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Abstract
The recent identification of tumor-initiating colorectal cancer (CRC) stem cells in the pathogenesis
of CRC has provided a potential target for novel therapeutics. Many details about CRC stem cells,
however, remain poorly understood. Several potential markers of CRC stem cells have been
proposed, including CD133, CD44, and, recently, Lgr5. Attention also has been drawn to control of
stem cell self-renewal, proliferation, and differentiation by the Wnt and transforming growth factor
(TGF)-β pathways. Disruption of Wnt signaling, via loss of APC (adenomatous polyposis coli), is
among the earliest events in the multistage progression of CRC and likely occurs in basal crypt stem
cells, generating a neoplastic cell population that then expands upward to occupy the rest of the crypt.
TGF-β signaling is a key tumor suppressor pathway, and mutations in the type II receptor and Smad4
are observed in CRC specimens and are associated with more aggressive disease in tumors with
disrupted Wnt signaling. Loss of the TGF-β adaptor protein β2-spectrin is associated with loss of
colonic cell polarity and architecture, and its expression parallels that of Smad4. This review suggests
rational approaches to target CRC stem cells as a novel and effective way to treat advanced and
difficult-to-treat CRC.

Introduction
Colorectal cancer (CRC) is the third most common cancer in men and women and the second
leading cause of cancer-related death in the United States, with an estimated 108,070 newly
diagnosed cases and 49,960 deaths in 2008 [1]. The lifetime risk of developing the disease is
as high as 6% in the American population [2]. Colorectal tumors arise through a multistep
progression involving the mutational activation of oncogenes coupled with the mutational
inactivation of tumor suppressor genes, leading to development of an adenoma and progressing
to a malignant carcinoma [3]. Mutations in at least four or five genes are required for formation
of a malignant tumor, and although genetic alterations often occur in a preferred sequence, the
total accumulation of changes determines the final tumor phenotype [4].

Much of our understanding of the molecular pathogenesis of CRC has come from study of
heritable forms of colon cancer. Although colon cancer is primarily sporadic, heritable forms
of colon cancer constitute 5% to 10% of all colon cancer cases. Familial adenomatous polyposis
(FAP) is an autosomal dominant CRC syndrome caused by a mutation in the tumor suppressor
gene APC (adenomatous polyposis coli). APC encodes a protein that is part of a complex that
binds β-catenin, targeting it for degradation. In the absence of binding and degradation of β-
catenin by this complex, β-catenin translocates to the nucleus and activates multiple
transcription factors, including cyclin D1 and c-myc, responsible for proliferation,
differentiation, migration, and apoptosis of cells [5••]. Additional mutations, including
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mutation of KRAS and TP53, and deletion on chromosome 18q are required for subsequent
tumor progression [6]. Hereditary nonpolyposis colon cancer or Lynch syndrome, meanwhile,
involves a germline mutation in one of the DNA mismatch repair (MMR) genes, leading to
defective DNA repair.

The scope of CRC and the resistance of some tumors to standard chemotherapeutic agents and
radiation have brought increased focus on the hypothesis that CRC is driven by transformed
cancer stem cells (Fig. 1) [5••]. Recently, much evidence points to the existence of CRC stem
cells in the pathogenesis of CRC. First, stem cells are the only cells that persist long enough
to undergo the requisite number of changes described in the multistage progression of CRC.
Second, cancers originate in a select cell population from normal tissue stem/progenitor cells
with disrupted self-renewal. Self-renewal, a defining characteristic of stem cells, is a cell
division in which one or both daughter cells remain undifferentiated, thereby retaining the
ability to give rise to another stem cell with the same capacity to proliferate. Stem cells also
have the capacity to differentiate, thereby generating organ-specific cells. Cancer stem cells
have the ability to self-renew, a characteristic that drives tumorigenesis, and to aberrantly
differentiate, a property that generates the bulk of cells within a tumor [5••]. In CRC, disrupted
stem cell self-renewal and differentiation have been linked to several key signaling pathways,
including Wnt and transforming growth factor (TGF)-β.

The identification of CRC stem cells also has focused research on developing novel therapies
specifically targeting these cells. Recent advances in translational research have brought
significant progress in the diagnosis, prevention, and treatment of CRC. Oncologists now
possess a variety of systemic drugs capable of inducing tumor responses in patients with CRC.
Advanced colorectal tumors, however, often are resistant to these cytotoxic systemic therapies.
In this review, we highlight the location and identification of CRC stem cells using unique
biomarkers, the unique microenvironment or niche within which they reside, and several key
pathways disrupted in the malignant transformation of colorectal stem cells. These may serve
as potential targets in developing novel therapeutics specifically targeting CRC stem cells and
hold promise for truly curative approaches to patients with advanced CRC.

Colonic Stem Cell Niche
The epithelial layer of the human colon is a dynamic and rapidly proliferating system replaced
every 5 days. It consists of a single sheet of columnar epithelial cells, which form finger-like
invaginations into the underlying connective tissue of the lamina propria, called crypts of
Lieberkühn, each of which contains 2000 to 3000 cells [6]. Colonic stem cells are believed to
be located toward the base of the crypt and are surrounded by mesenchymal cells to form a
stem cell niche. The mesenchymal cells are of the myofibroblast lineage and are closely
associated with the basal lamina surrounding the crypt. Pericryptal myofibroblasts produce
several factors, including Wnt signaling ligands and the bone morphogenetic protein
antagonists gremlin 1 (GREM1) and GREM2, that along with the Notch signaling pathway
and the effects of Wnt signaling on ephrin B1 and its receptors EphB2 and EphB3, regulate
maintenance of the undifferentiated stem cell and affect cell migration and differentiation
[7-9].

Via asymmetric cell division, colonic stem cells undergo self-renewal and generate a
population of transit cells that then migrate up the crypt, proliferating and differentiating to
form the four major terminally differentiated epithelial cell types of the colon: colono-cytes,
goblet cells, endocrine cells, and Paneth cells. This “unitarian theory” that all the cell types
originate from a single multipotential stem cell through several committed progenitors was
first formulated in 1974 and has since been verified experimentally [10,11]. The self-renewing
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stem cell population is responsible for colonic epithelial cell renewal and is long-lived,
continuing to perform this task over the lifetime of an individual [12].

Colonic Stem Cell Markers
In the search for the location of intestinal stem cells, several molecules have been proposed as
potential markers, including musahi-1 (Msi-1), DCAMLK1 (also known as DCLK1), β1
integrin subunit, EphB receptors, and most recently, Lgr5 [12-16,17•]. The evidence supporting
many of these markers, however, is minimal and based primarily on the finding of a small
number of positively labeled cells in the putative stem cell position toward the bottom of the
crypt. Specifically, Msi-1 is an RNA-binding protein thought to be involved in asymmetric
cell division during Drosophila melanogaster neural development. Immunohistochemical
analysis of normal human colonic crypts demonstrated positive labeling for Msi-1 in 19.0 −
7.53 cells located in the lower region of the crypt [13]. Similarly, fluorescence analysis of
frozen sections of colonic mucosa demonstrated that β1 integrin subunits localize to the lower
portion of the crypt and EphB receptors are expressed in a gradient manner, with highest
expression at the bottom of the crypt and lowest expression at the crypt–villus junction [9,
18]. Expression of both EphB2 and EphB3 receptor has been reported in the lower crypts of
mouse colon, and inhibition of EphB2/EphB3 signaling demonstrated a reduction in the
number of crypt cells expressing markers of proliferation. Moreover, constitutive
overactivation of EphB2 receptor signaling correlated with an increase in the number of
proliferating crypt cells when compared with wild-type intestine. It subsequently was shown
that these receptors promote cell cycle reentry, thereby regulating cell proliferation [16].
However, the use of EphB receptor expression as an independent marker of colonic stem cells
is still inconclusive and requires further analysis.

Recently, experimental approaches have used the ability of stem cells, once clonally marked,
to repopulate the crypt with clonal descendents in all cell lineages to demonstrate
multipotentiality. Lgr5 (also known as Gpr49), an intestinal Wnt target gene that encodes a G
protein–coupled receptor characterized by a large leucine-rich extracellular domain and seven
transmembrane domains, was identified recently as a potentially specific intestinal stem cell
marker. Using in situ hybridization, it was shown to be exclusively expressed in cycling
columnar cells at the very base of the crypt. These results were confirmed with the fate mapping
of Lgr5-positive cells using an R26R-lacZ/Cre reporter strain, demonstrating that Lgr5-positive
crypt base columnar cells generated all epithelial lineages over a 60-day period [17•,19].
Additionally, Lgr5-GFP mice were then intercrossed with Apcmin mice to examine expression
of Lgr5 in premalignant adenomas, which spontaneously arise in the intestines of these
transgenic mice as a result of chronic activation of the Wnt signaling pathway. Lgr5-GFP
expression was restricted to a few cells within large adenomas, suggesting that Lgr5 may mark
not only normal intestinal stem cells, but also a limited population of cancer stem cells [19].

Several other molecules also have been proposed as markers of CRC stem cells, including
CD133 [20,21], CD44 [21-23], CD34 [24], CD24 [22,23], and epithelial-specific antigen
(ESA) [22,23,25•]. Studies have demonstrated that injecting cancer stem cell–enriched
populations into immunocompromised mice at low concentrations results in the formation of
tumors with histology and phenotypic heterogeneity equivalent to those of the original
neoplasm, whereas injecting noncancer stem cells, even at high concentrations, results in the
growth of few or no tumors. In particular, three recent studies evaluating the functionality of
specific biomarkers using a combination of flow cytometric analysis to identify a stem cell
population and xenograft modeling to determine the tumor initiation potential of the cellular
fraction have provided compelling evidence for the existence of CRC stem cells. In the first
study, CD133+ cells were isolated from seven primary colon cancers and 10 extracolonic
(metastatic) sites. The percentage of CD133+ cells in the tumorigenic population ranged from
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3.2% to 24.5%, compared with matching normal tissues, in which the percentage of CD133+

cells ranged from 0.4% to 2.1%. CD133+ cells were then transplanted into the renal capsule
of NOD/SCID mice and readily developed tumors displaying morphologic features equivalent
to those of the parental tumor. In comparison, CD133− cells and nonsegregated populations
did not induce tumor formation. Tumor phenotype was further maintained upon serial
transplantation [26•]. Similarly, in the second study CD133+ cells were isolated from colon
cancer specimens and perpetuated in vitro as floating colonies or “tumor spheres.” These tumor
spheres were enriched in a tumorigenic population and maintained in serial passages [27•].
Meanwhile, in the third study, CD44 and ESA were used as stem cell–specific markers, with
further enrichment by CD166. Isolated cells were then injected into NOD/SCID mice, and in
each case, as few as 200 to 500 cells were needed to reconstitute a tumor phenotypically similar
to the original colon cancer. In contrast, as many as 10,000 of the ESAlow/CD44− cells could
not form a tumor [25•].

Significant controversy exists, however, over the functional significance of these markers of
CRC stem cells. An examination of 12 colon cancer cell lines demonstrated that injections of
up to 10,000 CD133+ or CD133− cells into nude mice gave rise to tumors that could be serially
transplanted. CD133+ cells, however, did lead to tumors with decreased latency [28]. Further
studies using a transgenic mouse model in which the CD133 promoter drove lacZ reporter
expression demonstrated that CD133 was expressed by both mature and undifferentiated
colonic epithelial cells, suggesting that CD133 is not a specific stem cell marker. Subsequent
studies using the interleukin (IL)-10 null mouse, which is characterized by chronic intestinal
inflammation correlating with neoplastic growth, demonstrated CD133 reporter construct
expression throughout the entire epithelium. Furthermore, in primary human colon cancer
specimens, CD133 was expressed in most of the tumor cell population and sorting of
CD133+ cells from metastatic colon cancer to liver demonstrated that CD133 high- and low-
expressing cells could generate tumors in NOD/SCID mice. In fact, compared with CD133+

cells, the CD133− cells gave rise to tumors with decreased latency [29•]. Therefore, further
evaluation of biomarkers of CRC stem cells is needed and must be tied to functional studies
demonstrating specificity and reproducible tumorigenesis on serial transplantation.

Regulation of Colonic Stem Cell Function by the Wnt Signaling Pathway
The isolation of potential CRC stem cells also has led to a significant focus on signaling
pathways disrupted in stem cell self-renewal, proliferation, and differentiation. One of the most
important pathways for the control of intestinal epithelial stem cell function and carcinogenesis
is the Wnt/β-catenin signaling pathway, as evidenced by a germline mutation in the APC gene
in FAP. APC mutations are found even in 75% to 80% of sporadic CRCs. Wnt genes encode
a large family of secreted proteins with important roles in cell fate and proliferation. In humans,
there are at least 19 members of the Wnt family and 10 members of its receptor family Frizzled
(Fz) [30]. The Wnt receptor complex is composed of Fz plus LRP5 and LRP6 (low-density
protein receptor–related proteins). Binding of Wnt to Fz activates one of two pathways: the
canonical pathway, which involves β-catenin and controls cell proliferation, or the planar
pathway, which involves Ca2+ and is important in cellular movement and polarity [31]. In the
canonical pathway, in the absence of Wnt, cytosolic β-catenin, which is normally bound to
membranous E-cadherin, interacts with a complex consisting of the tumor suppressor protein
APC, glycogen synthase kinase 3β (gsk3β), and axin. β-Catenin consequently is serine
phosphorylated, recognized by an E3 ubiquitin ligase, and then degraded [30]. In the presence
of Wnt binding to Fz, however, the kinase activity of the APC/gsk3β/axin complex is blocked
and β-catenin remains unphosphorylated and accumulates in the nucleus. β-Catenin then binds
to the transcription factor TCF4 and can activate downstream target genes such as cyclin D1
and c-myc, proto-oncogenes that promote entry of the cell into the S phase of the cell cycle
[32].
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β-Catenin also has an important role in cell movement, polarity, and adhesion. It joins with α-
catenin to anchor E-cadherin’s short cytoplasmic domain to actin filaments so that the
extracellular cadherin domain can form a tight Ca2+-dependent linkage (adherens junction) to
neighboring colon cells [33]. Any unattached β-catenin is subsequently degraded by the APC/
gsk3β/axin complex.

Calcium serves as an important signal for transit-amplifying cells of the colon to stop
proliferating and to differentiate. This signal is mediated by Ca2+-sensing receptors (CaSRs),
leading to production of Ca2+-calmodulin and activation of Ca2+/calmodulin-dependent kinase
II (CaMKII) and CaMKIV, which further stimulate increased CaSR expression. The CaSR
triggers a shift from colon cell proliferation to terminal differentiation by inducing expression
of E-cadherin and increasing expression of APC, thereby terminating β-catenin–mediated cell
proliferation. The surge in APC also suppresses antiapoptosis-surviving expression, leading
to a loss of resistance to apoptosis in colon cells migrating up the crypt [34].

Recent evidence demonstrates that the β-catenin/TCF4 pathway also plays a key role in
maintaining intestinal progenitor cells in adult mammalian crypts. Using human colon
adenocarcinoma cell lines with an inducible dominant-negative TCF4 mutation, studies have
demonstrated that inhibition of β-catenin/TCF4 complex formation leads to halted growth in
G1 phase of the cell cycle and induction of an intestinal differentiation program. Therefore,
the β-catenin/TCF4 complex may act as a master switch that controls the balance between
proliferation and differentiation in healthy and malignant intestinal epithelial cells (Fig. 1)
[18,30]. Similarly, studies using transgenic expression of the secreted Wnt inhibitor Dickkopf-
related protein 1 (Dkk-1) in mouse intestine demonstrated a phenotype similar to the TCF4-
knockout mouse, with a reduction in the number of proliferating cells within the crypts of
neonates and the complete loss of crypts in adult animals [35].

Moreover, Wnt pathway members are differentially expressed along the crypt axis and in the
pericryptal mesenchymal cells forming the colonic stem cell niche. Specifically, mRNA for
secreted Fz-related protein (sFRP)-5, Wnt-3, Wnt-6, Wnt-9b, and Fz-5 proteins is detected
within epithelial cells near the bottom of the crypt and decreases in concentration toward the
surface and more differentiated cells. Pericryptal mesenchymal cells also have been found to
express sFRP-1, whereas epithelial cells located toward the crypt surface have been found to
express the Wnt inhibitor Dkk-3 [36].

The links among colonic stem cells, Wnt signaling, and CRC tumorigenesis are most evident
with mutations in the APC gene. Loss of APC is among the earliest events in the multistage
progression of CRC. The earliest identifiable colonic lesions, aberrant crypt foci, already bear
APC mutations. APC loss is also the primary mutation in FAP, which is characterized by the
development of hundreds to thousands of adenomatous polyps. Recent studies suggest that
mutation of the APC gene occurs in the basal crypt colonic stem cells and the resulting
neoplastic population then expands upward from this position to occupy the rest of the crypt
in a “bottom-up” fashion (Fig. 1). An examination of human small colorectal adenomas and
tumors from patients with FAP demonstrated nuclear β-catenin accumulation in dysplastic
cells emanating from the base of the crypt. Toward the surface of the crypts, there was a
demarcation between dysplastic cells with nuclear β-catenin and phenotypically normal surface
epithelial cells near the lumen with membrane-bound β-catenin. Using serial sections,
investigators demonstrated this phenomenon within a single crypt, thereby suggesting that
dysplastic cells were not spilling out over the top of one crypt into another, but developed from
aberrant stem cells at the crypt base [37]. Moreover, tumor specimens from FAP patients also
have shown an increased labeling index at the bottom of the crypt and a marked increase in
the crypt fission rate compared with control mucosa, suggesting increased numbers or activity
of colonic stem cells [38].
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The Wnt signaling pathway clearly is a key player in colonic stem cell proliferation,
differentiation, and transformation to CRC stem cells, making it an attractive target for novel
therapeutics.

Regulation of Colonic Stem Cell Function by the TGF-β Signaling Pathway
Another key pathway in intestinal stem cell function and carcinogenesis is the TGF-β signaling
pathway. The TGF-β signaling pathway is involved in the control of several biologic processes,
including cell proliferation, differentiation, migration, and apoptosis, and is one of the most
commonly altered pathways in human cancers [39,40•]. TGF-β pathway signals are conveyed
through serine/threonine kinase receptors to specific intracellular mediators known as Smad
proteins [41]. There are at least eight Smad proteins, divided 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
protein activity also is modulated by adaptor proteins such as SARA and β2-spectrin (β2SP)
and functional interactions with multiple other signal transduction pathways [42,43].
Downstream targets of TGF-β signaling are key cell cycle checkpoint genes, including
CDKN1A (p21), CDKN1B (p27), and CDKN2B (p15), and their activation leads to growth
arrest [39].

TGF-β serves as a tumor suppressor in normal intestinal epithelium by inhibiting cell
proliferation and inducing apoptosis. Many CRCs escape the tumor-suppressor effects of TGF-
β and are resistant to TGF-β–induced growth inhibition (Fig. 1) [44]. In fact, during the late
stages of colorectal carcinogenesis, TGF-β acts as a tumor promoter and is highly expressed.
Moreover, the TGF-β receptor type II gene (TBR2) contains microsatellite sequences prone to
replication errors, especially in the presence of MMR gene inactivation [45]. Frame-shift
mutations of TBR2 are found in more than 80% of microsatellite instability–positive CRCs
[46]. Mutations in the type I receptor gene (TBR1) also have been identified in human CRC
cell lines, and reconstitution of TBR1 expression has been shown to reduce tumorigenicity
[47]. Smad4 also is mutated in 16% to 25% of CRC cases, and alterations of Smad2 have been
identified in approximately 6% of CRCs [47]. Similarly, mice with a homozygous deletion of
Smad3 also have been found to develop an aggressive CRC at an early age, depending on the
genetic background of the mice [48].

Interestingly, β2SP, a mediator of Smad3/4 nuclear translocation, correlates with Smad4
expression in human CRC specimens. An analysis of 21 CRC specimens with normal human
colon tissue controls demonstrated similar patterns of β2SP and Smad4 expression at the tips
and crypts of colonic mucosa. Further analysis demonstrated reduced β2SP in Dukes’ stage B1
tissues. Moreover, mouse genetic studies have found that 3 of 19 6- to 8-month-old β2SP+/−/
Smad4+/− mutant mice developed colonic adenomas, compared with none of the wild-type
controls or Smad4+/− mutant mice. Studies suggest that β2SP is necessary to confer cell polarity
and maintain cell architecture and its loss is associated with the hyperplasia-to-adenoma
transition (Fig. 1). Loss of β2SP combined with loss of Smad4 also is seen in advanced and
metastatic CRC [49]. These data indicate a strong role for β2SP in TGF-β signaling and in the
suppression of early CRC and, later, in metastatic disease with Smad4.

Emerging new data also suggest a role for TGF-β signaling in gut endoderm development and
the transition of stem cells to a more differentiated phenotype. The TGF-β signaling pathway
appears to be most prominent at the interface between development and cancer in gut epithelial
cells [50]. Studies have localized TBR2 to differentiated cells of the villus as well as
undifferentiated cells near the bottom of the crypt [51]. Recent studies also suggest that the
TGF-β and Wnt pathways synergistically promote CRC tumorigenesis. Compound
heterozygous ApcΔ716/+/Smad4+/− mice develop larger colon polyps that can progress to
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malignant adenocarcinoma [52]. Smad4 heterozygosity also increased tumor multiplicity in
the Apc+/N1638 mice [53]. TBR2 inactivation in intestinal epithelial cells of Apc+/N1638 mice
also promoted transformation and invasion of tumors initiated by APC mutation in a cell-
autonomous manner [54]. The results of these studies confirm that disruption of both TGF-β
and Wnt signaling cooperate to drive tumor initiation, likely in colonic stem cells, and
progression in vivo.

Therapeutics Targeting CRC Stem Cells
The stem cell model of colon carcinogenesis has important implications for colon cancer
prevention and therapy. Elimination or reduction of transformed colonic stem cells likely is
the most effective prevention strategy and depends on proper identification of CRC stem cells
and the pathways disrupted within them.

Several studies already have targeted stem cells based on their expression of stem cell markers.
For example, in acute myeloid leukemia, CD44 has been targeted with an activating
monoclonal antibody, H90, resulting in a reversal of the differentiation blockade [55].
Similarly, recent studies demonstrated that the upregulation of IL-4 cytokine in CD133+ CRC
stem cells is an important mechanism that protects these tumorigenic cells from apoptosis
[56••,57]. These cell isolates were more resistant to standard chemotherapeutic agents, 5-
fluorouracil, or oxaliplatin. The ability of these agents to decrease tumorigenic growth,
however, was significantly increased when cells were first treated with antibodies to IL-4. This
phenomenon was confirmed in xenografts in which the addition of anti–IL-4 antibodies
significantly reduced tumor growth after chemotherapy [56••]. More recently, chemoresistant
CRC cell lines (HT29/5FU and HT29/O×R) were developed following exposure of the human
CRC cell line HT29 to increasing doses of 5-fluorouracil and oxaliplatin. These cell lines
demonstrated marked enrichment of CD133+ and CD44+ cells. Phosphorylated and total
insulin-like growth factor receptor (IGF-IR) levels also were increased in the resistant cell
lines. Tumors derived from the chemoresistant cell lines subsequently exhibited significantly
greater growth inhibition than parental cells when exposed to an IGF-IR monoclonal antibody,
thereby demonstrating that IGF-IR activation provided for enhanced sensitivity of CRC stem
cells [58].

Other potential targets include specific targeting of symmetric stem cell division. Boman et al.
[59•] used computer modeling to demonstrate that symmetric stem cell division is responsible
for the exponential increase of clonal subpopulations in CRC development. They subsequently
hypothesized that symmetrically dividing CRC stem cells may provide an effective target of
therapy [40•]. Systemic therapies designed to effectively treat CRC stem cells, however, must
act to control or eliminate symmetric cancer stem cell division in tumors while minimally
affecting normal stem cell division in nontumor tissues. Therefore, until a clearer understanding
of symmetric cell division in tumor and nontumor tissue emerges, these therapies will remain
only potentially attractive.

Another attractive approach to CRC stem cell therapy likely involves targeting of disrupted
pathways key to stem cell self-renewal in CRC, such as Wnt, Hedgehog, Notch, and TGF-β.
Such an approach, however, requires specific identification and delineation of the molecular
pathways used by CRC stem cells and identification of agents that can either block the pathways
or propel CRC stem cells to differentiate, thereby enhancing their sensitivity to
chemotherapeutic agents. One such proposed agent is dietary Ca2+ supplementation. Dietary
loading with Ca2+ has been extensively shown to reduce colon cell proliferation, the extent of
the crypt’s proliferative zone, and colon carcinogenesis in humans and rodents [34]. Malignant
transformation of colon cells, however, leads to decreased sensitivity of these cells to Ca2+ and
disruption of their apoptotic mechanisms. In fact, Ca2+ supplementation is reported to stimulate
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colon cell proliferation in adenomatous polyps. This apparent antagonistic response likely is
mediated by disrupted Wnt signaling in colorectal tumors and demonstrates the tightly linked
and regulated process of colonic stem cell self-renewal, proliferation, and differentiation
[34]. However, targeting of Wnt-driven stem cell proliferation, along with dietary Ca2+ loading
to restrain APC and CaSR and promote adherens junctions, may prove an effective strategy
and highlights the necessity of novel combinations of therapy targeting the multifaceted nature
of CRC stem cells.

A final potential target is the stem cell niche. Several major pathways, including Wnt, Bone
Morphogenic, and Notch, also are key to maintaining the stem cell microenvironment [60].
The stem cell niche is essential to modulate the capacity of colonic stem cells to proliferate,
migrate, or invade. Therefore, strategies targeting the CRC stem cell niche also are an attractive
option and may prove effective as CRC therapy.

Conclusions
The identification of tumor-initiating CRC stem cells has had a significant effect on approaches
to CRC prevention and therapy. Novel therapeutics for CRC must now target CRC stem cells.
Likely approaches to CRC stem cell therapy include development of agents specifically
targeting functional biomarkers or molecules activated in marker-specific populations, agents
against disrupted signaling pathways in CRC stem cells, and agents targeting symmetric stem
cell division and the stem cell niche. There are many unanswered questions, however, about
CRC stem cells, and future research must focus on properly identifying these cells and
delineating disrupted pathways within them. The answers to these questions will provide the
basis for developing novel therapeutics for advanced and difficult-to-treat CRC.
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Figure 1.
The colorectal cancer (CRC) stem cell model. In the normal state, stem cells are located near
the base of the crypt. Inactive Wnt signaling and activated transforming growth factor (TGF)-
β signaling regulate cell growth and mitigate overactivation of cell cycle–related target genes.
In hereditary colon cancer syndromes such as familial adenomatous polyposis, the Wnt
signaling pathway is activated secondary to a functional abnormality in the adenomatous
polyposis coli (APC) protein. The defect in this protein permits β-catenin to translocate to the
nucleus to activate downstream transcription factors and growth-related targets. This likely
occurs in CRC stem cells, resulting in the generation of many “preneoplastic” colon polyps.
Disruption of TGF-β signaling via loss of β2-spectrin (β2SP), Smad4, or the type II receptor
(TBRII) synergistically promotes CRC tumorigenesis, likely in stem cells. gsk3β—glycogen
synthase kinase 3β; TBRI—type I receptor.
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