tumor cells and inject-
ing them into immunocompromised mice.
CD133� cells, which account for approxi-
mately 2.5% of the bulk tumor cells, were
shown to be devoid of the intestinal epithelial
differentiation marker cytokeratin 20 (CK20),
while expressing the epithelial adhesion mol-
ecule BerEp4 (also known as EpCAM). Al-
though this suggests that CD133� cells sig-
nify colon CSCs, it has also been reported
that only 1 in 262 CD133� cells would be
a true CSC.38 The study also demonstrated
the expression of CD133 in normal colon
tissue, although at lower frequency, sug-
gesting that CD133� CC-ICs in cancer
samples might result from oncogenic trans-
formation of normal colonic stem cells.

Cell surface proteins other than CD133
have been reported to mark colon CSCs. For
example, CD166 combined with CD4435 or
CD24 combined with CD29 (R. Fodde, PhD
unpublished data, Dec.1, 2007) may de-
fine the colorectal CSC population.

Recent evidence indicates that spher-
oid cultures of primary cancer cells are
superior to “regular” adherent grown cul-
tures in medium containing serum37,39 be-
cause xenotransplanted tumors derived
from such spheroid cultures more faithfully
preserve the original gene expression pro-
files and tumor morphology,31 CD24, CD29,
CD44, and CD166, which have all been
described to enrich for CSCs in CRCs (R.
Fodde, PhD unpublished data, Dec.1,
2007),35 were also expressed on a subpop-
ulation in those spheroid cultures. How-
ever, immunohistochemical analysis of nor-
mal colonic epithelium showed that CD44
expression occurs not only in the stem cell
compartment at the crypt bottom but also
in cells within the proliferative compart-
ment: thus, the specificity of CD44 for co-
lonic stem cells remains to be determined.

In other studies, in six of six human CRCs
tested, the ability to engraft in vivo in immu-
nodeficient mice was restricted to a minority
subpopulation of epithelial cell adhesion mol-
ecule EpCAMhigh/CD44� epithelial cells.35

Tumors originating from EpCAMhigh/

CD44� cells maintained a differentiated
phenotype and reproduced the full mor-
phologic and phenotypic heterogeneity of
their parental lesions. Analysis of the sur-
face molecule repertoire of EpCAMhigh/
CD44� cells led to the identification of
CD166 as an additional differentially ex-
pressed marker, useful for CSC isolation in
three of three CRCs tested.35 To better
characterize the colon-CSC surface marker
repertoire and evaluate whether colon-
CSCs could be further enriched by subfrac-
tionation of the EpCAMhigh/CD44� popu-
lation, a systematic evaluation was started
of markers already described as differen-
tially expressed in other stem cell models,
such as CD49f.35,37,38,40–42 Analysis of
CD49f expression revealed a consistent
and reproducible pattern, similar to that of
EpCAM.35

More recently, aldehyde dehydroge-
nase 1 (ALDH1) has been proposed as a
promising new marker for normal and ma-
lignant human colonic stem cells.36 Flow
cytometric isolation of ALDH1� cancer
cells and implantation of as few as 25 cells
in NOD/SCID mice generate tumor xeno-
grafts. Further isolation of cancer cells us-
ing a second marker (CD44 or CD133 se-
rially) only modestly increased enrichment
based on tumor-initiating ability.

THE TGF-� SIGNALING
PATHWAY AND COLON
CANCER
The TGF-� signaling pathway is involved
in the control of cell proliferation, differen-
tiation, migration, and apoptosis and is one
of the most commonly altered pathways in
human cancers.43,44 It is also important for
stem cell maintenance, function, and car-
cinogenesis. TGF-� pathway signals are
conveyed through serine/threonine kinase
receptors to specific intracellular mediators
known as Smad proteins.45 To date, eight
Smad proteins have been found, and they
are classified into three functional classes:
(1) receptor-activated Smads (R-Smads):
Smad1, Smad2, Smad3, Smad5, and
Smad8; (2) comediator Smads: Smad4 and
Smad10; and (3) inhibitory Smads: Smad6
and Smad7. Smad proteins function through
adaptor proteins such as SARA and �2SP
and by interacting with multiple other signal
transduction pathways.22,46 Downstream tar-
gets of TGF-� signaling are key cell-cycle

checkpoint genes including CDKN1A

(p21), CDKN1B (p27), and CDKN2B (p15).

In most cases, their activation leads to growth
arrest.

Belonging to a ligand-receptor family
that also includes bone morphogenetic
protein and activin.47–49 TGF-� serves as a
tumor suppressor in normal intestinal epi-
thelium by inhibiting cell proliferation and
inducing apoptosis. Many CRCs escape the
tumor-suppressor effects of TGF-� and are
resistant to TGF�-induced growth inhibi-
tion.50 In fact, TGF-� is also often exces-
sively produced in colorectal cancers, pre-
sumably owing to loss of feedback inhibition
with disruption of its intracellular SMAD sig-
naling pathway.51 Also, the autocrine activity
from elevated secretion of TGF-� ligand
has further consequences in that signaling
through SMAD-independent pathways, un-
masked with interruption of SMAD-depen-
dent signaling, enhances cell proliferation
and cell motility, two phenotypes consistent
with tumorigenesis and metastatic behav-
ior.52

Moreover, the TBR2 gene contains mi-
crosatellite sequences prone to replication
errors, especially in the presence of MMR
gene inactivation.53 Frameshift mutations
of TBR2 are found in �80% of CRCs that
demonstrate microsatellite instability.54

Mutations in the type I receptor (TBR1)
have also been identified in human CRC
cell lines, and reconstitution of TBR1 ex-
pression has been shown to reduce tumor-
igenicity.55 Smad4 mutatations have been
identified in 16% to 25% of CRCs, and
Smad2 alterations in approximately 6% of
CRCs.55 Similarly, mice with a homozygous
deletion of Smad3 have been shown to
develop aggressive CRCs at an early age,
depending on the genetic background of
the mice.56

A relatively recent discovery that has
revealed a novel underlying mechanism of
CRC is the specific correlation in human
CRC specimens of Smad4 expression and
�2SP, a mediator of Smad3/4 nuclear
translocation. When CRC specimens were
compared with normal human colon tissue,
distinct patterns of �2SP and Smad4 ex-
pression at the tips and crypts of colonic
mucosa were observed. Further analysis
demonstrated reduced �2SP in Dukes
stage B1 tissues. However, the mouse ge-
netic studies revealed a bigger picture. In
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these studies, 3 of 19 6-to-8-month-old
�2SP�/Smad4� mutant mice developed
colonic adenomas compared with none of
the wild-type controls or Smad4� mutant
mice. Based on accumulating evidence,
�2SP functions by conferring cell polarity
and maintaining cell architecture. Its loss is
associated with the transition from hyper-
plasia to adenoma. Down-regulation of
�2SP combined with loss of Smad4 is also
seen in advanced and metastatic CRC.57

These data indicate a strong role for �2SP
in TGF-� signaling and in the suppression
of early CRC and, later, in metastatic dis-
ease with Smad4.

THE CANONICAL WNT
SIGNALING PATHWAY AND
COLON CANCER
In adult tissues, Wnt signaling is essential
for the regulation of self-renewal, prolifera-
tion, and differentiation of pluripotent stem
cells.58–63 Wnt signaling also appears to
take on the same roles in several differen-
tiated somatic cell types and in cancer
cells.58–63 Consistent with these observa-
tions, different components of the Wnt sig-
naling pathway are linked to tumorigenesis,
including adenomatous polyposis and co-
lon carcinoma.

The canonical Wnt signaling pathway is
referred to as the Wnt/�-catenin pathway,
because it can regulate �-catenin protein
levels to control the activation of Wnt-re-
sponsive target genes. All Wnt signaling
pathways are initiated by interaction of Wnt
proteins with Frizzled (Fzd) receptors, but
in this pathway the Wnt signaling will acti-
vate only if the binding of the Wnt protein to
the Fzd receptor takes place in the pres-
ence of the coreceptor Lrp5/6 (low-density
lipoprotein receptor-related protein 5/6) re-
sulting in the formation of a Wnt:Fzd:Lrp5/6
trimolecular complex.64,65 This complex
provides a favorable environment for the
recruitment of Dishevelled (Dvl).66 The for-
mation of the Wnt-Fzd-Lrp5/6 complex also
promotes the Lrp5/6-mediated degradation
of axin.65 The inhibition of glycogen-syn-
thase kinase 3� (Gsk3�) activity by Wnt
with the degradation of axin blocks the
formation of the protein complex consisting
of Gsk3�, axin, and adenomatous polypo-
sis coli (Apc) tumor suppressor protein. If
the formation of the protein complex of
Gsk3�, axin, and Apc tumor suppressor

protein does not occur, accumulation of

free �-catenin results in its translocation to

the nucleus. Once positioned in the nu-
cleus, the free �-catenin acts as a tran-
scription factor and activates T-cell factor
(Tcf) and lymphoid enhancer factor (Lef)
by forming nuclear complexes with mem-
bers of the Tcf/Lef transcription factor fam-
ily.67 This leads to the transcription and
expression of a variety of Wnt-responsive
target genes such as Myc, Ccnd1 (cyclin
D1), and Axin2. In addition, the complexes
of Tcf/Lef and �-catenin may cooperate
with factors activated by other signaling
pathways to alter cellular remodeling pro-
cesses. The canonical Wnt signaling path-
way is also activated by several other cellu-
lar mechanisms. The shifting of proteins
from the cadherin-bound pool to the cyto-
plasmic pool can increase the amount of
available free �-catenin for the activation of
target genes.68

The Wnt cascade is essential in estab-
lishing cell fate along the crypt–villus axis of
the intestinal epithelium. Accumulation of
nuclear �-catenin, the hallmark of active
Wnt signaling, is evident in the crypt cells of
the normal intestine, whereas differentiated
villus cells present �-catenin at their baso-
lateral membrane, where it is important to
ensure cell adhesion. Deletion of the tran-
scription factor Tcf4, the most prominent
effector of Wnt signaling in the gastrointes-
tinal tract, produces a severe intestinal
phenotype accompanied by neonatal le-
thality. Although the villus epithelial com-
partment is practically unaffected in these
mice, intestinal crypts are completely ab-
sent and no proliferating cells are observed,
indicating that Wnt signals are required for
the maintenance of the crypt proliferative
compartment. Thus, in physiologic condi-
tions, the �-catenin:Tcf4 complex drives
the transcription of a set of target genes
that determine the characteristics of the
intestinal crypt cells. Wnt signals are turned
off in differentiated cells present in the villi,
hence establishing the crypt–villus bound-
ary (Figure 1). In rare cases in which APC is
not inactivated, human intestinal tumors
usually show activating mutations in
�-catenin itself, or loss-of-function muta-
tions in Axin2, a protein that cooperates
with APC in �-catenin degradation.68

The Wnt signaling pathway was first
causally associated with carcinogenesis

when it was found to be permanently acti-
vated in familial adenomatous polyposis
(FAP)69,70 and spontaneous forms of colon
cancer.71,72 Chronic activation of Wnt sig-
naling in these intestinal tumors results
from inactivating mutations in the APC lo-
cus and, to a much lesser extent, in
�-catenin and AXIN2/conductin genes. Al-
though it appears that mutations of Wnt
pathway components are sufficient to gen-
erate constitutive activation of Wnt signal-
ing in CRC, recent evidence suggests that
additional autocrine mechanisms involving
stimulation of the pathway by secreted
WNT proteins also have a role. Thus, it was
shown that CRC cells frequently express
WNT, and that treatment with secreted
Fzd-related protein (SFRP) via interference
with Wnt receptor binding. Importantly,
SFRP genes are subject to inactivation by
hypermethylation in CRC cells, indicating
that an epigenetic mechanism leads to a
boost of the Wnt signal.73

CROSS-TALK BETWEEN TGF-�
AND WNT SIGNALING
PATHWAYS
Do the Wnt and TGF-� pathways cooperate
for colorectal tumor progression? The an-
swer appears to be yes. Another mecha-
nism to silence TGF-� signaling, in addition
to genetic ablation of its receptor, is deploy-
ment of the BMP and activin membrane–
bound inhibitor (BAMBI), a pseudorecep-
tor that is related to TGF-� receptor type I but
lacks an intracellular kinase domain that is
important in activating intracellular SMADs.74

BAMBI resembles the homodimerization
domain of TGF-� receptor type I to act as a
decoy to prevent the formation of receptor
complexes between the type I and type II
receptors after TGF-� ligand binding.74

BAMBI is aberrantly elevated in most CRCs
when compared with matched normal co-
lon tissue from the same patient, and Wnt
signaling, as evidenced by experimental in-
terruption of �-catenin or T-cell factor nu-
clear transcriptional activity, induces the
expression of BAMBI.75,76 Thus, Wnt sig-
naling through �-catenin activation tran-
scriptionally activates BAMBI as a mecha-
nism to block TGF-� signaling. Additionally,
there is evidence for positive feedback reg-
ulation by BAMBI on Wnt signaling.75

BAMBI interacts with the Wnt receptor Friz-
zled5, and its coreceptor LRP6 promotes
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the nuclear localization of �-catenin; and
overexpression of BAMBI promotes Wnt/�-
catenin transcriptional activity, including
the expression of c-myc and cyclin D1, two
of Wnt/�-catenin’s transcriptional targets.77

Last, perhaps as a countermeasure to neg-
atively regulate its own pathway, TGF-�–
SMAD signaling can also induce BAMBI
expression, because the BAMBI gene con-
tains SMAD-binding elements in its pro-
moter.76 Thus, BAMBI can be induced by
both Wnt signaling and TGF-�–SMAD sig-
naling to positively regulate Wnt signaling
and negatively regulate TGF-� signaling.
The overall effect of BAMBI would be to
increase cellular growth through enhance-
ment of Wnt proliferative signaling and in-
hibition of TGF-�–SMAD suppressive sig-
naling.78

Evidence that �-catenin is responsible
for the aberrant expression of BAMBI in
colorectal tumor cells comes from experi-
ments using a dominant-negative mutant of
Tcf4 or by using an inhibitor of �-catenin-
Tcf interaction; results showed repression
of BAMBI in CRC cell lines. Furthermore,
overexpression of BAMBI inhibits the tumor
cell response to TGF-� signaling. These
results suggest a mechanism by which
�-catenin interferes with TGF-�–mediated
growth arrest by inducing the expression of
BAMBI, and thus contributing to colorectal
and hepatocellular tumorigenesis.75

THERAPEUTICS TARGETING
CRC STEM CELLS
The identification and potential targeting of
colon CSCs and their signaling pathways,
as well as understanding their surrounding
environment, might lead to more effective,
early diagnosis of cancer and focused treat-
ment options; yet, many challenges re-
main.

The identification of these cells is not
clear cut; hence, more specific stem cell
markers are needed to enable targeting of
“malfunctioning” cells at a premalignant
level. Such targeting may promote differen-
tiation and/or block the self-renewal path-
way, possibly leading to a less chemoresis-
tant cancer. Although epithelial-specific
antigen (ESA), CD44, CD133, CD166, and
Lgr5 are relatively good markers, they may
also be potential targets for attacking CSCs
in the colon. Expression of ESA, a cell
surface marker, is associated with in-

creased proliferation and decreased differ-

entiation. CD44 is normally expressed at

the base of dividing crypts in the prolifera-
tive zone; during neoplastic conditions, the
distribution of CD44 expression extends to
the luminal surface. CD133 expression
seems to be restricted to undifferentiated
cells, including endothelial progenitor cells,
hematopoietic stem cells, prostatic epithe-
lial stem cells, and leukemias. In a previous
mouse model of acute myeloid leukemia,
CD44 was targeted with a monoclonal ac-
tivating antibody,79 which resulted in rever-
sal of differentiation blockade, and preven-
tion of normal homing of the cells to both
bone marrow and spleen. A possible neg-
ative consequence of targeting CSCs is that
the normal “stem cells” might also be af-
fected. However, recent studies suggest
differential sensitivity of normal and malig-
nant stem cells to these agents.80

Another possibly beneficial treatment
strategy is to target “cancer-initiating” sig-
naling pathways such as the Wnt, Hedge-
hog, Notch, and TGF-� pathways, with a
goal of suppressing self-renewal and pro-
moting differentiation. �2-spectrin is de-
creased in colon tumor samples, and this
information could potentially be applied as
a screening method in the clinic to increase
suspicion, or possibly confirm the pres-
ence, of colon cancer. Furthermore, the
inhibition of CDK4, a gene target that is
normally suppressed by the TGF�-signal-
ing pathway, shows promise in decreasing
proliferation in colon cancer cells. Hence,
further research is needed to identify spe-
cific targets in these pathways.

The stem cell niche is composed of
fibroblasts, endothelia, and inflammatory
cells and plays an important role in the
maintenance and promotion of CSCs into
more invasive and metastatic potentials.81

This niche is an anchoring site for stem
cells and adhesion molecules. Cytokines
facilitate communication between the stro-
mal elements and the stem cells. Factors
that are members of major developmental
pathways, including the Wnt, bone mor-
phogenic, Notch, and TGF-� pathways, are
constantly secreted into the stromal mi-
croenvironment.82 This suggests that strat-
egies aimed at the stem cell microenviron-
ment might prove effective. A recent report
described the autocrine production of IL-4
by CD133� colon cancer stem-like cells.83

Though their cell isolates were relatively

resistant to 5-fluorouracil or oxaliplatin, pre-

treatment of the cells with anti-IL-4 signifi-

cantly increased ability of the chemothera-

peutic agents to decrease tumorigenic

growth. These findings indicate that IL-4

protects CD133� cells and could thus dic-

tate therapy refractoriness.83 In xenografts,

the addition of IL-4 antibodies significantly

reduced tumor growth after chemotherapy.

In vivo, this enhancement was expressed

as a substantial slowing of tumor growth,

and normal tumor growth resumed upon

withdrawal of the chemotherapeutic agent,

showing that IL-4 exerts a protective effect

on the CD133� stem-like colon cancer

isolates. Furthermore, interpretation of this

microenvironment will allow better under-

standing of the relatively quiescent nature

of CSCs as well as their innate multidrug

resistance, which has been a major con-

cern in chemotherapy failure and disease

relapse.

Symmetric stem cell division can con-

tribute to tumor growth.84 This finding sug-

gests that systemic therapies for CRC and

other cancers need to control or eliminate

symmetric CSC division in tumors, while

minimally affecting normal stem cell divi-

sion in nontumoral tissues.44

There is extensive evidence that dietary

supplementation reduces colon cell prolif-

eration, the extent of the crypt’s prolifera-

tive zone, and colon carcinogenesis in hu-

mans and rodents.85 Decreased sensitivity

of colon cells to Ca2� and disruption of

their apoptotic mechanisms is seen in ma-

lignant transformation of colon cells. In

fact, Ca2� supplementation has been re-

ported to stimulate colon cell proliferation

in adenomatous polyps. This apparent an-

tagonistic response is likely mediated by

disrupted Wnt signaling in colorectal tu-

mors and demonstrates the tightly linked

and regulated process of colonic stem cell

self-renewal, proliferation, and differentia-

tion. Targeting of Wnt-driven stem cell pro-

liferation along with dietary Ca2� loading to

restrain APC and the calcium-sensing re-

ceptor (CaSR) and promote adherens junc-

tions, however, may prove an effective
strategy. This also highlights the need for
novel combinations targeting the multifac-
eted nature of CRC stem cells.
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CONCLUSIONS
The identification of CRC stem cells has
had a significant effect on CRC research,
prevention, and therapy. New potential
biomarkers and signaling pathways could
have important roles in the specificity, iden-
tification, and understanding of CSCs and
may represent targets to suppress self-re-
newal or promote differentiation. Other po-
tential targets involve the tumor microenvi-
ronment, which is emerging as a crucial
stem cell/CSC regulator, as well as stem cell
symmetric division. Substantial additional
research in this field is needed and re-
quires use of cutting-edge materials and
methods including induced pluripotent
stem cells, which are capable of differenti-
ating into definitive endoderm,86–88 pluripo-
tent human, monkey, and mouse ES cells;
gut primary cells and cell lines; mouse
knockout/knockin technology; and sound
translational/clinical approaches. It is hoped
that results of these synergistic research
efforts will eventually reduce the number of
CRC cases, currently at 61.2 and 44.8 CRC
cases/100,000 men and women, respec-
tively, to near 0.
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