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Colorectal cancer is a leading cause of cancer-related deaths
world-wide. Despite the development of new anticancer agents,
there will be an estimated 150 000 new cases and 50 000 deaths
associated with this disease during the next year.(1) This is due, in
part, to the limitations of chemotherapy, resulting from drug resis-
tance and organ system toxicities. To overcome the inherent limi-
tations associated with standard chemotherapy techniques, the
development of novel drug targets is of utmost importance in
combating this disease. There is accumulating evidence that a
small fraction of cancer cells, referred to as cancer stem cells, may
play a critical role in the pathogenesis of this disease. In fact, the
identification of cancer stem cells can be accomplished based on
the expression of surface markers associated with a cancer stem-
like phenotype. This stem-like phenotype includes indefinite self-
replication, pluripotency, and most importantly, resistance to
chemotherapeutics. Therefore, understanding the properties of
cancer stem cells may ultimately lead to new therapeutic
approaches. Recently, several studies have shown that Notch
signaling is critical in maintaining cancer stem cell properties. This
review provides a summary of colonic crypt organization and
colon carcinogenesis with a focus on stem cells. Moreover, we
discuss novel therapeutic strategies that are under development
for targeting Notch signaling in cancer stem cells. (Cancer Sci 2011;
102: 1938–1942)
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Colonic crypt organization and the stem cell niche

The colon is comprised of histologically distinct layers, includ-
ing the mucosa, submucosa, muscle layer, and serosa. The inner-
most layer consists of a mucosa that includes the epithelium,
lamina propria, and a thin layer of muscle. The entire surface of
the colonic mucosa is comprised of a functional unit referred to
as the crypts of Lieberkühn, which contains approximately
2000–3000 cells.(2) The entire colon contains millions of self-
renewing crypts, and it has been estimated that over 6 · 1014

epithelial cells are produced during the lifetime of an individual.
Three terminally differentiated epithelial lineages are present

within the crypt: absorptive enterocytes; mucous-secreting gob-
let cells; and peptide hormone-secreting enteroendocrine cells.
Each of these epithelial lineages are derived from a pluripotent
stem cell located at the base of the crypt.(3) The colon stem cells
show unique properties as they remain in an undifferentiated
state. The stem cells have a long half-life, maintain the ability to
self-renew, and have the potential to generate all three differen-
tiated cells within the colonic crypt compartment. Stem cells
usually give rise to two daughter cells by asymmetric division to
maintain normal crypt size and homeostasis.(4,5) After division,
one cell remains at the bottom of the crypt as a stem cell (self-
renewal) and the other cell commits to a transient amplifying
cell for subsequent terminal differentiation (Fig. 1). Stem cells
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and transient amplifying cells occupy the lower portion of the
crypt. It is known that the Wnt, the bone morphogenetic protein,
and Notch signaling pathways, ephrin type B receptor tyrosine
kinases and their ligands, are involved in the regulation of stem
cell behavior, migration, and differentiation.(6) In particular,
Wnt signaling plays an important role in the maintenance of the
stem and proliferation cell compartment.(7) Consistent with
these reports, Sato et al.(8) reported that single stem cells of
small intestine can build crypt–villus structures in vitro with
Matrigel, but only in the presence of epithelial growth factor,
R-spondin 1 (Wnt agonist), and Noggin (bone morphogenetic
protein antagonist). These factors, which regulate stem cell
behavior, are provided by the stem cell niche that surrounds the
bottom of the crypt, under normal circumstances.(9,10) The peri-
cryptal myofibroblasts are considered a most important compo-
nent of the stem cell niche.(11) Furthermore, Sato et al.(12)

showed that the co-culture of small intestinal single stem cells
with Paneth cells improves crypt–villus structure formation
in vitro, and Paneth cells are expressing essential signals for
stem cell maintenance in culture. These results suggest that
Paneth cells, even epithelial cells, represent one component of
the stem cell niche, as well as myofibroblasts. However, as there
are no Paneth cells in the distal colon, it is unclear which cells
are playing the role of Paneth cells in the stem cell niche.

Identification of normal colon stem cell markers

During the past decade, considerable research effort has been
made to identify the colon stem cell.(6) Bromodeoxyuridine
labeling was initially used to identify stem cells within the
colon. This approach was based on the concept that stem cells
divide infrequently and retain their DNA label for a longer per-
iod of time than the more rapidly dividing progenitor cells.(13)

Recently, however, this method has been replaced by the identi-
fication of ‘‘stemness’’ markers that allow for the isolation of
stem cells by flow cytometry.

Musashi1 (Msi-1) was the first colon stem cell marker to be
identified.(14) It was initially reported that Msi-1 is an RNA-
binding protein that is indispensable for asymmetric cell divi-
sion of sensory organ precursor cells in Drosophila.(14) Msi-1
was also proposed to be required for asymmetric distribution of
intrinsic determinants in the developing mammalian nervous
system.(15) In 2003, Msi-1 positive cells were found in the
mouse small intestine(16) and in the human colon at the base of
the crypt compartment, between cell positions 1 and 10.(17)

Fujimoto et al.(18) reported that the integrin subunit b1
(CD29) was a candidate surface marker for the proliferative
zone of the human colonic crypt, which includes stem cells and
doi: 10.1111/j.1349-7006.2011.02049.x
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Fig. 1. Diagrammatic representation of the colonic crypt
compartment and the Notch signaling pathway. Within the
epithelium of the normal colonic mucosa, stem cells are located at the
base of the crypts. Following asymmetric division, the daughter cells
undergo differentiation and migrate upwards to give rise to transient
amplifying cells and terminally differentiated cells. Colonic stem cells
generate three types of differentiated cells: absorptive columnar cells;
hormone-producing enteroendocrine cells; and mucus-secreting
goblet cells. Pericryptal myofibroblasts surround the crypt base,
thought to comprise a stem cell ‘‘niche’’. These cells regulate
epithelial stem cell function by paracrine secretion of growth factors
and cytokines. Notch activation is observed within the proliferative
zone located within the lower region of the crypt. Krüppel-like factor
4 (KLF4) is expressed in the differentiated epithelial cells at the top
half of the crypt. Hes-1, the direct transcriptional target of Notch, is a
transcriptional repressor of KLF4, therefore, it is generally assumed
that KLF4 expression is restricted to differentiated cryptal cells.
progenitor cells. Recently, a leucin-rich repeat-containing G pro-
tein-coupled receptor 5 (Lgr5) was also identified as a potential
intestinal stem cell marker based on cell turnover and lineage
tracing analysis.(19) As reported by the Clevers laboratory,(20)

Lgr5 is an orphan G protein-coupled receptor of unknown func-
tion that is regulated by the Wnt signaling pathway. As men-
tioned above, single Lgr5-expressing stem cells can be cultured
to form long-lived, self-organizing crypt–villus organoids, even
in the absence of non-epithelial niche cells.(8) More recently,
doublecortin and CaM kinase-like-1 (DCAMKL-1), a microtu-
bule-associated kinase expressed in post-mitotic neurons, have
been proposed as putative colonic stem cell markers.(21)

DCAMKL-1 was found to be expressed in the same cells as
Msi-1, but its expression was more restricted. Interestingly,
DCAMKL-1 expression is restricted to quiescent cells within
columnar cells residing at the base of the crypt, and it is
expressed in mitotic cells only after irradiation.(21) Lgr5 is
expressed in rapidly cycling mitotic cells under basal conditions,
so DCAMKL-1 positive cells may be a subset of Lgr5-express-
ing stem cells.

Cancer stem cell theory

Tumors are comprised of a heterogeneous population of cells
that vary in their morphology, gene expression patterns, prolifer-
ative capacity, and tumorigenic potential. This heterogeneity
was originally explained by a stochastic model in which all
tumor cells share an equal ability to generate a tumor.(22) In this
model, the morphological heterogeneity of the tumor could be
explained by genetic instability of the tumor cells.

However, the cancer stem cell theory has provided a new per-
spective on tumor heterogeneity. This model proposes that only
a small fraction of cells within the tumor, the cancer stem cells,
possess cancer-initiating potential and the ability to sustain
tumor growth. Cancer stem cells are considered to have a capac-
ity for self-renewal and ability to give rise to progeny cells with
both tumorigenic and non-tumorigenic properties. Cancer cells
with stem-like properties were first observed in acute myeloid
leukemia(23) and later found in solid tumors.(24) Recently, the
presence of cancer stem cells within CRC was also reported.(25–27)

These cells were identified by the presence of several markers,
including CD133,(25,26) often associated with stem and progeni-
tor populations, as well as CD44 and EpCAM.(27)
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The existence of colon cancer stem cells was first reported in
2007.(25,26) O’Brien et al.(25) isolated CD133+ and CD133) cells
from both primary and metastatic human CRCs, and these cells
were injected under the renal capsule of NOD ⁄ SCID mice. The
CD133+ cells gave rise to rapidly growing tumors in this explant
model. The tumor cells retained their parental tumor morphol-
ogy even after serial transfer, whereas CD133) cells did not sup-
port tumor growth after transfer. In a related study from another
group, CD133+ cells were maintained for more than 1 year
in vitro as undifferentiated tumor spheres when maintained in
the presence of epidermal growth factor and fibroblast growth
factor.(26) However, the cells will undergo gradual differentia-
tion after withdrawal of these critical growth factors. During the
differentiation process, CD133+ cells lose their CD133 expres-
sion and their ability to form tumors in immunodeficient
mice.(26) Huang et al.(28) showed that ALDH1 positive cells iso-
lated from human colon cancer tissue based on its enzymatic
activity, formed tumors when transferred into NOD ⁄ SCID mice,
whereas ALDH1) cells did not form tumors. Furthermore, the
population of CD44+ ⁄ CD133+ ⁄ ALDH1+ cells increased
throughout the crypt compartment and was distributed further
up the length of the crypt axis during colon tumor progression.
Dalerba et al.(27) reported that CD44+ ⁄ CD133+ ⁄ EpCAMhigh

cells isolated from human CRC also establish a tumor that
shows an identical morphology in a similar xenograft model.
Interestingly, there was no growth of the CD44) ⁄ CD133) ⁄ Ep-
CAMlow tumor cells. However, in this report, they showed that
CD44 expression can also be found in CD133 negative cells.
Therefore, the combination of markers with CD44 might be
more restrict indication of cancer stem cells than CD133 alone.

Interestingly, as ALDH1 functions as a detoxification
enzyme,(29) its activity could potentially afford protection to
cancer stem cells from oxidative insult, allowing for their lon-
gevity and enhanced proliferative capacity. In fact, a recent
report showed a function for CD44 variant in the regulation of
reactive oxygen species defense and tumor growth in vivo.(30)

Thus, biomarkers for colon cancer stem cells are not just a
‘‘marker’’ but will also improve the understanding of the mech-
anism underlying tumorigenesis and drug resistance.

Cells of origin in colon cancer

Increasing evidence supports the existence of cancer stem cells,
but one of the most important questions within the field of cancer
biology is the origin of a tumorigenic cell. Presumably, this cell
population would sustain the initial mutation, self replicate, and
ultimately give rise to the neoplastic foci. Because of the uncer-
tainty in identifying these cells, the terms ‘‘cancer-initiating cell’’
or ‘‘tumor-initiating cell’’ are often used interchangeably with
‘‘cancer stem cell’’. The true definition of a cancer stem cell,
however, is based on its capacity for self-renewal and its ability to
give rise to the heterogeneous lineages of cancer cells that com-
prise a tumor. It is assumed that there are two possible ways for
generating the cell-of-origin of cancer. First, the accumulation of
genetic or epigenetic changes may render a normal tissue stem
cell cancerous. The second is that these changes may confer stem-
like abilities on a progenitor or differentiated cell. This might be
similar to the reprogramming of differentiated cells to induced
pluripotent stem cells by introduction of certain factors.(31)

On the basis of histology, there are two models for the devel-
opment of colon tumors. In the ‘‘top-down’’ model, mutant cells
appear within the intracryptal zone between the crypt open-
ings.(32) In fact, those dysplastic cells that show intense staining
for b-catenin are found only at the orifices at the lumenal surface
of the crypt. There are two possibilities that the ‘‘top-down’’
model provides to describe the development of a tumor. Mutant
cells at the surface of the mucosa may spread laterally and
downward to form new crypts, eventually replacing them.
Cancer Sci | November 2011 | vol. 102 | no. 11 | 1939
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Fig. 2. Krüppel-like factor 4 (KLF4) and b-catenin expression in
azoxymethane-induced tumor and normal adjacent mucosa. Double
staining for b-catenin (green) and KLF4 (red) using mouse colonic
tissue is indicated. In the normal adjacent mucosa, b-catenin is located
at the cell membrane. KLF4 is expressed within the epithelial cells at
the top half of the crypt (white arrowheads). In azoxymethane-
induced tumors, b-catenin is translocated into cytosol and KLF4
expression is decreased. T, tumor area (delineated by dotted line).
Alternatively, a cell derived from a mutated stem cell may
migrate to that area and expand with a second genetic hit that
activates its growth potential.

The other, perhaps more intuitive model, is the ‘‘bottom-up’’
model. This model is based on findings that the more frequent
lesion in familial adenomatous polyposis is the unicryptal or
monocryptal adenoma, where the dysplastic epithelial cells
occupy an entire single crypt.(33) It proposes that the malignant
transformation process takes place among the stem cell popula-
tion at the crypt base, then the transformed stem cell migrates to
the apex of the crypt where it expands. Recently, technological
progress to identify the specific set of genes expressed in stem
cells of the intestine has allowed the monitoring of the cell of
origin of adenomas. Barker et al. and Zhu et al.(34,35)made use
of a Cre-inducible activation of the Wnt pathway, with Cre
being expressed from either the endogenous Lgr5 or the CD133
locus of these stem cell marker genes. Both Lgr5- and CD133-
induced activation of the Wnt pathway leads to efficient tumor
formation in the small intestine of transgenic mice, respectively.
Importantly, they also show that tumor formation does not occur
when the activation of the Wnt pathway is induced in progenitor
or differentiated cells. A novel intestinal stem cell marker is
Bmi1.(36) Bmi1 is expressed in discrete cells located near the
bottom of crypts in the small intestine, predominantly four cells
above the base of the crypt. This cell population is shown to be
susceptible to tumorigenesis by deregulated Wnt signaling using
an Bmi1-Cre-ER knock-in system.(36) Based on the apparently
more rapid entry of Lgr5 positive cells into the proliferative
state, relative to Bmi1 positive cells, it is considered that these
two markers label different states of intestinal stem cells: a more
quiescent state (Bmi1), and a state more prone to enter prolifera-
tion (Lgr5). However, it is still unclear in colon as these results
suggest that only stem cells can be a cell of origin in cancer of
the small intestine. These reports also suggest that the stemness
as observed in ‘‘stem cells’’ as well as the ‘‘cancer stem cells’’
plays an important role in the tumorigenesis.

In cancer stem cells, the stem-like properties include indefi-
nite self-renewal, puluripotency and, importantly, resistance to
chemotherapeutic agents. Therefore, it is entirely plausible that
cancer stem cells, regardless of their cellular origin, may escape
standard chemotherapy, ultimately causing disease recurrence,
even after apparently complete remission. Thus, the selective
targeting of cancer stem cells with novel therapeutic agents has
become a rapidly emerging field of molecular oncology. Thus,
the Notch pathway has become one of the most intensively stud-
ied putative therapeutic targets in cancer stem cells.

Notch signaling in normal intestine

Notch signaling plays an important role in the determination of
cell fate. In recent years, this signaling pathway has been shown
to play a critical role in regulating the balance between cell pro-
liferation, differentiation, and apoptosis of cells in various tis-
sues.(37,38) In mammals, four Notch genes are expressed, each
of which encode a single-pass trans-membrane receptor
(Notch1–4). The interaction between Notch receptors and their
ligands (Jagged 1 and 2, and Delta-like 1, 3, and 4) results in
proteolytic cleavage of Notch by the c-secretase and other pro-
teases, which releases NICD from the plasma membrane and
initiates its subsequent translocation into the nucleus. After
nuclear translocation, NICD binds to, and forms a complex
with, one of three transcriptional regulators, referred to as CSL
(a collective name of CBP or RBP-Jj in vertebrates, Su (H) in
Drosophila, and Lag-1 in Caenorhabditis elegans), MAML-1,
and p300 ⁄ CBP.(39,40) These complexes activate the transcription
of the HES-1, -5, -7, HEY-1, -2, and HEYL genes encoding
basic helix–loop–helix ⁄ orange domain transcriptional repres-
sors.(39,40) Signal transduction from typical Notch ligands to
1940
the CSL–NICD–MAML-1 cascade is also known as the
‘‘canonical’’ Notch signaling pathway. It is reported that NICD
also interacts with p50 or c-Rel in the nucleus to enhance
nuclear factor (NF)-jB activity,(41) which is referred to as the
‘‘non-canonical’’ Notch signaling pathway. Notch signaling to
the NF-jB–NICD complex augments transcriptional activation
of NF-jB target genes, such as IFN-c.

In the colon, abundant expression of Notch 1 and Jagged 1
was observed in the proliferative zone located within the mid-
dle-third of the crypt,(42) whereas Notch 2 expression was
absent. Jagged 2 appeared to be more uniformly expressed
across the entire crypt. Notch signaling is essential for regulating
the differentiation, and maintaining, stem and progenitor cells.
The role of Notch signaling in the control of differentiation and
proliferation was recently confirmed using transgenic mice.
Depletion of Hes-1, the most abundant and direct target gene of
Notch signaling, was associated with a significant increase in the
secretory lineage of intestinal epithelial cells.(43) Conditional
gut-specific inactivation of CSL results in the complete loss of
proliferating crypt progenitor cells followed by their conversion
into post-mitotic goblet cells.(44) In reciprocal gain-of-function
studies, expression of NICD in the intestine inhibits differentia-
tion of crypt progenitor cells, resulting in a large increase in
undifferentiated transient amplifying cells.(45) These studies
indicate an essential role for Notch signaling as a gatekeeper of
the intestinal progenitor compartment.
doi: 10.1111/j.1349-7006.2011.02049.x
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Notch signaling in CRC

Under normal circumstances, Notch signaling clearly plays an
important role in the maintenance of the colon crypt compart-
ment. More recently, inappropriate activation of Notch signaling
has been associated with the pathogenesis of colon cancers. Sig-
nificant upregulation of Notch1(46) and Hes1(47) has been detected
in colon adenocarcinomas, but not in normal differentiated epi-
thelial cells. It was also reported that the activation of Notch sig-
naling is essential for the development of adenomas in ApcMin ⁄ +

mice(44) and self-renewal of tumor-initiating cells.(48) Impor-
tantly, Hes1 is known to suppress the expression of Krüppel-like
factor 4, a transcriptional repressor.(49) A zinc finger-containing
transcription factor, KLF4 is highly expressed in terminally dif-
ferentiated epithelial cells of the intestine (Fig. 1).(50,51) It is also
reported that overexpression of KLF4 inhibits colon cancer cell
proliferation(52,53) and haploinsufficiency of KLF4 promotes the
development of intestinal adenomas in ApcMin ⁄ + mice.(54)

Expression of KLF4 is reduced in colorectal neoplasia relative to
normal mucosa, including both adenomas and carcinomas.(55) We
have also recently examined KLF4 expression in colon tumors
and adjacent normal mucosa of AOM-treated mice. Consistent
with these earlier findings in the ApcMin ⁄ + model, we have
observed that KLF4 expression is restricted to the most differenti-
ated epithelial cells residing within the upper half of normal colo-
nic crypts that maintain normal membrane b-catenin staining. In
the AOM-induced tumor, b-catenin exists within the cytoplasm,
and KLF4 expression seems to be suppressed (Fig. 2). Thus,
Notch signaling does not always function as an oncogenic factor,
but may also play an important role in colon carcinogenesis.

Conclusion

This review has summarized our current understanding of the
colonic crypt structure and organization and provided an over-
view of colon carcinogenesis from the point of view of the
Miyamoto and Rosenberg
cancer stem cell. The studies summarized strongly suggest that
the stem-like properties of cancer stem cells could provide an
excellent druggable target for novel colon cancer therapies. For
example, one c-secretase inhibitor molecule, dibenzazepine,
which inhibits the cleavage of Notch, showed growth suppres-
sive effects on small intestinal tumors in ApcMin ⁄ + mice.(44)

Before Notch-based therapies can be more broadly developed,
however, additional studies must first focus on key issues such as
target cell specificity. This is of foremost importance because of
the overlapping features of normal stem cells and cancer stem
cells. Although this is obviously a challenging issue that must be
resolved, it is not insurmountable, and we believe that these
novel therapeutic approaches could ultimately provide treatment
strategies that may overcome resistance to chemotherapeutic
agents.

Acknowledgments

This work supported by National Institutes of Health Grant CA125691
(D.W. Rosenberg).

Disclosure Statement

The authors have no conflicts of interest.

Abbreviations

ALDH1 aldehyde dehydrogenase 1
AOM azoxymethane
Bmi1 B-cell-specific Moloney murine leukemia virus

integration site 1
CRC colorectal cancer
DCAMKL-1 doublecortin and CaM kinase-like-1
KLF4 Krüppel-like factor 4
Msi-1 Musashi1
NICD Notch intracellular domain
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