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The concept of cancer stem cells has generated signifi-
cant interests among cancer researchers. This has led to
proliferative number of publications on the subject in
the recent years and eventually controversies because of
conflicting data in the literature. As we try to find relevance
of the stem cell concept to various aspects of cancer
biology, we also discover individual differences that drive
the cancer stemness. Nevertheless, the concept of cancer
stem cell is likely to stay and is already making huge
impact as we develop novel diagnostics and therapeutics for
cancer.

In this special issue, we selected reviews on the unique
stem cell biology in breast cancer, head and neck cancer,
lung cancer, and brain malignancy and touched the topic of
therapeutic resistance as a consequence of cancer stem cells.
Individual research papers were also selected to demonstrate
the relevance of cancer stem cells to cancer metastasis and
apoptosis.

As we embrace the concept of cancer stem cells, it is
important to realize its limitations. We have learnt that
antiangiogenic drugs that attack tumor blood vessels, an
important aspect of cancer biology, have not been able to
cure cancer and may cause unique side effects in patients.
By the same token, toxicities are of concern when the stem
cells of normal tissues are injured by agents that target stem
cell pathways. With this issue, we aim to provoke discussion
and awareness of cancer stem cell biology, as some of research
findings are being translated and making their way to our
oncology practice.

Bo Lu
Shih-Hwa Chiou

Eric Deutsch
Aurelio Lorico
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Glioblastoma (WHO Grade IV) is both the most common primary brain tumor and the most malignant. Advances in the
understanding of the biology of the tumor are needed in order to obtain a clearer picture of the mechanisms driving these
tumors. To neuropathologists, glioblastoma is a tumor that represents a complex system of migrating pleomorphic tumor cells,
proliferating blood vessels, infiltrating inflammatory cells, and necrosis. This review will highlight how the glioma stem cell concept
brings these elements together into a collective whole, interacting with microenvironmental influences in complex ways. Borrowing
from chaos theory a vocabulary of “self organizing systems” and “complex adaptive systems” that seem useful in describing these
pathologic features, a new paradigm of glioblastoma biology will be proposed that genetic changes should be understood in a
three dimensional framework as they relate not only to the tumor cells themselves but also to the multicellular hierarchical unit,
not isolated from, but responsive to, its local milieu. In this way we will come to better appreciate the impact our therapeutic
interventions have on the regional phenotypic heterogeneity that exists within the tumor and the intercellular communications
directing adaptation and progression.

Glioblastoma (WHO Grade IV) is both the most common
primary brain tumor and the most malignant. Advances in
the understanding of the biology of the tumor are needed
in order to obtain a clearer picture of the mechanisms
driving these tumors. The advances obtained to date have
challenged those of us who work with glioblastoma on
a daily basis to keep opposing ideas in our minds. For
example, while glioblastoma is a uniform diagnostic category
of astrocytic tumors, the intertumoral and intratumoral
histologic heterogeneity within them reflects a chaotic
diversity of cell types and mesenchymal backgrounds. Also,
while molecular data indicate that these tumors have a
hypermutable genotype [1] and many different cytologic
repertoires [2, 3] available to them, recurrences often exhibit
histologic features similar to the primary tumors (personal
observation). What is driving the microenvironmental orga-
nization of necrosis and microvascular proliferation that
these tumors recapitulate so robustly as to represent the
key diagnostic features [4] of the tumor, however, is not
clear. The recent identification of malignant cells within

glioblastomas with stem-cell-like qualities provides insights
into these questions. Furthermore the recent advances in
chaos theory have provided a vocabulary of “self organizing
systems” and “complex adaptive systems” that seem useful
in describing these pathologic features. In order to better
understand where we are now, it is useful to review
some early conceptual issues related to grading malignant
astrocytomas.

In the 1920s, Bailey and Cushing proposed a cytoge-
netic paradigm of glioblastoma classification in which a
relationship between gliomas and undifferentiated cells in
glioblastomas was hypothesized [5]. This immediately fell
under attack as the embryologic systems had no equivalent
of a glioblast. Indeed, a major problem of the cytogenetic
system was that it classified glioblastomas as de novo tumors,
ignoring elements of intermediate differentiation and malig-
nant progression from lower grade tumors. Subsequently,
malignant progression was approached by Kernohan [6],
Ringertz [7], and Earle and colleagues [8] in a variety
of ways. The major problem inherent in the cytogenetic
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approach lay not only in its neglect of the nonglial features of
the tumors including angiogenesis, mesenchymal elements,
and even necrotic foci that have become landmarks of
grading the tumor [4, 9] but also they all emphasize a
linearity in progression from early tumor to later tumor
that are not found in nature. Rather, the appearance of
glioblastoma histology is one of explosive growth with
a rapid appearance of mesenchymal features not evident
in lower grade tumors. The recent description of glioma
cells with stem cell qualities and mesenchymal interactions
provides a nidus of organization around which accelerated
growth, therapeutic resistance, and mesenchymal prolifera-
tion appear to be centered. As such, the glioma stem cells
provide a potential unifying concept with which to better
understand the histologic appearances of these tumors.

The concept of a malignant cell with stem cell qualities
arose very early in the history of anatomic pathology as
Virchow, himself, noted the similarities between certain can-
cers and embryogenetic processes and ascribed the origins
of cancers to embryonic rests (for which proof resides in
certain pediatric brain tumors [10]). Subsequently, other
researchers found evidence to support the presence of a
rare cell in tumors capable of regenerating the tumors and
forming colonies in cell culture (reviewed in [11]). However,
the origin of these purported tumor stem cells is not at all
clear. In contrast to embryogenesis where the normal stem
cell has a known origin from primitive precursors, the tumor
stem cell origin from stem cells versus transient amplifying
cells derived from stem cells versus dedifferentiated mature
cells is far from being solved.

The possibility of brain tumor stem cells arose from the
concepts proposed in 1982 by ML Rosenblum and colleagues
who hypothesized inherent differences in the sensitivity
of clonogenic cells as an explanation for clinical drug
failure, tumor heterogeneity, and age-response relationships
[12]. This was followed by the demonstration of complex
heterogeneity in the human glioma cell line, D54, and eight-
derived clones by Wikstrand and colleagues establishing
the intrinsic biologic variation that seemed to underlie
the multiagent resistance of glioblastoma [13]. Singh and
colleagues in the Dirks laboratory [14], working on pediatric
brain tumors, were also struck by the heterogeneity of these
tumors with respect to proliferation and differentiation and
their similarity to human leukemia. In leukemias, tumor
clones exhibit hierarchical organization originating from
rare leukemic stem cells that possess extensive proliferative
and self-renewal potential and are responsible for maintain-
ing the tumor clone [15, 16]. Similar cells with stem-like
qualities were subsequently confirmed in the solid tumor
systems, glioma [17] and adenocarcinoma of the breast [18].
Singh and colleagues used the cell surface marker CD133
(prominin-1) to sort out a clonogenic population of cells
demonstrating stem-like features in medulloblastomas and
pilocytic astrocytomas with capabilities of self-renewal and
multilineage differentiation and declared these cells to be
brain tumor stem cells [14]. Several groups later confirmed
these findings in other brain tumors, including glioblastomas
[19, 20]), medulloblastomas [14, 21, 22], and low grade
gliomas [14], and ependymomas [23] also display functional

heterogeneity with a potential hierarchy of differentiation
like that noted in a stem cell system.

The tumor stem cell hypothesis adds to the conventional
cytogenetic theory in ways that are both complementary
and explanatory. The conventional approach hypothesizes a
probabilistic approach to clonal emergence within a tumor
mass whereby a “lucky” cell happens to exhibit those
properties necessary to survive, recur, or spread within its
microenvironmental setting. It implies that the “lucky” cells
are not necessarily similar in any way; chance places a cell
with the correct combination of abilities in the right place to
survive and progress. However, research into the glioma stem
cells described above has revealed attributes within a minor
population of tumor cells that have significantly altered our
thinking. These findings indicate that while the masses of
tumor cells are clonal and share a common cytogenesis, there
is a hierarchical growth pattern within the tumor with cells
capable of adaptive responses to the microenvironment in a
way that not only maintains the cellular heterogeneity of the
tumor but also uses this heterogeneity to manifest emergent
behaviors of tumor progression. These rare cells exhibit fea-
tures of a central organizer. The role of organizing and driv-
ing tumoral adaptation in glioblastomas occurs in a number
of ways, such as supporting growth, promoting heterogene-
ity, endowing therapeutic resistance, and remodeling the
mesenchymal and microvascular environment (Figure 1).

In 2006, Bao and colleagues [24], using the CD133
antibody, selected cells from glioblastoma biopsies that were
not only capable of forming tumorspheres in culture but also
demonstrated self-renewal and multilineage differentiation.
An immunohistochemical interrogation of these CD133+
cells further revealed the coexpression of a number of
markers commonly associated with benign stem cells includ-
ing SOX2, Musashi, and Nestin. The tumorspheres, when
transplanted into nude mouse intracranial models, were
capable of forming tumors recapitulating the glioblastoma
phenotype. In contrast, the CD133 negative (CD133−) cells
could neither form spheroids in normoxic conditions nor
form tumors when xenografted. However, when cocultured
with CD133+ cells, the CD133− cells formed tumors, the
xenograft implantation rate of which was dose dependent
upon the percentage of cocultured CD133+ cells. When
biopsies of glioblastomas were investigated, CD133+ cells
proved to be a minor population of cells varying from 1 to
3% of total tumor cell population; however, clinical studies
suggested that the percentage of CD133+ cells [25, 26] or rate
of tumorsphere formation [27, 28] predicted overall survival
of the patient (although contrary evidence also exists [29]).

In their initial paper, Bao and colleagues found that
CD133+ cells constitutively activated the DNA repair genes
CHK1 and CHK2 at much higher levels than CD133− cells,
and this expression mediated resistance to X-irradiation.
When the checkpoint response enzymes were specifically
inhibited, the CD133+ cells became as susceptible to radia-
tion as the CD133− cells [24].

The CD133+ cells were also found to exhibit features
indicative of an abrogation of programmed cell death
pathways. Programmed cell death is necessary for the
maintenance of a normal healthy cellular population and is
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Figure 1: The concept of a self-organizing system with emergent properties as related to glioblastoma.

frequently implicated in cell death due to chemotherapeutic
interventions. For survival, tumors must overcome natural
self-destruction signals generated by these internal and
external signals. In normal development, MYC drives the
undifferentiated states of developing progenitor cells by
combining with Max, a prodifferentiation agent. Gradually,
Mad proteins displace Myc from the MYC-Mad duplex
allowing the formation of Max-Mad complexes which elicit
differentiation inducing signals. However, recent studies
indicate that MYC proteins are overexpressed in glioma
stem cells and drive not only an undifferentiated state but
also trigger an antiapoptotic, prolife signaling cascade in
the cells [30–32]. A prominent upstream factor stabilizing
MYC complexes is the HIF2α pathway, an important pathway
related to hypoxia that is discussed in more detail below [33].

Another major regulator of cell survival in GSCs is tumor
necrosis factor alpha-induced protein 3 (TNFAIP3), or A20.
Hjelmeland [34] determined that A20 is overexpressed in
glioma stem cells relative to nonstem glioblastoma cells.
Elevated levels of A20 in glioma stem cells contribute to
apoptotic resistance via loss of susceptibility to TNFα-
induced cell death. A20 knockdown sensitized GSCs to

TNFα-mediated apoptosis as well as decreased GSC survival,
self-renewal, and tumor growth. These findings contrast to
lymphomas in which loss of A20 via mutations suggests that
A20 acts as a tumor suppressor. These data suggest that
A20 may function as a tumor enhancer in glioma through
promotion of glioma stem cell survival.

In like kind to benign neural stem cells [35], the
organizational significance of rare glioblastoma cells with
stem-cell-like qualities extends far beyond the confines of the
cell’s cytoplasmic borders. Rather, the major organizational
and adaptational impact of CD133+ cells lies in their
influence on the cells and mesenchymal elements about
them. Recent studies have revealed a potential amplifying
feedback mechanism to be extant between CD133+ and
CD133− cells involving the progrowth factor, Interleukin 6
(IL6). Recent studies by Wang and colleagues [36] indicate
that the CD133− cells express IL6 but express few, if any,
receptor components on their cell surface. However, the
CD133+ cells express the components of IL6 receptor, gp160
and IL6 receptor alpha, on their cell surface while making
less IL6 itself. The significance of IL6 lies in the fact that its
signals promote STAT3 activation in GBM cells in vitro, and
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targeting of either STAT3 or IL6 decreases GBM cell survival
[37–40] and appears to promote invasion [41]. Additional
reports also link STAT3 to stem cell biology as STAT3 is
required to maintain the propagation and pluripotency of
normal embryonic stem cells, neural stem cells [42–44],
and glioblastoma stem cells [40, 45]. Also STAT3 has been
linked to mesenchymal differentiation in glioblastoma cells,
a phenotype of clinical aggressiveness and poor survival [46].
Furthermore, clinically IL6 is important as the quantitative
load of IL6 and its receptors also correlate inversely with
patient survival [47].

The extra-cellular influence of CD133+ cells is also
manifest on the stromal cells about them. Histologically,
brain tumor stem cells seem to prefer a perivascular niche
[48–50], a location that recapitulates the normal neural stem
cells and the vasculature of the developing central nervous
system [35, 51]. Glioma stem cells have been shown to
mediate vascular proliferation in glioblastomas via Vascular
Endothelial Growth Factor (VEGF). VEGF is chemically
activated via the Hypoxia Inducible Factor (HIF) pathway.
In glioblastomas, HIF1α is found in all malignant cells, while
HIF2α expression is unique to glioma stem cells. Under mild
hypoxic conditions, HIF2α is stabilized preferentially while
HIF is not present, leaving HIF2α as the active primary
signaling agent driving the downstream expression of VEGF.
However, the hierarchical interplay between glioma stem
cells and vessels is not for nutritional needs alone as the
glioma stem cells have also been found to express the laminin
receptor, integrin α6.

This integrin is a key receptor for laminins found in
the extracellular matrix (ECM) of vessels. Integrin α6 is
produced in the glioma stem cells and is found to mediate
growth and maintenance of glioma stem cells by knockdown
studies. This is significant in that the extracellular matrix
surrounding normal neural stem cells is known to provide
both structural and instructive cues [52] within the CNS.
Several reports have suggested that ECM structures originat-
ing from blood vessels in the adult neural stem cell germinal
zones are critical in preserving their maintenance through
serving as a reservoir for growth factors [53]. Thus, the
potentiality of a perivascular niche rich in oncogenic signals
further highlights the interplay at work among glioma stem
cells, malignant nonstem glioma cells, and the mesenchymal
elements earlier appreciated by Rubinstein and other pathol-
ogists. Indeed, the findings strengthen the declaration that
tumors are aberrant organ systems that display a complex
organizational interplay among neoplastic cells, recruited
vascular, inflammatory, and stromal elements [54].

The perivascular niche is also important to stem cell
physiology. Oxygen tension is tightly regulated in normal
development with low oxygen tension associated with
maintenance of an undifferentiated state. Hypoxia promotes
the self-renewal of embryonic stem cells and prevents the
differentiation of neural stem cells in vivo [55–57]. Hypoxia
is also likely to be a functional component of a normal stem
cell niche as well. Hematopoietic stem cells are maintained
in bone marrow within hypoxic niches [58]. In regards
to this, hypoxia has been shown to increase expression
of stem cell markers in neuroblastomas, erythroleukemia,

and cell lines [59–61]. These findings suggested to Li
and colleagues [62] that the hypoxic environment of a
glioblastoma may promote stem cell survival. Indeed, they
found that targeting HIFs in glioma stem cells inhibited self-
renewal, proliferation, and survival in vitro and attenuated
tumor initiation potential of these cells in vivo. They found,
as well, that HIF2α expression correlated with poor patient
survival. Heddleston and colleagues [33] followed with data
indicating that hypoxia promoted the self-renewal capability
of the stem and nonstem population as well as promoted a
more stem-like phenotype in the nonstem population. This
was corroborated by increased tumorsphere formation as
well as upregulation of important stem cell factors, such
as OCT4, NANOG, and MYC. The importance of HIF2α
was also supported via experiments demonstrating that
forced expression of nondegradable HIF2α induced a cancer
stem cell phenotype as well as augmented the tumorigenic
potential of the nonstem population. Furthermore, HIF2α
is known to mediate changes associated with clinically
aggressive behavior including dissemination as well as angio-
genesis. This susceptibility of the nonstem glioma population
to transition to a stem-like phenotype emphasizes the
importance of microenvironmental influences on the tumor
and the remarkable capacity within glioma cells to adapt to
hypoxia.

The multiple potentialities of a subpopulation of gli-
oblastoma cells for self-maintenance, multilineage differen-
tiation, and self-renewal identify them as having stem cell
like qualities. However, the complex interactions among
stem cells, nonstem cells, and mesenchymal cells mediate
the cytologic heterogeneity well recognized by neuropathol-
ogists for decades. The presence of cells with embryonal
features further lends support to these features identified
by the earliest neuropathologists. The presence of vascular
proliferation as a required component for grading tumors
marks astrocytoma as the only tumor system in which the
vascular component is a requisite feature for characterizing
prognosis. Details identified by glioma stem cell researchers
have characterized a more complex interaction than was
previously appreciated.

Modern research makes clear that glioblastomas do not
behave as an organic whole; geographic heterogeneity arises
as the tumor regionally adapts to the microenvironment
the individual cell clusters find themselves in (Figure 2). For
example, recent studies have indicated that antiangiogenic
therapy results in short-term tumor burden control but
does not affect overall survival. Rather, escape mechanisms
include some tumors responding with migration, producing
the gliomatosis cerebri state (19567589) or responding with
increases in basic Fibroblast Growth Factor (bFGF), Stro-
mal cell-derived factor 1α (SDF1α), and viable circulating
endothelial cells (CECs) [63]. In this regard, the tumor
behaves as a complex adaptive system [64] exhibiting emer-
gent behavior. While the main body of tumor is relatively
homogeneous with respect to genotype (driving genetic
mutations) [65], it is heterogeneous with respect to pheno-
typic diversity; the offspring of glioma cells not only diverge
and differentiate cytologically, but the stem-cell offspring are
also driven to seek viable options. Furthermore, evidence
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Figure 2: Microhomogeneity of a glioblastoma. (a) H&E stained
section demonstrating two distinct cell morphologies with a nodule
of large cells in the lower center surrounded by small cells in
the upper portions of the photograph. (b) MIB-1 immunohis-
tochemistry demonstrates the nodule of large cells in the lower
center to have a low proliferation index relative to the small cells.
(c) Neurofilament protein immunohistochemistry shows axons
coursing through the small cells in the upper left region of the
tumor (asterisk) with loss of axons in the upper right (arrowhead)
and in the nodule of large cells (arrow).

suggests that remnant clones of earlier stages remain as
reserve cells, capable of generating tumoral renewal. Adapta-
tional forces resulting from microenvironmental influences
of hypoxia, vascularity, acidic stress, starvation, exogenous
growth factors, and altered responses to endogenous growth
factors as well as exogenous factors including therapeutic
interventions seem to be dealt with in an ecological fashion
as the offspring occupy niches.

But is the ecological model the correct model to use?
How de novo tumors arise is not known. Our understanding
of cancer suggests that de novo tumors arise in the same
way as progressive tumors, just that the de novo tumor
arises more rapidly. However, it is not clear how the many

genetic mutations arise in the de novo tumors and how
the tumors arise without passing through slower growing
intermediate stages. In these situations of explosive growth,
the whole manifests itself in a total that is greater than the
sum of its parts. In other words, is ecological succession
necessarily at play in these tumors or do the tumor cells
escape true ecological selection via unknown, nonlinear
mechanisms through which emergent glioblastoma behavior
is manifest? In nonlinear systems, the end is exquisitely
sensitive to initial conditions; subtle changes in starting
conditions result in profoundly variable results. If this reflects
reality in glioblastoma, what roles do the glioma stem cells
play as tumor initiating cells?

In this regard, as anticipated by Ignatova and colleagues
[17], the tumor cells have a limited repertoire of responses,
limited by their overall driving genetic mutations [65] and
altered epigenetic responses. However, within any cluster of
cells (viewed here as a self organizing system), information
flows between cells may be being nurtured by only a few
glioma stem cells within their tumor-mesenchymal niche. In
this system, the organotypic cell clusters are being guided not
only by their own individually altered response repertoire to
biological effectors (stimuli) but also by inanimate microen-
vironmental conditions (cues) such as access to nutrition,
barriers to spread, and space to proliferate. The information
supplied by the cues is subtle and can be overlooked making
certain emergent properties appear to arise from mysterious
origins [66]. Thus the cytotypic maps drawn by Burger and
Kleihues [2] in which there is marked cytologic heterogene-
ity within the tumor, but relatively monotonous cellular
profiles regionally, seem accessible via an understanding of
microregional adaptation to both stimuli and cues. Here,
we see necrosis as a reflection of failed adaptation and
angiogenesis and migration as viable ones, albeit in a limited,
host destructive sense. Although Darwinism may appear as
the correct model, malignant progression and concomitant
increased growth rates are only short-term positives as
cells adapt to their micro-environments. Darwinism, strictly
applied, is based on many generations of the host-agent
interaction and is not the proper model.

In 2000, Hanahan and Weinberg [67] proposed six key
requisites of a malignant cell: “self-sufficiency in growth
signals, insensitivity to growth-inhibitory signals, evasion
of programmed cell death, limitless replicative potential,
sustained angiogenesis, and tissue invasion and metastasis.”
The tumor stem cell concept addresses the majority of these
requisites in surprisingly, but biologically economical, ways.
They also hypothesized, with little more than histologic
evidence to guide them, that “apparently normal bystanders
such as fibroblasts and endothelial cells must play key
roles in driving tumor cell proliferation.” Again, the tumor
stem cell concept has directly revealed mechanisms whereby
these observations are supported. The findings noted above
related to glioma stem cells active in their niche provide a
conceptual lens through which these cell to cell and cell to
stroma information signals come into focus. There are many
implications for present and future research.

Many recent experiments have strived to correlate
cytologic structure and expression phenotypes with
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biological function. However, the histologic studies have
been done on formalin-fixed, paraffin embedded tissues
taken from regions, by definition, microscopically removed
from the frozen section blocks from which the DNA and
RNA were extracted. The data derived from glioma stem
cell studies indicate that regional expression will be variable
and dependent upon the micro-environment. Grinding
up tissue from which to extract DNA and RNA will only
provide an average answer related to the size of the tissue
studied but will serve as a starting point. As data are collected
from tumors relatively homogeneous with one histologic
type, hypotheses can be generated to be answered by more
precise methods. To address such concerns new techniques
in microdissection, cell culture, and microenvironmental
manipulation in xenografts will have to be developed in
order to better understand the rich, organic interactions
among glioma stem cells and their cellular and mesenchymal
constituents.

To neuropathologists, glioblastoma has long been a
tumor that represented a complex system of migrating pleo-
morphic tumor cells, proliferating blood vessels, infiltrating
inflammatory cells, and necrosis. Now, the glioma stem
cell concept brings these elements together into a collective
whole interacting with microenvironmental influences in
complex ways. The new paradigm of glioblastoma biology
will be that genetic changes should be understood in a
three-dimensional framework as they relate not only to
the tumor cells themselves but also to the multicellular
hierarchical unit, not isolated from, but responsive to, its
local milieu. In this way we will come to better appreciate the
impact our therapeutic interventions have on the regional
phenotypic heterogeneity that exists within the tumor and
the intercellular communications directing adaptation and
progression.
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Accumulating evidence suggests that self-renewal and differentiation capabilities reside only in a subpopulation of tumor cells,
termed cancer stem cells (CSCs), whereas the remaining tumor cell population lacks the ability to initiate tumor development or
support continued tumor growth. In head and neck squamous cell carcinoma (HNSCC), as with other malignancies, cancer stem
cells have been increasingly shown to have an integral role in tumor initiation, disease progression, metastasis and treatment
resistance. In this paper we summarize the current knowledge of the role of CSCs in HNSCC and discuss the therapeutic
implications and future directions of this field.

1. Introduction

Head and neck squamous cell carcinoma (HNSCC) ranks
sixth worldwide for cancer-related mortality, with an esti-
mated 500 000 new cases diagnosed yearly [1]. For the past
several decades the mainstay of treatment for HNSCC has
been surgery and external beam radiation. More recent
clinical trials have demonstrated the benefit of combining
chemotherapy and radiation for advanced stage disease,
leading to modest improvements in treatment outcomes
[1–5]. Despite this recent improvement, the increase in
overall survival has been nominal and cancer recurrence
and treatment failures continue to occur in a significant
percentage of patients. The biology underpinning why some
tumors respond favorably to treatment and others do not is
largely unknown.

Over the last 15 years, advances in tumor biology have
led to the discovery that many cancers, including HNSCC,
appear to be supported by cells with stem-like properties.
Studies in a wide variety of malignancies have demonstrated
that only a distinct subpopulation of tumor cells, termed
cancer stem cells (CSCs), contain the ability to undergo

self-renewal and differentiation (properties of normal stem
cells) and hence have the ability to initiate tumorigenesis
and support ongoing tumor growth. Furthermore, it appears
that, like their normal stem cell counterparts, CSCs have
increased resistance to standard cytotoxic therapies. These
findings have coalesced into the cancer stem cell theory of
tumorigenesis, which has remarkable implications on our
understanding of tumor initiation, disease progression, and
treatment response. Here we review the basics of the cancer
stem cell theory as it applies to HNSCC.

2. Emergence of the Cancer Stem Cell Theory

The cellular and molecular requirements for initiation of
tumorigenesis are a series of mutations resulting in the
acquisition of replication and growth-factor independence,
resistance to growth-inhibitory signals, tissue invasion, and
metastasis [6]. The mechanisms underlying these mutations
have been extensively interrogated; however a unifying
“model of tumorigenesis” remains to be completely elu-
cidated. Tumors have long been recognized to consist of
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Figure 1: CSC Theory. (a) Origin of CSC. CSC may originate
from endogenous stem cells (SC) or reprogramming of the transit
amplifying (TA) or differentiated (Diff) cell population. (b) The
CSC theory proposes a tumor cell hierarchy with the CSC at the
apex. Only CSCs are able to give rise to new tumors and provide
support for ongoing tumor growth (Green: CSC, Red: Transit
amplifying population, Pink: differentiated cell population).

a heterogeneous population of cells differing in proliferative
capacity, histologic and immunophenotypic appearance,
and tumorigenic potential. Traditionally, this heterogeneity
has been hypothesized to be the result of the stochastic
accumulation of numerous and varied individual mutations
and microenvironmental signals that provide a selective
advantage to certain tumor cells. Over the last several years
however, a new hypothesis has emerged suggesting that
tumor heterogeneity is supported by a stem cell hierarchy.
The cancer stem cell hypothesis postulates that tumor het-
erogeneity with regards to initiation, progression, response
to therapy, and metastasis is the result of mutations which
either render a normal somatic tissue stem cell cancerous,
or cause a cancer cell to become stem cell-like [7]. This
mutated CSC is then capable of giving rise both to additional
CSCs and to a variety of more differentiated and functionally
divergent cancer cells, much like a normal somatic tissue
stem cell. Unlike in the traditional stochastic tumorigenesis
model, the CSC model proposes that tumorigenicity resides
in only a small subpopulation of cancer cells and that these
cells, rather than the bulk of the tumor, are responsible for
tumor initiation and growth (Figure 1).

As with normal somatic stem cells, CSCs are defined by
their ability to self-renew and to give rise to a heterogeneous
population of tumor cells. This population of tumor cells
consists of rapidly dividing cells (similar to the transient
amplifying (TA) cell population in normal tissue) as well
as additional CSCs and more differentiated tumor cells.
In addition to their replicative capacity, CSCs, like their
somatic counterparts, are also more resistant to the effects
of cytotoxic chemotherapies and radiation damage [8–
16]. Defining this stem cell hierarchy and the complex

relationship between these cell populations has critical
implications, not only for the understanding of the biology
of tumor initiation and progression, but also for prognosis
and treatment.

CSCs were first experimentally defined in hematopoietic
malignancies by John Dick and colleagues in 1994 [17].
Transplantation of a defined subpopulation of human
acute myeloid leukemia (AML) cells (CD34hi CD38low) into
immunodeficient mice was not only able to recapitulate AML
but it was phenotypically and pathologically similar to the
patient’s original leukemia. In contrast, the remaining cell
populations (CD34low and CD34hi CD38hi) failed to give rise
to new leukemia cells.

In the 15 years since the identification of the leukemic
stem cell, a number of investigators have identified CSCs in
solid malignancies. In 2003, Michael Clarke and colleagues
were the first to identify a CSC population in a solid tumor.
A subpopulation of CD44hi CD24low breast cancer cells were
able to recapitulate phenotypically heterogeneous breast
cancers at very low limiting dilutions in mouse xenograft
experiments [18]. Since then a number of other groups have
defined CSC populations in other epithelial malignancies
including colorectal, prostate, lung, brain, and HNSCC [19–
23]. The identification of the cell population responsible
for initiating tumorigenesis has significant implications for
the prognosis and treatment of cancer. At present, cytotoxic
chemotherapies target the rapidly cycling cells of the tumor
and result in impressive reduction in tumor size, but leave the
largely chemotherapy-resistant CSCs untouched [10, 15, 24–
26]. Additionally, both in vitro assays and in vivo monitoring
for effectiveness of new experimental cancer therapies are
based on reduction in cell number or tumor size. It is
therefore theoretically possible that therapies which result
in tumor cell death, as currently assayed, will not have any
significant effect on the CSC and will therefore not result
in long-term disease control or eradication. The ability of
the CSC to produce phenotypically diverse tumor cells may
also contribute to increased metastatic potential with new
mutations selecting for migratory and invasive properties of
the tumor.

3. Endogenous Head and Neck Stem Cells and
the Origin of Cancer Stem Cells

The origin of the cancer-initiating cell has long been
presumed to be the normal endogenous tissue stem cell.
This is based upon their similar behaviors and the notion
that only accumulated mutations within a long-lived cell
could ultimately result in tumorigenesis. In colorectal cancer
there is a strong correlation between induced loss of
the Wnt signaling molecule APC in a putative stem cell
population and the formation of benign intestinal polyps
[27], providing evidence that intestinal cancers can arise
from a progenitor population. However, it is possible that
accumulation of genetic mutations within a differentiated or
progenitor cell can allow expression of stem cell behavior,
and that this may provide an alternative source of CSCs. For
example, oncogene expression driven from myeloid-specific
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Figure 2: CSC Identification. (a) Tumor sphere formation by CSCs.
Differentiated tumor cells (pink) are unable to give rise to new
clonally derived tumor spheres, whereas CSCs (green) give rise
to new tumor spheres, (b) Tumor subpopulations are identified
through differing mechanisms, including cell surface markers,
aldehyde dehydrogenase activity, side population and are isolated
with fluorescence-activated cell sorting (FACS). Xenotransplanta-
tion assays in immunocompromised mice demonstrate tumori-
genic, self-renewing and differentiation properties of putative CSC
population.

promoters resulted in generation of mouse models of human
leukemias [28, 29]. Despite focused examination, the origin
of the CSC remains controversial.

With the primary focus on identifying CSC markers
in HNSCC, little is known about the identity or the
location of the normal endogenous stem cell or the stem
cell microenvironment. Several studies have examined the
putative HNSCC CSC marker CD44 in normal head and
neck epithelia with differing conclusions. In one study,
isolated CD44hi normal oral keratinocytes were shown to
exhibit a G2-block associated with apoptosis resistance, a
potential stem cell feature [30], suggesting that CD44 is
likely expressed in normal head and neck epithelial stem
cells. However, a subsequent study demonstrated that 60%–
95% of the normal epithelia express CD44 (or 60%–80%
the splice variant CD44 v6), far too many cells to be
considered tissue stem cells. While CD44 populations may
indeed harbor a subpopulation encompassing stem cells,
by itself it does not appear to be an adequate stem cell
marker for normal oral mucosa [31]. The head and neck stem
cell identity and niche is clearly underexplored, however,
key insights from the skin [32, 33], airway mucosa [34]
and esophagus [35] may guide future investigations into
elucidation of this stem cell population.

4. Cancer Stem Cell Identification

Methods for the identification of CSCs in solid malignancies
mirror those strategies employed to differentiate normal
stem cells from their differentiated progeny. These include
the efflux of vital dyes by multidrug transporters, the
enzymatic activity of aldehyde dehydrogenase, colony and
sphere-forming assays utilizing specific culture conditions
and the most widely used method—the expression of specific
cell surface antigens known to enrich for stem cells. Once
the subpopulation of tumor cells has been identified and

isolated, functional characterization through quantitative
xenotransplantation assays, the gold-standard for identifica-
tion of CSCs, are used to assess the tumorigenicity and self-
renewing potential of the putative CSC population in vivo
(Figure 2).

4.1. Surface Antigens. By far the most common method of
identifying CSCs has relied on the expression of specific cell-
surface antigens that enrich for cells with CSC properties.
Many of these antigens were initially targeted because of
their known expression on endogenous stem cells. While a
multitude of studies have identified CSC markers across a
variety of solid malignancies, relatively few of these markers
have been studied in HNSCC.

4.1.1. CD133. A pentaspan transmembrane glycoprotein
localized on cell membrane protrusions [36, 37], is a putative
CSC marker for a number of epithelial malignancies includ-
ing brain, prostate, colorectal, and lung [38, 39]. In HNSCC
cell lines, CD133hi cells display increased clonogenicity,
tumor sphere formation and tumorigenicity in xenograft
models when compared to their CD133low counterparts [26,
40, 41]. While CD133 expression has been noted in primary
human HNSCC tumors, quantitative xenotransplantation
assays utilizing CD133+hi cells from fresh tumors has yet
to be performed. Given the artificial environment of cell
culture, these findings will need to be substantiated using
primary tumor samples before any definitive conclusions can
be made about the usefulness of CD133 as a CSC marker in
HNSCC.

4.1.2. CD44. One of the most well-recognized CSC markers,
is a large cell surface glycoprotein that is involved in
cell adhesion and migration. It is a known receptor for
hyaluronic acid and interacts with other ligands such as
matrix metalloproteases [42, 43]. Initially identified as a solid
malignancy CSC marker in breast cancer [18], Prince et al.
demonstrated that CD44 expression could also be used to
isolate a tumor subpopulation with increased tumorigenicity
in HNSCC [23]. In their study they were able to show that as
few as 5,000 CD44hi HNSCC cells could form a tumor when
transplanted into the flank of immunocompromised mice,
whereas higher concentrations of CD44low cells failed to form
tumors. Additionally, these tumors recapitulated the original
tumor’s cellular heterogeneity and could be serially passaged,
characteristics that define CSCs.

Although CD44 expression enriches for cells with CSC
properties, the relatively high number of cells required for
tumor formation as compared with known CSC populations
from other epithelial malignancies raises questions about
whether CD44 expression alone is sufficient for isolation of
a pure CSC population. For instance, in breast cancer, as few
as 100 CSCs injected into the mammary fat pads of immuno-
compromised mice generated tumors [18]. It is important to
note that in the Prince study, two-thirds of HNSCC samples
were initially passaged through immunocompromised mice
to generate a sufficient number of tumor cells for cell
sorting, which has the potential for altering native CSC
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expression patterns. Using primary human tumor samples
as well as utilizing a more natural host microenvironment
through an orthotopic xenograft model [44] might reduce
the number of cells needed to generate tumors. However, it
is likely that expression of multiple cell surface markers or
the combination of marker expression with functional assays
will be needed to further enrich the CSC population.

4.2. Aldehyde Dehydrogenase Activity. Aldehyde dehydroge-
nase (ALDH) is an intracellular enzyme normally present
in the liver. Its known functions include the conversion of
retinol to retinoic acids and the oxidation of toxic aldehyde
metabolites, like those formed during alcohol metabolism
and with certain chemotherapeutics such as cyclophos-
phamide and cisplatin [45–47]. ALDH activity is known to
enrich hematopoetic stem/progenitor cells [48] and more
recently has been shown to enrich cells with increased stem-
like properties in solid malignancies [49–52]. Chen et al.
showed that ALDH activity correlated with disease staging in
HNSCC and that higher enzymatic activity correlated with
expression of epithelial-to-mesenchymal transition (EMT)
genes as well as enriching cells with CSC properties [53].
In addition, ALDH activity appears to enrich for CSCs in
HNSCC to a higher degree than that currently provided
by cell sorting based on surface antigen expression. Clay
et al. demonstrated that as few as 500 ALDHhi cancer cells
could give rise to new HNSCC tumors when transplanted
into immunocompromised mice, tenfold fewer cells than
isolation by CD44 positivity. Most of the ALDHhi cells were
also CD44high, suggesting that ALDH activity defines a subset
of HNSCC CD44high cells with increased tumorigenicity
[54].

4.3. Side Population. Hoechst 33342 is a fluorescent DNA-
binding dye that preferentially binds to A-T rich regions. It is
actively pumped out of cells by members of the ATP-binding
cassette (ABC) transporter superfamily. Once stained with
Hoechst dye, cells can be sorted by fluorescent-activated cell
sorting (FACS) based upon the activity level of these mul-
tidrug transporters. Originally noted to enrich bone marrow
for long-term hematopoetic stem cells [55], this method
has also been used to identify cells within solid tumors
with increased tumorigenicity [21, 56, 57]. Side population
(SP) cells from oral squamous cell carcinoma have been
shown to have increased clonogenicity and tumorigenicity in
xenotransplantation assays [25, 58]. Furthermore, HNSCC
SP cells displayed higher expression of known stem cell
related genes—Oct4, CK19, BMI-1 and CD44—and lower
expression of involucrin and CK13, genes associated with a
differentiated status [58].

4.4. Tumor Sphere Formation. Under serum-free culture
conditions CSCs can be maintained in an undifferentiated
state, and when driven toward proliferation by the addition
of growth factors, form clonally derived aggregates of cells
termed tumor spheres [22]. The ability of CSCs—but not
the remaining tumor bulk—to form tumor spheres has been
used extensively in neural tumors to identify populations

enriched for CSCs. In HNSCC, these spheres have been
shown to be enriched for stem markers, including CD44hi

[59], Oct-4, Nanog, Nestin, and CD133hi [26, 60], as well as
exhibiting increased tumorigenicity in orthotopic xenografts
[60].

5. Cancer Stem Cells and Disease Progression

While there exists significant data defining the presence of
CSCs within a variety of tumor types and many aspects of
the cell and molecular biology of CSC have been elucidated,
the manner in which this unique cell population influences
clinical disease progression remains unclear. Given that
metastases can be formed from implantation of a single
tumor cell [61], it seems likely that CSCs, as the progenitor
of all tumor cell types, would be responsible for metastatic
spread. Central to the CSC hypothesis is the presence of
a unique stem cell “niche” or environment necessary to
support the growth of stem cells [62]. It has been shown that
a premetastatic niche is established by the attraction of bone
marrow derived cells to the future site of metastases by the
secretion of factors from cancer cells and that blocking the
creation of this premetastatic niche prevents metastases [63].
What these secreted factors are and whether they are secreted
by CSCs or one of their progeny remains an open question;
however, creation of this niche, possibly for the arrival of
CSCs to form a metastasis, appears to be a crucial step in
metastatic spread.

The strongest evidence that CSCs are responsible for
metastases comes not in HNSCC but in colorectal cancer.
In this tumor, a unique CSC population that is CD26hi

appears to be tightly linked with metastases [64]. Not only
are CD26hi cells found in both primary and metastatic
tumors, but the presence of CD26hi cells in the primary
tumor predicted future development of metastases. In a
mouse xenograft study, CD26hi CSCs implanted into the
cecal wall of a nude mouse formed a tumor in the colon
as well as liver metastases, while CD26low CSCs formed a
tumor at the site of implantation without developing liver
metastases. Similarly, injection of CD26hi CSCs into the
portal vein led to liver metastases, while similar injection of
CD26low CSCs did not. Thus, these CD26hi CSCs appear to
be the cells responsible for metastatic spread in this tumor
population.

Another stem cell marker, CD44, has also been impli-
cated in metastatic spread and disease progression in
HNSCC, although the CD44 story is more complex. Recently,
three different isoforms, CD44 v3, v6, and v10, have been
shown to be associated with progression and metastasis of
HNSCC [65]. Increased CD44 v3 expression in primary
tumors was associated with lymph node metastasis, while
CD44 v10 expression was associated with distant metastasis
and CD44 v6 expression was associated with perineural
spread. In cell culture, blockade of these CD44 isoforms with
isoform-specific antibodies inhibited cellular proliferation,
with the greatest inhibition seen with blockade of CD44
v6. Finally, increased expression of CD44 v6 and v10 was
associated with shortened disease-free survival. These studies
suggest that alteration in CSC phenotype through variation
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Figure 3: CSC Theory and Treatment Response. (a) Current
chemotherapy and radiation treatment regimens with broad
cytotoxic effects kill the bulk of differentiated tumor cells with
preferential sparring of resistant CSCs, giving apparent volumetric
reduction of tumor but subsequent recurrence. (b) Targeted therapy
preferentially kills CSC leaving nonrenewing cells with eventual
tumor death.

in CD44 isoform expression may alter the interaction of
CSCs with the surrounding microenvironment. This may
allow CSCs to more readily invade surrounding tissues or
metastasize, thereby promoting disease progression.

6. Cancer Stem Cells and Treatment Response

Aside from providing a model of disease progression and
metastasis, CSCs have important implications regarding
cancer treatment. While current chemotherapy and radia-
tion treatment for HNSCC are focused on indiscriminate
cytoreduction, the CSC hypothesis suggests that only by
eliminating CSCs can cancer be treated effectively (Figure 3).
However, there is substantial evidence that CSCs have
inherent drug and radiation resistance, rendering most
conventional therapies ineffective and explaining tumor
recurrence despite significant reductions in tumor volume.
By definition, stem cells must divide frequently and thus have
highly stringent mechanisms to prevent and rapidly correct
DNA damage. In the case of CSCs, there is evidence that these
enhanced DNA protection and damage repair pathways lead
to significant resistance to radiation and chemotherapy.

The presence of a CSC population has thus far been
implicated in radioresistance of multiple tumor types. For
example, glioblastoma tumors that recur after radiation
have been found to be enriched in CD133hi CSCs [9].
Furthermore, this radioresistance of CD133hi CSCs appears
to be mediated through enhanced repair of DNA damage
via the Chk1 and Chk2 kinases [9] and through enhanced
cell longevity via the histone deacetylase SirT1 [11]. Similar
results have been seen in a murine model of breast cancer,
which showed that CSCs have substantially lower amounts
of reactive oxygen species, leading to radioresistance [13].
HNSCC CSCs also demonstrated enhanced radioresistance
in murine models that could be reduced by knockdown
of the transcriptional repressor Bmi-1 [66]. However, the
radioresistance of CSCs may not only depend on factors
intrinsic to the CSC, but may also be driven by the

unique CSC microenvironment. Cell cultures of CSCs from
glioblastoma, pancreatic, breast, and colorectal carcinoma
have been reported to have similar radiosensitivity to cell
cultures that are not enriched for CSCs [8, 16].

In addition to radioresistance, CSCs also appear to
mediate chemoresistance in multiple tumor types. There is
evidence for chemoresistance of CSCs in lung [10], pancre-
atic [15], and breast carcinoma [12]. In HNSCC, CSCs were
made more chemosensitive via knockdown of Bmi-1 [66].
Moreover, knockdown of CD44 increased the sensitivity of
HNSCC cells to cisplatin, indicating that this CSC marker
may be involved in meditating the response of these cells
to chemotherapy. Other mechanisms of chemoresistance,
such as drug efflux pumps, have been postulated but not
yet identified in HNSCC. Future studies will be needed
to further define resistance mechanisms in HNSCC CSCs
to improve therapy and possibly prevent tumor spread or
recurrence.

7. Prospectus

While the CSC theory is revolutionizing our understanding
of tumor biology, many things remain to be elucidated
regarding the role of CSCs in HNSCC. For starters, addi-
tional markers that enrich CSCs in other epithelial malignan-
cies need to be evaluated in HNSCC. Only a limited number
of CSC markers have been examined in HNSCC, and for
each of these the reported number of marker-positive cells
needed for tumor formation is significantly higher than what
has been reported for other solid malignancies. It is clear
that further purification of the CSC population in HNSCC
is necessary.

To date, only a few studies have used primary human
HNSCC tissue for CSC marker identification [23, 54].
Prince et al. used primary tumor specimens in one-third
of their samples, with the remaining two-thirds passaged
initially through nude mice to generate a larger tissue sample
prior to cell isolation [23]. Although this methodology
has been used in other seminal studies for CSC marker
identification [18] and was considered state of the-art at the
time, increasing knowledge of the influence of the tumor
microenvironment on the CSC clearly suggests avoidance of
additional cell manipulation is preferred. In fact, in their
follow-up study evaluating ALDH activity as a CSC marker
in HNSCC all samples were from primary tumors [54].
Future studies should follow this example and concentrate
on marker identification using primary tumor samples.
Use of intermediate steps involving an artificial microenvi-
ronment has the ability to distort the naturally occurring
CSC marker expression pattern. For similar reasons marker
identification on HNSCC cell lines should be interpreted
with caution.

It is becoming more clear that the cellular heirarchy
defined by the CSC theory is likely more complex than
originally realized. Single marker identification may not be
sufficient to identify a pure CSC population. In fact, as
demonstrated in glioblastoma, CSCs can express or lack the
traditional CSC marker CD133 yet still retain the functional
characteristics that define a CSC [67]. It may be that
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expression of CSC markers evolves with disease progression
and the accumulation of additional mutations or changes
in response to therapy. It is possible that several distinct
populations of CSCs with differing markers exist within a
single tumor and that a combination of the clonal evolution
and CSC models of tumorigenesis may be more appropriate
than either alone to explain the behavior of some tumors.

Additional work is also needed in defining the expression
patterns of CSC markers in the endogenous setting. Little
is known, especially in the head and neck, about the
endogenous expression patterns of putative CSC markers.
Further, it is unknown if the stem cell niche of head and
neck mucosa is similar to that of cutaneous skin or if regional
differences in CSC marker expression exist between subsites
of the upper aerodigestive tract. Clearly an understanding of
normal head and neck mucosal CSC marker expression is
critical if attempts are to be made to selectively target CSCs
as part of a treatment regimen for HNSCC.

To date, most studies have focused on the identification
of tumor cell populations enriched for cells with stem-like
properties. We have little understanding of the significance
of the markers used to identify these cells—whether they
are simply markers of convenience or whether they have
functional significance remains unknown. Examining the
role these molecules may play in the tumorigenic, metastatic,
and treatment resistance properties of CSCs is certainly a
logical step on our way to discovering the mechanisms by
which CSCs differ from the remaining tumor cell population.

The CSC theory offers an intriguing insight into why
currently available therapies for head and neck cancer so
often fail. While increasing evidence suggests that CSCs
display increased resistance to multiple treatment paradigms
inclusive of chemotherapy and radiation, the exact mecha-
nisms by which they do this are incompletely understood.
Focused research on mechanisms of treatment resistance in
CSCs and whether they can be overcome will prove equally
important as efforts to improve CSC identification.

Increasing our knowledge of the differences between
CSCs, their differentiated progeny and normal endogenous
stem cells, will translate into our ability to understand the
seemingly complex cellular hierarchy in tumors. Ultimately
an understanding of CSCs has the potential to identify novel
targets for therapy and impact patient care.

Acknowledgments

M. M. Monroe was supported by NIH training Grant 5-
T32-CA106195-06A1. E. C. Anderson was supported by NIH
training Grant T32HL00781. Support from NIH DK068326,
CA118235 for M. H. Wong.

References

[1] J. B. Vermorken, E. Remenar, C. van Herpen et al., “Cisplatin,
fluorouracil, and docetaxel in unresectable head and neck
cancer,” New England Journal of Medicine, vol. 357, no. 17, pp.
1695–1704, 2007.

[2] J. Bernier, C. Domenge, M. Ozsahin et al., “Postoperative
irradiation with or without concomitant chemotherapy for

locally advanced head and neck cancer,” New England Journal
of Medicine, vol. 350, no. 19, pp. 1945–1952, 2004.

[3] J. A. Bonner, P. M. Harari, J. Giralt et al., “Radiotherapy
plus cetuximab for squamous-cell carcinoma of the head and
neck,” New England Journal of Medicine, vol. 354, no. 6, pp.
567–578, 2006.

[4] J. S. Cooper, T. F. Pajak, A. A. Forastiere et al., “Postoperative
concurrent radiotherapy and chemotherapy for high-risk
squamous-cell carcinoma of the head and neck,” New England
Journal of Medicine, vol. 350, no. 19, pp. 1937–2019, 2004.

[5] M. R. Posner, D. M. Hershock, C. R. Blajman et al., “Cisplatin
and fluorouracil alone or with docetaxel in head and neck
cancer,” New England Journal of Medicine, vol. 357, no. 17, pp.
1705–1715, 2007.

[6] D. Hanahan and R. A. Weinberg, “The hallmarks of cancer,”
Cell, vol. 100, no. 1, pp. 57–70, 2000.

[7] C. Zhao, J. Blum, A. Chen et al., “Loss of β-catenin impairs
the renewal of normal and CML stem cells in vivo,” Cancer
Cell, vol. 12, no. 6, pp. 528–541, 2007.

[8] O. Al-Assar, R. J. Muschel, T. S. Mantoni, W. G. McKenna,
and T. B. Brunner, “Radiation response of cancer stem-like
cells from established human cell lines after sorting for surface
markers,” International Journal of Radiation Oncology, Biology,
Physics, vol. 75, no. 4, pp. 1216–1225, 2009.

[9] S. Bao, Q. Wu, R. E. McLendon et al., “Glioma stem cells
promote radioresistance by preferential activation of the DNA
damage response,” Nature, vol. 444, no. 7120, pp. 756–760,
2006.

[10] G. Bertolini, L. Roz, P. Perego et al., “Highly tumorigenic lung
cancer CD133+ cells display stem-like features and are spared
by cisplatin treatment,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 106, no. 38, pp.
16281–16286, 2009.

[11] C.-J. Chang, C.-C. Hsu, M.-C. Yung et al., “Enhanced
radiosensitivity and radiation-induced apoptosis in glioma
CD133-positive cells by knockdown of SirT1 expression,”
Biochemical and Biophysical Research Communications, vol.
380, no. 2, pp. 236–242, 2009.

[12] C. J. Creighton, X. Li, M. Landis et al., “Residual breast
cancers after conventional therapy display mesenchymal as
well as tumor-initiating features,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 106,
no. 33, pp. 13820–13825, 2009.

[13] M. Diehn, R. W. Cho, N. A. Lobo et al., “Association of reactive
oxygen species levels and radioresistance in cancer stem cells,”
Nature, vol. 458, no. 7239, pp. 780–783, 2009.

[14] M. Diehn and M. F. Clarke, “Cancer stem cells and radiother-
apy: new insights into tumor radioresistance,” Journal of the
National Cancer Institute, vol. 98, no. 24, pp. 1755–1757, 2006.

[15] S. P. Hong, J. Wen, S. Bang, S. Park, and S. Y. Song, “CD44-
positive cells are responsible for gemcitabine resistance in
pancreatic cancer cells,” International Journal of Cancer, vol.
125, no. 10, pp. 2323–2331, 2009.

[16] A. M. McCord, M. Jamal, E. S. Williams, K. Camphausen,
and P. J. Tofilon, “CD133+ glioblastoma stem-like cells
are radiosensitive with a defective DNA damage response
compared with established cell lines,” Clinical Cancer Research,
vol. 15, no. 16, pp. 5145–5153, 2009.

[17] T. Lapidot, C. Sirard, J. Vormoor et al., “A cell initiating
human acute myeloid leukaemia after transplantation into
SCID mice,” Nature, vol. 367, no. 6464, pp. 645–648, 1994.



Journal of Oncology 7

[18] M. Al-Hajj, M. S. Wicha, A. Benito-Hernandez, S. J. Morrison,
and M. F. Clarke, “Prospective identification of tumorigenic
breast cancer cells,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 100, no. 7, pp.
3983–3988, 2003.

[19] P. Dalerba, S. J. Dylla, I.-K. Park et al., “Phenotypic charac-
terization of human colorectal cancer stem cells,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 104, no. 24, pp. 10158–10163, 2007.

[20] A. T. Collins, P. A. Berry, C. Hyde, M. J. Stower, and N. J.
Maitland, “Prospective identification of tumorigenic prostate
cancer stem cells,” Cancer Research, vol. 65, no. 23, pp. 10946–
10951, 2005.

[21] M. M. Ho, A. V. Ng, S. Lam, and J. Y. Hung, “Side population
in human lung cancer cell lines and tumors is enriched with
stem-like cancer cells,” Cancer Research, vol. 67, no. 10, pp.
4827–4833, 2007.

[22] S. K. Singh, I. D. Clarke, M. Terasaki et al., “Identification of
a cancer stem cell in human brain tumors,” Cancer Research,
vol. 63, no. 18, pp. 5821–5828, 2003.

[23] M. E. Prince, R. Sivanandan, A. Kaczorowski et al., “Iden-
tification of a subpopulation of cells with cancer stem cell
properties in head and neck squamous cell carcinoma,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 104, no. 3, pp. 973–978, 2007.

[24] S. J. Dylla, L. Beviglia, I.-K. Park et al., “Colorectal cancer
stem cells are enriched in xenogeneic tumors following
chemotherapy,” PLoS ONE, vol. 3, no. 6, Article ID e2428,
2008.

[25] M. R. Loebinger, A. Giangreco, K. R. Groot et al., “Squamous
cell cancers contain a side population of stem-like cells that are
made chemosensitive by ABC transporter blockade,” British
Journal of Cancer, vol. 98, no. 2, pp. 380–387, 2008.

[26] Q. Zhang, S. Shi, Y. Yen, J. Brown, J. Q. Ta, and A. D. Le, “A
subpopulation of CD133+ cancer stem-like cells characterized
in human oral squamous cell carcinoma confer resistance to
chemotherapy,” Cancer Letters, vol. 289, no. 2, pp. 151–160,
2009.

[27] R. G. J. Vries, M. Huch, and H. Clevers, “Stem cells and cancer
of the stomach and intestine,” Molecular Oncology, vol. 4, no.
5, pp. 373–384, 2010.

[28] D. Brown, S. Kogan, E. Lagasse et al., “A PMLRARα transgene
initiates murine acute promyelocytic leukemia,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 94, no. 6, pp. 2551–2556, 1997.

[29] S. Jaiswal, D. Traver, T. Miyamoto, K. Akashi, E. Lagasse, and I.
L. Weissman, “Expression of BCR/ABL and BCL-2 in myeloid
progenitors leads to myeloid leukemias,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 100, no. 17, pp. 10002–10007, 2003.

[30] L. J. Harper, D. E. Costea, L. Gammon, B. Fazil, A. Biddle, and
I. C. Mackenzie, “Normal and malignant epithelial cells with
stem-like properties have an extended G2 cell cycle phase that
is associated with apoptotic resistance,” BMC Cancer, vol. 10,
articlr 166, 2010.

[31] B. Mack and O. Gires, “CD44s and CD44v6 expression in head
and neck epithelia,” PLoS ONE, vol. 3, no. 10, Article ID e3360,
2008.

[32] E. Fuchs, “Skin stem cells: rising to the surface,” Journal of Cell
Biology, vol. 180, no. 2, pp. 273–284, 2008.

[33] E. Fuchs, “Finding one’s niche in the skin,” Cell Stem Cell, vol.
4, no. 6, pp. 499–502, 2009.

[34] C. Coraux, J. Roux, T. Jolly, and P. Birembaut, “Epithelial
cell-extracellular matrix interactions and stem cells in airway
epithelial regeneration,” Proceedings of the American Thoracic
Society, vol. 5, no. 6, pp. 689–694, 2008.

[35] J. P. Seery, “Stem cells of the oesophageal epithelium,” Journal
of Cell Science, vol. 115, part 9, pp. 1783–1789, 2002.

[36] N. Bauer, A.-V. Fonseca, M. Florek et al., “New insights into
the cell biology of hematopoietic progenitors by studying
prominin-1 (CD133),” Cells Tissues Organs, vol. 188, no. 1-2,
pp. 127–138, 2008.

[37] S. V. Shmelkov, R. St.Clair, D. Lyden, and S. Rafii,
“AC133/CD133/Prominin-1,” International Journal of Bio-
chemistry and Cell Biology, vol. 37, no. 4, pp. 715–719, 2005.

[38] C. A. O’Brien, A. Pollett, S. Gallinger, and J. E. Dick, “A
human colon cancer cell capable of initiating tumour growth
in immunodeficient mice,” Nature, vol. 445, no. 7123, pp. 106–
110, 2007.

[39] Y. Wu and P. Y. Wu, “CD133 as a marker for cancer stem cells:
progresses and concerns,” Stem Cells and Development, vol. 18,
no. 8, pp. 1127–1134, 2009.

[40] X. D. Wei, L. Zhou, L. Cheng, J. Tian, J. J. Jiang, and J.
MacCallum, “In vivo investigation of CD133 as a putative
marker of cancer stem cells in hep-2 cell line,” Head and Neck,
vol. 31, no. 1, pp. 94–101, 2009.

[41] L. Zhou, X. Wei, L. Cheng, J. Tian, and J. J. Jiang, “CD133,
one of the markers of cancer stem cells in Hep-2 cell line,”
Laryngoscope, vol. 117, no. 3, pp. 455–460, 2007.

[42] C. M. Isacke and H. Yarwood, “The hyaluronan receptor,
CD44,” International Journal of Biochemistry and Cell Biology,
vol. 34, no. 7, pp. 718–721, 2002.

[43] M. Kajita, Y. Itoh, T. Chiba et al., “Membrane-type 1 matrix
metalloproteinase cleaves CD44 and promotes cell migration,”
Journal of Cell Biology, vol. 153, no. 5, pp. 893–904, 2001.

[44] J. N. Myers, F. C. Holsinger, S. A. Jasser, B. N. Bekele, and I.
J. Fidler, “An orthotopic nude mouse model of oral tongue
squamous cell carcinoma,” Clinical Cancer Research, vol. 8, no.
1, pp. 293–298, 2002.

[45] W. F. Bosron, L. Lumeng, and T.-K. Li, “Genetic polymor-
phism of enzymes of alcohol metabolism and susceptibility to
alcoholic liver disease,” Molecular Aspects of Medicine, vol. 10,
no. 2, pp. 147–158, 1988.

[46] H. R. Thomasson, H. J. Edenberg, D. W. Crabb et al., “Alcohol
and aldehyde dehydrogenase genotypes and alcoholism in
Chinese men,” American Journal of Human Genetics, vol. 48,
no. 4, pp. 677–681, 1991.

[47] C. Visus, D. Ito, A. Amoscato et al., “Identification of human
aldehyde dehydrogenase 1 family member a1 as a novel CD8+
T-cell-defined tumor antigen in squamous cell carcinoma of
the head and neck,” Cancer Research, vol. 67, no. 21, pp.
10538–10545, 2007.

[48] J. P. Chute, G. G. Muramoto, J. Whitesides et al., “Inhibition
of aldehyde dehydrogenase and retinoid signaling induces the
expansion of human hematopoietic stem cells,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 103, no. 31, pp. 11707–11712, 2006.

[49] J. E. Carpentino, M. J. Hynes, H. D. Appelman et al., “Alde-
hyde dehydrogenase-expressing colon stem cells contribute to
tumorigenesis in the transition from colitis to cancer,” Cancer
Research, vol. 69, no. 20, pp. 8208–8215, 2009.

[50] A. K. Croker, D. Goodale, J. Chu et al., “High aldehyde
dehydrogenase and expression of cancer stem cell markers
selects for breast cancer cells with enhanced malignant and
metastatic ability,” Journal of Cellular and Molecular Medicine,
vol. 13, no. 8 B, pp. 2236–2252, 2009.



8 Journal of Oncology

[51] S. Deng, X. Yang, H. Lassus et al., “Distinct expression levels
and patterns of stem cell marker, aldehyde dehydrogenase
isoform 1 (ALDH1), in human epithelial cancers,” PLoS ONE,
vol. 5, no. 4, Article ID e10277, pp. 1–11, 2010.

[52] S. Ma, W. C. Kwok, T. K.-W. Lee et al., “Aldehyde dehy-
drogenase discriminates the CD133 liver cancer stem cell
populations,” Molecular Cancer Research, vol. 6, no. 7, pp.
1146–1153, 2008.

[53] Y.-C. Chen, Y.-W. Chen, H.-S. Hsu et al., “Aldehyde dehydro-
genase 1 is a putative marker for cancer stem cells in head and
neck squamous cancer,” Biochemical and Biophysical Research
Communications, vol. 385, no. 3, pp. 307–313, 2009.

[54] M. R. Clay, M. Tabor, J. H. Owen et al., “Single-marker
identification of head and neck squamous cell carcinoma
cancer stem cells with aldehyde dehydrogenase,” Head Neck,
vol. 32, no. 9, pp. 1195–1201, 2010.

[55] M. A. Goodell, K. Brose, G. Paradis, A. S. Conner, and R.
C. Mulligan, “Isolation and functional properties of murine
hematopoietic stem cells that are replicating in vivo,” Journal
of Experimental Medicine, vol. 183, no. 4, pp. 1797–1806, 1996.

[56] P. P. Szotek, R. Pieretti-Vanmarcke, P. T. Masiakos et al.,
“Ovarian cancer side population defines cells with stem cell-
like characteristics and Mullerian inhibiting substance respon-
siveness,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 103, no. 30, pp. 11154–11159,
2006.

[57] J. Wang, L.-P. Guo, L.-Z. Chen, Y.-X. Zeng, and H. L. Shih,
“Identification of cancer stem cell-like side population cells in
human nasopharyngeal carcinoma cell line,” Cancer Research,
vol. 67, no. 8, pp. 3716–3724, 2007.

[58] P. Zhang, Y. Zhang, L. Mao, Z. Zhang, and W. Chen, “Side
population in oral squamous cell carcinoma possesses tumor
stem cell phenotypes,” Cancer Letters, vol. 277, no. 2, pp. 227–
234, 2009.

[59] A. Okamoto, K. Chikamatsu, K. Sakakura, K. Hatsushika, G.
Takahashi, and K. Masuyama, “Expansion and characteriza-
tion of cancer stem-like cells in squamous cell carcinoma of
the head and neck,” Oral Oncology, vol. 45, no. 7, pp. 633–639,
2009.

[60] S.-H. Chiou, C.-C. Yu, C.-Y. Huang et al., “Positive correla-
tions of Oct-4 and Nanog in oral cancer stem-like cells and
high-grade oral squamous cell carcinoma,” Clinical Cancer
Research, vol. 14, no. 13, pp. 4085–4095, 2008.

[61] I. J. Fidler and J. E. Talmadge, “Evidence that intravenously
derived murine pulmonary melanoma metastases can orig-
inate from the expansion of a single tumor cell,” Cancer
Research, vol. 46, no. 10, pp. 5167–5171, 1986.

[62] L. Li and T. Xie, “Stem cell niche: structure and function,”
Annual Review of Cell and Developmental Biology, vol. 21, pp.
605–631, 2005.

[63] R. N. Kaplan, R. D. Riba, S. Zacharoulis et al., “VEGFR1-
positive haematopoietic bone marrow progenitors initiate the
pre-metastatic niche,” Nature, vol. 438, no. 7069, pp. 820–827,
2005.

[64] R. Pang, W. L. Law, A. C.Y. Chu et al., “A subpopulation of
CD26+ cancer stem cells with metastatic capacity in human
colorectal cancer,” Cell Stem Cell, vol. 6, no. 6, pp. 603–615,
2010.

[65] S. J. Wang, G. Wong, A.-M. De Heer, W. Xia, and L. Y.
W. Bourguignon, “CD44 Variant isoforms in head and neck
squamous cell carcinoma progression,” Laryngoscope, vol. 119,
no. 8, pp. 1518–1530, 2009.

[66] Y.-C. Chen, C.-J. Chang, H.-S. Hsu et al., “Inhibition of
tumorigenicity and enhancement of radiochemosensitivity in
head and neck squamous cell cancer-derived ALDH1-positive
cells by knockdown of Bmi-1,” Oral Oncology, vol. 46, no. 3,
pp. 158–165, 2010.

[67] R. Chen, M. C. Nishimura, S. M. Bumbaca et al., “A hierarchy
of self-renewing tumor-initiating cell types in glioblastoma,”
Cancer Cell, vol. 17, no. 4, pp. 362–375, 2010.



Hindawi Publishing Corporation
Journal of Oncology
Volume 2011, Article ID 465343, 11 pages
doi:10.1155/2011/465343

Review Article

Cancer Stem Cells: Repair Gone Awry?

Fatima Rangwala,1 Alessia Omenetti,2 and Anna Mae Diehl2

1 Division of Cellular Therapy, Hematology and Oncology, Department of Medicine, Duke University Medical Center, Durham,
NC 27710, USA

2 Division of Gastroenterology, Department of Medicine, Duke University Medical Center, Snyderman Building (GSRB-1),
595 LaSalle Street, Suite 1073, Durham, NC 27710, USA

Correspondence should be addressed to Anna Mae Diehl, annamae.diehl@duke.edu

Received 20 September 2010; Accepted 23 October 2010

Academic Editor: Bo Lu

Copyright © 2011 Fatima Rangwala et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Because cell turnover occurs in all adult organs, stem/progenitor cells within the stem-cell niche of each tissue must be
appropriately mobilized and differentiated to maintain normal organ structure and function. Tissue injury increases the demands
on this process, and thus may unmask defective regulation of pathways, such as Hedgehog (Hh), that modulate progenitor cell
fate. Hh pathway dysregulation has been demonstrated in many types of cancer, including pancreatic and liver cancers, in which
defective Hh signaling has been linked to outgrowth of Hh-responsive cancer stem-initiating cells and stromal elements. Hence,
the Hh pathway might be a therapeutic target in such tumors.

1. Introduction

The cancer stem cell hypothesis assumes that cancers
originate from mutated tissue stem cells (SCs) that have
dysregulated self-renewal properties, and thus selectively
drive tumor growth. Current chemotherapeutic agents and
radiation therapy target the rapidly dividing cells that form
the bulk of the tumor but do not target the relatively qui-
escent cancer stem cell (CSC), thus possibly accounting for
treatment failures. Furthermore, both SCs and CSCs appear
to have multidrug resistance, antiapoptotic machinery, and
enhanced DNA repair allowing them to evade conventional
treatments [1–4]. Thus, to target tumors effectively and
with minimal toxicity, drugs need to be identified that
specifically target the relatively rare CSC population while
sparing normal tissue stem cells.

2. Biologic Properties of Cancer Stem Cells

The properties that CSCs are postulated to exhibit are:
(1)tumorigenic capacity or self-renewal, (2)the potential for
multilineage differentiation (such that they can recapitulate
the multiple tumor cell types found in the parent tumor),
(3)serial passage, and (4)expression of a unique repertoire

of surface markers that allow for their reliable identification
and purification [5]. Specifically, the CSC hypothesis posits
that within a given tumor, only a distinct phenotypic subset
of cells has tumorigenic capacity, that is, injection of this
cell fraction into nude mice is able to fully recapitulate the
parent tumor. Currently, serial passage in xenotransplanta-
tion models is the gold standard assay for defining the CSC
fraction [6].

Normal tissue SCs tightly regulate the balance between
self-renewal and differentiation, and quiescence and prolif-
eration (reviewed in [7, 8]). SC number, in the context of the
stem cell niche, is precisely maintained via the ratio of sym-
metric and asymmetric cell divisions. Dysregulation of self-
renewal pathways appears to result in CSC overpopulation
[9, 10]. This may be due to an increase in symmetric divisions
of the CSC and may represent a potential drug target [11, 12].

As has been well characterized in the hematopoietic
system, the cells within solid organs appear to demonstrate a
hierarchy in which stem cells give rise to committed progen-
itor cells which give rise to rapidly proliferating cells which
give rise to terminally differentiated cells. As SCs mature
from a self-renewable stem cell to a terminally differentiated
cell, they progressively lose their ability for self-renewal and
pluripotency but gain mitotic activity. By analogy to normal
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tissue SCs, CSCs must able to give rise to all of the different
cell types that comprise a given tumor, lending credence to
the idea that tumors can be viewed as aberrantly functioning
complex organs. Tumor heterogeneity is likely a consequence
of ongoing accumulation of mutations over time that result
in variable degrees of cellular differentiation.

3. Dysregulation of Self-Renewal Pathways in
CSCs: Hedgehog Pathway Involvement

Mutations in fundamental self-renewal pathways, such as
the Hh pathway, likely cause normal stem cells to become
independent of regulatory signals that are generated by
their microenvironment. These pathways play a critical role
in development and are usurped by transformed cells for
tumor initiation, progression, and metastasis. The hedgehog
proteins are secreted signaling proteins that were initially
identified in Drosophila as segment polarity genes. In mul-
tiple tissue types, the Hh pathway plays a key role in organo-
genesis, patterning, and stem cell maintenance. Depending
upon context, Hh can function both as a morphogen and
a mitogen. As a morphogen, Hh induces cell differentiation
in a concentration-dependent manner. As a mitogen, it
drives the proliferation of precursor cells and mediates
the interaction between the epithelial and mesenchymal
compartments [13]. In multiple tissue types, it has been
demonstrated that mesenchymal cells and progenitor cells
are Hh responsive. In contrast, mature epithelial cells are
typically nonresponsive to Hh.

The components of the Hh signal transduction machin-
ery have been elucidated, and while there are some important
differences across species, the pathway remains relatively
well conserved between Drosophila and higher organisms.
Three secreted Hh ligands have been identified in humans,
Sonic hedgehog (Shh), Indian hedgehog (Ihh), and Desert
hedgehog (Dhh) and are known to signal in an autocrine
and paracrine manner. In the absence of Hh ligand,
Patch (PTCH), the hedgehog receptor binds and inhibits
Smoothened (SMO) and thus prevents target gene tran-
scription. Binding of the Hh ligand to PTCH releases SMO
and allows for further propagation of the signal, leading
to target gene transcription through three Gli transcription
factors, Gli1, Gli2, and Gli3. Gli proteins regulate target gene
expression by direct association with a consensus sequence
located within the promoter of the target genes. Thus, PTCH
is a negative regulator and SMO a positive regulator of
the pathway [14]. Intriguingly, in mammals, it appears that
protein components of the primary cilium are required for
the coordination of hedgehog signaling [15, 16].

Loss of function mutations in the Hh receptor, PTCH,
were initially noted in patients with Gorlin syndrome or
basal cell nevus syndrome [17, 18]. Gorlin patients have
a variety of developmental defects and have an increased
incidence of benign and malignant tumors including basal
cell carcinomas (BCC), medulloblastomas, ovarian fibromas,
rhabdomyosarcomas, and meningiomas. A large majority of
sporadic medulloblastomas and basal cell carcinomas also
exhibit hyperactive Hh signaling (in a ligand-independent

fashion) due to mutations in Hh pathway components
including, PTCH, SMO, and occasionally Suppressor of
Fused (SUFU), a negative regulator of the Hh pathway
[19]. In clinical trials, SMO inhibitors have now been
demonstrated to have potent antitumor activity in patients
with BCC and one patient with medulloblastoma, thus con-
firming an “oncogene addiction” model in which deregulated
Hh signaling results in increased cell proliferation and tumor
formation [20, 21].

There is now a growing body of evidence that the Hh
pathway is activated in a variety of other solid tumors
including colorectal, pancreatic, breast, and small cell lung
cancer and hepatocellular carcinoma [22–28]. Unlike BCC
and medulloblastoma, Hh activation in these tumor types is
not mutation driven. Both in vitro and in vivo, Hh pathway
activation appears to impact tumor progression via effects on
cell proliferation, cell survival, angiogenesis, invasion, and
genetic instability. Given that this data has been reviewed
recently and comprehensively [14, 19, 29], we will focus
on the role of Hh signaling in cancer stem cell expansion
and maintenance with a focus on pancreatic cancer and
hepatocellular carcinoma (HCC).

Increased Hh pathway activity was first documented in
early pancreatic cancer by Thayer et al. where the degree
of Shh expression in the ductal epithelium was noted
to positively correlate with degree of atypia [23]. While
Shh expression appeared to be confined to the epithelium,
increased PTCH expression was seen in the abnormal epithe-
lium and the surrounding mesenchymal cells suggesting
both an autocrine and paracrine mechanism of signaling.
Furthermore, treatment of pancreatic cancer cells lines with
the SMO inhibitor, cyclopamine, resulted in decreased cell
proliferation and increased apoptosis further supporting
autocrine signaling. In vivo, cyclopamine treatment of
pancreatic tumor xenografts resulted in decreased tumor
mass suggesting an important role for Hh signaling in cell
survival and proliferation.

A series of experiments that have been performed to fur-
ther define an epithelial versus stromal role for Hh signaling
have led to contradictory results. Yauch et al. demonstrated
that in both colon and pancreatic adenocarcinomas, epithe-
lial tumor cells secrete high levels of Hh ligand in comparison
to normal tissue controls. Hh pathway activation is noted in
the neighboring stromal cells but not in the epithelial cells
consistent with a paracrine signaling mechanism [30]. In
addition, expression of an oncogenic allele of SMO in the
pancreatic epithelium did not result in Hh pathway activa-
tion and had no impact on the development of pancreatic
neoplasia, while SMO activation in the mesenchyme led to
Hh pathway activation. Taken together, these data suggest
that only the stromal compartment is competent to activate
Hh signaling [31]. While this data is consistent with Hh
signaling in CSCs, which do not express markers of epithelial
differentiation, these results conflict with considerable evi-
dence for ligand-dependent Hh-signaling in epithelial cells
of multiple other tumor types [32]. These discrepancies may
be explained in part by differing mouse models, human
tumor xenografts versus transgenic models of spontaneous
carcinomas. Clearly, further study is required to define the
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precise mode of Hh signaling, as it will have important
ramifications for drug development.

In order to determine whether increased Hh activity
is a property of all pancreatic tumor cells or is selective
for the CSC, Li et al. demonstrated, using quantitative real
time-pcr, that Shh transcripts were 4-fold upregulated in the
bulk pancreatic xenograft cells and 43-fold upregulated in
the CD44+CD24+ESA+ pancreatic CSC as compared with
normal pancreatic epithelial cells [33]. Active Hh signaling
has now also been identified in the CSCs from glioblastoma
and breast tumors and modulation of Hh pathway activity
in these cell types results in decreased tumorigenic potential
and depletion of the CSC compartment [34–36].

4. Tissue Injury and Repair:
A Potential Source of CSCs

In development, both the pancreas and the liver are specified
by domains of the gut endoderm. Embryonic outgrowths
of the dorsal and ventral regions of the foregut endoderm
give rise to the endocrine and exocrine pancreas. The liver,
however, derives solely from the ventral foregut endoderm
[37, 38]. Using embryo tissue explant assays, it has been
shown that the default fate of the ventral endoderm is
to activate the pancreatic organogenesis program. In the
developing embryo, the ventral foregut becomes closely
apposed to the cardiac mesoderm, and this proximity is
required for liver specification [38]. FGF signaling from
the cardiac mesoderm induces the local production of
sonic hedgehog, and BMP signaling from the underlying
septum transversum mesenchyme cells coordinately directs
the development of the liver bud and inhibits pancreas
development. Conversely, treatment with the BMP inhibitor,
noggin, enhances pancreatic gene expression and suppresses
hepatic gene expression in ventral foregut explants [39,
40]. These multiple signaling pathways direct endoderm
patterning via induction of specific transcription factors. The
Forkhead Box A proteins (Foxa) are transcription factors
expressed in endoderm derived tissues and are required
for hepatic, pancreatic, and pulmonary specification [41].
Transcriptional activation of foxa2 is directly regulated by the
hedgehog target genes, gli proteins [42], providing support
for its central role in hepatic organogenesis. The liver bud
then gives rise to cells destined to become bipotential liver
progenitor cells, or hepatoblasts, which give rise to two
distinct lineages, hepatocytes and cholangiocytes [41].

A comparison of pluripotent, murine embryonic stem
(ES) cells, endodermally lineage-restricted ES cells, and
mature hepatocytes suggests that hedgehog activity is pro-
gressively silenced as progenitors differentiate into mature
liver parenchymal cells [43]. Treatment of hepatic progen-
itors isolated from human livers (EpCAM+ cell fraction)
with cyclopamine results in increased cellular necrosis and
apoptosis, demonstrating that Hh activity is required for
optimal viability of the progenitor cells. While minimal Hh
ligand production is seen in healthy, human hepatocytes,
the small resident progenitor population within the normal
adult liver, residing along the canals of Hering, continues to

demonstrate expression of Hh ligands, and Hh-responsive
target genes [44, 45].

Hh signaling is reactivated in the liver after acute or
chronic liver injury when major reconstruction of the adult
liver is required. Moreover, the degree of hepatic production
of Hh ligands and accumulation of Hh responsive cells is
typically proportionate with the severity of liver damage and
fibrosis. Immunohistochemical analysis of diseased human
livers, such as those from patient with chronic viral hepatitis
[46], alcoholic liver disease [47], and nonalcoholic fatty liver
disease [44, 48], confirms that Hh signaling and the number
of Hh responsive cells is increased in the presence of injury.
The Hh-responsive cells are noted in the expanded progeni-
tor and stromal cell compartments, suggesting that these cells
actively contribute to regenerative processes in adult livers.
This was confirmed by treating healthy, adult mice with
cyclopamine after 70% partial hepatectomy, which provides
a tremendous regenerative pressure. In comparison to vehicle
control, inhibition of Hh signaling after partial hepatectomy
prevented normal liver regeneration by blocking progenitor
expansion and fibrogenic liver repair. Notably, cyclopamine-
treated animals were unable to reconstitute their liver mass,
and there was significant mortality in the group 48-hours
postpartial hepatectomy in comparison to vehicle treated
controls [49]. Furthermore, in rodent models of liver injury,
once the offending agent is removed, Hh ligand levels
decline and Hh-responsive cells gradually regress as normal
liver architecture is restored [50, 51]. Taken together, these
data suggest that in the setting of acute injury, transient
activation of the Hh pathway is necessary for effective
regeneration of the adult liver (Figure 1). However, chronic
or persistent injury results in prolonged increases in Hh
signaling, thus perpetuating the expansion of myofibroblasts
and liver progenitor cells which contribute to fibrotic repair
or cirrhosis.

This data has significant implications for the develop-
ment of HCC as cirrhosis is the most important determi-
nant of risk for the development of HCC. Hh signaling
activates prosurvival pathways in several types of liver cells
including malignant hepatocytes. Expression of Shh is noted
in approximately 60% of HCCs and expression of the Hh
target genes, Gli1 and PTCH, was noted in 50% of tumors
suggesting that the Hh pathway is activated in HCC. In
three HCC cell lines, Hep3B, Huh7, and PLC/PRF/5, with
detectable expression of Hh target genes, treatment with
Hh neutralizing antibodies or cyclopamine resulted in cell
growth inhibition and apoptosis. No effects on cell viability
were noted in the two HCC cell lines that lacked Hh
signaling, demonstrating that the results were specific to the
Hh pathway [27, 28].

In multiple tissue types, Wnt pathway activity is also
crucial to the maintenance of the stem cell compartment and
a complex interaction of Wnt, Notch, Hedgehog, and Bmp
signaling regulates the balance between stem cell renewal and
cellular differentiation [52, 53]. While the role of Wnt signal-
ing in liver SCs remains poorly understood, prior work in a
mouse model of chronic liver injury has demonstrated that
Wnt ligand induction is localized to postnatal hepatic pro-
genitors both in vitro and in vivo [54]. Abnormal regulation
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Figure 1: Healthy adult livers exhibit little hedgehog activity. In the presence of liver injury, hepatocytes are subject to cellular stress and in
some cases undergo apoptosis. In this setting of injury, hedgehog ligand production increases resulting in the appropriate expansion and
differentiation of progenitor cells allowing for liver reconstruction. As the insult is removed, Hh pathway activity slowly declines, and the
progenitor population gradually dwindles away with recovery of liver health.

of the Wnt signaling pathway has been extensively described
as a key early carcinogenic event in HCC development.
Multiple groups have demonstrated that HCCs harbor acti-
vating mutations of β-catenin, a transcription factor in Wnt
signaling, or inactivating mutations of AXIN1 and AXIN2,
negative regulators of this pathway [55–60]. Furthermore,
treatment with anti-Wnt-1 antibodies dose dependently
inhibits the viability and proliferation of Wnt-1 overex-
pressing HCC cell lines, Huh7 and Hep40, but not normal
hepatocytes. Intratumoral injection of anti-Wnt-1 antibody
also suppresses tumor growth in a Huh7 xenograft model via
induction of tumor cell apoptosis [61]. Further studies will
be required to clarify the role of Wnt signaling in liver CSCs.

Taken together, these data suggest that stem cell renewal
pathways such as Hh and Wnt are upregulated in the
setting of chronic liver injury and result in the expansion of
liver progenitor populations. Ongoing production of ligand
confers a survival advantage to these immature cells, some
of which may eventually become tumor-initiating cells for
primary liver cancers [62, 63]. This model of cancer in
which neoplasia is the result of overexuberant tissue repair
is supported by the strong association between chronic
tissue injury and cancer incidence [64]. This association is
particularly robust in hepatobiliary cancers, where exposure
to a variety of toxins [65, 66], chronic infections [46, 67, 68],

and inflammatory conditions [69, 70] significantly increases
cancer risk. In the setting of ongoing injury, expansion of
the progenitor pool persists allowing for the accumulation
of genetic or epigenetic events that constitutively activate the
stem/progenitor cell compartment, thus resulting in tumor
initiation (Figure 2).

Investigators have now identified multiple markers that
have been used to successfully enrich the CSC fraction
from HCCs [52, 71, 72]. Genetic alterations in self renewal
and pluripotency pathways, including Wnt/β-catenin [73],
Notch [74], Hh [74], myc [75], and TGF-β [52], have
been documented in these cells. Furthermore, epigenetic
changes including alterations in DNA methylation patterns
[76] and the aberrant expression of both oncogenic [77, 78]
and tumor suppressive [79] microRNAs have been shown
to contribute to hepatocarcinogenesis. These results beg
the question: would targeting the tissue SC be an effective
chemoprevention strategy?

5. Multiple Roles of Cancer Stem Cells:
Pancreatic Cancer as a Model

Ontologically, a stem cell-like cell is an ideal target for
transformation due to their capacity for self-renewal and
long life. Pathways such as Hedgehog, Notch, and WNT
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Figure 2: In the presence of continued liver injury, there is ongoing upregulation of the Hh pathway and persistent expansion of the
progenitor pool. Thus, there is an increased probability for the accumulation of genetic or epigenetic events in the tissue stem cells resulting
in oncogenic transformation to a cancer stem cell, and ultimately leading to tumor initiation.

have well established roles in organogenesis and normal
stem cell renewal (reviewed in [13, 80, 81]). Growing
evidence suggests that these pathways are dysregulated in
transformation and thus contribute to tumor initiation,
tumor maintenance, and metastasis of multiple tumor types
[22, 23, 82–86]. Furthermore, as a consequence of self-
renewal, stem cells persist for long periods of time, likely
allowing them to accumulate the numerous mutations
necessary for transformation [87]. But the ultimate origins of
CSCs remain controversial at this time. Whether CSCs arise
from existing tissue stem cells, restricted progenitor cells, or
from mutations in terminally differentiated cells, resulting
in dedifferentiation likely depends on context (reviewed in
[8, 88]). Nonetheless, each of these scenarios is consistent
with the idea that distinct population of cells with stem cell
properties is essential for the development and perpetuation
of various human cancers.

Utilizing a xenograft model of primary pancreatic
adenocarcinoma, Li et al. purified a subpopulation of
CD44+CD24+ESA+ pancreatic cancer cells (approximately
0.2%–0.8% of the total cell number) that demonstrated
the requisite CSC properties of self-renewal, tumorigenic
capacity, and production of phenotypically diverse progeny
[33]. Combinatorial approaches demonstrated that the cells
expressing all three markers had the highest tumorigenic
potential, and the percentage of cells expressing all three
markers remained constant with serial passage. These three

markers have been previously used to mark CSCs in other
tumor types and are known to act as cell adhesion molecules
with multiple signaling functions (reviewed in [6]).

However, the role of CSCs may not be confined to tumor
initiation and growth, but may also play a role in metastases.
Previous studies had demonstrated that in colon cancer
and brain tumors, CD133+ marks the CSC population [9,
10, 89]. Hermann et al. demonstrated that the tumorigenic
potential of pancreatic cancer is restricted to CD133+ cells,
as they recapitulate the original tumor when injected into
athymic mice [90]. In addition, they identified a subpopula-
tion of CD133+CXCR4+ pancreatic cancer cells from human
pancreatic cancer tissue samples that localized almost exclu-
sively to the invasive front of the tumor. Postulating that these
cells played a role in metastatic potential, CD133+CXCR4+
cells and CD133+CXCR4− cells were orthotopically injected
into athymic mice. While both groups of animals evidenced
localized tumor development, only mice in the CXCR4+
group demonstrated liver metastases, suggesting an impor-
tant role for CD133+ CXCR4+ pancreatic CSCs in metastasis
formation. This study suggests two forms of cancer stem
cells, a localized form and a migratory form. Notably, inhibi-
tion of CXCR4 (via both drug and neutralizing antibody) in
this tumor model prevented metastatic disease. This finding
may have important clinical implications.

At this point, it remains unclear whether there is
more than one population of CSCs in pancreatic cancer
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or the differing results are due to methodological issues.
Interestingly, there does appear to be some degree of overlap
between CD44+CD24+ESA+ and CD133+ pancreatic cancer
cells [90]. While none of above markers appear to selectively
characterize a pure population of CSCs, the studies taken
together do provide consistent evidence for an enriched
CSC population (reviewed in [91]). However, whether
CSCs are the only cells with tumorigenic potential remains
controversial [92, 93].

6. EMT Confers a Stem Cell Phenotype and
a Metastatic Phenotype

Consistent with the data presented above, CSCs appear
to undergo adaptive changes over time as programs are
activated that foster invasion and migration. Epithelial-
mesenchymal transition (EMT) and the reverse process
mesenchymal-epithelial transition (MET) play central roles
in organogenesis, and in the context of tumorigenesis,
appear to confer CSC properties and drive tumor metastasis
(reviewed in [88, 94]). Conventionally, epithelial cells are
defined as tightly adherent cells with apical-basal polarity
that are organized in adherent sheets via adherens junctions,
tight junctions and desmosomes. Typically, epithelial cells
are surface barrier cells with secretory functions and remain
separated from adjacent tissues by a basal lamina. In
contrast, mesenchymal or stromal cells are loosely organized,
nonpolarized, migratory cells embedded within extracellular
matrix and form the connective tissue or stroma of a given
organ. The conversion of epithelial cells to mesenchymal
cells involves profound morphological changes including
dissolution of cell adhesions, loss of apicobasal polarity
and acquisition of migratory and invasive phenotypes. This
process appears to be coopted by transformed cells during
tumor progression, and interestingly, results in expression of
stem-cell markers.

Mani et al. reported that induction of EMT, via ectopic
expression of the transcription factors Twist or Snail in
immortalized human mammary epithelial cells, leads to
acquisition of mesenchymal traits, expression of stem cell
markers, and an increased ability to form mammospheres,
a property associated with epithelial stem cells [95]. Prior
to EMT, these cells express the CD44low/CD24high phenotype
on the cell surface, corresponding to the phenotype of the
majority of cells found in breast carcinomas. Following
induction of EMT, the cells undergo conversion to the
CD44high/CD24low configuration, a profile that is associated
with human breast CSCs and normal mammary epithelial
stem cells [96]. Injection of the transformed human mam-
mary epithelial cells that have undergone EMT into immun-
odeficient hosts results in significantly increased tumor
formation in comparison to cells lacking either Twist or
Snail expression. Morel et al. further extended these findings
by noting that activation of the Ras signaling pathway
appears to be a crucial event in facilitating the emergence
of CD24low cells [97]. Furthermore, microarray analysis
of poorly differentiated human tumors associated with an
aggressive clinical course were noted to have preferential

overexpression of genes normally expressed by ES cells,
thus confirming “stemness” as a predictor of poor clinical
outcome [98]. Taken together, these findings convincingly
demonstrate a link between EMT and the acquisition of stem
cell properties.

There is a considerable body of in vitro and in vivo
evidence that EMT is centrally involved in the process of
metastasis (reviewed in [88, 94]). EMT has been noted to
occur at the invasive front of multiple different cancer types
including colon carcinoma, breast carcinoma, and papillary
thyroid cancers [99–103]. The invasive front of the tumor
represents the host-tumor interface and EMT at this border
reflects the balance of growth pressures by the tumor body
and the tumor periphery. Microarray signatures of EMT have
been shown to correlate with aggressive histopathological
subtypes of human tumors and inducers of EMT such as
SNAIL1, SNAIL2, FOXC, and ZEB1 have been shown to
correlate with increased rates of disease relapse and poor
overall survival [101, 104–108]. In order to integrate the
concepts of CSCs and EMT, Brabletz et al. propose the
existence of two cancer stem cell populations, a stationary
cancer stem cell and a migratory cancer stem cell, in order to
model all aspects of tumor progression [109]. This model has
now been preliminarily validated in pancreatic cancer with
the identification of two distinct populations of CSCs [90].

In order to carefully dissect the contribution of epithelial
and mesenchymal states to liver CSC growth and metastasis,
Ding et al. established an EMT model of liver cancer. A single
CD133+, CD45− liver CSC purified from PTENloxp/loxp/Alb-
Cre+ mice was expanded and then sequentially transplanted.
This population of CSCs have been previously shown to
initiate HCC-like and cholangiocarcinoma-like tumors in
vivo [110]. With serial rounds of transplantation, two cell
populations became apparent; one with epithelial morphol-
ogy and a second with mesenchymal morphology. Clones
of these two cell populations were subisolated and PTEN
loss was confirmed, demonstrating that tumor cells were
derived from the original PTEN−/− host. Subcutaneous
implantation of these cells into nude mice revealed that
the mesenchymal subpopulation of cells generated signif-
icantly larger tumors than those seen with the epithelial
subpopulation or the mixed cell population. Histologically,
epithelial cells generated hepatoma like tumors, while the
mesenchymal cells formed fibroblastoma-like tumors. The
mixed cells formed tumors with both mesenchymal and
epithelial cell morphology. Furthermore, in vitro mesenchy-
mal cells were more migratory and invasive than their
epithelial counterparts and this was confirmed in vivo by
demonstrating their increased metastatic capacity [111].

7. Targeting Cancer Stem Cells via
Hedgehog Pathway Inhibition

Normal tissue stem cells and CSCs exhibit properties of
chemoresistance and radiation-resistance due to their rela-
tive quiescence, expression of ATP-binding cassette (ABC)
transporters, activated DNA repair systems, and resistance
to apoptosis [3]. A growing body of work now supports
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the idea that chemoradiotherapy spares or even enriches
the CSC population within the original tumor, allowing
these cells to repopulate the recurrent tumor, despite the
fact that the bulk of the tumor has disappeared. In vitro,
the CD133+ pancreatic cancer stem cells exhibit significant
drug resistance to the chemotherapy agent gemcitabine in
comparison to autologous CD133− cells. In vivo, treatment
of pancreatic xenografts with gemcitabine also resulted in
a significant decrease in tumor volume, but an enrichment
of the CD133+ cell fraction, suggesting that CSCs play a
role in treatment resistance [90]. Similarly ionizing radi-
ation therapy of human glioma xenografts resulted in an
enrichment of the CD133+ glioma CSC subpopulation by
fourfold in comparison to untreated controls. Decreased
rates of apoptosis, preferential activation of DNA damage
checkpoint responses, more efficient repair of DNA damage,
and activation of the stem cell renewal pathway, Notch, are
some of the mechanisms that underlie the increased survival
of CD133+ glioma cells. Pharmacological inhibition of the
Chk1 and Chk2 checkpoint kinases as well as the Notch
pathway (by gamma-secretase inhibitors) has been shown
to overcome the radioresistance of CD133+ glioma cells,
suggesting possible therapeutic targets [112, 113].

These observations raise the question of whether the CSC
represents a new and viable therapeutic target. Some of the
most promising therapeutic strategies inhibit SC renewal
pathways, such as the Hh pathway, often in combination with
conventional cytotoxic agents. The role of hedgehog signal-
ing in pancreatic cancer metastases was investigated by Feld-
mann et al. using a spontaneously metastasizing xenograft
model of pancreatic cancer. These studies demonstrated that
while cyclopamine treatment did not significantly inhibit
primary tumor growth, rates of distant metastasis to the
lung and liver were significantly inhibited by cyclopamine
treatment and completely abolished by the combination of
gemcitabine and cyclopamine [114]. No histologic distinc-
tions in the tumor tissue were detected between cyclopamine
and vehicle-treated animals, but cyclopamine treatment did
result in a 3-fold reduction of ALDH-expressing pancreatic
cancer cells in vitro. ALDH has been implicated as another
putative marker of pancreatic CSCs, and this initial study
suggests that inhibition of the hedgehog pathway results
in depletion of the pancreatic CSC compartment and is a
putative mechanism for metastasis.

Mueller et al. further extended these findings by demon-
strating that dual inhibition of the hedgehog pathway
and the mTOR pathway in combination with gemcitabine
is required to completely eliminates both CD133+ and
CD24+CD44+EpCAM+ pancreatic CSC populations in
vitro. In contrast, inhibition of the Hh pathway alone in com-
bination with gemcitabine abolished the CD133+CXCR4+
migratory CSC population. Similarly, in a mouse model of
orthotopic pancreatic cancer, treatment with cyclopamine,
rapamycin (mTOR inhibitor) and gemcitabine was required
to fully inhibit growth at the primary site and resulted in a
significant overall survival benefit. However, treatment with
cyclopamine and gemcitabine resulted in complete inhibi-
tion of metastatic activity [115]. Thus, they conclude that
dual pathway inhibition is required for complete abrogation

of tumorigenic potential. Recently, Olive et al. utilized a
mouse model of gemcitabine-refractory, pancreatic ductal
adenocarcinoma to demonstrate that treatment with the
smoothened inhibitor, IPI-926, alone or in combination with
gemcitabine, results in depletion of the desmoplastic stroma
and an increase in intratumoral vascular density. In these
animals, concentrations of gemcitabine metabolites were
augmented by 60% following a ten day pretreatment with
IPI-926/gemcitabine. Furthermore, treatment with IPI-926
and gemcitabine (as opposed to either agent alone) resulted
in a transient reduction in tumor size at the primary site and
significantly inhibited liver metastases, resulting in an overall
survival benefit [83]. Their interpretation of these results is
that inhibition of the Hh pathway results in increased tumor
angiogenesis and stromal collapse, both contributing to
enhanced gemcitabine delivery to the pancreatic ductal cells.
However, an alternate explanation for these findings is that
Hh inhibition depletes the cancer stem cell compartment.

8. Conclusions

Cell turnover occurs in all adult organs. Hence, mainte-
nance of normal organ structure and function necessitates
appropriate mobilization and differentiation of cells within
the stem cell niche of each tissue. Demands on this process
increase during adult tissue injury and may unmask defective
regulation of pathways, such as Hh and other morphogens
that modulate progenitor cell fate. Dysregulation of the Hh
pathway has been demonstrated in many types of cancer,
including pancreatic and liver cancers. In such tumors,
defective Hh signaling has been linked to outgrowth of Hh-
responsive cancer stem-initiating cells and stromal elements,
suggesting that the Hh pathway might be a therapeutic target.
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Lung cancer remains the leading cause of cancer death. Understanding lung tumors physiopathology should provide opportunity
to prevent tumor development or/and improve their therapeutic management. Cancer stem cell (CSC) theory refers to a
subpopulation of cancer cells, also named tumor-initiating cells, that can drive cancer development. Cells presenting these
characteristics have been identified and isolated from lung cancer. Exploring cell markers and signaling pathways specific to lung
CSCs may lead to progress in therapy and improve the prognosis of patients with lung cancer. Continuous efforts in developing in
vitro and in vivo models may yield reliable tools to better understand CSC abilities and to test new therapeutic targets. Preclinical
data on putative CSC targets are emerging by now. These preliminary studies are critical for the next generation of lung cancer
therapies.

1. Introduction

Despite important improvements in therapies over the
last decades, lung cancer prognosis remains very poor.
After apparent successful initial therapy, development of
secondary tumors often leads to a lethal relapse. Substantial
growing experimental evidence has suggested that many
cancers, including lung cancer, may be driven by a small
subpopulation of self-renewing cells that could sustain
malignant growth [1]. Innovative therapy could target this
specific population of “cancer stem cells” (CSCs) or “tumor-
initiating cells” in order to improve patients’ outcome,
with complete eradication of tumor growth. This review
summarizes what is known about lung CSCs and focuses
on potential clinical implications based on preclinical data
obtained through new in vitro and in vivo models.

2. Cancer Stem Cells

Two major models have been described for tumor propa-
gation: the clonal evolution model, involving a stochastic
component, and the CSC model defined as hierarchical.

According to the clonal evolution model, neoplasm arise
from a single cell of origin, and tumor progression results
from acquired genetic variability within the original clone
allowing sequential selection of more aggressive sublines [2].
CSC model sustains that tumor cells are heterogeneous and
only the CSC subset has the ability to proliferate extensively
and form new tumors [1, 3]. These models are not mutually
exclusive [4]. Recent data provide support for the CSC
hypothesis, which suggests that a relatively rare subpopula-
tion of tumor cells have the unique ability to initiate and
perpetuate tumor growth [5]. CSCs have been identified and
isolated in various malignancies including solid tumors [6–
10] such as lung cancer [11]. These cells can be defined as
cancer cells that specifically possess the ability to give rise to
all cell types found in a particular cancer sample. CSCs share
various characteristics with embryonic and somatic stem
cells including self-renewal and multipotent differentiation
[12, 13]. Self-renewal is defined as the ability to go through
unlimited cycles of cell division while maintaining the
undifferentiated state. Stem cells are characterized by the
capacity to renew themselves through mitotic cell division
and differentiate into a diverse range of specialized cell
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types. Indeed, self-renewal, which drives tumorigenesis, and
differentiation albeit aberrant that contributes to cellular
heterogeneity of the tumor, are considered the key properties
of the CSC.

Stem cell populations are established in niches, which
are defined as specific locations that regulate how these cells
participate in tissue regeneration, maintenance, and repair
[14]. The stem cell niche represents the microenvironment
that interacts with stem cells to regulate stem cell self-
renewal and differentiation. The dependence of normal stem
cells on the niche limits their expansion. CSCs might arise
from normal stem cells that have acquired mutations that
enable them to escape from niche control [15]. There is
increasing evidence of the importance of the tumor and the
host microenvironment in conditioning the stem cell status
itself [16]. The expansion of the niche cells may be driven by
alterations in the CSCs or in the niche cells themselves. In
either case, there is an expansion of the self-renewing CSC
pool that gives rise to aberrantly differentiated cancer cells,
which comprise the bulk of the tumor [17]. Alterations in
CSCs may enable them to commandeer alternative niche cells
to provide them with self-renewal signals. Vascular niche
in brain tumors has been shown to contribute directly to
the generation of CSCs and tumor growth [18]. Although
some stem cells are perivascular, others may occupy hypoxic
niches and be regulated by O2 gradients [19]. However, the
underlying mechanisms remain unclear. O2 availability may
have a direct role in stem cell regulation through HIF-1α
modulation of Wnt/β-catenin signaling [20]. If CSCs depend
upon aberrant niche microenvironments, then these niches
might represent targets for treatments.

Some fundamental characteristics are needed to rec-
ognize CSCs. The term CSC is frequently referred to as
“cancer initiating cells”, since serial transplantation of CSCs
into animal models re-establishes part of the phenotypic
heterogeneity of the primary tumor [21]. Xenotransplan-
tation in immunocompromised mice, followed by serial
transplantation, is now regarded as an essential criterion
in defining CSCs. This preponderant characteristic might
represent the mechanistic parallel of regenerating a tissue or
an organ in normal stem cell. These cells can be grown in
vitro as tumor spheres under nonadherent conditions [22].
Self-renewal capacity also has to be documented.

CSCs have been shown in in vitro models to be highly
resistant to radiation [23] and chemotherapy [24], poten-
tially resulting in residual disease that can lead to recurrence.
However, radioresistance of CSCs remains controversial.
Inconsistent experimental results could be related to diffi-
culty in correctly isolating the CSC subpopulation within
a tumor [25]. CSCs may be less vulnerable to treatments
because of intrinsic properties of radio and chemoresistance
[26]. One hypothesis is that CSCs could be more resistant
to DNA damages induced by these treatments [27, 28]. They
may have enhanced capacities of DNA repair [29].

The frequency of CSCs appears to be highly variable,
reflecting biological diversity among cancer models as well
as technical issues. This subpopulation of cells was identified
utilizing flow-cytometer-based cell sorting, enabling isola-
tion of a “side population” (SP) defined by Hoechst 33342

dye exclusion [30]. This test is based on ABCG2 transporter,
which is the second member of the G subfamily of ATP
binding cassette (ABC) transporters. ABCG2 is one of the
most important multidrug-resistance transporters and its
substrates include Hoeschst 33342 [31]. This transporter is
highly expressed in the SP containing stem cells [32]. CSCs
are capable of self-renewal and production of differentiated
progenitors. Progenitors are engaged in a differentiation
pathway that progressively generates the different mature
cells. CSCs express tissue-specific cell surface markers, such
as CD34 in several kinds of leukemia [33] and CD44 in
breast cancer [6]. None of these markers are specific to
CSCs: CD34 is expressed by endothelial and hematologic
normal cells, while CD44 is expressed by endothelial and
mesenchymal cells. CD133 has been observed in a wide
spectrum of malignant tumors including lung cancer [11,
34]. The function of CD133 is still unknown. CD133 may
have a role in stem cell activation/maintenance [35], and
potential regulatory activity of cell-cell contacts [36]. The
CSC phenotype may not necessarily be uniform between
cancer subtypes or even tumors of the same subtype [37].
Aldehyde dehydrogenase (ALDH) metabolizes a wide variety
of endogenous and exogenous aldehydes [38]. High ALDH
activity has been detected in stem and progenitor cells
in various lineages [39–41], suggesting that strong ALDH
activity and/or antigen expression can be used as a marker
for CSC in a variety of cancers, including lung cancer [42].

3. Does the Cancer Stem Cell Concept
Remain Disputed?

In the stochastic model, transformation results from a
random mutation and subsequent clonal selection. But
this model may not be sufficient to fully explain biology
of carcinogenesis. The conceptual gap left by this model
could be filled in by CSC hypothesis which becomes very
attractive in this context. Indeed carcinogenesis involves
acquisition and accumulation of genetic mutations and
epigenetic regulations that may take many years. Since the
normal lung epithelium turns over fairly rapidly, there
must be some very long-lived cell type that serves as the
repository to safeguard all these accumulating mutations.
This can fit with CSC hypothesis and therefore explain
both heterogeneity of cancer cells and events of metastasis.
This theory may bring fundamental bases for understanding
resistance to chemotherapy or radiation treatment, tumor
promotion and progression, as well as important clinical
implications for detection, prevention, and treatment [3].
However, some controversies still remain [43–45]. Tumor
growth may not need to be driven by rare cancer stem cells.
Cancer stem cell theory may not be an absolute requisite to
explain chemo-radio resistance. This characteristic may be
related to multiple drug resistance (mdr) phenotype [46].
Metabolic flexibility may generate adaptive changes in cells of
the residual disease that can lead to tumor growth [47] and
relapse. Tumor progression and recurrence may be explained
by a state of cancer dormancy [48]. CSC may not be a
real entity. CSC theory could be the simple transposition
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of normal tissue development to cancer. Although the CSC
hypothesis still has to be fully validated in lung cancer,
its applicability would provide an improvement in our
understanding of carcinogenesis.

4. Lung Cancer

Lung cancer is one of the most intractable cancers with a
five-year overall survival of around 15% all stages merged.
Lung cancer has a poor prognosis, because of extra thoracic
dissemination and frequent disease relapse. The main types
of lung cancer are small cell lung carcinoma SCLC and
nonsmall cell lung carcinoma NSCLC, which includes three
major histological types: adenocarcinoma, squamous cell
carcinoma (SCC), and large cell carcinoma [49]. About 15%
of the tumors are SCLCs and arise in the larger airways, grow
rapidly, and have a neuroendocrine component. Adenocarci-
nomas represent about 40% of NSCLCs and usually start in
peripheral lung tissue. SCCs account for 25% and commonly
originate near a central bronchus. Large cell carcinomas
are believed to derive from neuroendocrine cells and may
be observed in combination with other types of NSCLC.
These neuroendocrine lung tumors appear to be epithelial
tumors characterized by their preferential neuroendocrine
differentiation as indicated by neuroendocrines granules,
mucin granules, microvilli, and tonofilaments [50].

It is estimated that smoking causes 90% of lung cancers.
However, different types of genetic modifications have been
described in lung cancer cells such as recurrent chromosome
abnormalities [51], upregulation of telomerase activity [52],
and mutations of oncogenes or tumor suppressor genes
(TP53, RB1, CDKN2A, KRAS, EGFR). Some may be markers
of disease progression, others may have a direct role in
lung cancer genesis in the context of gene-environment
interactions [53]. The link between mutations and stem cell-
ness is an important issue that needs to be explored. It is
not clear whether mutations leading to CSCs occur in stem
cells or in differentiated cells. These data strongly suggest
that a deep knowledge of each tumor should improve patient
outcome thanks to personalized therapy.

5. Normal Lung Stem Cells

The respiratory system arises from the ventral foregut endo-
derm with development of a tree-like system of epithelial
tubules and vascular structures, which ultimately gives rise to
the mature airways and alveoli. Precise sequence and pattern
of branching events lead to highly ramified tubular networks
possibly driven by a stereotyped hierarchical and modular
branching program [54] which molecular regulation remains
under study [55]. Lung mesenchymal development is cru-
cially influenced by signals from the epithelium and the
pleura that, in concert, appear to maintain a balance of differ-
entiated and proliferating multipotent progenitors while the
lung grows [56]. During lung branching morphogenesis, the
transcription factor Sox2 is associated with the epithelium
that is less morphogenetically active. Sox2 expression is lost
at sites where nascent buds arise [57, 58]. As epithelial cells

in branching airways continue to differentiate, it is crucial
to maintain and expand a pool of uncommitted progenitor
cells for continuous growth. It has been proposed that this
pool resides in the distal lung, as a population of proliferating
immature epithelial cells that expresses high levels of the
proto-oncogene Mycn [59].

Mature respiratory epithelium consists of multiple cell
types. Ciliated, neuroendocrine, and secretory cells are
located in the proximal region of the respiratory system.
Alveolar type 1 (AT1) and 2 (AT2) cells are typical of the
distal alveolar region of the lung (Figure 1). Lineage analysis
suggests that progenitor cells lining the trachea and proximal
lung have a different origin from those lining the distal
region of the lung [60]. The activity of the different pools
of progenitor cells account for spatially restricted regional
specificities in both proximal and distal cell lineages speci-
fications during lung development and cellular composition
of tracheobronchial and bronchiolar airways [61]. Basal
cells have been proposed as a multipotent progenitor cell
population of bronchial airways. They have the capacity
for restoration of a fully differentiated epithelium [62, 63].
Lung CSCs and airway normal stem cells may use common
pathways in development.

6. Lung Cancer Stem Cells

Altered composition of airway epithelial cell that is associated
with acute or chronic lung injury has the potential to
significantly increase risk for developing lung cancer [64,
65]. It is currently unknown whether airway stem cells
contribute significantly to normal epithelial maintenance
and repair [66]. Clara cells participate in maintenance of
both secretory and ciliated cell types after oxidant-mediated
damage [67]. Meanwhile a population of pollutant-resistant
stem cells localized in the bronchoalveolar duct junction
(BADJ) contributes to restoration of a phenotypically diverse
epithelium after clara cell depletion [68]. These cells are
named bronchoalveolar stem cells (BASCs) (Figure 1). Both
pulmonary neuroendocrine cells (PNEC) and Clara cells
have been proposed as progenitors for the genesis of SCLC
and NSCLC [69]. PNEC are specialized airway epithelial cells
that produce specific neuropeptides and that are grouped
in clusters termed neuroepithelial bodies (NEBs). Repair
from airway injury is associated with PNEC hyperplasia
[70]. Cells with Clara-like characteristics but reduced secre-
tory protein expression have been identified in association
with preneoplastic lesions [71]. These data suggest that
cells engaged in differentiation could reactivate genes of
immaturity. In this context, CSCs may arise from restricted
progenitors or more differentiated cells that have reacquired
self-renewing capacity [5]. This phenomenon could have
direct bearing on the issue of stem cell plasticity, which is
defined as the ability to cross lineage barriers and adopt cell-
differentiated phenotypes [72]. It also may raise a parallel
with transdifferentiation from differentiated cell to CSC that
leads to cancer cell phenotypic diversification [73]. BASCs at
the BADJ of adult airways have been proposed as an initiating
cell source for lung adenocarcinoma [74]. Stem cells and
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Figure 1: Lung CSCs and progenitors which differentiation leads to heterogeneity of associated human carcinomas. Normal and tumor
cellular hierarchy progressively generates progenitor cells and differentiated mature cells in both proximal and distal airways. Hypotheses are
represented with discontinuous lines.

progenitors could be considered ideal tumor initiating candi-
dates, because dysregulation of proliferative capacity through
mutation may rapidly cause dysplastic tumor-like growth.
The deviation from a common endodermic stem cell could
also be responsible for the multidirectional differentiation
in lung tumors, including neuroendocrine phenotype in
NSCLC and squamous or glandular signs of differentiation
in authenticated neuroendocrine tumors [75].

Observed phenotypic heterogeneity between distinct
tumor types suggests that the tumor’s local pulmonary
environment deeply impacts the fate of cancer cells [76].
Developmental programs of cells initially engaged in a
specific lineage pathway can be altered by changing the type
of signals in the local environment [77]. The different lung
tumors could arise from regiospecific cancer stem cell niches
that are still debated [78, 79].
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7. Lung Cancer Stem Cell Models

Tumorigenic human lung cancer cells have been isolated
using different approaches from both cell lines and primary
tumors. CSC models from lung cancer cell lines are based
on the phenotype or on the functional characteristics of
these cells (Figure 2). SP has showed repopulating ability
and resistance to multiple chemotherapeutic drugs in lung
cancer. In addition, human telomerase reverse transcriptase
(hTERT) expression is higher in SP, suggesting that this
fraction may represent an enriched source of lung tumor
initiating cells with unlimited proliferative potential [80–
83]. CSCs can be identified and isolated by flow-cytometry-
based cell sorting using the cell surface marker CD133 [37]
(Figure 2). The lack of early markers for lung progenitors
represents a clear gap of knowledge. The known markers
are not always ideal to sort for the CSC population [84].
In line with tumor heterogeneity, the phenotype of CSCs is
not uniform, underlying the necessity to find more specific
single markers or to define new marker combinations to
potentially recognize the putative CSCs (Table 1). Isolation
of lung CSCs based on increased ALDH activity was
obtained using the Aldefluor assay followed by fluorescent-
activated cell sorting (FACS) (Figure 2) [42, 85]. The second
approach leading to the isolation of lung CSCs was based
on their inherent functional resistance to chemotherapy
(Figure 2). Drug-surviving cells were isolated after an in
vitro treatment with cisplatin, doxorubicin, or etoposide.
These cells present the phenotypic characteristics previously
described [86]. These different CSC models developed on
cancer cell lines can be grown in vitro as tumor spheres under
nonadherent conditions using a serum-free medium that is
supplemented with growth factors. They also exhibit high
clonogenic potential, capacities for self-renewal, generation
of differentiated progeny, and high in vivo tumorigenicity
(Figure 3).

The first isolation and expansion of lung CSCs from
primary patient tumors was based on their ability to survive
under serum-free conditions and proliferate as cellular
tumor spheres [11]. CD133 cells isolated from primary
tumors displayed features of CSCs both in vitro and in
vivo [87, 88]. The expression of CD133 in tumors was
linked to shorter progression-free survival in patients treated
with platinum-based chemotherapies, but this point remains
controversial [88–91].

In vivo limiting dilution consists of injection of decreas-
ing number of cells. This method used for subcutaneous
tumor xenograft may prove enrichment of CSCs in an
isolated subpopulation of cells [27, 92] (ratio to obtain a
tumor from CSCs compared to tumor cells: 1/100). To date,
there is no consistent data published on this method in lung
CSC models that determine the minimal number of tumor-
initiating cells necessary and sufficient to regenerate a tumor.

A few mouse models of lung cancer-initiating cells have
been developed [74, 93]. However the frequency of CSCs in
these models is highly variable. To date, there is no evidence
of a subpopulation isolated from an animal model able to
restore the tumor initial heterogeneity in secondary and
tertiary hosts [84].

8. Preclinical Data on Lung Cancer Stem Cells

The surviving fraction of tumor cells after chemotherapy
is low and may contain CSCs. These cells “left behind”
may be responsible for recurrence. These cells need to
be eradicated in order to provide long-term disease-free
survival. Combinatorial treatments involving both cytotoxic
and targeted therapies will probably be required to suppress
all cancer cells [5]. Preclinical data on putative CSCs targets
are emerging by now.

Oncogenes and tumor-suppressor genes are the 2 types
of genes involved in carcinogenesis. Oncogenes are dominant
genes [94] whereas tumor suppressor genes are recessive.
Activating mutations or transcriptional deregulation can
lead from proto-oncogenes to oncogenes. The Runx genes
can present characteristics of both oncogenes and tumor
suppressor genes. These genes encode transcription factors
involved in normal development with tissue specific expres-
sion. Many chromosomal translocations involving Runx
genes and leading to oncogenic fusion proteins have been
reported [95]. These fusion proteins may have a tissue-
restricted oncogenic spectrum [96] in accordance with the
concept of lineage-specific oncogenes. This concept applied
to CSCs could suggest that some specific oncogenes could
select and maintain a particular malignant phenotype char-
acteristic of a cell lineage. Runx3 is an essential transcription
factor for the late phase of lung development. Runx3 is
required for the control of differentiation and proliferation
of bronchiolar epithelium [97]. The frequent silencing of
Runx3 by promoter hypermethylation in the preneoplastic
stage of the lung adenocarcinoma has been observed [98, 99].
Runx3 downregulation has been proposed as an early event
in the development of the lung carcinoma interfering in the
differentiation of progenitor cells [97]. Moreover, there are
some data suggesting that in lung cancer TITF1 could be an
adenocarcinoma lineage specific oncogene [100] and BRF2 a
squamous cell lineage specific oncogene [101].

BASC possesses the potential to differentiate into Clara
or AT2 cells, presenting coexpression of Clara cell secretory
protein (CCSP) and surfactant protein C (SPC) (Figure 1)
[74]. These cells also exhibit the capacity of self-renewal and
the expression of Oct4. Oct4 is a transcriptional factor of
the embryonic stem cells which expression was found to be
associated with a poor prognosis [87, 102, 103]. In addition,
knock down of Oct4 might lead to apoptosis of a CSC-like
population of lung cancer cells [104].

Sox2 is a critical transcription regulator of embryonic
stem cells [105]. Sox2 controls self-renewal and differ-
entiation processes [106]. It is also implicated in lung
branching morphogenesis during pulmonary development
as previously evocated [57, 58]. Sox2 has been proposed
to be an oncogene which expression is essential to lung
SCC carcinogenesis and which is capable of transforming
and conferring tumor initiating properties to human lung
squamous cells [107]. Additionally, tumors with Sox2 over-
expression seem to have a worse prognosis [108].

Oct4 and Sox2 are two of the four crucial transcription
factors capable of cooperating to reprogram differentiated
cells into an induced pluripotent stem cell-like phenotype
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Table 1: Molecular characterization of putative human lung CSCs.

Molecular characterization References

Surface markers and transporters:

CD133 [11, 34, 37, 87–91]

Side population—ABCG2 [80–83, 91]

ALDH activity [42, 85]

Transcription factors:

Runx3 [97–99]

Sox2 [107, 108]

Oct4 [87, 102–104]

c-kit [111, 115]

[109, 110]. Nuclear transplantation of Oct4, Sox2, c-Myc,
and Klf4 can reprogram a somatic genome back into an
embryonic stem cell status. Is there a comparable way for
cancer cells to reacquire an immature profile with properties
of self-renewal? Oct4 and Sox2 may participate to a similar
process leading to lung CSCs.

Stem Cell Factor (SCF) is a mitogenic and angiogenic
factor involved in carcinogenesis. Human c-kit has been
shown to operate as a SCF receptor promoting tumor growth
[111–113]. Patients with either mutation or overexpression
of c-kit have lower survival rates and show resistance to
chemotherapy [114]. Blocking SCF/c-kit signaling pathway
inhibits CSC proliferation and survival after chemotherapy
exposure in human lung cancer cell lines [115]. Exposure
to SCF/c-kit axis blockade by SCF-neutralizing antibodies
or by imatinib (Gleevec), an inhibitor of c-kit, combined to
cisplatin therapy might lead to inhibition of both non-CSCs
and CSCs.

Differences between normal stem cells and CSCs may
provide novel antigenic and molecular targets for ther-
apy (Table 1). It is important to design new therapeutic
approaches to selectively hit CSC-specific pathways, while
sparing normal stem cells. Further identification of lung
cancer stem cell-specifics target could allow for promising
more effective combined therapies. In our view, the most
important matter to address in a near future is to better
characterize and isolate lung CSCs from patients’ tumors
combining marker studies and functional assays. Lung CSCs
probably include a heterogeneous population of cells with
different therapeutic resistance profiles. Identifying lineage
specific oncogenes or their fusion proteins could bring new
targets for specific therapeutic approaches selectively aimed
at specific CSCs. In contrast to chemotherapy or radiother-
apy on mature tumor cells, therapies against CSCs might
have a slow but sustainable effect. Therefore experimental
models will certainly have to be redrawn including longer
observation periods and intermediate analysis.

9. Conclusion

CSC is central to cancer cell biology and cancer therapy.
The knowledge of CSC signaling pathways may lead to new
therapies able to eradicate lung CSC or induce differenti-
ation of these cells. Promising models have recently been

developed to isolate the subpopulation of CSCs within the
lung-differentiated cells of the tumor mass. These models
are useful tools to better characterize lung CSCs. Targeting
the CSC or its microenvironmental niche could inhibit
self-renewing and overcome chemo-radio resistance. Some
consistent preclinical data are emerging on the role of
transcriptional factors such as Runx3, Oct4, Sox2, and c-
kit in lung tumor differentiation and treatment resistance.
Further in vitro and in vivo studies are needed to design
combined therapies in order to determine whether these
candidates are potential targets for new therapeutic strategies
against lung cancer. Moreover, the prognostic and predictive
value of CSCs identification from tumor biopsies or among
circulating tumor cells remains to be determined.
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Despite advances in treatment, cancer remains the 2nd most common cause of death in the United States. Poor cure rates may result
from the ability of cancer to recur and spread after initial therapies have seemingly eliminated detectable signs of disease. A growing
body of evidence supports a role for cancer stem cells (CSCs) in tumor regrowth and spread after initial treatment. Thus, targeting
CSCs in combination with traditional induction therapies may improve treatment outcomes and survival rates. Unfortunately,
CSCs tend to be resistant to chemo- and radiation therapy, and a better understanding of the mechanisms underlying CSC
resistance to treatment is necessary. This paper provides an update on evidence that supports a fundamental role for CSCs in
cancer progression, summarizes potential mechanisms of CSC resistance to treatment, and discusses classes of drugs currently in
preclinical or clinical testing that show promise at targeting CSCs.

1. Introduction

Individualized cancer treatment has been an attractive con-
cept since the beginning of cancer research. Breakthroughs
in research have allowed the characterization of malignancies
according to their unique gene expression, which has allowed
the pragmatic targeting of many cancer types based on their
specific gene expression patterns. For example, trastuzumab
improves the overall and progression-free survival in human
epidermal receptor 2- (Her2-) positive breast cancer [1–3].
The receptor-specific monoclonal antibodies bevacizumab
[4, 5] and cetuximab [6] have shown remarkable outcome
in vascular growth factor receptor- (VEGF-) positive and
epidermal growth factor receptor (EGFR)-positive cancer,
respectively. Examples of other targeted therapies [7–9] are
shown in Table 1. Indeed, the age of individualized cancer
therapy has begun.

Individualized profiling and targeting systems provide
novel tools to improve both prognostic accuracy and indi-
vidualized treatment for patients [10]. In addition, each of

the classical pillars of cancer therapy—(1) surgical resection,
(2) chemotherapy, and (3) radiation therapy—has made
significant technological strides, and numerous clinical
studies have improved our ability to effectively apply
and combine these modalities. Vaccines that prevent the
spread of the human papilloma virus (HPV) promise to
dramatically reduce cervical cancer; conversely, viruses are
being developed that directly attack carcinogenic cells [11].
Advancements such as functional imaging, magnetic reso-
nance imaging, immunohistochemistry, and flow cytometry
have recently refined our ability to tease out, subdivide,
prognosticate, and define the myriad of permutations in
this uniquely complex and malignant disease. A growing
arsenal of prevention strategies and screening technologies
has allowed physicians to diagnose and treat cancer earlier
in its progression than ever before. All of these evolving
modalities and strategies to manage cancer have helped
result in a pattern of continuously dwindling cancer-related
morbidity and mortality in the United States [12].
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Table 1: Update on clinical trials for CSC molecular targets.

Target Drug Cancer Phase
http://clinicaltrials.gov/

Sponsor
Identifier

Wnt Resveratrol Colon I, II NCT00256334 University of California, Irvine

Notch MK0752 Breast I NCT00106145 Merck

Pancreatic I, II NCT01098344 Cancer Research UK

RO4929097 Renal cell II NCT01141569 University Health Network, Toronto

PF-03084014 Leukemia I NCT00878189 Pfizer

Hedgehog GDC-0449 Solid tumors I NCT00968981 Genentech

Colorectal II NCT00636610 Genentech

PF-04449913 Hematologic I NCT00953758 Pfizer

BMS-833923 Basal cell I NCT00670189 Bristol-Myers Squibb

LDE225 Medulloblastoma I NCT00880308 Novartis

However, despite this progress, cancer remains the 2nd
most common cause of death in the United States [13]. Our
continuing inability to cure cancer is largely attributed to the
ability of cancer cells to spread and repopulate after initial
therapies have eliminated all detectable signs of disease.
New interventions that reduce this capacity could have a
far-reaching impact on our ability to prevent recurrences,
extend survival, and cure many types of cancer. Thus, better
understanding the mechanisms of cancer progression for
the development of antirepopulation therapies is likely to
offer significant clinical benefit. The cancer stem cell (CSC)
hypothesis has emerged within this line of investigation.
This hypothesis has helped explain how cancer might recur
and metastasize despite effective initial treatment and thus
represents a promising new front in the war on cancer.

2. The CSC Hypothesis

A paradigm shift in our understanding of cancer tumori-
genesis emerged in 1994 when John Dick and colleagues
demonstrated that human acute myeloid leukemia (AML)
has a hierarchical organization that originates from a
primitive hematopoietic cell [14]. This popularized a concept
first proposed over a century ago: that cancer growth within
a given neoplastic process may be dependent upon only a
small fraction of progenitor cells [15, 16]. These cancer cells
that retain their normal stem cell properties of self-renewal
and pluripotency are often referred to as CSCs. Within the
framework of the CSC hypothesis, normally dormant stem
cells may inadvertently acquire tumorigenic DNA mutations
and become CSCs which inappropriately begin dividing and
direct the neoplastic process. Multiple studies have recently
provided compelling support of the CSC hypothesis [17–19].

Despite controversies surrounding the CSC hypothesis
[20, 21], substantial evidence has emerged that supports
its role in cancer including AML [22], brain [23], breast
[24], colon [25], head and neck [26], lung [27], liver
[28], melanoma [29], pancreatic [30], prostate [31], and
squamous cell [32] cancer (Figure 1). At least 15 drugs
designed to exploit the CSC hypothesis have entered clinical
trials [33]. However, the CSC hypothesis has not been fully

established and will likely evolve as unknown molecular
targets capable of promoting tumorigenesis continue to
be discovered [34]. Moreover, the translation from the
theoretical benefit of CSC eradication into its actual clinical
benefit has to be experimentally demonstrated. Another
poorly understood nuance is that certain cancer types may
be relatively independent of fractional CSC populations,
operating more consistently with classical stochastic or clonal
evolution models [35]. Although there are limitations to
the CSC hypothesis, it is evident that cancer often possesses
functionally defined CSCs, and is likely to be at least partially
dependent on CSCs for growth and survival.

In cancer types where neoplastic growth and differ-
entiation depend on CSCs, complete eradication of this
population may be curative. Furthermore, agents that
force CSCs to rapidly differentiate en masse within such
cancer types may limit disease progression. Alternatively,
suppressing residual CSCs after initial tumor debulking may
sustain remissions and extend the progression-free survival
of patients receiving CSC suppressive therapy. Considering
these distinct therapeutic potentials of targeting CSCs, it
appears that CSC-targeted therapies could be an effective
complement to traditional treatment approaches such as
surgery, chemotherapy, and radiation therapy. Indeed, it
is possible that these traditional strategies leave behind
residual CSCs which are capable of spreading and regener-
ating tumors, leading to cancer recurrence and metastasis.
Moreover, these recurring tumors often acquire resistance to
chemotherapy and radiation [36, 37]. Multiple investigators
have demonstrated the ability of CSCs to develop resistance
traits after induction chemo- and radiation therapy.

Evidence suggests that CSCs are highly heterogeneous
[38, 39]. This heterogeneity may be responsible for the evo-
lution of resistance to first-line therapies in recurrent cancer
since treatment-resistant cells within a heterogeneous tumor
population may be selected for during induction therapy.
The outcome may be a more aggressive and treatment-
resistant malignant recurrence [36]. In addition, CSC het-
erogeneity may make the pharmacological eradication of
the entire CSC population difficult since these cells may
exhibit variable expression of drug-targeted genetic markers.
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Figure 1: Cell surface phenotype of cancer stem cells. A summary of cancer stem cells surface markers identified in a variety of cancer types.

This task is complicated by the possibility that cancer may
exhibit fluctuating phenotypes, frequencies, and biological
properties within an individual patient [40]. Furthermore,
existing microenvironmental signaling pathways may recruit
or promote CSC functions, perhaps through neoplastic
clonal dedifferentiation processes [40, 41]. Until these chal-
lenges are overcome, CSC-targeting therapies will not reach
their full potential. Regardless, research surrounding the CSC
hypothesis has already helped generate numerous potential
pharmacological interventions, and combinations of these
CSC-specific therapeutic approaches with traditional cancer
treatment strategies may show synergistic benefits since their
mechanisms of action are distinct and complementary.

3. Frequent Cancer Recurrence May Be due to
the Preferential Killing of Differentiated Cells
While Leaving CSCs behind

As previously mentioned, cancer recurrence may be partly
due to the fact that conventional therapies such as chemo-
and radiation therapy fail to specifically target CSCs.
Instead, these therapies likely enrich CSC populations by
preferentially killing differentiated cancer cells that had
little potential to sustain cancer growth. Numerous studies
indicate that CSCs are resistant to chemo- and radiotherapy
and are therefore preferentially preserved when cancer cells
are targeted by these approaches [15, 42–45]. Interestingly,
during differentiation therapy for the treatment of acute
promyelocytic leukemia (APML), all-transretinoic acid and
arsenic trioxide are used to induce the differentiation of

CSCs down their hematopoietic lineage. The outcome is
dramatically reduced self-renewal capacity and extended
patient survival [46]. The dramatic anticancer effects of
combined modality differentiation therapy in leukemia also
demonstrate how synergy between independent therapeutic
approaches can achieve remarkable outcomes in cancer
therapy [47]. Thus, differentiation treatment of APML serves
to illustrate (1) the relative impotence of differentiated cells
in cancer, (2) the potential therapeutic benefit of specifically
targeting CSCs, and (3) the potential synergy between CSC-
specific therapies and existing modalities.

4. The Detection and Identification of CSCs

In recent years, an effort has been made to successfully
identify stem cells in multiple human malignancies, includ-
ing hematological, breast, colorectal, brain, pancreatic, and
maxillofacial cancer [22, 25, 32, 34, 36, 48–50]. Much
attention has been directed to specific cell-surface proteins.
Among these, CD133/prominin-1 is a cell-surface molecule
thought to be a stem cell marker for multiple cancer types,
including CNS, colon, hepatocellular, pancreatic, prostate,
and renal cancer [51]. Eramo et al. demonstrated that freshly
excised small cell and nonsmall cell lung cancers tissues
contain a small subset of CD133-positive cells capable of
generating long-term lung tumor spheres in vitro and differ-
entiating into tumors in vivo. Matsumoto et al. elucidated a
mechanistic relationship between CD133 and the hypoxia-
inducible factor-1α (HIF-1α), a downstream molecule in
the mammalian target of rapamycin (mTOR) cell signaling
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pathway, suggesting a role for mTOR in the regulation of
CD133 expression [52].

In addition to cell-surface markers, many investigators
have focused on the selective overexpression of certain
genes normally present in progenitor cells. Leukemia cells,
which have been transformed from the normally present
“partially committed” cells responsible for physiological
cellular maintenance, undergo mutations that result in self-
perpetuated renewal capabilities. These cells can be identified
by selective gene overexpression [24, 53–57]. In an attempt
to link cellular pathways to gene expression patterns in
lung CSCs, Stevenson et al. compiled and tested a model
of 100 signature genes to determine embryonic stemness.
Cells with a high embryonic stemness score were found
to affect multiple cellular processes, including Ras, Myc,
chromosomal instability, and cellular invasiveness [58]. Seo
and colleagues demonstrated increased expression of 13
genes in side-population (SP) A549 nonsmall cell lung cancer
cells, as compared to non-SP cells [59].

Interestingly, Glinsky has developed a novel clinical
model to assess the relative “stemness” of cancer cells by
quantifying gene expression signatures, and he has shown
that this model may predict therapeutic outcomes. The
“BMI1 pathway” algorithm is based on a collective signature
of 9 individual gene characteristics: TEZ, EED pathway,
Suz12/POLII, Suz12, Nanog/Sox2/Oct4, PcG-TF, BCD-TF,
ESC pattern, and BMI1 pathway. This multifactorial model
allowed the stratification of patients into high-risk and low-
risk groups in a retrospective analysis of large cohorts of
breast, prostate, lung, and ovarian cancer patients [60]. It
remains to be confirmed whether an individual cellular
marker can accurately identify normal stem cells or CSCs or
whether a multifactorial phenotypic model is required.

5. Mechanisms of CSC Resistance to
Chemotherapy and Radiation

CSCs have been found to exhibit a number of genetic and
cellular adaptations that confer resistance to classical ther-
apeutic approaches. These include relative dormancy/slow
cell cycle kinetics, efficient DNA repair, high expression
of multidrug-resistance-type membrane transporters, and
resistance to apoptosis (Figure 2). Cancer often acquires
resistance to chemo- or radiotherapy after nonlethal expo-
sure [36]. This process likely represents the natural selec-
tion of resistant CSCs. Radiotherapy and most types of
chemotherapy exert their antineoplastic function by dis-
rupting cancer cell DNA integrity; therefore, it is possible
that the oncogenic resistance of CSCs results from increased
expression of DNA integrity-maintenance systems [61]. In
addition, increased expression of drug efflux pumps may
promote oncogenic resistance against cytotoxic chemother-
apeutic agents [62, 63].

5.1. Resistance to DNA Damage within CSCs. Normal, non-
cancerous stem cells exhibit well-fortified DNA mutation
defense systems that typically serve to prevent mutation
into carcinogenic CSCs. Unfortunately, when mutations that

create CSCs do occur, the inherent defense systems of stem
cells serve to protect them from DNA-targeting chemo- and
radiation therapy. The chemo- and radioresistance of CSCs
has now been demonstrated in numerous experiments [64],
although the mechanisms underlying this resistance are not
fully understood. In one experiment, radiation was shown to
cause equal levels of damage to all cancer cells, but CSCs were
able to repair this damage more rapidly [15].

One potential modulator of CSC resistance to DNA-
targeting agents is the family of checkpoint kinases 1/2
(Chk1/2 kinases), which become activated after genotoxic
stress and arrest the cell cycle to allow DNA repair. These
kinases have higher basal and inducible activities in CSCs
than in nonstem cells [65]. Supporting the role of Chk1/2
kinases in CSCs, Chk1/2 inhibitors partially reverse the
resistance of glioblastoma CSCs to radiation-induced cell
death [65, 66].

In addition to augmented DNA repair systems, CSCs may
also exhibit changes in telomerase function, which allows
resistance to chromosomal degradation in these rapidly
dividing cells. Telomerase is a complex ribonucleoprotein
enzyme that synthesizes and maintains telomeric repeats at
the ends of chromosomal strands [67]. Sustained telomerase
function is critical in conferring cellular immortality, as
telomeres are otherwise shortened with each cell division,
eventually triggering cellular senescence. Telomerase func-
tion was recently shown to be downregulated in brain CSCs,
and several drugs that interfere with telomerase function
are already in clinical trials, including arsenic trioxide,
GRN163L, and vaccines [68–72].

5.2. Resistance to Drug Penetration into CSCs. An important
component of the DNA integrity defense systems in normal
stem cells is the relatively high expression of efflux trans-
porters from the ATP-binding cassette (ABC) gene family
[73]. These pumps allow normal stem cells to preserve
their genome more effectively against chemical mutagens
in an attempt to prevent carcinogenesis. Similar to the
way that CSCs may derive resistance to DNA damage from
the preexisting DNA repair systems in normal stem cells,
CSCs may also derive resistance to chemical mutagens
(e.g., chemotherapy) through the expression of drug efflux
pumps in normal stem cells from which they were derived.
Moreover, the relatively high expression of these transporters
may be used to identify CSCs within a neoplasm [74]. Drugs
that block the function of efflux transporters or that down-
regulate their expression have the potential to overcome
CSC chemoresistance. Although multidrug transporters are
not likely to significantly influence the direct cytotoxicity of
radiation-based therapies, chemotherapy or chemoradiation
therapy may benefit from blockade of multidrug efflux
pumps in CSCs.

5.3. Resistance to Apoptosis within CSCs. Resistance to ther-
apy might also be conferred to CSCs through the activation
of the Akt pathway [75, 76] and the overamplification of
apoptosis inhibitor proteins. This was first demonstrated
in chemoresistant hepatocellular carcinoma CSCs, which
were found to preferentially activate Akt/PKB and bcl-2
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Figure 2: Schematic diagram of the mechanisms leading to cancer stem cell resistance to chemo- and radiation therapy. Cancer stem cells
have been found to exhibit a number of genetic and cellular adaptations that confer resistance to classical therapeutic approaches, including
relative dormancy/slow cell cycle kinetics, efficient DNA repair, high expression of multidrug-resistance-type membrane transporters,
resistance to apoptosis, and protection by a hypoxic niche environment.

cell survival pathways [77]. Moreover, inhibition of Akt by
perifosine sensitizes CSCs to radiation-induced apoptosis
[78]. This suggests that characterization of Akt and bcl-
2 expression in CSCs may have significant clinical utility.
FMS-like tyrosine kinase 3 (FLT3) receptor signaling is an
important hematopoietic growth pathway upstream of Akt.
FLT3 receptors are often mutated in AML and are associated
with a high relapse rate and poor prognosis [79]. Inhibition
of FLT3 signaling with CEP701 reduces the tumorigenicity
of xenografts [80], and CEP 701 has reached phase 2 clinical
trials [81].

The mitochondrial pathway of apoptosis is triggered by
cytochrome c release and second mitochondria-derived acti-
vator of caspase (Smac) activation [82]. Smac, in association
with Direct Inhibitor of Apoptosis Binding Protein with low
pI (Smac/DIABLO), promotes apoptosis via neutralization
of inhibitor of apoptosis (IAP) proteins [82]. Most human
cancers have high levels of IAPs, including the X-linked
inhibitor of apoptosis protein (XIAP) isoform, which are
associated with poor treatment responses [83]. Based on
these observations, Vellanki et al. found that the inherent
radioresistance of glioblastoma CSCs could be alleviated by
promoting apoptosis with an XIAP inhibitor. Importantly,
this treatment had no undesirable radiosensitizing effects on
normal rat neurons or glial cells [84]. This provides another
promising pathway for therapeutic intervention targeting the
apoptotic regulation of CSCs.

Another promising molecular target to promote apop-
tosis in CSCs is nuclear factor κB (NFκB). NFκB is a
transcription factor believed to be intricately involved in the
development and progression of certain cancer types [85].
Nuclear factor nB (NFnB), a cousin of NFκB, is an anti-
apoptotic transcription factor that is activated in leukemias
[86, 87], pancreatic adenocarcinoma [88], and melanoma
[89]. Although these nuclear factors are not as well studied as
Akt, they may offer promising drug targets. NF-κB inhibitors
include NPI-0052 (salinosporamides A), which is in phase I

clinical trials, and TDZD-8 (parthenolide), which is still in
preclinical testing.

5.4. The Microenvironment and CSCs. Oxygen is a well-
known radiosensitizing agent due to its ability to form
radiation-induced reactive oxygen species that can damage
DNA. Accordingly, radioresistance in breast CSCs may be
mediated by increased production of free-radical scavengers
[37]. Considering the dependence of radiotherapy on oxygen
free radicals, it has long been postulated that areas of low
oxygen tension within tumors create microenvironments
that are relatively protected from radiation-induced damage
[44]. Unexpectedly, it was discovered that CSCs reside
along perivascular areas [90] and are thus likely to be
well oxygenated [15]. This may help explain the efficacy
of antiangiogenic therapies such as bevacizumab in that
such therapies may be CSC-specific. Theoretically, CSC
compartment hypoxia may be induced by antiangiogenic
therapies, conferring radioresistance to the CSCs, although
this has yet to be demonstrated in vivo, and the clinical
significance of this remains unknown. Still, we speculate that
radiation might be more effective in treating cancer if it is
administered before any antiangiogenic chemotherapies are
applied.

Vermeulen and colleagues recently discovered another
interesting role of the microenvironment, specifically in
the promotion of cancer cell stemness. They found that
high Wnt pathway signaling functionally defines colon CSCs
[91]. Importantly, Wnt signaling in these cells depended on
costimulation by c-Met signaling. Activated myofibroblasts
in the tumor microenvironment were responsible for c-
Met activation through production of hepatocyte growth
factor (HGF) [91]. Thus, inhibition of stromal-produced
HGF or the subsequent activation of c-Met signaling via c-
Met inhibitors may represent additional approaches to target
CSCs [92].



6 Journal of Oncology

Cytosolic complex

Monoclonal antibodies

ICG-001
CBP

CK1
GSK-3

Axin

DvI

Wnt

LRP

Frizzled

NLK

NLK

PKF115-854
CGP049090

LEF/TCF

TGF-β/
BMP

β-catenin

β-catenin

Figure 3: Schematic diagram of the canonical Wnt/β-catenin signaling. Wnt/β-catenin pathway may promote genomic instability after
irradiation, thus allowing tumor cells to both survive after irradiation and develop additional adaptive mutations. ICG-001, PKF115-854,
and CGP049040 are anticancer drugs in development that target the Wnt signaling pathway.

6. Induction Therapy May Enrich CSCs

An important result of the well-documented CSC resistance
to radiation and chemotherapy is that these therapies often
serve to enrich the resistant CSC subpopulation, perhaps
even selecting for more resistant clones within a hetero-
geneous CSC population. Evidence of radiation-induced
enrichment has been shown in both brain [15, 45] and breast
[42] CSCs. Furthermore, radiation has little effect on the
ability of remaining CSCs to regrow tumors [15]. Thus, CSC
enrichment may be the basis for the relative inability of most
single modality cancer treatment strategies to control long-
term cancer growth. This pattern of initial response followed
by long-term failure is known as “the paradox of response
and survival in cancer therapeutics” [93]. CSC-specific
pharmaceutical interventions are being developed that may
eliminate both primary and acquired CSC chemoresistance.
This may dramatically improve the treatment of cancer by
abrogating the potential for CSC-induced tumor regrowth
and systemic disease spread after initial treatment. For exam-

ple, in experiments by Sung et al. showing that pancreatic
CSCs could survive and expand after serial exposures to
gemcitabine, this chemoresistance was overcome by the use
of CD44 or ABC transporter inhibitors [94].

Additional strategies to overcome therapeutic resistance
during cancer treatment are as follows.

6.1. Concurrent Therapy: The Key to CSC Eradication. It
is now well established that combination therapy helps
prevent the development of cancer resistance, except in a
select group of cancer types where a single pharmaceutically
correctable mutation exists [95]. For example, many clinical
trials have shown improvements in cancer survival with the
use of concurrent chemo- and radiation therapy [96]. This
likely reflects the broadly held belief that the best chance for
curing cancer is during the first round of therapy before the
selection pressure promotes the evolution of resistant CSCs.
In later rounds of therapy, not only has the cancer had time to
grow and spread further, but it has also evolved resistance to
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previously encountered therapies. Unfortunately, coadmin-
istration of chemotherapy and radiation therapy is not
effective against all types of cancer, and it is not always
feasible due to its potential significant toxicity. Thus, it
will be important to design preclinical studies and clinical
trials that evaluate potential synergistic benefits of adding
CSC-targeted therapies to traditional cancer regimens.

6.2. Surgical Resection Following Induction. As new data
supports a role for the CSC hypothesis in solid tumors in
addition to hematologic malignancies, outcomes following
the surgical resection of solid tumors may significantly
improve. If induction approaches can be effectively aug-
mented with anti-CSC therapies, then followup surgical
resection may show improved curative outcomes. Theoreti-
cally, CSC-specific induction chemotherapies should offer an
immediate reduction in CSC metastatic potential and should
reduce any hematogenous and lymphatic CSC micrometas-
tases that would otherwise diminish the efficacy of surgical
resection. Considering its powerful therapeutic potential,
CSC-targeted therapies may be particularly valuable in
surgically challenging malignancies such as pancreatic [97]
and brain [98] cancer.

6.3. Targeting CSCs. In order to more effectively target
CSCs, molecular proliferation and survival mechanisms of
CSCs must be better understood. Many institutions have
developed large banks of malignant tissues with coordinated
clinical data, and this resource is being actively mined.
Techniques for concentrating, isolating, and enriching CSCs
from resected tumors are also rapidly evolving, and cell
culture and xenograft models that allow us to transplant
and sustain CSCs are maturing. Finally, these advances
have been translated into the development of several ther-
apeutic opportunities. Here, we will review some of the
prominent classes of drugs that will potentially yield clinical
benefits in the near future. An update of clinical trials
assessing these targets is illustrated in Table 1 (data from
http://clinicaltrials.gov/).

6.3.1. Wnt Inhibitors. Developmental pathways that direct
the differentiation of normal stem cells represent attractive
targets for drug discovery. In particular, the roles of Notch
and Wnt/β-catenin [99] signaling have been examined,
and both have been implicated in the development and
progression of several types of leukemia [100, 101].
For instance, Wnt signaling serves an important role in
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promoting the proliferation of immature thymocytes [102].
The nonsteroidal anti-inflammatory drug (NSAID) etodolac
inhibits Wnt signaling and may be of benefit in the treatment
of chronic lymphocytic leukemia [101]. In fact, all NSAIDS
may have anti-Wnt properties and thus potentially have
anticancer properties [99].

The Wnt/β-catenin pathway promotes genomic instabil-
ity and DNA damage tolerance that may be enhanced by
DNA damage in CSCs [15]. The pathway has been shown
to promote genomic instability in colon cancer [103] and
possibly promotes conversion of normal stem cells to CSCs
in gliomas [104]. Moreover, it has been shown that high
Wnt activity defines colon CSCs [91]. It has been postulated
that the Wnt/β-catenin pathway may promote genomic
instability after irradiation, thus allowing tumor cells to
both survive after irradiation and to develop additional
adaptive mutations. Wnt inhibitors have been designed to
therapeutically prevent this possibility and include ICG-
001, fungal derivatives PKF115-854 and CGP049090, as well
as monoclonal antibodies against Wnt-1 and Wnt-2 [105]
(Figure 3).

6.3.2. Notch Inhibitors. The Notch/γ-secretase/Jagged signal-
ing pathway is an important regulator of differentiation and
helps control cell fate [106]. The Notch ligands, Jagged 1
& 2 and Delta1 (D1) to Delta3 (D3), induce the release
of the Notch intracellular (Notch-IC) domain via enzy-
matic proteolytic cleavage by α- and γ-secretases. Notch-IC

translocates to the nucleus where it induces transcription of
Notch responsive genes [106, 107]. Notch signaling pathways
are activated in both breast CSCs [108] and in endothelial
cells [109] in response to radiation. Inhibition of Notch
signaling via γ-secretase inhibitors can potentially block CSC
self-renewal and decrease medulloblastoma growth [110],
and significant efforts to downregulate Notch signaling
are underway [111]. Currently available Notch signaling
inhibitors include MK-0752, a γ-secretase inhibitor that
is in clinical development for the treatment of leukemia
(Figure 4).

In addition to the classical Notch pathway, other rou-
tes may be used to modulate the carcinogenic potential
of elevated Notch signaling in CSCs. In particular, the
Delta/Notch-like epidermal growth factor-related receptor
(DNER) can be induced by histone deacetylase inhibition
to inhibit the growth of and induce the differentiation of
Glioblastoma neurospheres and xenografts [112]. This pro-
vides a basis for the manipulation of noncanonical signaling
pathways for therapeutic intervention against CSCs.

6.3.3. Hedgehog Inhibitors. The hedgehog signaling pathway
may represent an important modulator of CSC carcinogene-
sis with significant therapeutic implications [113–117]. Sim-
ilar to Notch signaling, hedgehog signaling may also benefit
from expanded drug discovery efforts within noncanonical
pathways [118]. Already, hedgehog inhibitors have been
shown to inhibit medulloblastoma growth in mice [119], and
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at least 3 different hedgehog inhibitors have reached phase I
clinical trials (Figure 5).

6.3.4. Targeting the CSC Marker CD133. As mentioned
previously, the cell-surface molecule CD133 is believed to
be a stem cell marker for multiple cancer types [51]. Its
tumor-initiating function has been demonstrated in CNS
cancer, where only CD133+ cells from brain tumor biopsy
samples were able to reform tumors in in vivo mouse
models [120]. A recent study by Wang et al. demonstrated
the potential therapeutic use of targeting CD133 to direct
therapy specifically towards CSCs. They conjugated single-
walled carbon nanotubules (SWNTs), which allow localized
hyperthermia treatment, to anti-CD133 monoclonal anti-
bodies, and cultured these products with both CD133+ and
CD133− glioblastoma (GBM) cells. A mixture of CD133+

and CD133− cells were then exposed to near-infrared laser
light, and the CD133+ GBM cells were selectively destroyed.
They found in vivo benefits of this technique as well in mouse
models [121].

7. Concluding Remarks

With the advent of multidisciplinary approaches to cancer
therapy, significant strides have been made in the treatment
of cancer. Now with new discoveries relating to CSCs, we
have yet another mechanism of therapeutic arsenal that may
prove beneficial in combination with current therapeutic
modalities. The basic foundations for CSC-targeted therapy
are actively being discovered, and there are already several
pharmacologic agents available that are capable of specif-
ically modulating CSC intracellular signaling. Still, much
remains unknown about the basic signaling mechanisms of
CSCs that confer resistance to treatment, and better methods
for the disruption of CSC signaling must be developed
to fully integrate the CSC hypothesis into our treatment
paradigms. Interestingly, CSCs may not necessarily need to
be eradicated to prevent cancer progression if they can be
forced to differentiate down their lineage en masse as they do
in the treatment of APML. It is important for future studies
to focus on the discovery of new molecular targets for the
development of better pharmaceutical agents to eliminate or
differentiate CSCs and that these agents be studied in tandem
with traditional cancer therapies.
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Epithelial-mesenchymal transition (EMT) is a multistep process in which cells acquire molecular alterations such as loss of cell-cell
junctions and restructuring of the cytoskeleton. There is an increasing understanding that this process may promote breast cancer
progression through promotion of invasive and metastatic tumor growth. Recent observations imply that there may be a cross-talk
between EMT and cancer stem cell properties, leading to enhanced tumorigenicity and the capacity to generate heterogeneous
tumor cell populations. Here, we review the experimental and clinical evidence for the involvement of EMT in cancer stem cell
theory, focusing on the common characteristics of this phenomenon.

1. Introduction

Relapse and resultant metastatic spread to distant sites of
malignant neoplasms remain the leading cause of mortality
associated with cancer [1, 2]. The classical metastatic cascade
includes intravasation by cancer cells, their circulation in
the lymph and blood vascular systems, extravasation, and
growth into metastatic foci [3, 4]. However, metastasis is
considered to be an inefficient process, since only very few
cells among the numerous cancer cells in the circulation have
the ability to invade and form distant nodules [5]. In the
past decade, two different concepts related to solid tumor
progression have emerged and been intensively studied to
explain these complicated phenomena. There is a grow-
ing understanding that epithelial-mesenchymal transition
(EMT) can contribute to invasive and metastatic tumor
growth. This process is considered to ultimately promote
cancer cell progression through the basement membrane and
invasion into the surrounding microenvironment, such as
the lymph and blood vascular systems, contributing to intra-
or extravasation [6–8]. On the other hand, there is increasing
data to support the hypothesis that most tumors include

a minor subpopulation of cells with distinct properties
similar to somatic stem cells, which are referred to as cancer
stem cells (CSCs) or tumor-initiating cells. CSCs have been
reported to have enhanced tumorigenicity, compared with
the majority of tumor cells from the same tumor, and the
capacity to generate heterogeneous tumor cell populations
[9–11]. Initially, these concepts were individually studied;
however, Mani et al. suggested that there may be an
association between EMT and the gain of CSC properties in
breast cancer cells in 2008 [12], and another group reported
that gene expression patterns of CSC-associated pathways
were involved in EMT [13]. Here, we review recent studies
of CSCs and the relationship with EMT and we consider
what implications this correlation may have for our ability
to explain aspects of tumor progression including distant
metastasis.

2. Role of EMT in Tumor Metastasis

EMT was originally defined as a latent embryonic process
causing epithelial cells to lose their epithelial behavior
and acquire the properties of mesenchymal cells [14, 15].
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This is a multistep process in which cells obtain molec-
ular alterations that cause dysfunctional cell-cell adhesive
interactions, loss of cell-cell junctions, and restructuring
of the cytoskeleton; all of which result in the loss of
apical polarity and the acquisition of a more spindle-shaped
morphology [16–21]. This process is an important part
of early development. For example, in vertebrates, this
process facilitates the formation of a three-layered embryo
by gastrulation [22, 23] and the mesenchymal phenotype
allows migration to the proper site for organ formation
[24]. In neoplasia, a comparable process is supposed
to arise on the tumor front, allowing for cellular inva-
sion and eventual metastatic dissemination of cancer cells
[17, 25, 26].

EMT in tumor progression can be induced by several
cytokines and chemokines, including transforming growth
factor-β (TGFβ) [27]. An increasing constitutive produc-
tion and release of TGFβ by tumor cells leads to the
activation of the TGFβ signaling pathway in an autocrine
fashion, which results in an EMT state with a highly
invasive and metastatic phenotype [28–30]. As significant
evidence of EMT in vivo, recently, Giampieri and colleagues
used elegant intravital imaging studies to visualize either
collective or single-cell migration of cancer cells. They
showed that TGFβ signaling could drive a switch to single-
cell migration without cell-cell attachment and that the
mode of migration determined the way the tumor spread
[31].

Exogenous expression of many developmentally impor-
tant transcription factors is also known to induce EMT.
Transcriptional repression of E-cadherin is mediated by
members of the Snail/Slug family and Twist, and their
critical role in EMT was confirmed by studies of abla-
tion of Snail in vivo [32]. Both Twist and Snail pro-
mote tumor cell metastasis with no apparent stimulation
of primary tumor growth. Snail even attenuates the cell
cycle, rather than promoting proliferation, suggesting that
these EMT regulators are also convincing metastasis genes
[33–35].

Accordingly, activation of these processes in cancer cells
significantly increases their metastatic potential, but some
argument still exists as to whether EMT is a sufficient
condition for cancer metastasis. Evidence for the role of
EMT is complicated by the fact that at the secondary site
the metastatic cells likely change those cellular phenotype to
show heterogeneity, permitting colonization of the distant
site. Several lines of experimental result have accumulated
that indicate mesenchymal-epithelial transition (MET) may
be important for the latter stages of metastasis, when
cancer cells regenerate complex growth that recapitulate
the histopathological complexity of the primary tumors
from which they arose [36, 37]. Recent publications have
demonstrated that MET is essential for the reprogramming
of fibroblasts to induced pluripotent stem cells [38], suggest-
ing the correlation between the reprogramming process in
some cases and repression of the EMT program. Another
study has shown that CSCs are necessary for homeostasis of
metastatic cells that would require the reversion of EMT [39].
Therefore, in the course of cancer progression, EMT may be

a transient and reversible process and not only EMT but also
pluripotent roles in epithelial plasticity may be essential for
the establishment of cancer metastasis.

3. Cancer Stem Cell Theory of Tumor Metastasis

The hypothesis that the majority of solid tumors contain a
small subpopulation of cells with distinct properties similar
to somatic stem cells is supported by both basic and clinical
studies. This is a not-so-recent hypothesis that began with
the discovery of a cell capable of initiating human acute
myeloid leukemia. The population of cells that possessed the
potential for self-renewal and differentiation was assumed to
be a leukemia stem cell [40]. In 2003, Al-Hajj and colleagues
for the first time isolated a CD44+/CD24−/low subpopulation
of breast cancer cells and showed that the cells in this
population produced tumors in a xenograft model more
effectively than did the majority population of tumor cells
[9]. CD44+/CD24−/low cells were subsequently designated
as CSCs, and this discovery has enhanced investigation of
CSCs as the metastatic component of cancer, especially
in breast cancer. Conceptually, CSCs must be engaged in
the metastatic process if they are the only subset of cells
capable of initiating new tumor growth. If that is the case,
metastatic cells in the circulation should have the tumori-
genic capacity necessary to induce tumor initiation at a
distant metastatic site. This hypothesis was partly supported
by reports showing that CD44+/CD24−/low status of primary
tumor was significantly correlated with distant-metastatic-
free survival [41, 42], although the clinical relevance of the
CD44+/CD24−/low phenotype in primary breast cancer is still
controversial. Furthermore, CD44+/CD24−/low breast cancer
cells expressed high levels of genes related to metastasis and
induced lung metastasis in vivo [43]. In addition, analysis of
genetic profiles confirmed that CD44+ breast cancer cells are
enriched with stem-cell markers and display activated TGFβ
signaling and poor clinical outcomes [44].

The expression of aldehyde dehydrogenase 1 (ALDH1)
has also been shown to be a CSC marker, and CSCs
have been isolated from primary breast cancer using an
ALDEFLUOR assay [45]. A recent study demonstrated that
ALDH1 expression can be an independent prognostic factor
for predicting metastasis in inflammatory breast cancer and
that CSCs have the ability to reconstitute the heterogeneity
of the primary tumor at the metastatic site [46]. ALDH1 was
also identified as a predictor of poor prognosis in lung and
bladder cancer [47, 48].

In the small and large intestine, leucine-rich repeat-
containing G protein-coupled receptor 5 (LGR5) was iden-
tified as a marker for stem cells [49] and deletion of APC in
LGR5-expressing cells induced their transformation within
days, suggesting that LGR5 might be a limited population of
CSCs [50]. From a clinical point of view, we recently showed
that LGR5 was markedly overexpressed in the majority of
advanced colorectal cancers (CRCs) compared with normal
mucosal tissue [51]. This LGR5 expression, which was
variable among CRC cases, correlated significantly with
lymph node metastasis, suggesting the involvement of LGR5
in the metastatic process.
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4. Common Characteristics in EMT and
Tumor-Initiating Ability

4.1. TGFβ Signaling Pathway. Several studies have indicated
that EMT inducers can make cancer cells become more
tumorigenic [7], giving rise to the hypothesis that tumor cells
can transiently acquire stem cell-like properties as a conse-
quence of EMT. Mani and colleagues performed in vitro-
based experiments and reported that the induction of EMT
in human mammary epithelial cells resulted in the acquisi-
tion of mesenchymal morphology and the expression of mes-
enchymal markers. This phenotypic EMT change increased
the CD44+/CD24−/low subpopulation, which exhibited the
properties of stem cells, such as enhanced mammosphere-
forming ability and differentiation into myoepithelial or
luminal epithelial cells. They also demonstrated that trans-
formed human mammary epithelial cells showed effective
tumor-initiating ability with induction of EMT [12]. In that
report, induction of EMT that resulted in the enrichment
of CSCs was conducted by activation of the TGFβ pathway,
as well as by ectopic expression of the transcription factors
Snail, Slug, and Twist.

Generally, activation of the TGFβ pathway inhibits
tumorigenesis; however, it is also known that the TGFβ
pathway cooperates with other pathways to assist tumorige-
nesis in the malignant state [52, 53]. Genetic signatures that
predict poorer prognosis for primary breast cancer patients
have been examined by comparing the gene expression
profiles of CD44+/CD24−/low cell populations with other
populations [42, 44]. Following up on the above observations
on the TGFβ pathway, one of these studies, which performed
SAGE profiling of CD44+/CD24−/low and CD44+/−/CD24+

cell populations from breast cancer tissue, found expression
of TGFβ targets, such as VIMENTINE, CTGF, SERPINE1,
SPARC, and TGFBR2, implying TGFβ pathways seemed to be
activated in these cells. Another recent study also has shown
that gene expression signature of human mammary epithelial
cell line introduced EMT inducers including TGFβ strongly
correlated with the signature derived from basal B cell lines of
which subtype is characterized by a stem cell-like expression
profile [54].

To induce complete EMT, TGFβ works together with
the Wnt, Hedgehog, Notch, and Ras signaling pathways,
which are involved in the induction and maintenance of
stem cell niches [55]. The canonical Wnt pathway, known
to be a critical regulator of self-renewal in stem cell niches,
is also implicated in the induction of EMT in cancer and
is constitutively activated in colon, skin, and hematopoietic
cancers [56–58].

In contrast, Tang et al. reported that TGFβ inhibition
increased the size of the CSC population and promoted
tumorigenesis by a mechanism that was independent of
direct effects on proliferation. In that study, which used
transformed human breast epithelial cells, TGFβ stimulation
resulted in the loss of stem cell-like properties such as
ability to form mammospheres [59]. Thus, further studies
are needed to clarify these contradictory results on the
role of TGFβ signaling in the regulation of tumor-initiating
property and EMT.

4.2. Circulating Tumor Cells. Identification of detectable
circulating tumor cells (CTCs) in the peripheral blood of
patients with solid tumors has been intensively studied for a
decade, since CTCs may provide proof of principle for early
primary cancer cell metastasis through the vascular network
[60–62]. Several lines of evidence suggest that the finding
of CTCs in the course of therapy possesses a consistent
prognostic significance and is regarded as a predictive tool
for response to treatments in cancer therapy [63, 64].

In this context, a recent study conducted in a cohort
of 226 blood samples from 39 patients revealed that the
majority of CTCs from metastatic breast cancer patients had
EMT and CSC characteristics [65]. In that study, CTCs were
found in 69 of 226 (31%) blood samples taken from patients
with metastatic breast cancer to investigate the expression
of EMT markers (Twist, AKT2, and PI3Kα) and a stem cell
marker (ALDH1). In the CTC-positive group, 62% were
positive for the EMT markers and 69% for ALDH1, while in
the CTC-negative group the percentages were 7% and 14%,
respectively [65]. CTCs also showed reduced expression of
epithelial-specific cytokeratins [66]. In disseminated tumor
cells (DTCs), Twist, which is known as an EMT inducer,
was overexpressed and the presence of Twist-positive cells
in the bone marrow prior to chemotherapy has been
significantly associated with relapse [67]. These results
indicated that CTCs (or DTCs) might often exhibit char-
acteristics of both EMT and CSCs, emphasizing their role
in the formation of metastases. Therefore, further studies
focused on identifying the features of cancer cells that have
escaped from the primary tumor may allow the discovery
of the critical mechanisms underlying cancer metastasis and
recurrence.

4.3. Chemoresistance. It has been widely observed that many
CSC populations are resistant to chemotherapy. One possible
mechanism underlying chemoresistance is thought to arise
from metabolic quiescence, a high level of expression of anti-
apoptotic proteins [68, 69]. Another is the high expression
of ATP-binding cassette (ABC) family genes, such as MDR1
and BCRP1, which could catalyze the efflux of a range
of structurally unrelated anticancer drugs [70–72]. This
property is shared by a subpopulation of normal stem cells
known as “side population” (SP) cells. SP cells have been
detected in several solid tumors, including breast, lung, and
gastrointestinal cancers and have been shown to have the
capacity for tumor initiation and self-renewal [71, 73–75].
Therefore, the identification of SP cells by flow cytometry is
a promising method for the extraction of CSC populations
in solid tumors.

Induction of EMT also contributes to the decreased
efficacy of chemotherapy in breast [76], colorectal [77],
and ovarian cancer [78]. Introduction of Twist into breast
cancer cells induces paclitaxel resistance and EMT, as well
as AKT2 expression, which was amplified in breast cancer
with acquired paclitaxel resistance [76]. A detailed character-
ization of cell systems reveals that mesenchymal derivatives
of nonsmall cell lung cancer cells display an attribute of
resistance to EGFR kinase inhibitor [79]. Creighton and
colleagues reported in 2009 that a gene expression signature
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common to both CD44+/CD24−/low and mammosphere-
forming cells was found mainly in human breast cancer of
the recently identified claudin-low molecular subtype, which
is characterized by expression of many EMT-associated
genes. They also demonstrated that residual breast cancer
cell populations after conventional chemotherapy may be
enriched for subpopulations of cells with both CSCs and
mesenchymal features [13]. Consistently, CSCs, isolated
using CD44+/CD24−/low from human breast cancer, demon-
strated resistance against the chemotherapeutic agents and
the proportion of CD44+/CD24−/low cells increased in breast
cancer patients after treatment with anticancer drugs, includ-
ing docetaxel, doxorubicin, and cyclophosphamide [80]. Of
the 1% of cells that survived chemotherapy using paclitaxel
or 5-fluorouracil, 30–35% of them were CD44+/CD24−/low,
indicating selection of this population.

On the basis of the above relationship between EMT and
CSCs, using two populations of human mammary epithelial
(HMLE) cells—one that had been induced EMT by knocking
down of E-cadherin and one which had not—Gupta and
colleagues screened a collection of about 16,000 compounds
to find one showing selective toxicity towards the cells that
had undergone EMT [81]. As the result of the screening,
salinomycin was selected for further studies and was also
discovered to suppress the proportion of CSCs that occur
naturally as a subpopulation of breast cancer cells. Pre-
treatment with paclitaxel was found to increase the tumor
initiation ability more than 100 folds compared with pre-
treatment of salinomycin.

These results point to the potential mechanisms of
chemoresistance that allow CSC population increased by
EMT to persistently survive and that may be responsible
for recurrence in the primary or distant site following
cancer treatment by chemotherapy after the majority of the
cancer cells are killed. Taken together with the report by
Mani et al. [12], these studies have led to the possibility
that resistance to chemotherapy may be associated with
the common characteristics of EMT and tumor-initiation
abilities.

5. Conclusion

According to recent findings in this review, EMT may be a
critical process underlying the subpopulation of cancer cells,
CSCs, that are responsible for tumor initiation at metastatic
sites and for regenerating the tumor after initial tumor
regression by chemotherapy. This hypothesis may provide
insight into current questions about the specific role of EMT
in tumor metastasis. Therefore, identification of CSCs as
specifically significant characteristics of tumor malignancy
facilitated by EMT can help to provide an answer for this
critical issue. Additional studies will be necessary in order to
better establish and increase our understanding.
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Long-lived cancer stem cells (CSCs) with indefinite proliferative potential have been identified in multiple epithelial cancer types.
These cells are likely derived from transformed adult stem cells and are thought to share many characteristics with their parental
population, including a quiescent slow-cycling phenotype. Various label-retaining techniques have been used to identify normal
slow cycling adult stem cell populations and offer a unique methodology to functionally identify and isolate cancer stem cells. The
quiescent nature of CSCs represents an inherent mechanism that at least partially explains chemotherapy resistance and recurrence
in posttherapy cancer patients. Isolating and understanding the cell cycle regulatory mechanisms of quiescent cancer cells will be
a key component to creation of future therapies that better target CSCs and totally eradicate tumors. Here we review the evidence
for quiescent CSC populations and explore potential cell cycle regulators that may serve as future targets for elimination of these
cells.

1. Cancer Induction from Adult Stem Cells

The development of cancer is a complex multistep process
that requires the accumulation of mutations resulting in a
cell acquiring the essential hallmarks of cancer: evasion of
apoptosis, self-sufficiency in growth signals, insensitivity to
antigrowth signals, invasive and metastatic abilities, limitless
replicative potential, and sustained angiogenesis [1]. Given
that normal adult stem cells already exhibit limitless replica-
tive potential, it is hypothesized that transformed stems cells
may be the cells of origin for many cancers [2, 3]. In addition
to replicative potential, long-lived stem cells have the oppor-
tunity to accumulate oncogenic mutations over years or
decades from common mutagenic sources like inflammation,
radiation, chemicals, or infection, unlike shorter-lived transit
amplifying (TA) cells that rapidly proliferate and differentiate
[4, 5]. Like healthy adult stem cells, transformed stem cells
are expected to be able to generate oncogenic TA cells. These
TA cells would be capable of driving tumor formation and
generating the heterogeneous combination of populations
commonly seen in cancer [6, 7]. Transformed stem cells

have been termed cancer stem cells (CSCs), also known
as cancer initiating cells, and are defined as the fraction
of cells within a tumor that are long lived, possess the
potential to proliferate indefinitely, and can generate all
heterogeneous lineages of the original tumor in xenograft
models [6, 8]. CSCs are expected to utilize characteristics
commonly found in stem cell populations such as differential
metabolic activity, specific signaling pathway activity, and
regulation of cell cycling characteristics, albeit with aberrant
regulation [7, 9] (Table 1). Importantly, CSCs that survive
treatment could account for tumor recurrence as a result
of reactivation of proliferation in surviving CSCs [10].
Traditional chemotherapy regimens target proliferating cells,
potentially missing slower dividing CSCs that must be
eradicated to provide long-term disease-free survival [11]. A
better understanding of CSCs is essential in understanding
the biological and clinical consequences of existing regimens
and designing new therapies to improve patient outcome [9].

Current methods for isolation and study of CSCs rely
on cell surface markers found to be enriched in populations
with stem cell-like properties. This technique was first used
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Table 1: Comparison of characteritics between adult and cancer
stem cells.

Characteristics Adult Stem Cells Cancer Stem Cells

Replicative
Potential

Extensive proliferative
capacity with the
potential to exhaust
regenerative ability

Extensive proliferative
capacity with the
potential to exhaust
regenerative ability

Differentiation
Ability

All lineages of the
specific tissue

All heterogeneous
lineages within the
original tumor

Metabolic Activity Low Unknown

Signaling Pathway
Hedghog, Wnt,
Notch, and BMP

Aberrant regulation
of Hedghog, Wnt,
Notch, BMP, and
others

Cell Cycling
Regulation

Slow cycling, tightly
controlled

Potentially slow
cycling, unknown

Location

Niche:
Compartmentalized
or associated with
stromal layer

Unknown

Adhesion Tightly Adhesive Unknown

Migration
Potential

No/Slow Migration
Epithelial to
Mesenchymal
Characteristics

by Bonnet and Dick in 1997 when they demonstrated that
only the CD34+CD38− subset of cells were capable of ini-
tiating human acute myeloid leukemia (AML) in immune-
compromised mouse models [12]. Since the work of these
two pioneers, CSC populations have been identified in mul-
tiple epithelial cancers including the breast [8], prostate [13],
pancreas [14], colon [15–17], ovaries [18], and brain [19].

Unfortunately, the use of CSC markers has not been
without controversy. One issue centers on uncertainty of
the functional implications of CSC markers and is best
exemplified by the use of CD133 in the identification of colon
CSCs. Shortly after Ricci-Vitiani et al. (2007) demonstrated
the use of the CD133 to identify CSCs in colon tumor,
Shmelkov et al. demonstrated that CD133 expression was
not restricted to colon CSCs, but that CD133 is expressed on
differentiated colonic epithelium in both mice and humans
[16, 20]. Reasons behind this contradiction of data still
remain unclear, but Kemper et al. methodically evaluated
the CD133 antibodies used by both groups and reached the
conclusion that the AC133 epitope used by Ricci-Vitiani et al.
recognized a differentially expressed form of CD133 that is
not recognized by the antibody used by Shmelkov et al. [21].
It appears that CD133 is expressed in all colon epithelium,
while the AC133 epitope is specific for the CSC phenotype.
Furthermore, Kemper et al. were unable to determine
the functional significance of the differentially expressed
isoforms of CD133, highlighting another drawback to the
use of markers to identify CSCs. Very little is known about
the function of many of the proposed CSC markers, and
even less is known about the functional implications they
may have for the CSC phenotype. At best, markers without

functional implications must be viewed as only tools for stem
cell enrichment, suggesting the need for a more functionally
significant means of CSC identification [22]. Given the sim-
ilarities between normal adult stem cells and CSCs, aberrant
regulation of self-renewal and quiescence is likely central to
CSC pathology [9, 10]. Targeting pathways that mediate stem
cell quiescence is therefore an intriguing alternate method for
CSC identification and use in future therapy.

The primary objectives of this paper are to place quies-
cent label-retaining studies in the context of what is currently
known about adult stem cells and then review the existing
evidence for quiescence in cancer stem cells. We will examine
current evidence for the role of quiescence in CSC resistance
to conventional cancer therapy and recurrence. Finally, we
will explore current knowledge of quiescence regulation and
how these studies might be considered when developing
CSC future experiments to develop targeted therapies against
CSCs.

2. Adult Stem Cells and Quiescence

Adult stem cells are critical for continued normal tissue
homeostasis and response to wounding for many of the
epithelial tissues of the body. Adult stem cells are character-
ized by their ability to self-renew indefinitely and produce
progeny capable of differentiating and repopulating tissue
specific lineages [7]. Populations of adult stem cells have
been identified in tissues throughout the body, including the
skin [23–25], mammary glands [26, 27], intestine [28, 29],
prostate [30], brain [31], and the hematopoietic system
[32, 33]. In tissues where cells are frequently lost to the
environment, like those of the intestine and skin, new cells
are continuously required to replenish those that are lost.
To facilitate this constant need for new cells, some epithelial
tissues are arranged hierarchically with slowly proliferating
stem cells that asymmetrically divide to give rise to a new
stem cell and a rapidly dividing transit amplifying (TA)
cell [34]. Transit amplifying cells proliferate quickly for a
limited number of divisions, allowing for the high degree of
cell turnover necessary to sustain adult tissues. Infrequent
division or a quiescent nature is not definitive for adult
stem cell but is suggested to be important for maintenance
of many adult stem cell pools. Evidence suggests that
quiescence may play an important role in protecting stem
cells from exhausting their proliferative capacity, inhibiting
differentiation, and limiting accumulation of mutations
during frequent rounds of DNA synthesis [35–37].

Initial efforts to identify and study adult stem cells took
advantage of the slow-cycling nature of stem cell populations
in studies employing pulse/chase methodology [23, 28]. In
these studies, tritiated thymidine (3H-TdR) or 5-bromo-2-
deoxy-uridine (BrdU) was repeatedly administered to mice
or cultured cells that were then followed by an extended
period of chase time. During this chase period, rapidly
proliferating TA cells divide the label between daughter cells,
consequently diluting the label (Figure 1). In contrast, slow-
cycling stem cells undergo few divisions and retain detectable
quantities of label for much longer periods of time. Cotsarelis
et al. demonstrated that label retaining cells (LRCs) were
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Figure 1: Pulse Chase Labeling and Chemotherapy Survival of Stem Cells. (a) Cell suspensions are labeled with BrdU or other label ((i) and
(ii)). As rapidly proliferating transit amplifying cells divide, label is diluted among the daughter cells and eventually becomes undetectable
(iii). Slow dividing stem cells retain label occasionally producing a new transit amplifying cell that will quickly dilute out residual label (iv).
(b) Heterogeneous tumors are predicted to contain a population of slow cycling label retaining cells (i). Conventional chemotherapies target
and kill rapidly proliferating cells, while quiescent cells survive ((ii) and (iii)). Cancer stem cells that survive chemotherapy re-enter the cell
cycle and re-establish the tumor.

exclusively present in the bulge area of the mouse hair
follicle [23]. These cells were found to be relatively stem-like:
“primitive” in cytoplasmic contents, structurally similar to
other putative stem cell populations, and could be stimulated
to proliferate. We utilized human skin xenografted onto
immunodeficient mice to show that LRCs were present in an
analogous bulge region of human skin delineated by keratin
15 (K15) expression [24]. Cells present in the bulge region
have been experimentally shown to be quiescent for up to
1 year [38], and based on the hair growth cycle of scalp
skin can likely remain quiescent for up to 5 years. Using
the K15 promoter to drive expression of EGFP or lacZ,
K15 positive cells were found to differentiate into all major
epithelial lineages of the mouse skin [39]. We demonstrated
that K15+ bulge cells from human skin can differentiate into
epidermal, sebaceous, and hair follicle lineages in vitro [40].
Array analysis of the LRC bulge population showed increased
activation of Smad and inhibitors of the Wnt pathway,
suggesting the ability for LRCs to organize their niche and
communicate with neighboring mesenchymal and epithelial
cells, an important characteristic for stem cell function [41].

The work in our lab and others supports a model in
which the bulge region of hair follicles represents the stem
cell niche in skin. At the onset of the growth phase (anagen)
hair follicle stem cells are activated and produce matrix TA
cells that proliferate and differentiate into the seven different
lineages found within the hair follicle. As matrix TA cells
exhaust their proliferative potential they enter a state of
destruction (catagen) leading to the loss of the majority of
the hair follicle excluding the bulge. Catagen is followed by a
period of rest (telogen) in which the bulge stem cells remain
quiescent until activation into a new anagen stage [2].

Although likely important for the maintenance of the
stem cell pool, quiescence may not be a requirement for
adult stem cells. Using a lacZ construct under a conditional
promoter for the stem cell-associated protein leucine-rich G
protein-coupled receptor 5 (Lgr-5), Jaks et al. demonstrated
a distinct nonlabel retaining subpopulation of bulge cells
that overlap with the CD34+/K15+ at telogen but not anagen
[42]. Lineage tracing techniques confirmed that Lgr-5+

cells actively cycled during normal homeostasis and had a
multipotent phenotype. The authors of this paper suggest
that the Lgr-5+ population of cells represents a cycling
population of stem cells under normal conditions, whereas
the label retaining CD34+/K15+ stem cells may represent a
reserve population that is activated after tissue damage. As
yet, a conclusive relationship between these two populations
cannot be firmly established.

Similar label-retaining methods have been used to study
slow-cycling cells in other tissues, such as the small intestine
and colon. Work conducted by Potten and colleagues
identified slow-cycling LRCs at the +4 position at the base
of the colon crypt. These crypt base cells were found to be
maintained in a steady state of between four and six cells that
go through division approximately once a week [43]. Upon
irradiation, these cells demonstrated increased antiapoptotic
bcl-2 expression, decreased p53 expression and were highly
activated and involved in clonogenic regeneration of the
crypt. Detailed biochemical analysis of this population
has been limited by the absence of reliable markers and
methods capable of sufficiently isolating these cells. Two
studies involving the putative stem cell-associated RNA
binding protein Musashi-1 (Msi-1) have both demonstrated
colocalization of this protein with colon LRCs, but fell short
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of testing for clonogenicity of this population [44, 45].
Similar to stem cell populations in the skin, β1-integrin
was found to be highly expressed in the lower half of the
colonic crypt [46]. When sorted via flow cytometry, β1-
integrin showed enrichment for clonogenic cells; however,
an exact colocalization pattern with LRCs was not evaluated,
and therefore, the connection remains only speculative.

From the evidence collected in these studies and others, a
model has been suggested in which slow-cycling stem cells,
found at the base of the crypt, undergo periodic division
to give rise to TA cells. Transit amplifying cells low in the
crypt undergo rapid division and slowly progress up the
crypt, losing replicitative potential and differentiating as they
increase in crypt height. These cells are ultimately lost to the
environment [6, 43].

As within the hair follicle, there is convincing evidence
for an Lgr-5+ nonlabel retaining population of colon stem
cells additionally found at the base of the crypt [29]. While
the LRCs reside at the +4 population, Lgr-5 cells are observed
as slender wedge-shaped cells at the +2 position. Again, the
exact relationship between the LRCs and the Lgr-5+ cells
is yet to be fully explored, and more data into the lineage
potential of both of these cell populations is needed to form
a cohesive model.

Since the early identification of colon and hair follicle
slow-cycling stem cell populations, label-retaining tech-
niques have been used to identify and validate putative
stem cell populations in multiple epithelial tissues. In the
mammary gland, three separate label-retaining populations
have been identified and proposed as possible stem cells.
In a study conducted by Welm et al., LRCs were found to
comprise a subpopulation of stem cell antigen-1 positive
(Sca-1+) cells [26]. These Sca-1+ cells were found to be
enriched for the ability to form outgrowths, leading the
authors to speculate that the LRCs might represent the
stem cell population contained within the Sca-1+ cells. In
contrast to this study, Shackleton et al. identified a long-term
label-retaining population enriched by the marker combi-
nation Lin −C D29hiCD24+ that was able to reconstitute a
functional mammary gland from a single cell [27]. The
Lin−C D29hiCD24+ did not enrich for the Sca-1 population,
prompting other groups to suggest a stem cell hierarchy in
which multiple layers of stem cells exist within the mammary
gland [47]. Using a slightly different methodology, Pece used
the lipophilic fluorescent dye PKH26 to identify a population
of mammary label retaining cells [48]. The use of the PKH26
allows for live sorting of LRCs, which is not possible using the
nucleotide analogue BrdU and 3HT-TdR that both require
permeabilization of the cell membrane for antibody labeling.
Live sorting of PKH26 LRCs demonstrated increased in vitro
sphere formation efficiency and regeneration of cleared fat
pads over non-LRCs. Pece was also able to conduct tran-
scriptional analysis of the LRC population, from which he
created a human normal mammary gland stem cell signature
(hNMSC) consisting of the markers CD49F/DNER/DLL1.
Unfortunately, the exact relationship between the different
populations identified by these three groups is not yet clear.

In the brain, high doses of 3H-TdR kill all but one per-
cent of proliferating subependymal. High dose therapeutics

did not affect the capacity of quiescent cells to generate
spheres in vitro or repopulate the proliferating population
in vivo. The ability to survive and re-enter the cell cycle
suggests a stem cell phenotype for these quiescent cells [49].
Prostate slow-cycling LRCs located in the proximal ducts
demonstrated high proliferative potential and the ability to
reconstitute the prostate glandular structure in vitro. This
ability singles them out as stem cells over more rapidly
cycling TA cells located at the distal region of the ducts [50].
Finally in the pancreas, characterization of LRCs around
the acini and ducts suggested a stem cell population by
demonstrating increased expression of the putative stem cell
marker c-Met and activation in response to damage to form
duct-like structures [51].

Combined, these data indicate an important role for
quiescent LRCs in maintenance and longevity of multiple
adult epithelial tissues.

3. Quiescence and CSCs

If CSCs do originate from normal adult stem cells, then it
is foreseeable that key stem cell regulatory traits are retained
through the oncogenic transition; quiescence is potentially
one of these traits. Little research has been done to address
how quiescence might play a role in CSC biology, but there
are some indications that quiescent stem-like populations
might contribute to at least some tumors. We previously
identified a subpopulation of cells in human sebaceous
tumors that expressed the skin stem cell marker keratin 15
[52] (Figure 2). These cells appeared to have variable expres-
sion of the proliferation marker Ki-67, suggesting a low but
higher proliferative rate than normal stem cells. In primary
ovarian tumors, Gao et al. demonstrated that CD24+ cells
expressing stem cell-associated genes like nestin, oct4, and
both notch1 and notch4 were more slowly proliferating than
the bulk tumor cells suggesting a quiescent phenotype [18].
Low numbers of slowly proliferating CD24+ cells were shown
to produce tumors in a xenograft model where bulk cells
were found to be nontumorigenic. This data implicates a link
between quiescence and ovarian tumor CSCs.

Pece also observed a link between CSCs and quiescence in
breast tumors [48]. Using the hNMSC signature generated
with normal mammary LRCs, Pece turned his attention
to the analysis of primary breast tumors, finding that the
hNMSC signature was more commonly found in grade 3
tumors over that of grade 1. When grade 1 and grade 3
mammospheres were analyzed for PKH label retaining cells,
both populations were found to retain label, with grade
3 tumors demonstrating a higher percentage. This data
suggests an increase in stem-like cells as tumors progress.
When evaluated for tumor genicity, breast tumor cells
positive for the hNMSC signature were more efficient at
forming in vitro spheres and in vivo xenograft tumors that
those cells lacking the hNMSC signature.

Cultured cancer cell lines are often used to study
signaling pathways, invasion, migration, and apoptosis, but
are rarely thought of as candidates for CSC studies. Many
of the most widely used cell lines have been in passage for
years, are perceived homogeneous, lack interactions with the
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(a) (b)

Figure 2: Stem cell markers in Normal Sebaceous Gland and Sebaceous Tumor. Immunohistochemical staining for the skin stem cell marker
Keratin 15 (K15). (a) Normal skin sebaceous gland with labeled stem cells (black arrows). (b) Sebaceous tumor with heterogeneous
expression of K15.

appropriate stromal microenvironment, and change charac-
teristics based on alterations in culture conditions. Therefore,
cultured cell line studies assessing CSC characteristics must
be evaluated critically, with data interpreted within the con-
text of the experimental parameters, and results confirmed
under biologically relevant conditions. Still, interesting work
in the cultured tumor lines MCF10A, MCF7, SUM149,
SUM159, SUM1315, and MDA.MB.231 suggests that these
lines may not be as homogenous and void of “stem like” cells
as once thought [53]. CD44+/CD24−/ESA+ cells within these
lines were found to contain the ability to self-renew, recon-
stitute the parental line, and to be up to 90% label retaining.
If LRCs are found to retain the CSC phenotype in cultured
cell lines, these cell lines may provide an important resource
for future delineation of quiescent pathway regulators.

Additional transitive evidence linking quiescence to CSCs
can be found in the work conducted by Roesch et al. in
melanoma [54]. This group found that primary melanoma
cell lines contained a PKH26 label retaining population that
was almost specifically identified by the H3K4 demethylase
JARID1B. This population of cells was found to incorporate
BrdU more slowly but retain it for a longer period of
time, lack Ki67 staining, and have a doubling time of up
to 4 weeks in vitro. When EGFP was placed under the
control of the JARID1B promoter, GFP+ cells demonstrated
increased sphere forming ability in vitro. Interestingly, GFP+

cells were able to retain BrdU in vivo, but did not show
increased tumor initiating ability over GFP− cell during
the time period analyzed. Small hairpin RNA (shRNA)
knockdown of JARID1B resulted in the in vitro exhaustion of
proliferating cells, demonstrating the need for JARID1B cells
in maintenance of proliferative capacity but not initiation
of tumors. When assessed more fully, both in vitro and in
vivo GFP− cells gave rise to heterogeneous progeny, including
JARID1B GFP+ cells.

The most direct evidence to date for quiescence playing a
role in CSCs comes from a study conducted by Dembinski
and Krauss [55]. In this study Vybrant DiI cell-labeling
solution was used to label pancreatic adenocarcinoma cells
and conduct cancer stem studies on flow cytometry sorted
label retaining cells. DiI label retaining slow-cycling cells

(DiI+/SCCs) comprised ∼3% of total cell number. Interest-
ingly, label retaining cells also exhibited an elongated fibrob-
last shape and an increase in the epithelial-mesenchymal
transition markers vimentin, snail, and twist. A fibroblast-
like CSC is consistent with evidence demonstrating an
increase in stem-like properties in cells that have undergone
an epithelial-mesenchymal transition [56]. Furthermore,
sorted DiI+/SCCs demonstrated a 2.5–10-fold increase in
soft agar colony forming ability, twofold increase in invasive
potential, and more than a tenfold increase in xenograft
formation over nonlabel retaining cells. Combined, these
data suggest that DiI+/SCCs cells represent an enriched CSC
population. When assessed for common CSC marker status,
DiI+/SCCs were enriched but only partially overlapped with
CD24+/CD44+ and CD133+ populations. It is curious to
consider how these commonly used CSC markers relate to
the LRC populations and what role, if any, these markers play
in the slow-cycling phenotype?

Like the melanoma study by Roesch et al. [54], Dem-
binski and Krauss’s study also indicated the ability for LRCs
to produce non-LRCs and surprisingly also for non-LRCs
to produce LRCs. Such a dynamic suggests two possibilities
(1) that the true unknown CSC population is favored
in the LRCs, but also found in the non-LRCs and can
therefore give rise to both populations, or (2) that there
exists a dynamic relationship in LRC-CSC populations that
is context dependent and allows for interconversion between
the two states. The Dembinski and Krauss study argues
a dynamic population of CSCs that might coincide with
an epithelial-mesenchymal transition (EMT). EMT plays a
central role in embryogenesis and mesoderm differentiation
into multiple tissue types during development [56]. The
emergence of embryonic stem cell-associated genes like
nanog, oct4, sox2, and c-myc in high grade undifferentiated
cancers is suggestive that aberrant regulations of EMT and
other early development pathways might be playing a role in
CSC characteristics [57]. This data is a further evidence to
support a dynamic quiescent slow-cycling model for many
types of cancer. Future studies will be important for further
development and integration of these observations into the
CSC model for tumor initiation and propagation.
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4. Quiescence and Resistance to Chemotherapy

At the present time, we have no clear understanding of why
some patients recur and which cancers will have resistance
to conventional types of therapy. Tumors from different
patients in the same organ are likely to have undergone
different oncogenic transitions, leading to a diversity of pos-
sible regulatory mechanism and pathway activities that might
be contributing to the survival of a specific cancer. While
broad patterns like the dysregulation of the Wnt pathway
in colon carcinomas are commonly observed, the secondary
mutations that may accompany these cancers could be
vastly different and contribute to survival in different ways
[58]. Even within the same tumor, different CSCs have
the possibility to accumulate unique mutations that may
provide added resistance and be passed on to daughter cells.
In context with the vast differences in tumorigenesis and
heterogeneity with a tumor, it is not surprising that the exact
contributors to chemotherapy resistance and consequently
which patients will respond optimally to chemotherapy are
not well understood. It has been proposed that variations
in cell cycle control, antiapoptotic proteins, increased DNA
damage repair proteins, upregulation of cellular pumps, and
increased metabolic activity may all play important roles in
chemotherapy resistance [6, 59–62].

Conventional chemotherapies and radiotherapies target
proliferating cells and require active cycling for induction
of apoptosis. The quiescent nature of many adult stem cell
pools is therefore an inherent mechanism for resistance and
cell survival to conventional therapies. In the hematopoietic
system, normal hematopoietic stem cells (HSCs) contain
high levels of the quiescence regulator p21cip1/waf1 (p21)
[63]. When treated with the commonly used chemotherapy
agent 5-fluorouracil (5-FU), mice that were p21 deficient
had a significant decrease in cobblestone area-forming
stem cells (10.8%) than normal p21 expressing wild-type
mice (60.5%). In the brain, Morshead et al. demonstrated
that high doses of tritiated thymidine (3H-TdR) killed
the constitutively proliferating cells in the adult mouse
forebrain, but had no effect on quiescent stem cell ability to
generate spheres [49]. This data supports a model in which
quiescent mouse forebrain stem cells are able to survive
and re-enter the cell cycle to allow for regeneration of the
damaged tissue. A similar pattern of stem cell survival and
regeneration was observed 72 hours following doxorubicin
treatment in mouse intestine. In this experiment, mice
intestine demonstrated increased amounts of cell death via
apoptosis in the +3–6 positions and a parallel disappearance
of mitotic activity [64]. This period of relatively nonexistent
mitotic activity was followed by stem cell re-entry into the
cell cycle and tissue regeneration in the +4 position stem
cell compartment. Furthermore, colon stem cell survival
during chemotherapy is aided by increased expression of
BH3-only bcl-2 members that inhibit apoptosis, working in
parallel with quiescence to increase the likelihood of stem cell
survival [65]. In chemotherapy-induced alopecia, the rapidly
dividing TA cells in the hair matrix undergo apoptosis, while
the stem cells in the bulge region survive to regenerate the
follicle after chemotherapy is withdrawn. Potential factors

involved in regulating hair follicle stem cell survival such as
caveolin-1 are emerging [66].

Similar mechanisms for survival and self-renewal for
CSCs are plausible in instances of tumor recurrence in
human patients where cytotoxic agents kill proliferative
cancer cells, leaving quiescent slow-cycling [6]. Cancer stem
cells that survive chemotherapy would have the ability to re-
enter the cell cycle and produce highly proliferative-rapidly
dividing progenitor cells that can re-establish the tumor. It is
even probable that successive cycles of chemotherapy would
intensify a tumor by weakening the normal stem cell pool
and creating therapy resistant CSCs that give rise to resistant
off-spring [9].

Slow cycling CSC populations in the colon, breast,
ovaries, and pancreas have been shown to demonstrate both
in vivo abilities to survive therapies that kill bulk tumor
cells as well as a requirement for doses of up to twice that
which are required to kill rapidly proliferating cells in vitro
[18, 55, 62, 67]. These data demonstrate how ineffective
conventional therapies can be on quiescent cell populations
and help to explain why tumors that seem to fully regress
during treatment can recur. While large tumor populations
may appear to have totally regressed after treatment, single
surviving CSCs would not be detectable with current
diagnostic technology. Populations of CSCs that are resistant
to chemotherapy or radiation are able to re-enter the cell
cycle or never fully undergo cell cycle arrest and are primed
to re-establish tumors [53, 68]. Even more devastating to
the survival of patients may be CSC response to stress from
chemotherapy and radiotherapy. Mouse ovarian tumors
have been demonstrated to undergo accelerated clonogenic
production during radiotherapy regimens, expanding the
CSC pool and driving development of a more aggressive
secondary tumor [69]. Furthermore, these cells would be
more likely to produce chemotherapy resistant offspring,
rendering the tumor unaffected by later rounds of treatment.

While quiescence is likely to contribute to the survival
of CSCs in response to chemotherapy and radiation, slow
cycling is not the sole mechanism and in all likelihood works
in parallel with other systems to increase survival. Msi-1+

colon cancer cells have been demonstrated to be less sensitive
to cytotoxic drugs due to increased IL-4 expression and
orchestration of antiapoptotic mechanisms [70]. The expres-
sion of other antiapoptotic proteins like c-Flip and Bcl-2 BH-
3 only family members is frequently seen in stem cell and
CSC populations and has been demonstrated to contribute
to cell survival during radiation and chemotherapy [59, 60].
Reduced cycling may help to limit cell damage in these cases,
decreasing prodeath signals and increasing the potential for
CSC survival.

Additional mechanisms for CSC survival include incre-
ased DNA damage repair, upregulation of cell pumps like the
multidrug resistance transporter (MDR1) and the Adeno-
sine triphosphate-binding cassette (ABCB1), and increased
metabolic activity through ALDH [61, 62]. Although the
quiescence contribution to these mechanisms of resistance is
unclear, it is likely that reduced proliferative rate only adds
to their effectiveness. Additional time in S or G2 phase of
the cell cycle coupled with increased DNA repair protein
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activity may afford a survival advantage over bulk cells that
continuously accrue DNA damage and ultimately are forced
to undergo apoptosis. Reduced cycling speed together with
increased pumps would facilitate more drug being removed
from CSCs, limiting overall cytotoxic effects during the
period of treatment. Additionally, quiescence would allow for
increased metabolic activity of ALDH and other metabolites
over that of bulk cells with a shorter cell cycle period.
Importantly, there is no reason why combinations or all of
these resistance mechanisms could not be playing a role in
CSC survival. Future therapies may need to address all these
issues to be successful in complete tumor eradication.

5. Regulators of Quiescence

Given the importance of quiescence in the CSC contribu-
tion to tumor progression and survival, understanding the
mechanisms that govern quiescence will prove important in
the development of future strategies to better target these
cells. Much of our current understanding of the mechanisms
controlling quiescence come from studies using conditional
induction of quiescence in normal adult fibroblasts. The
induction of quiescence in fibroblasts is generally accom-
plished in one of three ways: mitogen deprivation, contact
inhibition, or loss of adhesion. Each method of inducing
quiescence in fibroblast appears to yield a different quies-
cent transcriptional program [35]. The three transcription
programs overlap in differential expression of 131 genes
that Coller et al. have designated a “quiescence signature.”
This signature is comprised of genes that regulated cell
growth and division, suppress apoptosis and differentiation,
and govern intercellular communication. Downregulated
elements in the quiescence signature consist of genes asso-
ciated with cell cycle progression including cyclin B1, cdc20,
cul-1, and myc. Up regulated genes included important cell
cycle regulators like TP53 (p53), cyclin D2, and MXI1. Also
up regulated in this signature are regulators of key stem
cell-associated pathways including the Wnt pathway (FZD2
and TCF7L2), the BMP pathway (SMAD1), and the Notch
pathway (Hes1). Notch activation of Hes1 is of particular
interest as it has been shown to control reversibility of
fibroblast quiescence by blocking differentiation and entry
in irreversible cell cycle arrest [36]. Notch pathway activity
is important in mammary gland development as well as the
mammary CSC response immediately following irradiation,
suggesting that the Notch pathway may be a potential target
in CSCs [5, 71].

Interestingly, there exists a fourth transcriptional pro-
gram in fibroblasts induced by overexpression of cyclin-
dependent kinase inhibitors (CKI) like p21 and p16INK4a

[35]. The CKI p21 has been found to control entry into qui-
escence and maintenance of the quiescent state, allowing cells
to activate a DNA damage-like response [72]. Additionally,
maintenance of fibroblast quiescence has also been shown to
be highly regulated by the retinoblastoma family members
Rb and p107 [73]. Loss of Rb and p107 did not affect the
ability of fibroblasts to enter G0, but these cells were unable
to maintain the quiescent state. While Rb loss is generally
associated with the progression of cancer, retention of Rb in

CSCs or contribution of other Rb family members like p107
may be important in CSC maintenance of quiescence.

Developing and studying a quiescence signature in
fibroblasts may be important in understanding regulation of
the cell cycle, but the exact relevance to quiescent stem cell
populations is not very clear. Primarily, quiescence fibroblast
studies are conducted on large populations of fibroblasts
under biologically stressful conditions like contact inhibition
or serum starvation. In contrast, individual stem cells and
CSCs maintain quiescence while in contact with daughter
cells and stromal layers and in the presence of normal
mitogenic signals. Additionally, sphere forming assays com-
monly used for the identification of stem cells and CSCs rely
specifically on proliferation under nonadherent conditions.
If mitogen deprivation, loss of adhesion, and contact inhi-
bition truly activate three different transcriptional programs
in quiescent fibroblast populations, it is possible that the
transcriptional program facilitated by quiescent stem cells
and CSCs may be very different.

Quiescence regulation of a stem cell population is most
comprehensively understood in the hematopoietic system.
When compared to differentiated or cycling HSCs, quiescent
HSCs were found to have up-regulated genes associated with
cell cycle regulation, translation and RNA processing, and
metabolic process [74]. Down-regulated genes were generally
associated with transcription factors, signaling proteins, cell
cycle proteins, and inhibitors of cell cycle progression. In line
with these findings, the CKI p21 was found to be necessary
for quiescence and maintenance of the HSC pool [63]. Mice
that are p21 null demonstrate an increase in the number
of stem cells present and lose the ability to repopulate the
bone marrow in serial transplant experiments, suggesting
uncontrolled expansion and eventual exhaustion of the stem
cell pool. This deregulation of the stem cell pool is likely
due to p21 downstream effects on Rb family members: Rb,
p107, and p130. Rb family members play important roles in
regulating E2F activity and G1/S transition. Triple knockout
of these three family members resulted in hematopoietic
progenitor G1/S transition and proliferation, leading to
exhaustion of the proliferative potential, similar to that seen
in p21 loss [37].

While p21 also appears to play a role in adult neural
stem cell regulation and maintenance, other factors have
been shown to be important contributors to quiescent stem
cell activation [75]. Occasional exit of neural stem cells
from the quiescent state is important for proper tissue
maintenance and may be controlled though notch signaling
via Hes1 oscillations [76]. Down-regulation of Hes1 in
neural progenitor cells during G1 phase reduced repression
of cyclinD, ngn2, and Dll1, activating Notch signaling and
driving cell cycle progression and generation of neural
progenitors. Neural progenitors and neurons continue to
retain low levels of Hes1 as they proliferate and differentiate.
In neural stem cells, Hes1 expression and control of cyclinD
and notch signaling increase until subsequent G1 entry.
Interestingly, p21 loss does not appear to play a significant
role during differentiation in the brain, suggesting the need
for additional means of cell cycle regulation in differentiated
senescent cells [37].
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Signaling pathways with interactions to other CKIs also
play important roles in quiescent adult stem cell regulation.
In mammary glands, the Hedgehog pathways components
Gli2 and Bmi-1 have been demonstrated to regulate stem
cell self-renewal [77]. When injected into cleared mammary
fat pads, Gli2 or Bmi-1 over expressing mammospheres
were able to produce substantially more outgrowths than
control mammospheres. Bmi-1 has been demonstrated to
transcriptionally repress the p16INK4a and p19ARF, suggest-
ing a role for Bmi-1 in mammary stem cell cycle con-
trol.

Additional signaling pathways have been demonstrated
to play important roles in stem cell quiescence, specifically
the BMP pathway in skin. BMP and calcineurin signaling
up-regulate the transcription factor NFAT1c that has been
found to highly colocalize with CD34+ cells in the hair follicle
[78]. NFAT1c represses transcription of CDK4, stalling cells
in G1/S phase and maintaining quiescence. Loss of NFAT1c
permits entry into the cell cycle, shortening telogen and
prompting aberrant entry into anagen.

While significant advances are being made in under-
standing quiescence control in normal adult stem cell
populations, much less is known about control of quiescent
CSC populations. Very few studies have been conducted
specifically addressing control of quiescent CSCs, most likely
due to the difficulty of isolating and analyzing pure CSC
populations. If CSCs are truly derived from adult stem
cells, then it is possible that Hes1, p21, p16INK4a, Rb family
members, Bmi-1, and NFAT1c play significant roles in CSC
regulation. Although rare, there are clues that at least some
of these regulators are important in CSCs. In the colon
cancer cell line HCT116, p21 null cells were found to produce
tenfold smaller tumors in growth assays when compared
to normal cells expressing p21 [79]. Under sphere forming
conditions, p21 null cells were unable to form spheres, ceased
proliferation, and eventually died. This p21 dependence was
found to be associated with lack of E-cadherin expression
and suppression of apoptosis signals, suggesting a more
complex role for p21 in tumor cells than simply regulating
cell cycle. Small molecule targeting of p21 or downstream
p21 targets may therefore prove to be an effective means
of forcing quiescent CSCs to cycle or undergo apoptosis.
Cycling CSCs would be susceptible to chemotherapy and
hopefully eliminated.

Cancers frequently have aberrant signaling in the Wnt,
Hedgehog (Hh), and Notch self-renewal pathways that likely
contribute to cell cycle control and differentiation. Increased
expression of Hes1 has been observed in ovarian, breast, and
nonsmall cell lung carcinomas, suggesting active regulation
of Notch signaling [36]. In melanoma, the slow cycling
cells identified by Rosech et al., repress notch signaling
directly though JARID1B interaction with the notch lig-
and Jagged 1 promoter, consequently reducing intracellular
Notch and controlling proliferation [54]. Hes1 and Jagged1
may therefore be potential targets in future cancer treatments
designed to target CSCs. Targeted reduction of Hes1 would
increase Notch signaling, driving CSCs to proliferate and
exhaust their proliferative potential, and making them more
susceptible to conventional therapy.

In colon cancers, mutations in APC or β-catenin are
considered to be a driving force behind transformation [6].
In the presence of Wnt signal, β-catenin is no longer taken up
by an APC-dependent degradation complex and translocates
to the nucleus where it binds TCF/LEF transcriptions factors
to control expression of cell cycle target genes. Loss of
APC in crypt Lrg5+ cells has been demonstrated to be an
important step towards initiation of intestinal adenomas
[80]. Interestingly, cells expressing high Wnt downstream
transcription factors TCF/LEF in primary sphere cultures
demonstrated increased clonogenicity and the generation
of both cycling and noncycling cells [81]. In tumors, these
high Wnt expressing cells were located near stromal fibrob-
lasts that provided signals to activate β-catenin-dependent
transcription. This data suggests that CSC cell cycle control
may not be entirely cell autonomous and partially regulated
by microenvironmental signals. Targeting Wnt pathway
regulators or the ability for CSCs to communicate with their
stromal environment may represent potential mechanism for
limiting CSC expansion and contribution to recurrence.

There is also mounting evidence for the requirement of
Hedgehog signaling in proliferation and survival of both
colon and breast tumors. Active Hh-Gli signaling was found
to contribute to the subpopulation of human colon CD133+

cells that were able to survive and self-renew in xenograft
studies. In breast tumor CD44+/Cd24− cells, the Hh pathway
proteins Patch (PTCH1), Gli1, Gli2, and Bmi-1 all demon-
strated increased expression over bulk tumors cells [77]. Like
their adult mammary stem cell counterparts, overexpression
of Bmi-1 in mammary CSCs suggests a potential role for
p16INK4a and p19ARF in cell cycle regulation and suggests a
potential drug target for improved CSC eradication.

While p21, p16, Notch, Wnt, and Hedgehog signaling
may provide tempting targets for the removal of CSCs, tar-
geting of these pathways would require meticulous targeting
of CSC or titration of inhibitors to act on CSCs but not
normal stem cell populations. Such treatments could severely
weaken patients. Additionally, improper application of cell
cycle inhibitors like p21 may fuel tumor growth and aggres-
siveness. The CDK inhibitor p21 acts as a tumor suppressor
in dividing cells by protecting against genome instability and
working with other tumor suppressors to subdue oncogenes
[82, 83]. Loss of p21 combined with chemical induction
of carcinogenesis has demonstrated increased induction of
tumors and increased aggressiveness in resulting tumors
[84, 85]. Combining widespread targeting of p21 with
chemotherapy may have similar effects of tumors. These data
highlight the necessity to be able to selectively target CSCs
when using CDK inhibitors and add to the challenges ahead
in developing treatments to better eradiate CSCs.

6. Conclusions and Future Directions

The limited data available on the regulation of quiescence
equates to a poor understanding for the role of quiescence
in tumor progression and recurrence. Exactly how and to
what extent quiescence plays a role in tumor recurrence
is at present unclear. What little evidence there is suggests
that quiescence might be an important factor in tumor cell
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survival after conventional therapy. Mechanistically, CSC
quiescence suggests an inherent means of resistance that
when coupled with increased DNA repair or metabolic
activity could explain the patterns of recurrence and acquired
resistance currently observed in posttherapy cancer patients.
The functionally relevant identification of quiescent CSCs
though label-retaining assays may prove to be an important
tool in ongoing CSC research.

Future research must focus on better understanding
and targeting of quiescent CSC populations, specifically
identifying regulators and factors that separate CSCs from
normal stem cells. General targeting of p21, Bmi-1, Hes1,
and other commonly shared cell cycle regulators might prove
disastrous for patients if these treatments eradicate normal
stem cell populations as well as CSCs. Aberrant regulation of
normal stem cell characteristics presents a difficult paradox
in fighting CSCs: how to target the cancer without harming
normal stem cells. Hope exists that careful study of CSCs
will identify new or differentially expressed targets that will
specifically affect tumors, minimizing toxic side effects and
leaving patients cancer free.
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Many types of tumors are organized in a hierarchy of heterogeneous cell populations, with only a small proportion of cancer
stem cells (CSCs) capable of sustaining tumor formation and growth, giving rise to differentiated cells, which form the bulk of
the tumor. Proof of the existence of CSC comes from clinical experience with germ-cell cancers, where the elimination of a subset
of undifferentiated cells can cure patients (Horwich et al., 2006), and from the study of leukemic cells (Bonnet and Dick, 1997;
Lapidot et al., 1994; and Yilmaz et al., 2006). The discovery of CSC in leukemias as well as in many solid malignancies, including
breast carcinoma (Al-Hajj et al. 2003; Fang et al., 2005; Hemmati et al., 2003; Kim et al., 2005; Lawson et al., 2007; Li et al., 2007;
Ricci-Vitiani et al., 2007; Singh et al., 2003; and Xin et al., 2005), has suggested a unifying CSC theory of cancer development.
The reported general insensitivity of CSC to chemotherapy and radiation treatment (Bao et al., 2006) has suggested that current
anticancer drugs, which inhibit bulk replicating cancer cells, may not effectively inhibit CSC. The clinical relevance of targeting
CSC-associated genes is supported by several recent studies, including CD44 targeting for treatment of acute myeloid leukemia
(Jin et al., 2006), CD24 targeting for treatment of colon and pancreatic cancer (Sagiv et al., 2008), and CD133 targeting for
hepatocellular and gastric cancer (Smith et al., 2008). One promising approach is to target CSC survival signaling pathways, where
leukemia stem cell research has already made some progress (Mikkola et al., 2010).

1. Cancer Stem Cells

In the past few years, a growing body of experimental
evidence has been reported in favor of the hypothesis that
many types of tumors are organized in a hierarchy of het-
erogeneous cell populations, with only a small proportion
of cancer stem cells (CSCs) capable of sustaining tumor
formation and growth, giving rise to differentiated cells,
which form the bulk of the tumor. Proof of the existence of
CSC comes from clinical experience with germ-cell cancers,
where the elimination of a subset of undifferentiated cells
can cure patients [1], and from the study of leukemic cells
[2–4]. The discovery of CSC in leukemias as well as in many
solid malignancies, including breast carcinoma [5–13], has
suggested a unifying CSC theory of cancer development.
The reported general insensitivity of CSC to chemotherapy
and radiation treatment [14] has suggested that current
anticancer drugs, which are developed extensively based on
their activity to inhibit bulk replicating cancer cells, may not

effectively inhibit CSC, and that targeting CSC will be helpful
in eradicating tumors more efficiently. The clinical relevance
of targeting CSC-associated genes is supported by several
recent studies, including CD44 targeting for treatment of
acute myeloid leukemia [15], CD24 targeting for treatment
of colon and pancreatic cancer [16], and CD133 targeting
for hepatocellular and gastric cancer [17]. One promising
approach is to target CSC survival signaling pathways, where
leukemia stem cell research has already made some progress
[18].

2. Breast Cancer Stem Cells

Breast cancer, a complex and heterogeneous disease, is the
leading cause of cancer death in women. More than a million
new cases are diagnosed every year worldwide [19]. Despite
combined treatment with surgery, radiotherapy, and anti-
cancer drugs, many breast cancer patients will ultimately
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develop metastatic disease, at present incurable. While many
studies have attempted to demonstrate the presence of breast
CSC (BCSC) based on cell surface marker profiles, consensus
on their phenotypic characterization is still missing. In light
of recent experimental evidence, the idea of a universal
marker or combination of markers able to identify and isolate
BCSC from all breast cancers seems unrealistic. This is not
surprising, because breast cancer is not a single disease; it
is comprised of various histological subtypes, with variable
clinical presentations and different underlying molecular
signatures. On the basis of global gene expression profiling,
breast cancer has been divided into five major molecular sub-
types: luminal A, luminal B, HER2+, basal-like, and normal
breastlike [20–22]. Each subtype is associated with a peculiar
natural history and treatment responsiveness. Thus, the
prognosis of patients with basal-like tumors is worse than
for patient with luminal A tumors [22, 23]. In addition
to intertumor heterogeneity, there is also a high degree
of intratumor diversity. Specifically, a single tumor at any
given time can contain tumor cell populations with distinct
molecular profiles and biological properties. Intratumor
diversity has been reported as early as at the stage of ductal
carcinoma in situ [24, 25]. Heterogeneity of CSC populations
has been demonstrated in other types of tumors, such as
glioblastoma, where different CSC subpopulations have been
described [26, 27]. Park et al. [23], based on their recent
immunohistochemical analyses of 12 markers in almost 400
ductal breast cancers, concluded that the frequency of breast
cancer cells positive for stem cell-like and more differentiated
markers varies according to tumor subtype and histologic
stage. A concise review of the literature for the most studied
BCSC markers follows.

3. Original CD44+/CD24−/low BCSC Phenotype

A CD44+/CD24−/low subpopulation of CSC was originally
identified from Al-Haji et al. [5], using cells from metastatic
pleural effusions of breast carcinoma patients. Their presence
has subsequently been confirmed in additional studies,
especially in the MCF7 cell line [28]. Following removal of
nonepithelial cells, cells with the CD44+CD24−/low pheno-
type were highly enriched in their ability to initiate tumors
compared with unsorted cells. Further enrichment was
possible by additionally sorting the cells for expression of
the ESA (epithelial cell adhesion molecule) antigen. CD44+/
CD24−/low were also able to serially propagate the tumors
in mice, demonstrating capacity for self-renewal. CD24 is a
heavily glycosylated, mucin-type protein linked to the cell
membrane via glycosyl-phosphatidylinositol [29]. Since it
can bind P-selectin, a lectin expressed by vascular endothe-
lium and platelets, it has been suggested to play an important
role in the metastatic process [30, 31]. CD44 is a trans-
membrane glycoprotein, present in several isoforms, that
normally takes part in cell-cell and cell-matrix adhesion
interactions, and cell migration. CD44 binds hyaluronic acid
as well as collagen, fibronectin, laminin, and chondroitin
sulfate, important components of the extracellular matrix,
as well as the cytokine osteopontin [32]. Many cancer cell

types as well as their metastases express high levels of
CD44 and/or CD44 variants. Since the blockage of CD44-
ligand interaction inhibits local tumor growth and metastatic
spread, CD44 may confer a growth advantage to breast can-
cer cells. The initial reports that only the CD44+CD24−/low

subpopulation of human breast cancer cells contains BCSC
have been challenged by subsequent studies [33, 34]. Honeth
et al. [34] detected a CD44+CD24−/low subpopulation in only
31% of 240 human breast cancer samples analyzed, with
a strong association with the basal-like phenotype. Creighton
et al. [35] reported that a gene expression signature common
to both CD44+/CD24−/low and mammosphere-forming cells
was mainly present in breast cancer of the recently identi-
fied claudin-low molecular subtype, which is characterized
by expression of many epithelial-mesenchymal transition-
(EMT-) associated genes. In addition, contrasting results
have been reported by different groups in regard to the inva-
siveness of CD44+CD24+ compared with CD44+CD24−/low

cells [30, 36–38]. We [39] and other groups [33, 34] have
found that CD24 is not a consistent breast cancer stem
cell marker. In particular, in a human breast carcinoma
model originated from bone marrow micrometastases of
a breast cancer patient [40], we have recently shown that the
s.c growth of CD24+ and CD24− sorted breast cancer cell
subpopulations and their single-cell clones resulted in similar
take and growth rates [39]. Single cell-sorted CD24− and
CD24high MA-11 gave rise in vitro to cell populations with
heterogeneous CD24 expression. Also, all tumor xenografts
derived from CD24+ and CD24− cells expressed CD24 on
their cell surface in vivo [39]. The rapid up- and downreg-
ulation of putative stem cell markers is not novel; Monzani
et al. [41] have recently shown that after injecting CD133+

melanoma cells in NOD-SCID mice, most of the tumors
became CD133 negative. Furthermore, growing these cells
in vitro after few passages, they re-expressed CD133. That
CD24 is rapidly and transiently downregulated under certain
culture conditions reconciles the apparent discrepancy of the
promalignant and proinvasiveness role of CD24 with the
CD24−/low phenotype of breast CSC [5, 28, 30, 33, 34, 37, 38].
Interestingly, CD24 silencing did not change tumorigenicity,
suggesting that the level of expression of CD24 is associated
with but does not contribute to tumorigenicity [39]. These
findings, together with the widespread expression of CD44,
strongly suggest that the CD44+CD24−/low phenotype is not
sufficient to characterize BCSC.

4. Mammosphere Formation

Based on the mammosphere-forming assay in serum-free
medium on nonadherent plastic used for culture of normal
mammary epithelial cells, Ponti and colleagues employed
a similar approach to derive mammospheres from human
breast cancers [28] (Table 1). They found in the malignant
mammospheres the same CD44+CD24− phenotype reported
by Al-Hajj et al. [5], and the capacity to differentiate to both
luminal and basal/myoepithelial lineages. Fournier et al. [42,
52] showed the importance of 3D cultures for the generation
of breast cancer signatures. Rappa et al. [39, 53] found an
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Table 1

Breast cancer stem cell markers References

CD44+CD24−/low Al-Haji et al. [5]; Ponti et al. [28]; Honeth et al. [34]

Mammosphere-forming ability Ponti et al. [28]; Fournier and Martin [42]; Rappa and Lorico [39]

Hoechst 33342 side population Hirschmann-Jax et al. [43]; Patrawala et al. [44]

Aldehyde dehydrogenase Ginestier et al. [45]; Charafe-Jauffret et al. [46]

CD133 Xiao et al. [47]; Wright et al. [48]; Storci et al. [49]

Integrins Vassilopolous et al. [50]; Vaillant et al. [51]

increased expression of surface markers associated with the
stem cell phenotype and of oncogenes in cell lines and clones
cultured as spheroids versus adherent cultures; also, sphe-
roid-forming cells displayed increased tumorigenicity and
an altered pattern of chemosensitivity. MAPK, Notch, and
Wnt-associated genes, along with the BCSC marker, aldehyde
dehydrogenase, were found overexpressed in mammospheres
from breast cancer cell lines.

5. Side Population

The ability to exclude the Hoescht 33342 fluorescent dye
from the intracellular compartment, originally developed
by the Goodell lab to isolate a “side population” (SP) of
hematopoietic cells highly enriched in haematopoietic stem
cells [54], results from the expression of ATP-binding cassette
(ABC) transporters. A similar SP, enriched in cells with the
ability to initiate tumors in immune deficient mice, has
been identified in breast cancer cell lines [43, 44]. Also,
enrichment for the progenitor cell-containing SP after irradi-
ation was observed in breast cancer cell lines [55]. However,
unresolved issues with potential toxicity of Hoechst 33342 to
non-SP cells hinder the further application of this functional
assay to the identification of BCSC subpopulations.

6. Aldehyde Dehydrogenase

Another candidate marker for a breast CSC phenotype is
aldehyde dehydrogenase (ALDH). ALDHs are a family of
enzymes involved in the detoxification of a wide variety
of aldehydes to their corresponding weak carboxylic acids,
including xenobiotic aldehydes, such as cyclophosphamide
[56]. Since there are 19 ALDH genes in humans, organized
into 11 groups, with functional overlap, a functional enzy-
matic assay, rather than immunohistochemistry methods, is
generally used to identify ALDH+ cells, employing the com-
mercial reagent ALDEFLUOR (STEMCELL Technologies
Inc, Vancouver, BC, Canada). The ALDEFLUOR substrate,
BODIPY aminoacetaldehyde (BAAA), is converted by ALDH
in the cells into a fluorescent molecule, that accumulates
in cells in the presence of efflux inhibitors, allowing
cells with high ALDH activity to be easily identified.
Ginestier et al. [45] reported that only 20% to 25% of
breast carcinomas express ALDH. Of these, on average,
5% of the cells are positive for ALDH. A minor overlap
(1%) between the ALDEFLUOR-positive population and

the CD44+/CD24−/low subpopulation was observed in that
study. However, as few as 20 cells expressing both BCSC
phenotypes were required to generate a tumor in immun-
odeficient mice. In the same study, ALDH− cells were not
tumorigenic up to 50,000 cells, and ALDH+ tumors were
associated with high histological grade, ERBB2 overexpres-
sion, absence of estrogen and progesterone receptor expres-
sion, and poor clinical outcome, based on overall survival.
These observations led the authors to propose that ALDH
expression in a subset of tumors may reflect transformation
of ALDH+ stem or early progenitor cells in these tumors.
By contrast, ALDH− tumors may be generated by the trans-
formation of ALDH− progenitor cells. In apparent contrast
with the relatively low percentage of ALDH+ breast cancers
in vivo, Charafe-Jauffret et al. [46] reported that 23 of 33 cell
lines derived from normal and malignant mammary tissue
contained an ALDEFLUOR+ population that displayed stem
cell properties in vitro and in NOD/SCID xenografts. Also,
another study from the same group demonstrated that
ALDH1 expression can be an independent prognostic factor
for predicting metastases in inflammatory breast cancer and
that CSCs have the ability to reconstitute the heterogeneity of
the primary tumor at the metastatic site [57].

7. Prominin-1 (CD133)

Recent data from several laboratories suggest that CD133-
positivity identifies a subgroup of breast CSC [47–49].
CD133, named Prominin-1 for its prominent location on
the protrusion of cell membranes, is the first identified gene
in a class of novel pentaspan transmembrane glycoproteins
[58, 59]. It defines a broad population of somatic stem
and progenitor cells, including those derived from the
hematopoietic and nervous system [60]. In addition, it has
been found to be elevated in peripheral blood of patients
with metastatic cancer [61]. CD133 is much more restricted
in expression compared with other CSC markers such as
CD44 and ALDH, which are more universally expressed in
normal as well as cancer cells. A subpopulation of CD133+

CSC has been identified in colon carcinoma [11] and
glioblastoma [12]. Although CD133 is considered the most
important CSC marker identified so far, very little is known
about its physiological function(s), except in the eye, where,
together with protocadherin 21, a photoreceptor-specific
cadherin, and with actin filaments, it forms a complex
involved in photoreceptor disk morphogenesis [62]. Also,
current knowledge about the regulatory mechanisms and the
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interaction of CD133 with other cellular proteins and
biochemical pathways is very scarce. We have reported [63] in
malignant melanoma that shRNA-mediated downregulation
had profound effects on human CD133-expressing cancer
cells; in vitro CD133 knockdown slowed cell growth, reduced
cell motility, and decreased the formation of spheroids under
stem cell-like growth conditions; in vivo the downregula-
tion of CD133 severely reduced the capacity of the cells
to metastasize, particularly to the spinal cord [63]. Successful
immunotoxin targeting of CD133 in hepatocellular and gas-
tric cancer xenografts has also been reported [17]. These
data suggest that CD133, in addition to its role as a CSC
marker, is an important cancer therapeutic target. Expression
of CD133 has recently been reported in 22 out of 25 cases of
inflammatory breast cancer (IBC), a particularly lethal form
of breast cancer characterized by exaggerated lymphovas-
cular invasion [47]. CD133 expression was also detected in
BCSC-enriched spheroids of the MARY-X xenograft model
of IBC [47]. Interestingly, MARY-X spheroids expressed
a BCSC profile characterized as CD44+/CD24−/low, ALDH+,
and CD133+ [47]. Also, in BRCA1-associated breast cancer
cell lines, CD133+ sorted cells harbor CSC properties such
as a greater colony-forming efficiency, higher proliferative
output, and greater ability to form tumors in NOD/SCID
mice [48]. In addition, basal-like breast carcinoma cells
from patients and stem/progenitor cells of mammospheres
isolated from ductal breast carcinoma express high levels of
CD133 [49].

8. Integrins

Mouse mammary stem cells have recently been identified
by employing the integrins CD29 (β1) and CD49f (α6) in
combination with CD24 [64, 65]. Based on the hypothesis
that markers used for normal mammary stem cells could also
work for the isolation of mammary CSC, Vassilopolous et al.
[50] used CD24/CD29 or CD24/CD49f to identify a subpop-
ulation of mammary tumor cells. In addition, a mammary
progenitor cell population has been shown to express high
levels of integrin CD61 (β3), which is only marginally
expressed in normal mammary epithelia [66]. Employing
three different mouse models of mammary tumorigenesis,
Vaillant et al. [51] found that in two of them (MMTV-wnt-
1, and p53+/−), CD61 identified a subpopulation that was
highly enriched for tumorigenic capability relative to the
CD61− subset.

9. Conclusions

It is conceivable that breast cancer heterogeneity derives,
at least in part, from the existence of distinct BCSC
populations. Available markers should be further tested in
combination; additional markers, or specific gene signatures,
are definitely needed to define, and possibly target, BCSC
populations of the different breast cancer subtypes. However,
the possibility of (i) marker downregulation/silencing; (ii)
generation of marker-negative from marker-positive BCSC
cells; (iii) coexistence of different BCSC subpopulations in

the same tumor or at different metastatic sites should be
considered before designing novel anti-BCSC strategies.
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“CD133+ and nestin+ tumor-initiating cells dominate in
N29 and N32 experimental gliomas,” International Journal of
Cancer, vol. 125, no. 1, pp. 15–22, 2009.

[28] D. Ponti, A. Costa, N. Zaffaroni et al., “Isolation and in
vitro propagation of tumorigenic breast cancer cells with
stem/progenitor cell properties,” Cancer Research, vol. 65, no.
13, pp. 5506–5511, 2005.

[29] R. Kay, F. Takei, and R. K. Humphries, “Expression cloning of
a cDNA encoding M1/69-J11d heat-stable antigens,” Journal of
Immunology, vol. 145, no. 6, pp. 1952–1959, 1990.

[30] H. J. Kim, J. B. Kim, K. M. Lee et al., “Isolation of CD24(high)
and CD24(low/-) cells from MCF-7: CD24 expression is pos-
itively related with proliferation, adhesion and invasion in
MCF-7,” Cancer Letters, vol. 258, no. 1, pp. 98–108, 2007.

[31] S. Aigner, C. L. Ramos, A. Hafezi-Moghadam et al., “CD24
mediates rolling of breast carcinoma cellson P-selectin,”
FASEB Journal, vol. 12, no. 12, pp. 1241–1251, 1998.

[32] V. Orian-Rousseau, “CD44, a therapeutic target for metasta-
sising tumours,” European Journal of Cancer, vol. 46, no. 7, pp.
1271–1277, 2010.

[33] B. K. Abraham, P. Fritz, M. McClellan, P. Hauptvogel,
M. Athelogou, and H. Brauch, “Prevalence of CD44+/CD24-
/low cells in breast cancer may not be associated with clinical
outcome but may favor distant metastasis,” Clinical Cancer
Research, vol. 11, no. 3, pp. 1154–1159, 2005.

[34] G. Honeth, P. O. Bendahl, M. Ringnér et al., “The CD44+/
CD24- phenotype is enriched in basal-like breast tumors,”
Breast Cancer Research, vol. 10, no. 3, article R53, 2008.

[35] C. J. Creighton, X. Li, M. Landis et al., “Residual breast
cancers after conventional therapy display mesenchymal as
well as tumor-initiating features,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 106,
no. 33, pp. 13820–13825, 2009.

[36] M. Fogel, J. Friederichs, Y. Zeller et al., “CD24 is a marker for
human breast carcinoma,” Cancer Letters, vol. 143, no. 1, pp.
87–94, 1999.

[37] C. Sheridan, H. Kishimoto, R. K. Fuchs et al., “CD44+/CD24-
breast cancer cells exhibit enhanced invase properties: an early
step necessary for metastasis,” Breast Cancer Research, vol. 8,
no. 5, article R59, 2006.

[38] S. Schindelmann, J. Windisch, R. Grundmann, R. Kreienberg,
R. Zeillinger, and H. Deissler, “Expression profiling of mam-
mary carcinoma cell lines: correlation of in vitro invasiveness
with expression of CD24,” Tumor Biology, vol. 23, no. 3, pp.
139–145, 2002.

[39] G. Rappa and A. Lorico, “Phenotypic characterization of
mammosphere-forming cells from the human MA-11 breast
carcinoma cell line,” Experimental Cell Research, vol. 316, no.
9, pp. 1576–1586, 2010.

[40] O. Engebraaten and ∅. Fodstad, “Site-specific experimental
metastasis patterns of two human breast cancer cell lines in
nude rats,” International Journal of Cancer, vol. 82, no. 2, pp.
219–225, 1999.

[41] E. Monzani, F. Facchetti, E. Galmozzi et al., “Melanoma
contains CD133 and ABCG2 positive cells with enhanced
tumourigenic potential,” European Journal of Cancer, vol. 43,
no. 5, pp. 935–946, 2007.

[42] M. V. Fournier and K. J. Martin, “Transcriptome profiling in
clinical breast cancer: from 3d culture models to prognostic
signatures,” Journal of Cellular Physiology, vol. 209, no. 3, pp.
625–630, 2006.

[43] C. Hirschmann-Jax, A. E. Foster, G. G. Wulf et al., “A distinct
”side population” of cells with high drug efflux capacity in
human tumor cells,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 101, no. 39, pp.
14228–14233, 2004.

[44] L. Patrawala, T. Calhoun, R. Schneider-Broussard, J. Zhou,
K. Claypool, and D. G. Tang, “Side population is enriched
in tumorigenic, stem-like cancer cells, whereas ABCG2
and ABCG2 cancer cells are similarly tumorigenic,” Cancer
Research, vol. 65, no. 14, pp. 6207–6219, 2005.

[45] C. Ginestier, M. H. Hur, E. Charafe-Jauffret et al., “ALDH1
is a marker of normal and malignant human mammary stem
cells and a predictor of poor clinical outcome,” Cell Stem Cell,
vol. 1, no. 5, pp. 555–567, 2007.

[46] E. Charafe-Jauffret, C. Ginestier, F. Iovino et al., “Breast cancer
cell lines contain functional cancer stem sells with metastatic



6 Journal of Oncology

capacity and a distinct molecular signature,” Cancer Research,
vol. 69, no. 4, pp. 1302–1313, 2009.

[47] YI. Xiao, Y. Ye, K. Yearsley, S. Jones, and S. H. Barsky, “The
lymphovascular embolus of inflammatory breast cancer
expresses a stem cell-like phenotype,” American Journal of
Pathology, vol. 173, no. 2, pp. 561–574, 2008.

[48] M. H. Wright, A. M. Calcagno, C. D. Salcido, M. D. Carlson,
S. V. Ambudkar, and L. Varticovski, “Brca1 breast tumors
contain distinct CD44+/CD24- and CD133+ cells with cancer
stem cell characteristics,” Breast Cancer Research, vol. 10, no.
1, article R10, 2008.

[49] G. Storci, P. Sansone, D. Trere et al., “The basal-like breast
carcinoma phenotype is regulated by SLUG gene expression,”
Journal of Pathology, vol. 214, no. 1, pp. 25–37, 2008.

[50] A. Vassilopoulos, R. H. Wang, C. Petrovas, D. Ambrozak,
R. Koup, and C. X. Deng, “Identification and characterization
of cancer initiating cells from BRCA1 related mammary
tumors using markers for normal mammary stem cells,”
International Journal of Biological Sciences, vol. 4, no. 3, pp.
133–142, 2008.

[51] F. Vaillant, M. L. Asselin-Labat, M. Shackleton, N. C. Forrest,
G. J. Lindeman, and J. E. Visvader, “The mammary progenitor
marker CD61/β3 integrin identifies cancer stem cells in mouse
models of mammary tumorigenesis,” Cancer Research, vol. 68,
no. 19, pp. 7711–7717, 2008.

[52] K. J. Martin, D. R. Patrick, M. J. Bissell, and M. V. Fournier,
“Prognostic breast cancer signature identified from 3D culture
model accurately predicts clinical outcome across indepen-
dent datasets,” PLoS ONE, vol. 3, no. 8, Article ID e2994, 2008.

[53] G. Rappa, J. Mercapide, F. Anzanello et al., “Growth of cancer
cell lines under stem cell-like conditions has the potential to
unveil therapeutic targets,” Experimental Cell Research, vol.
314, no. 10, pp. 2110–2122, 2008.

[54] M. A. Goodell, K. Brose, G. Paradis, A. S. Conner, and
R. C. Mulligan, “Isolation and functional properties of murine
hematopoietic stem cells that are replicating in vivo,” Journal
of Experimental Medicine, vol. 183, no. 4, pp. 1797–1806, 1996.

[55] M. S. Chen, W. A. Woodward, F. Behbod et al., “Wnt/β-
catenin mediates radiation resistance of Sca1+ progenitors in
an immortalized mammary gland cell line,” Journal of Cell
Science, vol. 120, no. 3, pp. 468–477, 2007.

[56] M. R. Alison, N. J. Guppy, S. M. Lim, and L. J. Nicholson,
“Finding cancer stem cells: are aldehyde dehydrogenases fit for
purpose?” The Journal of Pathology, vol. 222, no. 4, pp. 335–
344, 2010.

[57] E. Charafe-Jauffret, C. Ginestier, F. Iovino et al., “Aldehyde
dehydrogenase 1-positive cancer stem cells mediate metastasis
and poor clinical outcome in inflammatory breast cancer,”
Clinical Cancer Research, vol. 16, no. 1, pp. 45–55, 2010.

[58] A. H. Yin, S. Miraglia, E. D. Zanjani et al., “AC133, a novel
marker for human hematopoietic stem and progenitor cells,”
Blood, vol. 90, no. 12, pp. 5002–5012, 1997.

[59] A. Weigmann, D. Corbeil, A. Hellwig, and W. B. Huttner,
“Prominin, a novel microvilli-specific polytopic membrane
protein of the apical surface of epithelial cells, is targeted to
plasmalemmal protrusions of non-epithelial cells,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 94, no. 23, pp. 12425–12430, 1997.

[60] D. Mizrak, M. Brittan, and M. R. Alison, “CD 133: molecule
of the moment,” Journal of Pathology, vol. 214, no. 1, pp. 3–9,
2008.

[61] N. Mehra, M. Penning, J. Maas et al., “Progenitor marker
CD133 mRNA is elevated in peripheral blood of cancer

patients with bone metastases,” Clinical Cancer Research, vol.
12, no. 16, pp. 4859–4866, 2006.

[62] Z. Yang, Y. Chen, C. Lillo et al., “Mutant prominin 1 found
in patients with macular degeneration disrupts photoreceptor
disk morphogenesis in mice,” Journal of Clinical Investigation,
vol. 118, no. 8, pp. 2908–2916, 2008.

[63] G. Rappa, O. Fodstad, and A. Lorico, “The stem cell-associated
antigen CD133 (Prominin-1) is a molecular therapeutic target
for metastatic melanoma,” Stem Cells, vol. 26, no. 12, pp.
3008–3017, 2008.

[64] M. Shackleton, F. Vaillant, K. J. Simpson et al., “Generation of
a functional mammary gland from a single stem cell,” Nature,
vol. 439, no. 7072, pp. 84–88, 2006.

[65] J. Stingl, P. Eirew, I. Ricketson et al., “Purification and unique
properties of mammary epithelial stem cells,” Nature, vol. 439,
no. 7079, pp. 993–997, 2006.

[66] I. Taddei, M. M. Faraldo, J. Teulière, M. A. Deugnier,
J. P. Thiery, and M. A. Glukhova, “Integrins in mammary
gland development and differentiation of mammary epithe-
lium,” Journal of Mammary Gland Biology and Neoplasia, vol.
8, no. 4, pp. 383–394, 2003.



Hindawi Publishing Corporation
Journal of Oncology
Volume 2011, Article ID 352616, 19 pages
doi:10.1155/2011/352616

Review Article

Loss of Function of E-Cadherin in Embryonic Stem Cells
and the Relevance to Models of Tumorigenesis

Lisa Mohamet, Kate Hawkins, and Christopher M. Ward

Core Technology Facility, Faculty of Medical and Human Sciences, The University of Manchester, 46 Grafton Street,
Manchester M13 9NT, UK

Correspondence should be addressed to Christopher M. Ward, christopher.ward@manchester.ac.uk

Received 1 August 2010; Revised 15 October 2010; Accepted 26 October 2010

Academic Editor: Eric Deutsch

Copyright © 2011 Lisa Mohamet et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

E-cadherin is the primary cell adhesion molecule within the epithelium, and loss of this protein is associated with a more aggressive
tumour phenotype and poorer patient prognosis in many cancers. Loss of E-cadherin is a defining characteristic of epithelial-
mesenchymal transition (EMT), a process associated with tumour cell metastasis. We have previously demonstrated an EMT event
during embryonic stem (ES) cell differentiation, and that loss of E-cadherin in these cells results in altered growth factor response
and changes in cell surface localisation of promigratory molecules. We discuss the implication of loss of E-cadherin in ES cells
within the context of cancer stem cells and current models of tumorigenesis. We propose that aberrant E-cadherin expression is
a critical contributing factor to neoplasia and the early stages of tumorigenesis in the absence of EMT by altering growth factor
response of the cells, resulting in increased proliferation, decreased apoptosis, and acquisition of a stem cell-like phenotype.

1. E-Cadherin Protein Structure and Function

Cadherins are a family of calcium ion-dependent cell
surface glycoproteins that function in cell-cell adhesion. The
cadherin family is divided into classical (Type I) and non-
classical (Type II) subtypes, as well as other categories which
include protocadherins and cadherin-related molecules. The
cadherin family is characterised by the presence of extra-
cellular cadherin (EC) repeats within the ectodomain of
the protein, which vary in number within the family. E-
cadherin is a well-characterised single-pass transmembrane
Type I cadherin that is primarily expressed on epithelial
cells and contains a cytoplasmic domain of 150aa and an
extracellular domain of 550aa containing five EC repeats,
each of approximately 110aa [1, 2]. E-cadherin contributes to
the generation and maintenance of adherens junctions (AJ)
via homophilic (E-cadherin-E-cadherin interaction) and,
most often, homotypic (epithelial-epithelial cell interaction)
cell adhesion (Figure 1). This structure is likely to involve E-
cadherin cis-homodimers binding similar cis-homodimers
on adjacent cells to form transhomodimers, although

the exact mechanism of this interaction is unclear [3].
Type I classical cadherins, which also include N-cadherin,
P-cadherin, and VE-cadherin, possess a Histidine-Alanine-
Valine (HAV) motif within the terminal EC repeat of the
extracellular domain which is an essential cell adhesion
recognition sequence [3]. Although there is some contro-
versy surrounding the precise function of distinct regions of
E-cadherin in cell-cell adhesion, many studies have shown
the HAV domain, located on residues 79–81 of the EC1
domain, to play a key role in its adhesive function by
forming a hydrophobic pocket into which a Tryptophan
residue 2 (Trp2) from an adjacent E-cadherin molecule
can dock. Mutations of Trp2 and the alanine residue of
the HAV domain, W2A and A80I, respectively, have been
shown to abolish trans- but not cis-homodimerisation of
E-cadherin molecules, thus demonstrating the key roles of
these amino acids in the formation of E-cadherin mediated
cell-cell contact [2].

The intracellular region of E-cadherin contains two con-
served regions among the classical Type I and II cadherins,
consisting of a juxtamembrane domain (JMD), also known
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Figure 1: Diagrammatic representation of homophilic E-cadherin interaction and homotypic cell adhesion within the epithelium. E-cadherin
cis-dimers form transhomodimers with E-cadherin molecules on neighbouring cells to facilitate epithelial integrity. Note that the exact
mechanism of homophilic E-cadherin interaction is unclear. For clarity, only E-cadherin is represented within adherens junctions.

as the membrane proximal cytoplasmic/conserved domain
(MPCD), and a β-catenin binding domain. The β-catenin
binding domain facilitates interaction of E-cadherin with
the actin cytoskeleton via the Cytoplasmic Cell adhesion
Complex (CCC), which consists of β-catenin, α-catenin,
and, possibly, Epithelial Protein Lost In Neoplasm (EPLIN)
[4] (Figure 2). The JMD facilitates binding of p120ctn

which stabilises the CCC by preventing clathrin-mediated
endocytosis [5]. However, this convenient subdivision of
the E-cadherin cytoplasmic domain (JMD and β-catenin
domain) does not reflect the complexity of interactions
within these two regions (Figure 3). For example, the
JMD also binds Presenilin 1 which can inhibit p120ctn

binding and facilitate cleavage of the E-cadherin cytoplasmic
domain (via γ-secretase) leading to disassembly of AJs.
The β-catenin interacting region of E-cadherin also binds
several other proteins. For example, the type Iγ phos-
phatidylinositol phosphate kinase (PIPKIγ) binding domain
lies within the β-catenin binding site [6]. PIPKIγ binds
preferentially to dimerised E-cadherin and is responsible
for the conversion of phosphatidylinositol phosphate (PIP)
to phosphatidylinositol-4,5-bisphosphate (PIP2) [6]. Protein
Tyrosine Phosphatase-μ interacts with the C-terminus of E-
cadherin, partly overlapping the β-catenin binding domain,
and is believed to protect E-cadherin from tyrosine phospho-
rylation[3].

2. Loss of E-Cadherin during
Tumour Progression

Metastatic spread of tumour cells is the primary cause of
death in cancer patients, with epithelial tumours represent-
ing at least 80% of all cancers. Loss of cell surface E-cadherin
protein correlates with increased tumour cell invasion in
the majority of epithelial tumours and is believed to impart
epithelial-mesenchymal transition (EMT) properties to the
cells, allowing increased motility and invasion [1, 7]. The role
of E-cadherin as a metastasis repressor is well established [1,
8]. For example, loss of E-cadherin expression in epithelial
cells leads to abrogation of cell-cell contact and increased
motility [8, 9], whilst forced expression of E-cadherin protein
in metastatic tumour cell lines is sufficient for reversal
of this phenotype [1, 10]. E-cadherin is known to be
regulated via several unrelated mechanisms. Repression of
E-cadherin transcripts via E-box binding proteins (e.g.,
Snail and Slug) has been described in detail and is also
associated with tumour cell metastasis [8, 11, 12]. MMP-7
and -13 can cleave cell surface E-cadherin protein resulting
in a soluble ectodomain portion of E-cadherin protein
that can act in a paracrine effect to inhibit E-cadherin
function on neighbouring cells [13]. In addition, soluble
E-cadherin fragments have been shown to induce MMP-2,
MMP-9, and MMP-14 expression in lung tumour cells [14].
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Figure 2: E-cadherin and the Cytoplasmic Cell adhesion Complex.
E-cadherin is stabilised at the cell surface by its link to the
actin cytoskeleton via β-catenin, α-catenin, and, possibly, Epithelial
Protein Lost in Neoplasm (EPLIN). p120ctn stabilises the CCC by
preventing clathrin-mediated endocytosis.

E-cadherin can also be internalised via the c-met receptor
pathway following activation by HGF [15–17].

As well as loss of E-cadherin correlating with increased
metastatic potential of epithelial-derived tumours, both β-
catenin and α-catenin function as transactivating factors,
the former by inhibiting TCF/LEF- and the latter by
inhibiting Kaiso-induced repression of target genes [4, 5, 18].
Loss or aberrant expression of α-catenin is also associated
with a malignant phenotype in many cancers [10, 11].
Initial studies by Watabe and colleagues [19] suggested
that cadherin-catenin-mediated adhesion altered growth
kinetics in a lung carcinoma cell line (PC9). Although
these cells express E-cadherin and β-catenin, they do not
express α-catenin and are unable to form cell aggregates
when grown in suspension culture. However, upon trans-
fection of α-catenin, E-cadherin-mediated cell-cell contact
was restored and resulted in altered growth of these cells,
indicating that E-cadherin adhesion may participate either
indirectly or directly in cellular proliferation. Therefore,
aberrant E-cadherin expression can also be induced by
loss of function of cytoplasmic binding partners of the
protein.

In addition to their structural role in cell-cell adhesion,
many cadherins also participate in the transduction of signals
from the cell membrane to the nucleus [1]. For example, N-
cadherin has been shown to stimulate FGF signalling [20]

whereas VE-cadherin acts as a coreceptor with VEGFR to
facilitate TGFβ signalling [21]. The dual involvement of β-
catenin in formation of the CCC and Wnt signalling has
led to the proposal of a mechanism implicating E-cadherin
in Wnt signal transduction. In this model, E-cadherin
sequesters β-catenin at the cell membrane to prevent Wnt-
induced β-catenin/TCF transactivation [22, 23]. However,
recent studies suggest that β-catenin exists in two separate
functional compartments within the cell which function
independently to maintain CCC integrity or facilitate Wnt-
dependent transactivation [24]. The homophilic binding of
E-cadherin that functions to maintain cell-cell adhesion can
also regulate the action of the Rho family of GTPases via
p120ctn [25, 26]. For example, cadherin engagement has been
shown to inhibit RhoA activity and activate Rac1 [27]. Rho-
GTPases are small G-proteins that mediate cell motility and
proliferation [1]; the dysregulation of which has also been
implicated in tumorigenesis [28].

3. Embryonic Stem Cells

When cultured under appropriate conditions, embryonic
stem (ES) cells possess the ability to self-renew indefinitely
whilst retaining the pluripotent capacity to differentiate into
any cell of the adult organism [29]. The pluripotency of
human ES (hES) cells, shared with induced pluripotent stem
(iPS) cells, provides enormous potential for their use in cell
replacement strategies to target disorders that currently lack
a long-term control strategy, such as type 1 diabetes [30]. In
addition, the proliferative properties of these cells provide a
useful model system to study self-renewal mechanisms that
may be applicable to tumorigenesis.

3.1. An Epithelial-Mesenchymal Transition Event Occurs
during ES Cell Differentiation. Throughout embryogenesis,
cadherins play a key role in the sorting of heterogeneous cell
populations to allow tissue segregation. The observation that
E-cadherin null embryos are unable to form a trophectoderm
epithelium or blastocoel is demonstrative of the crucial
function of E-cadherin in embryo development [31]. The
E-cadherin null mutation is embryonic lethal; however,
derivation of E-cadherin−/− mouse (m)ES cells from E-
cadherin null embryos has allowed the critical role of E-
cadherin in development to be dissected in more detail. EMT
in epiblast cells allows their ingression within the primitive
streak [1], and the morphological changes to these cells occur
concomitantly with a shift from E-cadherin to N-cadherin
expression at the cell surface [32].

We and others have shown that an EMT-like event occurs
during ES cell differentiation [33–36]. Our data described
an E- to N-cadherin switch during ES cell differentiation in
monolayer culture which was associated with upregulation of
the E-cadherin repressor proteins, Snail, Slug, and SIP1 [33,
34]. In addition, expression of MMP-2 and -9 transcripts was
induced during this period which correlated with increased
gelatinase activity and cellular motility [33, 34]. Therefore,
differentiation of ES cells is associated with an EMT event
that is similar to that observed during early embryogenesis.
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for a variety of signalling molecules, thus facilitating its role in signal transduction. Abbreviations: S: signal peptide, PRO: propeptide, EC:
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However, it should be noted that the process of EMT in ES
cells is a predetermined event similar to that which occurs
during early embryogenesis. In contrast, oncogenic EMT
is likely to be a more complex and variable phenomenon.
Indeed, the concept of oncogenic EMT remains a contentious
issue since the study of this process during tumorigenesis in
vivo is difficult, relying instead upon indirect observations
or in vitro analysis of tumour cell lines which may not reflect
the underlying physiology of the disease. Furthermore, there
is recent evidence that tumour cells can spread in the absence
of EMT [37, 38]. Thus, oncogenic EMT is unlikely to reflect
a predetermined event and may well be influenced by the
underlying genetics and age of the host, genetic instability
of individual tumour cells, the organ in which the tumour
originates, and the microenvironment. However, our studies
in ES cells have allowed the function of loss of E-cadherin to
be examined in detail. Below, we discuss our findings which
demonstrate that loss of E-cadherin alone does not induce
an EMT event in ES cells and relate this to observations in
tumour cell lines in vitro.

We investigated the function of E-cadherin and N-
cadherin in mES cells by utilising knockout ES cell lines
[34] or abrogation of E-cadherin function in hES cells
using a neutralizing antibody (nAb). In both mES and
hES cells, we observed that absence of E-cadherin activity
resulted in loss of cell-cell contact and increased motility;
however, the cells remained pluripotent and subsequent
removal of the E-cadherin nAb led to reversion of the cells
to a characteristic ES cell phenotype. Therefore, abrogation
of E-cadherin-mediated cell-cell contact in ES cells can
be a reversible event, as also observed in epithelial cell
lines [39], which does not affect pluripotency of the cells.
More importantly, abrogation of E-cadherin mediated cell-
cell contact in both mES and hES cells did not induce

a characteristic EMT-event, suggesting that loss of cell-
cell contact alone is insufficient to promote EMT in these
cells [33, 34]. We also demonstrated in mES cells that E-
and N-cadherin are independently regulated during ES cell
differentiation and the latter does not induce expression of
EMT-associated transcripts and proteins, although absence
of N-cadherin did significantly reduce cellular motility.
Therefore, whilst cadherins are critical components of ES
cell EMT, they do not directly regulate this process and
loss of E-cadheirn alone is insufficient to induce such an
event. Interestingly, this may also be the case in tumours of
epithelial origin. For example, Andersen and colleagues [40]
found that short-term inhibition of E-cadherin expression in
A431 cells did not induce an EMT event. They suggested that
the onset of EMT in tumour cells via functional inhibition of
E-cadherin is a slow and gradual process which is associated
with protracted genetic reprogramming of tumour cells.
Therefore, studies in both ES and tumour cell lines suggest
that loss of E-cadherin alone is insufficient to induce an EMT
event.

Loss of E-cadherin in ES cells, and other epithelial
cells [39], can induce major changes in cellular architecture
and localisation of plasma membrane-associated proteins.
For example, abrogation of E-cadherin function in ES cells
resulted in loss of cortical actin cytoskeleton arrangement
and induction of cell polarization [33, 34]. Furthermore, we
observed that in both mES and hES cells the trophoblast
glycoprotein (5T4 antigen), which is a promigratory factor,
was translocated from the cytoplasm to the plasma mem-
brane in an energy dependent manner within 15 minutes
of exposure of the cells to an E-cadherin nAb. Removal of
the E-cadherin nAb from mES and hES cells resulted in
restoration of cell-cell contact and absence of 5T4 antigen
from the cell surface within 24 h. Interestingly, whilst forced
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expression of E-cadherin protein in E-cadherin−/− ES cells
restored cell-cell contact and reduced motility, the 5T4
antigen remained at the cell surface. 5T4 is a transmembrane
glycoprotein that is upregulated on many carcinomas, and
its expression correlates with poorer clinical outcome in
ovarian, gastric, and colorectal cancers [41–45]. Forced
expression of 5T4 in epithelial cells resulted in increased
motility and loss of E-cadherin-mediated cell-cell contacts
[46]. Therefore, our observations of 5T4 antigen and E-
cadherin expression in ES cells is also reflected in epithelial
cell lines.

We have also observed that loss of E-cadherin function
in ES cells results in altered cell surface localisation of
proteoglycans, which are important in basement membrane
formation (Soncin et al., unpublished data). In addition,
microarray analysis of E-cadherin−/− ES cells revealed 2265
transcript alterations compared to wild-type (wt)ES cells,
with effects confined not only to cell adhesion and motility
but also affecting genes associated with primary metabolic
processes, catabolism, apoptosis, and differentiation (Soncin
et al., unpublished data). Therefore, our data suggests that
the function of E-cadherin in ES cells is not merely to
maintain cell-cell adhesion but also to regulate transcription
associated with a diverse range of cell functions, maintain
appropriate growth factor responsiveness of the cells, and
retain plasma membrane localisation of a range of molecules.
There are limited studies on the implication of loss of E-
cadherin alone in normal epithelial cells in vivo or in vitro,
and current evidence is predominantly histopathological
analysis of tumour biopsies and in vitro analysis of tumour
cell lines. Histopathological evidence for loss of E-cadherin
in metastatic progression is well established; however, such
analysis does not inform us of the molecular mechanisms
underlying this process nor whether a true EMT event has
occurred. In addition, most studies on loss of E-cadherin in
tumour cell lines involve stimulation of EMT via exogenous
compounds, such as Transforming Growth Factor-β [47],
Interleukin-6 [48], Hepatocyte Growth Factor [49], and
Tumour Necrosis Factor [50]. As such, there is limited
evidence for the function of E-cadherin alone in normal
epithelium. Furthermore, there is scant data assessing the
expression of E-cadherin in early neoplasms, mainly due
to difficulties of analysis in vivo. Therefore, the role of
loss of E-cadherin in the formation and establishment of
neoplasms is unclear. In addition, there is some debate as
to whether neoplasms occur as a result of genetic/epigenetic
alterations or whether these changes derive from selection of
proliferating cells (see Somatic Mutation Theory and Tissue
Organisation and Field Theory below). In our opinion,
current theories of tumorigenesis do not provide sufficient
explanation for the events leading to the establishment of a
neoplasm nor the function of E-cadherin expression during
this process. Since ES cells are karyotypically normal, they
may afford a more appropriate model for studying the early
stages of neoplasm formation within epithelium, and this is
discussed later in this review.

3.2. E-Cadherin Regulates Growth Factor Signalling in ES
Cells. In order to maintain pluripotency, mES cells require

signals to inhibit differentiation (Figure 4). The first of
these signals to be identified was leukaemia inhibitory
factor (LIF [51]), an interleukin-6 family cytokine that
binds a heterodimeric complex of gp130 and the LIF
receptor β subunit (LIFR). Gp130 is activated upon LIF
engagement, triggering a number of signal transduction
networks including the Janus kinase (Jak)/Signal Transducer
and Activator of Transcription 3 (STAT3) pathway and the
PI3K/Akt cascade [52, 53]. The Jak/STAT3 and PI3K/Akt
pathways have recently been linked to components of the
“core circuitry” of pluripotency, sex determining region y-
box 2 (Sox2), and Nanog proteins, via Krüppel-like factor-
4 (Klf4) and the T-box transcription factor Tbx3 [52]
(Figure 4). Bone morphogenetic proteins (BMPs) present
within serum in the culture medium were later shown to
inhibit neuroectoderm lineage specification, with mES cells
shown to self-renew in serum-free medium containing LIF,
Bmp4, and N2/B27 supplements [54]. It has subsequently
been demonstrated that mES cells can be cultured in the
absence of LIF and Bmp4 in medium supplemented with
antagonists/agonists of the FGF, ERK, and Wnt pathways
[55].

Whilst E-cadherin−/− ES cells can be cultured in vitro
as pluripotent cells [34] in media supplemented with foetal
bovine serum (FBS) and LIF, we later discovered that
the cells do not utilise LIF under these conditions [56].
Instead, E-cadherin−/− ES cells maintain pluripotency via
the Activin/Nodal pathways whilst optimal proliferation
(self-renewal) is achieved via Fibroblast growth factor-
2 (Fgf-2) (Figure 5(a)). Addition of an FGFR1 inhibitor
(SU5402) to wild-type (Figure 5(b)) or Ecad−/− ES cells
(Figure 5(c)) demonstrated the reliance of the latter cells
for self-renewal via this pathway. The presence of Activin,
Nodal, and Fgf2 in the FBS used for ES cell culture is likely
to reflect the ability of E-cadherin−/− ES cells to self-renew
in the absence of LIF. Further analysis of E-cadherin−/−

ES cells demonstrated that these cells could proliferate
in serum-free medium supplemented with Activin/Nodal
and Fgf-2, with exposure to SB431542, an inhibitor of
Activin-like kinase receptors (Alks)-4, -5, and -7, inducing
loss of the pluripotency markers Oct4 and Nanog [56].
Forced expression of full-length E-cadherin in E-cadherin−/−

ES cells restored cell-cell contact and LIF-dependent self-
renewal via Stat3 signalling [56]. Reversible Activin/Nodal-
mediated pluripotency was also observed in wtES cells
treated with an E-cadherin homodimerisation-inhibiting
peptide, CHAVC, which is likely to target the HAV domain
or Trp2. Interestingly, cells treated with the E-cadherin nAb
DECMA-1 did not exhibit LIF-independent pluripotency,
suggesting that specific regions of E-cadherin protein reg-
ulate this effect and it is not simply due to loss of cell-cell
contact. Furthermore, Ecad−/− ES cells can also maintain
pluripotency in serum free medium supplemented with LIF,
Bmp4, and N2/B27 demonstrating that these cells possess
a functional “ground state” pluripotent signalling pathway
(as described by Ying et al. [57]), as well as the ability
to circumvent this pathway by utilising Activin and Nodal.
Further evidence for the role of E-cadherin in mES cell self-
renewal has been demonstrated in FAB-SCs, mouse stem
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Figure 4: LIF signal transduction in mouse ES cells. Following the binding of LIF to the heterodimeric LIFR/gp130 complex, the Jak/STAT3
and PI3K/Akt signalling pathways are activated which regulate expression of Sox2 and Nanog via Klf4 and Tbx3, respectively.

cells derived using Fgf2, Activin, and BIO [58]. In this
study, FAB-SCs exhibited limited chimaerism, but when
cultured in LIF-containing medium, this was restored and
subsequent repression of E-cadherin in these cells induced
differentiation. Therefore, E-cadherin functions in ES cells
to regulate pluripotency via Jak/Stat3 signalling. It has been
reported that Stat3 can be activated through homophilic
interactions of E-cadherin in mouse mammary epithelial cell
lines [59]. In this study, the authors plated cells onto surfaces
coated with fragments encompassing the two outermost
domains of E-cadherin and demonstrated activation of
Stat3, even in the absence of direct cell-to-cell contact.
Therefore, regulation of Stat3 signalling pathways by E-
cadherin has been demonstrated in both ES and epithelial
cells.

To investigate the region of E-cadherin responsible for
LIF-dependent pluripotency in mES cells, we utilised cDNA
exhibiting truncated regions of the E-cadherin cytoplasmic
domain and expressed the protein in E-cadherin−/− ES cells.
E-cadherin−/− mES cells expressing E-cadherin lacking the
terminal 71 amino acids of the cytoplasmic region, which
includes the β-catenin binding domain, maintained pluripo-
tency via the Activin/Nodal pathway whereas wild-type E-
cadherin protein restored LIF-dependent pluripotency [56].
This data suggests that the E-cadherin/β-catenin complex
is responsible for LIF-dependent pluripotency of mES cells.
This conclusion is corroborated by the observation that

β-catenin null mES cells also exhibit Activin/Nodal-mediated
self-renewal, irrespective of E-cadherin protein expression
[56].

In human ES cells, TGFβ family signalling has been
shown to be critical for maintenance of pluripotency and
self-renewal (Figure 5(a)). When bound to their dimeric
Activin-like kinase (Alk) receptors, Activin and Nodal initiate
a signalling cascade involving the phosphorylation of Smads
2 and 3 which subsequently form a complex with Smad4
allowing translocation to the nucleus, cofactor binding,
and activation of target genes [60], including Nanog [61].
Specifically, Activin/Nodal signalling via Smad2/3 is required
to maintain hES cell pluripotency, with FGF2 acting as
a competence factor for Activin/Nodal signal transduction
[62]. This is similar to our observations in E-cadherin−/−

ES cells, suggesting that E-cadherin protein expression levels
function to determine pluripotent signalling pathways in
ES cells.

Mouse ES cells lacking a functional E-cadherin/β-catenin
complex, therefore, resemble the self-renewal properties of
hES cells, FAB-SCs, and mouse epiblast-derived stem cells
(EpiSCs). Interestingly, E-cadherin has been shown to be
downregulated in EpiSCs in comparison to wtES cells [63].
It therefore appears that low levels of E-cadherin in mouse-
derived pluripotent cells correlate with Activin/Nodal-
mediated self-renewal whereas higher levels of expression are
associated with LIF-dependent maintenance of pluripotency
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Figure 5: Fgf2 and Activin/Nodal signal transduction in mouse E-cadherin−/− ES cells. (a) E-cadherin−/− ES cells maintain pluripotency via
Activin/Nodal signalling and self-renewal through Fgf2 signalling. (b) Wild-type ES cells treated with the FGFR1 small molecule inhibitor
SU5402 exhibit similar proliferation rates compared to control-treated (DMSO) cells. (c) E-cadherin−/− ES cells treated with the FGFR1
small molecule inhibitor SU5402 exhibit significantly reduced proliferation rates compared to control-treated (DMSO) cells.

(Jak/Stat3). We have observed that partial RNA interference
(RNAi) of E-cadherin in mouse ES cells also results in LIF-
independent pluripotency [56]. Nagaoka and colleagues [64]
have demonstrated that E-cadherin-coated tissue culture
plates can decrease the dependence of mES cells to LIF-
dependent self-renewal, although the cells could not be
grown in the absence of this cytokine. We have also observed
that culture of hES cells in the presence of the E-cadherin
nAb SHE78.7 allows culture of the cells in the absence
of FGF-2, even where cell-cell contact is not completely
inhibited (Patent WO2007088372). Therefore, total abro-
gation of E-cadherin-mediated cell-cell contact in ES cells
may not be necessary for altered growth factor response

in these cells, although the underlying mechanisms remain
unknown.

4. The Role of E-Cadherin in Regulating Growth
Factor Response during Tumorigenesis and
the Relationship to Observations in ES Cells

In order for a cell to become cancerous, it must undergo a
series of cellular alterations resulting in increased replicative
potential. Such growth independence may be attributed to
mechanisms in which regulatory pathways are perturbed and
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can occur at differing levels of signal transduction. Alter-
ations in growth factor signalling are a predominant feature
of tumour progression; tumour cells secrete elevated levels
of growth factors, which substitute for exogenous growth
factor requirements, or become resistant to physiologically
inhibitory exogenous growth factors. Furthermore, altered
expression at the receptor level or deregulation at the level of
secondary messengers may also contribute to tumorigenesis
[65, 66]. Whilst there are a plethora of growth factors
associated with tumorigenesis, for the purposes of this review
we will focus on growth factors that have been associated
with E-cadherin expression.

4.1. Receptor Tyrosine Kinase Family. The ErbB family of
receptor tyrosine kinases (RTKs) are important in main-
taining normal epithelial cell function. RTKs are a diverse
family of receptors that include, amongst others, Epidermal
Growth Factor Receptor (EGFR), Fibroblast Growth Factor
Receptors (FGFR), Vascular Endothelial Growth Factor
Receptor (VEGFR), and Ephrin (Eph) receptors and are
critical signalling components of embryonic development
and adult homeostatic functions [67, 68]. Consequently,
their role in growth factor receptor signalling has resulted in
numerous RTKs being implicated in multiple malignancies
by overexpression of ligand receptors [69]. In particular, the
expression or activation of EGFR is altered in many epithelial
tumours [70], and both EGFR and ErbB2 are validated
targets for cancer chemotherapeutics that are in current use
for treatment of breast, lung, colorectal, and head and neck
cancers [71, 72]. Qian et al. [73] first demonstrated that E-
cadherin was able to inhibit activation of EGFR in epithelial
cells, demonstrating a bidirectional relationship between
E-cadherin and EGFR. A recent study using recombinant
cadherin ligand assays showed that E-cadherin homophilic
interactions specifically inhibited EGFR signalling by dis-
rupting the STAT5b signalling pathway [74]. These data
suggest that E-cadherin is able to negatively regulate mito-
genic signalling in tumours mediated by EGFR and that
E-cadherin may have an inhibitory effect on numerous
RTKs, a phenotype observed in many tumours [73, 75, 76].
The dynamic relationship between E-cadherin and EGFR
is interesting since EGFR expression is believed to be an
early event during tumourgenesis [75], whereas E-cadherin
downregulation has been previously associated with later
stages (e.g., EMT).

Utilising E-cadherin−/− ES cells, we have shown that
abrogation of E-cadherin expression alters the cellular
response to the microenvironment and increases prolifer-
ation [56]. Unpublished global gene array analysis of E-
cadherin−/− ES cells in our lab has revealed that a significant
proportion of the “top 20” upregulated genes in these cells
are RTKs (Soncin et al., manuscript submitted). For example,
both EphA1 and EGFR transcripts are amongst the “top
ten” upregulated genes in E-cadherin−/− ES cells compared
to the parental cell line. The temporal regulation of EGFR
expression during early stages of tumorigenesis and its
expression following loss of E-cadherin in ES cells supports
our hypothesis (described below) that aberrant regulation
of E-cadherin in epithelial cells alters their response to

exogenous growth factors, resulting in autonomous cell
growth and neoplasm formation in the absence of EMT.

4.2. Transforming Growth Factor β Family. Transforming
growth factor β (TGFβ) signalling is central to many cellular
processes such as cell cycle arrest, angiogenesis, and home-
ostasis, and, as such, its subsequent role in tumorigenesis and
invasion is complex. TGFβ signal transduction is mediated
via TGFβ1, -β2, -β3, Activin, and Nodal. These ligands bind
to a cell surface receptor complex consisting of a pair of
serine/threonine kinases, TGFβ receptor type I (TGFβR1),
and type II (TGFβR2) [77]. The signal is further propagated
through phosphorylation of Smad proteins. There is signifi-
cant evidence demonstrating a dual role for TGFβ signalling
in both promotion and suppression of tumorigenesis in
a variety of malignancies [78–82]. Of interest is the role
of TGFβ signalling in a subset of cells that possesses
increased tumourigenic capacity. Recent evidence suggests
that this specific cell population exhibit many features
typical of stem cells, such as self renewal and multipotency,
and have been termed cancer stem cells (CSCs). Activin
receptors exhibit altered expression in cancers [83], and
mice deficient in Inhibin-α (an activin antagonist) develop
tumours within four weeks of birth [84]. Microarray analysis
of E-cadherin−/− ES cells has revealed a number of growth
factors and their receptors that are altered as a consequence
of loss of E-cadherin (Soncin et al., unpublished data) and
that these growth factors and their receptors are similarly
altered in a significant number of tumour types. For example,
BMP4, TGFβ1, and Inhibin-β B are found in the “top
10” genes downregulated in response to abrogation of E-
cadherin compared to wtES cells.

4.3. Fibroblast Growth Factor Family. Studies by Halaban
and colleagues [85] first demonstrated a role for autocrine
FGF signalling in tumorigenesis. Melanomas were found to
express high levels of FGF2 and FGFR1, and inhibition of
expression of either of these molecules resulted in inhibition
of tumour cell growth and progression [86], similar to
that observed in mouse E-cadherin−/− ES cells (Figure 5(b))
and hES cells. Moreover, extracellular FGF2 expression con-
tributes to radio- and chemotherapy resistance in multiple
tumour types, further validating the importance of the
tumour cell microenvironment in tumorigenesis [87–89].
Ruotsalainen et al. [90] reported elevated levels of FGF2 in
serum of small cell lung cancer patients, which correlated
with poor prognosis and active angiogenesis, and elevated
expression of FGF2 (amongst others) has been detected in
breast and prostate malignancies [91, 92]. Human ES cells are
dependent upon exogenous FGF2 to maintain pluripotency
in vitro [93], and, in mES cells lacking E-cadherin, Fgf2
is necessary for self-renewal [56]. FGF5 is expressed in
embryonic tissues but scarcely detected in adult tissue;
however, expression of FGF5 and its receptor are associated
with malignancy in astrocytic brain tumours [94]. Although
to date there is no evidence to suggest that E-cadherin
affects FGF5 expression in cancer cells, we have shown that
transcripts for this protein are significantly upregulated in
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mouse E-cadherin−/− ES cells compared to wtES cells [56].
This may indicate that the abnormal expression of FGF5
in cancer cells may be due to alterations in E-cadherin
expression in these cells.

In summary, we have shown that growth factors and
their receptors associated with tumorigenesis appear to be
regulated by E-cadherin expression in a similar manner in
epithelial, tumour-derived, and ES cells. In the following
section, we present a hypothesis that dysregulation of E-
cadherin in epithelial tissues is a determining event in
altering growth factor response of the cells leading to
neoplasm formation and subsequent tumorigenic phenotype
in the absence of EMT.

5. Models of Tumorigenesis

Three hypotheses have gained significant interest in attempt-
ing to explain events leading to tumorigenesis. The Somatic
Mutation Theory (SMT) considers tumorigenesis to be a
multistep evolutionary process where specific mutations
confer a selective proliferative advantage to a normally qui-
escent cell. By contrast, the Tissue Organisation Field Theory
(TOFT) suggests that tumorigenesis reflects organogenesis
“gone awry”, due to tissue disorganisation. The Cancer
Stem Cell Hypothesis (CSCH) suggests that tumorigenesis
results from abnormal proliferation of stem cells leading to
differentiated transit amplifying cells (TACs) making up the
bulk of the tumour cell mass. SMT relies upon individual
cells exhibiting a default state of quiescence with mutations
in regulatory genes inducing cell proliferation. TOFT is the
antithesis, where cells possess a default state of proliferation
which is controlled by the microenvironment, and, even
where mutations are present, cells will remain established
within a normal tissue until abnormal tissue organisation
occurs.

5.1. Somatic Mutation Theory. SMT remains the prevailing
model for the occurrence of sporadic tumours, which
account for around 95% of all cancers [95]. The theory
suggests that sporadic tumour formation derives from
multiple DNA mutations within a single somatic cell and the
subsequent progeny proliferate to form the tumour mass. As
such, this model dictates that tumorigenesis is the result of
abnormal somatic cell proliferation achieved by mutations
of genes governing cell cycle and proliferation. Whilst this
simple model has many advocates, subsequent research has
gradually undermined some of the core principles of this
theory. For example, the low occurrence of genetic mutations
observed in somatic cells has questioned the relevance of
the SMT model to tumorigenesis since these cannot explain
the high numbers of mutations found in neoplasms [96].
In addition, the isolation of embryonal carcinoma (EC)
cells, derived from teratocarcinomas, has further questioned
the prerequisite of genetic mutations for tumorigenesis.
For example, some EC cell lines, which are the stem cells
of teratocarcinomas, can incorporate normally within the
tissues of mice [97, 98]. Normal function of these chimaeric
mice is dependent upon a low level of EC chimerism,

demonstrating that embryo-derived, karyotypically normal
cells can negatively regulate the proliferative and malignant
phenotype of EC-derived somatic cells. Whilst these obser-
vations do not disprove SMT, they do illustrate that genetic
mutations may not be the primary reason for tumorigenesis
in teratocarcinomas. Thus, the tissue microenvironment is
likely to play a major role in regulating mutated cells to
maintain normal tissue homeostasis.

5.2. Tissue Organisation and Field Theory. TOFT has been
developed by Sonnenschien and Soto [99] and consists of
two default premises: (1) tumorigenesis is a problem of
tissue organisation, comparable to organogenesis during
early development and (2) proliferation is the default state
of all cells. TOFT suggests that carcinogens affect stromal
cells which subsequently results in changes in the microen-
vironment and abnormal organisation of the epithelium,
leading to default proliferation of the cells. In this respect,
the presence of mutations within an epithelial cell will not
result in formation of a neoplasm until disorganisation of
the epithelium has occurred. Indeed, the thesis behind TOFT
is that carcinogenesis is a “community effect” rather than a
single “cell effect.”

5.3. Cancer Stem Cell Hypothesis. Conventionally, tumours
were viewed according to the principles of the stochastic
model; in that all cells of the tumour were equal in their
proliferative ability and contribution to tumour spread.
Moreover, the clinical implication of this model is that
to successfully treat a tumour all of the cells need to
be removed. The embryonal rest theory of cancer was
first proposed by Virchow in 1855 [100–103], suggesting
that tumours arise from dormant embryonic-like cells that
maintain their tumorigenic capacity. This theory is similar
to the current CSCH which, in the last decade, has revealed
new insights in tumour biology by applying the principles
of stem cell biology [80]. Original studies by Lapidot et al.
[104] retrospectively identified the presence of a subpopu-
lation of cells with a distinct phenotype and functionality
in acute myeloid leukemia. These cells exhibited markers
associated with normal hematopoietic stem cells and had
clonogenic ability upon injection into athymic mice [105].
Subsequent publications have since shown that such cancer
stem cells (CSCs), or side population cells (a semipurified
group of cancer cells that contain a proportion, but not
solely consisting of, CSCs), have been identified in many
malignancies including breast, neck, blood, and colon [104,
106–108]. By consensus definition, a CSC is a cell within
the tumour that possesses the capacity to self-renew and to
produce the heterogeneous lineages of cells that comprise
the tumour [109]. Further evidence for the CSCH can be
observed from the heterogeneity within a tumour, which
is retained by its metastases [105]. This indicates that the
cell(s) responsible for secondary tumours possess a multi-
differentiative capacity, a feature of stem cells. However,
how does this minor population of cells (typically 0.1-
0.2% of the tumour cell mass) support tumour growth
without being “diluted out” by the tumour cells themselves
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Kelly et al. [110] and Yoo and Hatfield [111] proposed
that upon syngeneic transplantation of mouse leukemias a
much larger proportion of the cells contributed to tumour
propagation and that dominant clones, and not rare CSCs,
may sustain many tumours.

5.4. Dysregulation of E-Cadherin and Formation of a Stem
Cell-Like Phenotype. Independent experimental evidence
has suggested that induction of an EMT-event in immor-
talised human mammary epithelial cells (HMECs) results
in acquisition of a stem cell-like phenotype [112], with
multipotency of the cells similar to that observed in
mesenchymal stem cells. EMT was induced in HMECs
by ectopic expression of Snail, Twist, or TGFβ leading to
increased invasion and migration of the cells. However,
since induction of EMT in HMECs will result in altered E-
cadherin expression, it is possible that loss of E-cadherin-
mediated growth factor response of the cells may reflect these
observations, rather than the EMT event itself.

6. Dysregulation of E-Cadherin in Neoplasia
and Tumorigenesis (DENT) Hypothesis

Below, we discuss our observations of the function of E-
cadherin in ES and somatic epithelial cells in the context of
tumorigenesis to propose a hypothesis termed Dysregulation
of E-cadherin in Neoplasia and Tumorigenesis (DENT). The
DENT hypothesis should not be viewed as an alternative
to current tumorigenesis hypotheses but more as an addi-
tional component of CSCH that attempts to explain events
occurring during the early stages of neoplasia formation.
Our aim is for the DENT hypothesis to stimulate debate
regarding mechanisms associated with neoplasia formation
and subsequent establishment of a tumour cell mass. We
suggest that aberrant E-cadherin expression in epithelial
cells is a decisive factor in the establishment of a neoplasm
by altering growth factor response in the absence of EMT.
We employ the term “aberrant E-cadherin expression” to
include, amongst others, transcript repression and protein
degradation as well as loss of structural integrity via loss of
binding of E-cadherin to the actin cytoskeleton (i.e., altered
β-catenin, α-catenin, p120ctn, or EPLIN expression). We
propose that aberrant E-cadherin expression in an epithelial
cell(s) results in altered growth factor response allowing
the cells to circumvent existing microenvironment growth
factor regulation and, instead, respond to exogenous or
endogenous factors that stimulate proliferation and inhibit
apoptosis. In addition, aberrant E-cadherin expression may
result in transition of the cells into a stem cell-like phenotype.
We suggest that the correlation between loss of E-cadherin
and a more aggressive tumour phenotype in vivo reflects a
requirement for the cells to escape growth factor responses
that are inhibitory to cell growth and proliferation, rather
than increased cellular motility per se. Therefore, we propose
that aberrant regulation of E-cadherin in epithelial cells leads
to long-term maintenance of a proliferative cancer stem cell-
like phenotype and, as described by Andersen and colleagues
[40], results in protracted genetic reprogramming of the cells

subsequently leading to EMT and metastasis in later stages of
the disease.

6.1. Evidence for Loss of E-Cadherin in Promoting Neoplasms.
Forced expression of E-cadherin in the gut epithelium
leads to decreased proliferation and increased apoptosis of
epithelial cells [113], suggesting that E-cadherin functions to
maintain epithelial integrity by negatively regulating abnor-
mal cellular growth. In addition, expression of N-cadherin
instead of E-cadherin in the intestinal epithelium of mice
resulted in hyperproliferation of epithelial cells, decreased
apoptosis, and neoplastic formations in the intestinal crypts
[114]. This phenotype was associated with increased Wnt
activity and loss of BMP signalling within the intestine; the
latter of which is similar to that observed in E-cadherin−/−

ES cells. Whilst Libusova and colleagues [114] regarded this
observation to be a specific result of N-cadherin expression,
this effect may also reflect absence of E-cadherin in the
intestinal epithelium. Therefore, these observations provide
evidence for the role of loss of E-cadherin in neoplasm for-
mation. We have also observed that inhibition of E-cadherin
expression in ES cells results in increased proliferation of
the cells [56] (Mohamet, unpublished data in hES cells).
It is possible that increased proliferation of epithelial cells,
following aberrant E-cadherin expression, leads to de novo
mutation via selective adaptation. Therefore, it is feasible
that some neoplasms can occur in the absence of inherent
mutations, as observed by Libusova and colleagues [114].
However, for the purpose of this review, we will assume
that epithelial cells already possess the prerequisite genetic
mutations associated with tumorigenesis.

The DENT hypothesis will be discussed below in the
following key stages of tumorigenesis:

(1) neoplasm formation,

(2) establishment of a tumour cell mass,

(3) EMT and metastasis.

(1) Neoplasm Formation. The first stage of tumorigenesis is
the formation of a neoplasm, the abnormal proliferation of
cells. We propose that any epithelial cell has the potential
to form a neoplasm; however, this process is inhibited
within normal epithelium by the expression of E-cadherin.
Figure 6(a) shows that E-cadherin functions in epithelial cells
to enable recognition and responsiveness to antiproliferative
and proapoptotic signals (shown by green arrows and
receptors) and repression of recognition and responsiveness
to proproliferative and antiapoptotic signals (shown by
red arrows). Thus, expression of E-cadherin in epithelial
cells maintains epithelial integrity via appropriate growth
factor recognition and responsiveness. Upon dysregulation
of E-cadherin expression, perhaps via tissue damage, the
epithelial cell circumvents antiproliferative and proapoptotic
signal regulation and, instead, responds to proproliferative
and antiapoptotic stimuli, if present (Figure 6(b), shown
by red receptors on the cell). At this point, the cell may
revert to normal E-cadherin expression and reestablish
within the epithelium (Figure 6(a)). Alternatively, the cell
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Figure 6: Aberrant E-cadherin expression and neoplasm formation. (a) E-cadherin functions in epithelial cells to enable recognition and
responsiveness to antiproliferative and proapoptotic signals (shown by green arrows and receptors) and repression of recognition and
responsiveness to proproliferative and antiapoptotic signals (shown by red arrows). (b) Upon dysregulation of E-cadherin expression the
epithelial cell circumvents antiproliferative and proapoptotic signal regulation and, instead, responds to proproliferative and antiapoptotic
stimuli, if present (shown by red receptors on the cell). For simplicity, such a cell is referred to as a cancer stem cell (CSC). At this point the
CSC may exhibit restoration of E-cadherin expression, re-establish within the epithelium and lose its stem cell-like phenotype (i.e., return
to the state shown in (a)). (c) The CSC exhibits asymmetric self-renewal leading to formation of TACs which, due to dysregulation of E-
cadherin, fail to participate in normal tissue formation and, instead, form a neoplasm. (d) The CSC and TACs may exhibit restoration of
E-cadherin expression allowing their reestablishment within the epithelium, resulting in a neoplasm of latent tumorigenicity (NLT).

may transform into a stem cell-like phenotype, leading
to formation of TACs which, due to dysregulation of E-
cadherin, fail to participate in normal tissue formation
and, instead, form a neoplasm (Figure 6(c)). For clarity,
we will term a cell exhibiting stem cell-like properties a
“CSC”, although acquisition of this phenotype may be a
protracted process. We further suggest that in early stages
of neoplasia (Figure 6(c)), aberrant E-cadherin expression
is reversible, and, where normal E-cadherin expression is
restored to the CSC, it will reestablish within the epithelium,
lose its stem cell-like phenotype, and form a neoplasm of
latent tumorigenicity (NLT) (Figure 6(d)). In this scenario,
a further event that induces aberrant E-cadherin expression
would be required to resume further neoplastic tissue growth
and, until this event occurs, the cells could persist within the

epithelium without pathological consequence and maintain
normal epithelial integrity. It is important to note that
complete loss of E-cadherin expression in epithelial cells may
not be necessary to elicit an altered growth factor response.
For example, we have observed that partial knockdown of
E-cadherin in ES cells is sufficient to induce altered growth
factor response in these cells [56].

Whilst differentiated TACs are believed to form the bulk
of a tumour cell mass, there are many reports demonstrating
the isolation of stem cell-like cells from solid tumours. Often,
these stem cell-like cells, termed CSCs, are isolated as a side
population (SP) from dissociated tumours [106–109], and
rarely represent more than 1% of the total tumour cell popu-
lation. The observation that CSCs can be isolated from many
tumours suggests that these cells must exhibit proliferation
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Figure 7: Aberrant E-cadherin expression and formation of a late stage neoplasm. (a) Symmetrical CSC division within the early stage neoplasm
results in multiple CSCs within the neoplastic population. (b) Restoration of E-cadherin expression within the CSCs and TACs leads to
their reestablishment within the epithelium, loss of stem cell-like properties and formation of a neoplasm of latent tumorigenicity. (c)
Alternatively, cellular proliferation continues unabated resulting in a late stage neoplasm comprising CSCs and TACs.

to maintain their presence within the tumour cell mass. The
occurrence of multiple CSCs within a tumour derived from a
single CSC can be explained by (1) symmetrical self-renewal
of the CSC or (2) dedifferentiation of TACs into a CSC-
like phenotype. Symmetrical self-renewal of neural stem cells
has been shown, where a combination of Fgf-2 and Egf
induced niche-independent proliferation of the cells [115].
In addition, a capacity for limited symmetrical self-renewal
of breast stem cells has also been described [116]. Irrespective
of the mechanism responsible for formation of multiple
CSCs within a population (Figure 7(a)), we suggest that
these cells can also re-establish within the normal epithelium
to form a NLT (Figure 7(b)). Where this does not occur,
cellular proliferation continues unabated resulting in a late-
stage neoplasm formed of the CSCs and TACs (Figure 7(c)).
Therefore, in our model, neoplastic tissue formation is a
reversible event and this may explain the occurrence of
benign neoplasms (NLTs) within the epithelium.

(2) Establishment of a Tumour Cell Mass. We have already
discussed that some EC cell lines can incorporate and
function normally within the tissues of chimaeric mice [97,
98], although this appears to be dictated by the ratio of
normal to EC-derived cells within the animal. For example,
where the ratio of normal- to EC-derived cells is high,

then tissue homeostasis is maintained. However, where this
ratio is low, the microenvironment appears unable to nega-
tively regulate EC-derived cellular proliferation, resulting in
tumorigenesis. This is likely to reflect the ratio of antiprolifer-
ative/proapoptotic to proproliferative/antiapoptotic signals
within the microenvironment and the levels of appropriate
receptors on the cells. We expand this observation to our
hypothesis and suggest that where the ratio of antiprolifer-
ative/proapoptotic to proproliferative/antiapoptotic signals
and receptors is high, then a tumour mass will fail to
establish and will remain as a stable neoplasm (Figure 8(a)).
However, where the ratio of antiproliferative/proapoptotic to
proproliferative/antiapoptotic signals and receptors is low,
the microenvironment is no longer capable of positively
regulating tissue homeostasis and the neoplasm becomes
unstable (Figure 8(b)), with the potential for establishment
of a tumour cell mass (Figure 8(c)). It is likely that once
this equilibrium is tipped in favour of aberrant E-cadherin
expression (i.e., a proproliferative/antiapoptotic phenotype),
then the neoplasm becomes an established tumour mass
due to proliferation of the CSCs and TACs. Furthermore,
increased proliferation of CSCs may subsequently lead to
new tumorigenic stem cell niches (TSCN) being formed
from TACs and their progeny which subsequently regulate
CSC proliferation (Figure 8(d)). This scenario explains the
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Figure 8: Establishment of a tumour cell mass from an early stage neoplasm. (a) Where the ratio of antiproliferative/proapoptotic (green
triangle) to proproliferative/antiapoptotic (red triangle) signals/receptors is high, then a tumour will fail to establish and will remain
as a stable neoplasm (e.g., NLT). (b) An unstable neoplasm forms where the ratio of antiproliferative/proapoptotic to proprolifera-
tive/antiapoptotic signals/receptors is low and the microenvironment is no longer capable of positively regulating tissue homeostasis.
(c) When the microenvironmental signals are tipped in favour of aberrant E-cadherin expression (i.e., a proproliferative/antiapoptotic
phenotype), the neoplasm becomes an established tumour cell mass due to proliferation of the CSCs and TACs. (d) Reorganisation of
the tumour cell mass leads to the formation of new tumorigenic stem cell niches (shown in blue circles) which subsequently regulate CSC
proliferation.

isolation of CSCs from established high cellular mass
tumours, where the expansion of the tumour cell mass
implies the presence of proliferative CSCs. At this point
(Figure 8(d)), dysregulation of E-cadherin expression is
likely to be largely irrelevant to tumour cell growth since
expression of this protein will be under sole control of the
TSCN, and E-cadherin expression may well be required for
establishment and maintenance of the TSCN. Indeed, the
established tumour cell mass is likely to contain both E-
cadherin-positive and -negative cells, with its regulation and
expression under control of the TSCN. Thus, progressive
loss of E-cadherin within a tumour should not be viewed
solely as a consequence of metastatic potential but also in the
formation of a neoplasm and the early events leading to the
establishment of a tumour cell mass.

(3) EMT and Metastasis. As we have demonstrated in
ES cells, and by Andersen and colleagues [40] in A431
cells, loss of E-cadherin alone is insufficient to induce
an immediate EMT event; therefore, aberrant E-cadherin
expression in a tumour cell will not necessarily induce
invasion and metastasis. However, absence of E-cadherin
will result in altered growth factor response, and this may

increase the likelihood of cells responding to exogenous or
endogenous factors that can stimulate expression of EMT-
associated molecules, such as MMPs, as well as gradual
genetic reprogramming of the cells [40]. Thus, aberrant
E-cadherin expression within a tumour cell mass is likely
to lead to intensification of the metastatic phenotype. For
example, it has been shown that soluble extracellular E-
cadherin fragments can induce a positive feedback loop of
gelatinase expression in lung tumour cells [14]. We have
already discussed the importance of E-cadherin in regulating
epithelial integrity, and it is likely that a metastatic cell will
be dependent on E-cadherin expression for establishment at
a secondary site. This is corroborated by experimental data
showing that secondary tumours derived from carcinomas
often contain cells within the population expressing E-
cadherin [117–119]. Therefore, it is possible that “successful”
metastatic cells will retain control of E-cadherin regula-
tion rather than exhibiting irreversible epigenetic silencing
or mutation of this gene. This suggests that “successful”
metastatic cells are likely to be CSCs in which E-cadherin
regulation is maintained (Figure 9). Indeed, it is possible that
E-cadherin expression within a metastatic CSC allows its
establishment within the secondary site and that the process
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Figure 9: Metastasis of CSCs from an invasive tumour. (a) An invasive tumour cell mass results in metastasis of CSCs. (b) A CSC at a
secondary site may exhibit restoration of E-cadherin expression leading to establishment within the epithelium. (c) The CSC may divide
asymmetrically and symmetrically resulting in TACs and CSCs, however, where the ratio of antiproliferative/proapoptotic (green triangle)
to proproliferative/antiapoptotic (red triangle) signals/receptors is high, then a stable neoplasm will form. (d) Alternatively, the pioneer CSC
may maintain aberrant E-cadherin expression resulting in a low ratio of antiproliferative/proapoptotic to proproliferative/antiapoptotic
signals/receptors and formation of an unstable neoplasm with potential for establishment of a tumour cell mass.

of dysregulation of E-cadherin has to occur once again for
formation of a secondary neoplasm and establishment of
a tumour cell mass (see (1) and (2) above). Therefore,
we suggest that the correlation between loss of E-cadherin
expression and metastasis in epithelial-derived tumours is
a consequence of altered growth factor response which
overcomes antiproliferative and proapoptotic signals, rather
than an inherent requirement for invasion and motility of
the cells. However, the altered growth factor response of
cells exhibiting aberrant E-cadherin expression is likely to
exacerbate the metastatic phenotype leading to cell invasion
and motility, eventually resulting in metastasis of CSCs
exhibiting regulation of E-cadherin from the tumour cell
mass. Clearly, where expression of E-cadherin at a secondary
site is detrimental to CSC establishment, then cells exhibiting
irreversible aberrant E-cadherin expression may successfully
metastasise.

Whilst we have focused on aberrant E-cadherin expres-
sion in the DENT hypothesis, we have not related this
effect to the expression of proteins that regulate this pro-
cess, although these are likely to include the RTK, FGF,
and TGFβ families. Therefore, identification of molecules
exhibiting altered expression following aberrant E-cadherin
expression within normal epithelium may provide novel

targets for further experimental investigation. In addition,
the metastatic process, which may involve EMT, is unlikely to
be similar to ES cell EMT due to alterations in the underlying
genetics of the tumour cells. Therefore, the DENT hypothesis
focuses on the effects of aberrant E-cadherin expression
in altering growth factor response, rather than inducing
an EMT event. Since there is little evidence describing
the function of loss of E-cadherin expression alone in
epithelial cells or epithelial-derived tumour cells, we believe
that analysis of the effects of loss of E-cadherin in the
absence of EMT-inducing factors will enhance this field of
research.

7. Implication of the DENT Hypothesis to
Cancer Therapies

The DENT hypothesis reinforces the current view that
targeting of CSCs within a tumour cell mass will eliminate
tumorigenic and metastatic potential. However, this alone is
unlikely to suffice since dedifferentiation of TACs to CSCs
could result in establishment of new TSCNs. Therefore,
a multiple targeted approach for the elimination of cells
within the tumour is likely to be essential. This will require
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elimination of CSCs and TACs from the tumour, the latter
of which may possess the ability to de-differentiate to a
CSC phenotype. One possible treatment option for tumour
therapy is to induce loss of E-cadherin function in the
entire tumour cell mass (via soluble E-cadherin extracellular
domain, nAb, or peptide inhibition) to provide a relatively
homogenous population of cells where specific inhibition
of proliferative pathways associated with the tumorigenic
phenotype can be achieved (e.g., FGF signalling). However,
such an approach will require the identification of specific
pathways within individual tumours, and it is unlikely that
all cells within the tumour mass will respond similarly.
In addition, successful induction of loss of E-cadherin
function in the entire tumour cell population may not be
feasible and raises the concern that such treatment could
intensify the tumorigenic phenotype. Therefore, a better
understanding of signalling pathways which are positively
and negatively regulated by E-cadherin expression may
permit the development of therapeutics capable of targeting
both CSCs and TACs. Currently, there are numerous receptor
antagonist and agonist therapeutic agents for the treatment
of various malignancies. For example, therapeutics include
monoclonal antibodies and small molecules that antagonise
factors expressed by tumour cells and the tumour microen-
vironment. Reagents have been developed to target EGFR
and VEGF signalling cascades, which mediate progression of
colorectal cancers. In addition, targeting of RTKs using small
molecule inhibitors has been utilised to mediate colorectal
cancer; both Gefitinib and Erlotinib are reversible EGFR
tyrosine kinase inhibitors [110, 111]. Therefore, further elu-
cidation of the signalling pathways within normal epithelium
and the tumour microenvironment may allow development
of therapeutics to target tumour proliferation on several
fronts.

8. Conclusions

In summary, we have shown that abrogation of E-cadherin in
ES cells results in altered growth factor response, significant
changes in the transcriptome and alterations in membrane
protein localisation, which correlate with events during
tumorigenesis. We have presented the DENT hypothesis to
explain events that may occur during neoplasm formation
and establishment of a tumour cell mass. The DENT
hypothesis presented here exhibits some characteristics of
TOFT in that it relies on interactions between the epithelium
and stromal cells to induce aberrant E-cadherin expression
and subsequent altered growth factor response of epithelial
cells. Furthermore, the hypothesis remains faithful to the
CSCH and should be viewed as an additional component
of this theory that attempts to explain events occurring
during the early stages of neoplasia formation. Our aim has
been to stimulate discussion of the function of aberrant
E-cadherin expression in the early events of tumorigenesis
prior to EMT/metastasis and to highlight that loss of E-
cadherin during this process may not necessarily reflect
a requirement for cell motility and invasion. Rather, we
perceive the function of aberrant E-cadherin expression

during tumorigenesis to be an integral component of tumour
establishment as well as the metastatic spread of tumour cells.
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Malignant glioma is the most common brain tumor in adults and is associated with a very poor prognosis. Mutations in the
p53 tumor suppressor gene are frequently detected in gliomas. p53 is well-known for its ability to induce cell cycle arrest,
apoptosis, senescence, or differentiation following cellular stress. That the guardian of the genome also controls stem cell self-
renewal and suppresses pluripotency adds a novel level of complexity to p53. Exactly how p53 works in order to prevent malignant
transformation of cells in the central nervous system remains unclear, and despite being one of the most studied proteins, there
is a need to acquire further knowledge about p53 in neural stem cells. Importantly, the characterization of glioma cells with
stem-like properties, also known as brain tumor stem cells, has opened up for the development of novel targeted therapies. Here,
we give an overview of what is currently known about p53 in brain tumors and neural stem cells. Specifically, we review the
literature regarding transformation of adult neural stem cells and, we discuss how the loss of p53 and deregulation of growth
factor signaling pathways, such as increased PDGF signaling, lead to brain tumor development. Reactivation of p53 in brain tumor
stem cell populations in combination with current treatments for glioma should be further explored and may become a viable
future therapeutic approach.

1. Introduction

The most frequent form of brain tumor in adults is
glioma [1]. Gliomas are classified as astrocytomas, oligo-
dendrogliomas, oligoastrocytomas, and ependymomas [2].
Astrocytoma is the most common subclass of glioma and
is graded on a WHO scale of I to IV, whereas oligo-
dendrogliomas and oligoastrocytomas are usually classified
as grade II or grade III [3]. Grade IV astrocytic tumor,
commonly known as glioblastoma (GB), is the deadliest form
of brain tumor that despite multimodal therapy only shows a
median survival of 12–15 months [4]. Recent transcriptome
and genome profiling of brain tumors in combination with
advances in stem cell biology has led to an improved
understanding of the molecular pathology of this disease and
revealed novel targets for therapy [5].

The p53 tumor suppressor gene is frequently mutated
or deleted in human tumors and is often found mutated
or lost early in glioma formation [6, 7]. p53 can trigger

diverse cellular programs such as cell cycle arrest, apoptosis,
differentiation, DNA repair, autophagy, and senescence [8].
One prevailing hypothesis is that GB could arise and
recur because of malignant transformation of neural stem
cells residing in protected niche areas [9]. Recently, novel
functions of p53 in stem cells have been characterized
including suppression of pluripotency and inhibition of
stem cell self-renewal [10]. Despite being one of the most
extensively studied proteins, there is still a need to acquire
further knowledge and insight into p53 function in stem
cells including neural stem cells. What function of p53 is the
most important one to inactivate for brain tumor initiation
and progression? Could it be the ability of p53 to restrain
self-renewal and to promote differentiation, or is it the pro-
apoptotic and cell cycle regulating activity? Here we discuss
the role of p53 in gliomagenesis and the significance of p53
in relation to brain tumor stem cells. We review the literature
regarding the neoplastic potential of neural stem cells, and
we describe how the loss of p53 in parallel with deregulation
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of growth factor signaling pathways promotes brain tumor
development. Finally, we discuss how the reactivation of
p53 in brain tumor stem cell populations could become
one viable approach to suppress proliferation and induce
differentiation and apoptosis of these cells.

2. Glioma Genetics and Glioma Cell of Origin

2.1. p53 Pathway Inactivation in Glioma. Gliomas often
display mutations in the ARF-MDM2-p53 and p16INK4a-
CDK4-RB tumor suppressor pathways resulting in increased
genomic instability, loss of G1 cell cycle checkpoint control,
and evasion of apoptosis [2, 11]. Deregulation of the
PI3K/AKT/mTOR signaling pathway and hyperactivation
of receptor-tyrosine kinases (e.g., PDGFRα and EGFR) are
frequently observed in gliomas [2, 11]. GBs can be classified
as primary or secondary but are morphologically similar
[1]. A primary GB arises with no signs of previous lower-
grade tumor and often displays loss of the INK4A/ARF
tumor suppressor gene locus, PTEN mutation, and EGFR
amplification and/or mutation [1]. Secondary GBs show a
previous history of progression from a lower-grade tumor
and TP53 mutations are frequent [2]. Recently, transcrip-
tome and genome profiling of GBs has revealed additional
genetic differences, and new subclasses of GB have been
defined [12–14].

TP53 mutations occur early in glioma progression, and
grade II astrocytomas commonly display TP53 mutations
or loss of heterozygosity on chromosome 17p where TP53
resides [15, 16]. TP53 mutations are infrequent in medul-
loblastomas, pilocytic grade I astrocytomas, and ependymo-
mas [7]. The p53 tumor suppressor restricts cell growth and
proliferation following stress and is known as the guardian
of the genome [17]. p53 has pleiotropic anticancer functions
and plays a role in senescence, apoptosis, differentiation,
autophagy, metabolism, and angiogenesis [18]. These diverse
cellular effects can be attributed to the regulation of hun-
dreds of different genes directly by p53 [8, 19]. The transcrip-
tional function of p53 is stimulated through increased levels
of the protein coupled to conformational changes triggered
by different posttranslational modifications or p53- binding
proteins [20]. While approximately half of all human tumors
contain a mutation or deletion of TP53, the rest of the tumors
often have inactivation of p53 through other mechanisms
including viral infection, loss of ARF, or overexpression of
MDM2 [21]. The MDM4 and MDM2 proteins suppress
p53’s transcriptional activity and target p53 for proteasomal
degradation, respectively [22]. It is therefore not a surprise
to learn that MDM2 gene amplifications are present in 10%
of primary GBs and that amplifications of MDM4 are found
in about 4% of GBs [23, 24]. Gliomas are also seen in
the Li-Fraumeni syndrome, a familial cancer predisposing
syndrome characterized by germ line TP53 mutations [25,
26]. It has been a widely held notion that somatic TP53
mutations are common in low-grade gliomas and secondary
GBs but more uncommon in primary GB. However recent
studies, which also included additional sequencing of TP53,
revealed that mutations are prevalent in primary GBs as well

[13, 27]. Another common and critical tumor suppressor
gene alteration in GB is loss of function of PTEN that occurs
in both primary and secondary GB [28].

Accumulated experimental and clinical evidence suggests
that the loss of p53 function is a key initial event in
glioma development in combination with other genetic and
epigenetic alterations [6, 7, 26, 29–34]. Numerous studies
have also been carried out in order to investigate the effects of
p53 overexpression in glioma cells. Evidently, p53 can block
cell cycle progression and induce morphological changes
resembling differentiation in glioma cell lines [35–37]. Given
these findings, therapeutic targeting of the p53 pathway still
seems highly interesting in glioma.

2.2. Neural Stem Cells. Tissue stem cells are considered to
be rare cells within organs with the ability to self-renew
and to give rise to all types of cells within the said organ
[38]. Examples of tissue stem cells include hematopoietic
stem cells, neural stem cells, and mammary gland stem cells
[38]. Embryonic stem cells on the other hand are isolated
from the inner cell mass of blastocysts, are pluripotent,
and can give rise to all cell types of the body [39]. Neural
stem cells are the self-renewing cells that generate the main
cells of the central nervous system (astrocytes, neurons, and
oligodendrocytes) [40]. New neurons are thought to be born
throughout adulthood in predominantly two regions of the
mouse brain [41]. These are the subventricular zone of the
lateral ventricle wall, from where new neuronal progenitor
cells migrate to the olfactory bulb via the rostral migratory
stream [42, 43], and the subgranular zone of hippocampus
[44]. Reynolds and Weiss were the first to isolate neural
progenitor and stem cells from adult mouse brain [45].
Within the subventricular zone, cells can be classified as
type B neural stem cells and type C transit-amplifying cells
that give rise to neuroblasts (type A) [46]. Neural stem
cells are often studied in vitro using a method referred to
as the neurosphere assay developed by Reynolds and Weiss
[45], see also [47] for an update. Neural stem cells have the
properties of self-renewal, clonogenic capacity, and ability
to engraft, migrate, and give rise to differentiated progeny
[41, 46, 48].

2.3. Glioma Cell of Origin and the Cancer Stem Cell Hypoth-
esis. Several common tumor forms, including brain tumors,
have been shown to harbor a fraction of cells with stem-
like features referred to as cancer stem cells [49]. The
cancer stem cells are considered to be a relatively small
population of cells that are capable of self-renewal, and the
progeny of which can undergo differentiation to generate the
phenotypic heterogeneity observed in solid tumors [50, 51].
Cancer stem cell populations have been found in many
malignancies including those from breast [52], brain [53],
pancreas [54], colon [55], and the hematopoietic system
(acute myelogenic leukemia) [56]. Cancer stem cells show
malicious behavior including prolonged exit from the cell
cycle (quiescence), resistance to chemotherapeutic agents,
efficient DNA repair, and resistance to apoptosis [57–60].
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Using the approach of Reynolds and Weiss [45], several
groups reported on the growth of adult and pediatric glioma
cells cultured and propagated in the form of neurospheres,
also known in this context as “gliospheres” [61–65]. The cells
capable of self-renewal and of forming new gliospheres and
with the ability to initiate the formation of a new tumor
in nude mice are known as the brain tumor stem cells.
These cells can also be referred to as brain tumor initiating
cells or glioma stem cells. It was shown that gliospheres
have an increased growth potential and features of aberrant
differentiation when directly compared to normal neuro-
spheres from the adult brain [66]. Cell sorting is based on
expression of the cell surface marker CD133 selected for
glioma cells with stem-like features [53], and CD133-positive
brain tumor cells are relatively resistant to radiation when
compared to CD133-negative cells [57]. The clinical value
of CD133-expression in tumors remains unclear, but some
groups have reported that the increased expression of CD133
is associated with a poor prognosis [67, 68]. However, recent
studies indicate that also CD133-negative brain tumor cells
can initiate tumor development and act as brain tumor stem
cells [69].

It is at present discussed whether cancer stem cells
represent a minority of the tumor cells [70]. If most cells
within the tumor are endowed with stem cell properties,
why should we focus our energy on targeting a specific sub-
population of cells? Debated is also whether cancer stem
cells originate from normal stem cells or from differentiated
cells that have acquired the ability to self-renew [50], and
this discussion is especially dynamic within the brain tumor
research community [5, 71, 72]. It still remains unclear
if gliomas (in general) originate from multipotent neural
stem or progenitor cells, restricted neural progenitors, or
mature glia cells that have undergone the process of de-
differentiation [71].

3. Novel Functions of p53 in Neural Stem Cells

A number of recent studies show that p53 has a critical
function in neural [73], mammary [74], hematopoietic [75,
76] and embryonic stem cells [77] by regulating self-renewal,
symmetric division, quiescence, survival, and proliferation.
Two main functions of p53 can be distinguished in relation
to stem cell behavior. These can be described as the
abilities of p53 to induce differentiation and to suppress de-
differentiation and evidence in the literature supports a role
for p53 in both of these processes [10, 78–81].

In the mouse brain, p53 is critical for induction of
apoptosis in neural progenitors and postmitotic neurons
during development of the central nervous system [33], and a
subset of Trp53 knockout mice develop exencephaly [82, 83].
Furthermore, neuronal cells are sensitive to p53-dependent
apoptosis following irradiation, exposure to chemothera-
peutic agents, and ischemia [84]. p53 regulates cell cycle
progression and apoptosis but it can also directly modulate
the transcription of genes that are specifically required for
neuronal differentiation [81, 84]. The role of p53 in apoptosis
of neuronal cells is relatively well understood [85, 86], but

less is known about p53 function in astrocytes, oligoden-
drocytes and their precursors. Oligodendrocyte precursors
cultured in vitro can undergo p53-dependent differentiation
although the cells appear to have a low basal level of p53
expression [87]. Both astrocytes and oligodendrocytes can
undergo apoptosis following infection with an adenovirus
expressing p53 [88]. Although speculative, cells of the
glial lineage may be more prone towards p53-induced
differentiation and senescence following stress than neuronal
cells.

What is the function of p53 in the neural stem cells? The
enhanced proliferative capacity of neural precursors from
Trp53 knockout mice was described in the early 90s [89].
Later, it was found that p53 is expressed at higher levels
in cells in the neural stem cell niche than in other regions
of the adult mouse brain [73]. Cells in the brain’s lateral
ventricle stem cell niche displayed an increased proliferation
rate in Trp53 knockout mice compared to wild-type [73].
It was also found that a p53 deficiency in neurospheres
resulted in increased self-renewal capacity, increased cell
proliferation and a reduction in apoptosis [73]. Analysis
of the stem cell transcriptome from wild type and Tp53
knockout mice identified several genes that were down-
regulated in p53-null neurospheres, importantly p21 and
p27, established negative regulators of cell proliferation [73].
In a related study, Gil-Perotin et al., found a p53-dependent
effect on differentiationthe and they could determine that
loss of p53 increased the number of Tuj1+ neuroblasts in
the subventricular zone in vivo [31]. Regions with mild
to moderate hyperplasia, resembling “microtumors” were
also apparent in some Trp53 knockout mice [31]. The
increase in cell number was apparently not due to loss
of apoptosis, as it could be compensated for, and it was
argued that this is the reason for why there are no tumors
in Trp53 knockout mice [31]. Also by using olfactory bulb
neural stem and progenitor cells cultured as neurospheres
it was found, in agreement with the previous studies, that
loss of p53 can promote neurosphere formation and stem
cell self-renewal [90]. Furthermore, loss of p53 facilitated
differentiation of progenitor cells into Tuj1-positive neurons,
with a corresponding moderate decrease in mature astrocytes
[90]. In summary, a number of studies show that the loss of
p53 provides an advantage to neural stem cells and/or early
progenitor cells [31, 73, 90]. However, the loss of p53 alone
does not cause brain tumors within the relatively short life
span of Trp53 knockout mice [91].

p53-mediated control of stem cell functions has also been
studied in other tissues. For example, p53 has a critical role in
regulating hematopoietic stem cell quiescence [75, 76]. Tran-
scriptome analysis identified Gfi-1 and Necdin as p53 target
genes involved in regulating quiescence [76]. In mammary
gland stem cells, p53 controls polarity of mammary epithelial
stem cell divisions [74]. In bone formation, the loss of p53
not only accelerates early osteogenesis from mesenchymal
stem cells but actually prevents terminal differentiation to
a mature osteocytic phenotype [92]. These studies taken
together further strengthen the notion that p53 controls stem
cell self-renewal and differentiation, but that it may not only
do so in a cell-type-specific manner.
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4. Brain Tumor Stem Cells and p53

4.1. Inactivation of p53 in Neural Stem Cells. Perhaps the
suppression of incipient cancer stem cells is one activity
by which p53 can inhibit tumor growth [8], but what are
the mechanistic links between p53 and the emergence of
cancer stem cells, if any? p53 was found to repress the
cancer stem cell marker gene CD44 in an experimental
breast tumor model [93]. Overexpression of CD44 on the
other hand blocked p53-dependent apoptosis, leading to
expansion of tumor-initiating cells [93]. It would be of
interest to determine if similar mechanisms are involved
also in brain tumor development, but exactly how the loss
of p53 function leads to transformation of normal cells in
the central nervous system remains unclear. Development
of a brain tumor may begin with a mutation in the p53
gene which makes neural stem cells proliferate faster and
perhaps also migrate out of the niche like their specialized
progenies [9]. Wang and coworkers carried out a series
of experiments using mice engineered to have an internal
deletion mutation in Tp53, Δ exon 5-6, specifically in neural
stem and progenitor cells [94]. They found that a majority of
mice developed malignant brain tumors and that the same
mutant p53 was detected in the tumor cells but not in normal
cells. Mutant p53 protein was detectable in a minority of
proliferative neural stem cells two months after birth. It
was argued that it is presumably the mutant-p53-expressing
cell population with features of transit-amplifying cells that
drives tumor initiation [94]. The hypothesis that stem cells
residing in the subventricular zone can give rise to gliomas is
also supported by other studies [9, 29, 95, 96]. An interesting
point of view is that tissue stem cells remain undifferentiated
due to environmental cues in their particular niche, and the
stem cells differentiate when they leave that niche, or no
longer receive proper signals from the niche [97].

GB was initially considered to be a monoclonal tumor
and the patterns of clonal expansion of cells with mutant p53
supported this notion [34]. However, given the heterogeneity
of GB taken together with the recent findings that there
are coexisting populations of cells with different p53 status
within the same tumor, we must also consider polyclonal
events [98]. GB is composed of several types of cells,
and some phenotypes or clones may be better suited for
the specific environment but they could still coexist with
other sub-optimal lines of tumor cells [71]. One of these
sub-optimal lines could however following a novel and
different type of stress adapt and instead become the most
successful line, and this type of event could contribute to
treatment resistance of GB [5, 71]. Phenotypically different
subpopulations of cells may even benefit from each other and
thus remain coexisting in the tumor [99]. As with regard to
p53, perhaps the majority of tumor cells benefit from having
mutant p53 or no p53 at all, but may some tumor cells thrive
when carrying wild-type p53?

4.2. Stem Cell Signatures in Brain Tumor Cells. Pluripotent
stem cells can be generated from normal fibroblast cultures,
and in principle four key pluripotency genes essential for the
production of pluripotent stem cells were defined, namely:

Oct-3/4, Sox2, c-Myc, and Klf4 [100]. Of interest is also the
recently established function of the p53 pathway in suppress-
ing reprogramming of normal cells to induced pluripotent
stem cells (iPSCs) [101–104]. Silencing of p19ARF, an
upstream regulator of p53, facilitates reprogramming as well
[105]. It remains unclear how p53 blocks reprogramming
of cells to iPSCs, but one possibility is that it could be
related to the higher sensitivity of iPSCs to stress than
the more differentiated cells from which they were initially
derived [80]. The process of creating iPSCs resembles the
creation of tumor cells by specific factors and highlights
the similarity between iPSCs and cancer stem cells [79].
GBs frequently overexpress genes typical of neural stem
cells including Sox2 [106], Myc [27] and Oct4 [107]. A
hallmark of some poorly differentiated tumors, including
GB, is a stem cell signature [108]. The malignant progression
of glioma may be associated with the emergence of such a
signature [109]. Therefore, targeting pluripotency-associated
molecules such as Myc and Sox2, combined with reactivation
of p53, specifically in brain tumor stem cell populations
could become one approach to effectively reduce tumor
growth. In fact, c-Myc is required for brain tumor stem
cell growth [110], and in normal neural stem cells, loss
of c-Myc on its own attenuates self-renewal and induces
differentiation towards the glial lineage [111].

In this context it should also be mentioned that p53 plays
a specific role in the DNA-damage response of embryonic
stem cell [77]. Embryonic stem cells lack a distinct G1/S cell
cycle checkpoint [112], but new evidence shows that p53 in
response to DNA damage acts to induce differentiation and
to suppress expression of the pluripotency factor Nanog [77].
Whether a similar mechanism is involved in the neural stem
cell stress response, remains of interest to determine.

4.3. Other Regulators of p53 in Brain Tumor Stem Cells.
We must also take into account the function and expres-
sion of proteins and microRNAs that regulate p53. Olig2
is a central-nervous-system-restricted transcription factor
highly expressed in brain tumor stem cells and required
for neural progenitor cell proliferation [113]. Olig2 directly
suppresses p21, a downstream key target of p53, and Olig2
is therefore presumably an important antagonist of the p53
pathway during glioma development [113]. Interestingly,
loss of p21 increases the proliferative capacity of neural
stem cells [114]. Another important regulator of p53 is
Gli1, a downstream mediator of Hedgehog signaling. Gli1
can repress p53 activity and Gli1 promotes an increase
in neural stem and progenitor cell pools [115]. However,
p53 in turn can suppress Gli1 function and proper Gli1
subcellular localization [116]. Interestingly, Gli1 function
also depends on Nanog [116]. These studies revealed novel
intricate signaling networks in stem cells and how they are
connected to p53 [117]. Recently, Bcl2L12 (Bcl2-like 12) a
protein found overexpressed in GB that prevents apoptosis,
was shown to interact with and inhibit p53 [118]. As
mentioned, loss of the tumor suppressor PTEN is a frequent
event in brain tumors [28]. Interestingly, PTEN is critical
in restricting neural stem cell self-renewal and proliferation
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similar to p53 [119, 120], and the combined loss of p53
and PTEN promotes a synergistic increase in neural stem
cell self-renewal associated with elevated levels of c-Myc and
rapid growth of gliomas in vivo [27, 121]. In turn, c-Myc
promotes an even more malignant phenotype of the tumor
[27]. Finally, regulation of the p53 pathway by microRNAs is
likely to be of importance also in brain tumor development
and brain tumor stem cells [122].

5. Interplay between p53 and Overactive
PDGF Signaling

A number of recent studies using animal models have
provided compelling evidence that gliomas can be induced
from neural stem cells, provided combinations of several
different tumor suppressors are deleted (e.g., Pten, Nf1 and
Trp53) [29, 94–96]. Loss of p53 in neural stem cells has
in mouse models been proven as an important step in
the initiation of gliomas [123]. Using a different approach,
others have shown that persistent mitogen signaling (e.g.,
PDGF-B) can promote gliomagenesis also in lineage-
restricted progenitor cells giving rise to oligodendroglioma-
like tumors [124]. Therefore, development of gliomas may
take divergent pathways and start in different cell types
and locations [5]. Oligodendrocyte progenitor cells express
PDGFRα and can be induced to proliferate when stimulated
with PDGF [125]. The use of retrovirus or adenovirus
vectors to introduce PDGF-B in newborn mice brains mostly
results in Gfap−/Ng2+/Olig2+ tumors that by transcriptome
analysis are similar to oligodendrogliomas [126–128]. This
is true even if the virus is directed to neural precursors
by the Nestin-tva or Gfap-tva systems [129, 130]. The
oligodendroglioma-like features have been interpreted as due
to PDGF’s ability to modulate the balance between neuronal
and glial cells generated from neural stem cells, in favor of
oligodendrocyte progenitors [127].

In a recent report, transgenic mice were generated
expressing PDGF-B in brain under control of the human
GFAP promoter [32]. These mice were shown to be similar
to wild type mice, but on a Tp53-null background they
developed large GB-like brain tumors at a high frequency, in
spite of the fact that Tp53-null mice do not otherwise develop
brain tumors [32, 91]. The tumors were very heterogenous,
displaying many different cell lineage markers, including
stem cell markers. Early lesions displayed abundant Gfap-
positive cells, although the larger tumors partly lost the
expression of Gfap. The Gfap promoter is most active around
birth and remains active in both astrocytes and neural
stem cells of the adult brain; however; the mice developed
brain tumors only in adult life, at 2–6 months of age [32].
Therefore, distinct possibilities of glioma cells of origin need
to be considered including (1) adult neural stem cells that
lose their differentiation capacity and (2) mature astrocytes
that dedifferentiate due to the lack of p53. These PDGF-
induced experimental gliomas are similar to human GBs
in that the glial tumor cells express Pdgfrα whereas the
vasculature expresses Pdgfrβ in pericytes [131]. The model

was created to mimic human secondary GBs character-
ized by combined PDGFRA overexpression/amplification
and TP53 deletion/mutation, and results did prove that
this combination is instrumental in generating GBs. A
previous report described a significant association between
PDGFRA expression, as analyzed at the mRNA level by in
situ hybridization and LOH17p in human gliomas [132].
Recently, by the help of high-throughput genome and
transcriptome analyses, human secondary GBs were shown
to be similar to the proneural type of primary GBs and
associated with PDGFRA amplification, TP53 and PTEN
deletion/mutation, IDH1 mutation and also disturbances in
the PI3K signaling pathway, and finally by the expression of
oligodendrocyte markers [133].

Loss of function of p53, together with overactive growth
factor signaling, contributes to glioma formation. In the
transgenic mice expressing PDGF-B in astrocytes, tumors
developed in homozygously deleted Trp53 but not in
heterozygous mice [32]. Furthermore, PDGF-B retrovirus-
induced brain tumors developed at a higher frequency and
with shorter latency when injections were performed in
Trp53-null than in wild type mice, and in a Trp53-null
background these tumors showed higher p-Akt and lower
Pten levels [134]. Still, the mechanism of the combined
PDGF-B/Trp53 null effect has not yet been clearly defined.
One guess is that the Trp53-null status directly or indirectly
allows for proliferation of Pdgfrα-positive precursors in
the brain and/or for upregulation of Pdgfra expression at
the promoter level. Cultured, otherwise normal Trp53-null
brain cells show an increased survival and proliferation in
vitro, coupled with upregulation and activation of Pdgf-
receptors [134]. Other mechanisms need to be considered as
well. PDGF signaling is known to expand the pool of glial
progenitors generated from neural stem cells [135]. Given
the fact that the lack of p53 may in addition result in an
undifferentiated state of these cells, an increase in the number
of glial precursors promoted by PDGF, possibly induced to
migrate [136], but unable to differentiate further, may be all
that it takes to create a lethal neoplasm in the mouse brain.
We need to consider that the human brain has tighter control
mechanisms than the mouse brain, but The Cancer Genome
Atlas (TCGA) and other similar high-throughput screening
projects provide us with excellent tools to identify additional
molecules and mechanisms affected in human brain tumors
[12].

6. Therapeutic Opportunities

Treatment of brain tumor patients is extremely challenging
because the normal brain is highly susceptible to damage
during therapy, the brain has a very limited capacity to
repair itself, and several drugs cannot cross the blood-
brainbarrier to act on tumors in the CNS [5]. Brain tumor
cells are also highly infiltrative and can hide in apparently
normal parts of the brain [137]. Paradoxically, nonmalignant
neuronal cells are highly vulnerable to stress and respond
with the induction of p53-dependent apoptosis [84], yet
glioma-derived cells show resistance to apoptosis-inducing
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stimuli [138]. Standard treatment for GB is surgery, radiation
therapy and concomitant and adjuvant treatment with the
chemotherapeutic agent temozolomide [139]. Temozolo-
mide is an alkylating agent found to have beneficial effects
in the palliative treatment of GB [140]. Whereas glioma cell
lines expressing mutant p53 are sensitized to temozolomide,
the status of p53 does not seem to affect the response
of brain tumor stem cells treated with this drug [141].
Despite the fact that the survival outlook for GB patients
remains poor, recent years have seen progress towards longer
survival, as summarized in an excellent review [4]. Several
targeted therapies are currently in preclinical or clinical
phase I–III trials and examples include small molecule or
antibody inhibitors of receptor tyrosine kinases, angiogenesis
regulators, histone deacetylases, heat shock proteins and
mTOR [4, 142]. Early results from monotherapy trials have
been rather disappointing, but a number of emerging drug
candidates used in combination are expected to further
prolong survival of brain tumor patients [4, 142].

What about specific targeting of brain tumor stem
cells? As mentioned, brain tumor stem cell populations
show resistance to drugs and toxic agents, display efficient
DNA repair, and low tendency to undergo apoptotic cell
death [72]. Screenings to find novel small molecules that
specifically target cancer stem cell populations have been
carried out. Salinomycin is a novel small molecule that
targets breast tumor stem cells and selectively reduces the
proportion of these cells relative to the effect of paclitaxel
[143]. Development of similar drugs to be used in brain
tumor therapy is therefore desired. Molecular targets in brain
tumor stem cell populations could for instance be different
components of the PTEN-PI3K-AKT-WNT signaling net-
works that drive cell growth [144]. Another approach could
be to target brain tumor stem cells with small molecules that
can induce differentiation, for example, histone deacetylase
inhibitors [145]. Ribosomal DNA transcription (the RNA
pol I machinery) is also an emerging target in cancer therapy
[146]. Depleting cells of ribosomes by blocking production
of ribosomal proteins was shown to induce p53-dependent
inhibition of cell proliferation and morphological differen-
tiation of glioma cells in vitro [147]. Selective inhibition of
ribosome biogenesis in stem-like cell populations in brain
tumors as another kind of differentiation therapy should be
explored further.

One prime candidate is of course p53 itself. Restoration
of the p53 tumor suppressor function holds promise in
cancer therapy [148, 149]. Tumors with dysfunctional or no
p53 have been shown to undergo apoptosis or senescence in
vivo upon functional restoration of p53 [150, 151]. When it
comes to the tumor cells, we first need to distinguish cells
with no p53 from cells with mutant p53, and cells retaining
wild-type p53. Activation of endogenous wild-type p53 with
small molecules, reactivation of mutant p53, or transfer of
the p53 gene should therefore be considered [152]. Nutlin-3
is a compound that disrupts the binding between MDM2 and
p53 leading to activation and accumulation of free p53 [153].
Interestingly, activation of endogenous wild type p53 with
Nutlin-3 correlated with restoration of asymmetric breast
cancer stem cell divisions resulting in tumor reduction [74].

This occurred in the absence of any major effects on the bulk
of tumor cells [74]. In another study it was found that mutant
p53 reactivation with the drug ellipticine when combined
with 5-fluorouracil led to depletion of colon cancer stem cells
in vitro [154]. Perhaps the reactivation of p53 specifically in
brain tumor stem cells could induce permanent differenti-
ation or apoptosis followed by tumor regression? Apoptosis
is however not frequently seen upon retroviral expression or
activation of endogenous p53 in glioma cell lines [36], but
overexpression of p53 by adenovirus may sensitize glioma
cells to apoptosis [155]. Indeed, adenoviral expression of p53
has been extensively tested in glioma [156].

There are some pitfalls when it comes to p53 reactivation
that need to be discussed. For instance, maintaining wild
type p53 could have a prosurvival effect on tumors that are
not intrinsically prone to apoptosis [157]. In tumors resistant
to cell death, p53 may favor DNA repair and differentiation
over apoptosis or senescence [157]. For example, wild-
type-p53-containing glioma cell lines are more resistant to
cytotoxic agents than cell lines with mutant p53 [158].
We must also take into consideration that activation of
p53 may lead to the emergence of treatment resistant
brain tumor cells that express mutant p53 or that have
completely lost p53. Moreover, persistent activation of p53
in nearby residing normal neural stem cells could have
adverse negative sideeffects such as stem cell depletion and
premature organ aging [58, 159]. Whereas activation of
p53 traditionally has been viewed as the main avenue, the
potential medical applications of inhibiting p53 should also
be realized. In fact, inhibiting p53 protects normal cells from
radiation-induced cell death and can improve recovery after
ischemia in the central nervous system [160]. Unfortunately,
inhibition of p53 activity in nontumorigenic cells could have
a procarcinogenic effect, although encouraging results from
studies in hematopoietic cells indicate that this might not be
the case [161].

7. Concluding Remarks

There are a number of remaining unresolved issues with
regard to the existence and phenotype of brain tumor stem
cells and how similar they are to normal neural stem cells [5,
71]. The hypothesis that a normal neural stem or progenitor
cell can evolve to become a brain tumor stem cell perhaps
through a mutation in p53 is a very reasonable one and
has got substantial experimental support [27, 29, 31, 94].
Several lines of evidence in the literature indicate that loss
of p53 affects the properties of adult neural stem cells by
providing a proliferative advantage [31, 73, 90]. Although
loss of p53 on its own does not give rise to brain tumors in
mice, it allows for rapid tumor development in the presence
of persistent mitogen signaling, oncogene activation and
subsequent mutational events [32]. However, we must also
be aware that there are presumably different cellular origins
for gliomas and that they could originate from various
regions of the brain [5]. We are now faced with the intriguing
situation in which p53 suppresses tumor development by
restricting expansion of incipient brain tumor stem cells,
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but p53 also retains its conventional roles in controlling
cell cycle progression and apoptosis following stress. Which
one of these p53 activities is the most important one to
circumvent during gliomagenesis, remains to be determined.
We also do not know exactly through which mechanisms
and pathways p53 controls neural stem cell self-renewal, but
once identified, such mechanisms are putative novel targets
for therapy. Treatment of brain tumor patients presents a
unique challenge, and the selective targeting of brain tumor
stem cell populations, regardless of whether they constitute a
minor or major part of the whole tumors needs to be further
explored, in order to become a clinical reality in the future.
Combination therapies targeting both brain tumor stem cells
and bulk brain tumor cells could turn out to be the most
effective ones. It is of outermost importance to achieve a
permanent eradication of brain tumor cells including brain
tumor stem cells. However, the elimination of all tumor
cells remains a very difficult task when considering the wide
spectrum of tumor cell phenotypes, differences in p53 status,
and divergent cellular responses to treatment.
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Recent studies suggest that ALDH1 is a putative marker for HNSCC-derived cancer stem cells. However, the regulation mechanisms
that maintain the stemness and metastatic capability of HNSCC-ALDH1+ cells remain unclear. Initially, HNSCC-ALDH1+ cells
from HNSCC patient showed cancer stemness properties, and high expression of Bmi1 and Snail. Functionally, tumorigenic
properties of HNSCC-ALDH1+ cells could be downregulated by knockdown of Bmi-1. Overexpression of Bmi-1 altered in
expression property ALDH1− cells to that of ALDH1+ cells. Furthermore, knockdown of Bmi-1 enhanced the radiosensitivity of
radiation-treated HNSCC-ALDH1+ cells. Moreover, overexpression of Bmi-1 in HNSCC-ALDH1− cells increased tumor volume
and number of pulmonary metastatic lesions by xenotransplant assay. Importantly, knock-down of Bmi1 in HNSCC-ALDH1+

cells significantly decreased distant metastases in the lungs. Clinically, coexpression of Bmi-1/Snail/ALDH1 predicted the worst
prognosis in HNSCC patients. Collectively, our data suggested that Bmi-1 plays a key role in regulating Snail expression and
cancer stemness properties of HNSCC-ALDH1+ cells.

1. Introduction

Head and neck squamous cell carcinoma (HNSCC), includ-
ing oral squamous cell carcinoma (OSCC), is the sixth most
prevalent type of malignancy worldwide and accounts for
approximately 8% to 10% of all cancers in Southeast Asia
[1, 2]. HNSCC-related mortality is mainly caused by cervical
lymph node metastasis, and occasionally by distant organ
metastasis [3].

The epithelial-mesenchymal transition (EMT) is a pro-
cess in which epithelial cells lose their polarity and adopt a
mesenchymal phenotype [4]. This process is thought to be a
critical step in the induction of tumor metastasis and malig-
nancy [5]. Mani et al. demonstrated that induction of EMT

results in cells that have stem cell properties and generates
cells with properties similar to breast cancer stem cells [6].
Snail, a member of the zinc-finger transcription factor family,
is one of the master regulators that promotes EMT and medi-
ates invasiveness as well as metastasis in many different types
of malignant tumors [7, 8]. The aldehyde dehydrogenase
(ALDH) family of enzymes is comprised of cytosolic isoen-
zymes that oxidize intracellular aldehydes and contribute
to the oxidation of retinol to retinoic acid in early stem
cell differentiation [9]. Recently, ALDH has been reported
to be a unique marker of head and neck cancer stem cells
(CSC) [10, 11]. ALDH1 was also found to co-localize with
other CSCs-related markers, including MMP-9, CD44, and
CK14, at the invasive front of the tumor [12]. We previously
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Table 1: Case description, tumorigenic characteristics and treatment effects of ALDH1+ and ALDH1− HNSCC.

Number of cells injected

Case Age/Sex ALDH+ (%)
Spheres

Parental ALDH1+ ALDH1+ (Sh-Bmi 1) ALDH1− ALDH1− (Bmi 1Over)
Formation

1 71/ M 44.2 Yes 1,000 (0/3) 1,000 (1/3) 1,000 (0/3) 1,000 (0/3) 1,000 (1/3)

3,000 (0/3) 3,000 (3/3) 3,000 (0/3) 3,000 (0/3) 3,000 (1/3)

10,000 (1/3) 10,000 (3/3) 10,000 (2/3) 10,000 (1/3) 10,000 (2/3)

2 73/ F 24.7 Yes 1,000 (0/3) 1,000 (1/3) 1,000 (1/3) 1,000 (0/3) 1,000 (0/3)

3,000 (0/3) 3,000 (2/3) 3,000 (2/3) 3,000 (0/3) 3,000 (1/3)

10,000 (2/3) 10,000 (2/3) 10,000 (2/3) 10,000 (0/3) 10,000 (2/3)

3 61 / F 8.6 Yes 1,000 (0/3) 1,000 (1/3) 1,000 (1/3) 1,000 (0/3) 1,000 (0/3)

3,000 (0/3) 3,000 (3/3) 3,000 (1/3) 3,000 (0/3) 3,000 (2/3)

10,000 (0/3) 10,000 (3/3) 10,000 (2/3) 10,000 (0/3) 10,000 (3/3)

4 71 / M 1.2 Yes 1,000 (0/3) 1,000 (0/3) 1,000 (0/3) 1,000 (0/3) 1,000 (0/3)

3,000 (0/3) 3,000 (3/3) 3,000 (0/3) 3,000 (0/3) 3,000 (2/3)

10,000 (0/3) 10,000 (3/3) 10,000 (2/3) 10,000 (0/3) 10,000 (3/3)

5 69 / M 19.2 Yes 1,000 (0/3) 1,000 (1/3) 1,000 (0/3) 1,000 (0/3) 1,000 (0/3)

3,000 (0/3) 3,000 (3/3) 3,000 (1/3) 3,000 (0/3) 3,000 (2/3)

10,000 (1/3) 10,000 (3/3) 10,000 (2/3) 10,000 (0/3) 10,000 (3/3)

6 72 / M 5.5 Yes 1,000 (0/3) 1,000 (1/3) 1,000 (0/3) 1,000 (0/3) 1,000 (0/3)

3,000 (0/3) 3,000 (3/3) 3,000 (1/3) 3,000 (0/3) 3,000 (2/3)

10,000 (0/3) 10,000 (3/3) 10,000 (1/3) 10,000 (0/3) 10,000 (2/3)

ALDH1+: ALDH1-positive HNSCC cells; ALDH1−: ALDH1-negative HNSCC cells.
ALDH1+ or ALDH1+cells were injected into neck of SCID mice.

reported the isolation of ALDH1-positive cells from patients
with HNSCC [13]. These HNSCC-ALDH1+ cells displayed
the radioresistance and represented a reservoir of cells that
have the proliferative potential to generate tumors [13].
ALDH1+-lineage cells underwent EMT and endogenously
co-expressed Snail [13]. These findings suggested that Snail
expression may regulate the tumorigenesis, radiochemoresis-
tance, and cancer stem cell properties of malignant HNSCC
tumors [13]. However, the molecular mechanisms involved
in mediating metastasis and tumor malignancy of HNSCC-
CSC through the regulation of Snail remain unknown.

Bmi-1 is a member of the Polycomb (PcG) family of
transcriptional repressors that mediate gene silencing by
regulating chromatin structure [14]. Bmi-1 is essential for
maintaining the ability of neural, hematopoietic, and intesti-
nal stem cells to self-renew [15–17]. Bmi-1 was identified
as a proto-oncogene that cooperates with MYC to promote
the generation of lymphoma [18]. Bmi-1 also inhibited
MYC-induced apoptosis by repressing the Cdkn2a locus
[19]. Additionally, Bmi-1 has been verified as a predictor
of prognosis in bladder cancer [20], prostate cancer [21],
brain cancer [22, 23], breast cancer [24], pancreatic cancer
[25], and lung cancer [26]. Bmi-1 has been demonstrated to
play a role in the tumorigenesis of HNSCC [27, 28]. Bmi-1
has also been reported to be involved in tumor metastasis
[29, 30]. Recently, an elegant study by Song et al. showed
that Bmi-1 can directly promote EMT and malignancy in
nasopharyngeal carcinoma by regulating Snail [31]. The goal
of this study was to clarify the relationship between Bmi-1,

Snail, and ALDH1 in HNSCC or HNSCC-associated CSC
and the involved molecular mechanisms.

2. Materials and Methods

2.1. Isolation and Cultivation of HNSCC-Derived ALDH1+

and ALDH1− Cells from HNSCC Patients. This study fol-
lowed the tenets of the Declaration of Helsinki. All samples
were obtained after patients provided informed consent. The
study was approved by the Institutional Ethics Commit-
tee/Institutional Review Board of Taipei Veterans General
Hospital. The information of HNSCC patients has been
previously described in Table 1. The dissociated cells from
the samples of HNSCC patients were suspended at 1 ×
106 cells/mL in 37◦C DMEM supplemented with 2% FCS.
The identification of aldehyde dehydrogenase 1 (ALDH1)
positive HNSCC cells was carried out using the Aldefluor
assay (StemCell Technologies, Durham, NC, USA) and
fluorescence-activated cell sorting. Cells were suspended
in ALDEFLUOR assay buffer containing ALDH substrate
(BAAA, 1 μmol/l per 1 × 106 cells) and incubated for
40 min at 37◦C. As a negative control, for each sample
of cells, an aliquot was treated with 50 mmol/l diethy-
laminobenzaldehyde (DEAB), a specific ALDH inhibitor.
The sorting gates were established using the cells stained with
PI only as a negative control; the ALDEFLUOR-stained cells
treated with DEAB and staining with a secondary antibody
alone to test for viability. HNSCC-ALDH1+ cells were
cultured in a medium consisting of serum-free DMEM/F12
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Table 2: The sequences for the primers of quantitative RT-PCR.

Gene(Accession No.) Primer Sequence (5′ to 3′) Product size (bp) Tm (◦C)

Oct-4(NM 002701)
F: GTGGAGAGCAACTCCGATG

86 60
R: TGCTCCAGCTTCTCCTTCTC

Nanog(NM 024865)
F: ATTCAGGACAGCCCTGATTCTTC

76 60
R: TTTTTGCGACACTCTTCTCTGC

SOX-2(NM 003106)
F: CGAGTGGAAACTTTTGTCGGA

74 60
R: TGTGCAGCGCTCGCAG

Musashi(NM 002442)
F: TCCCTCGGCGAGCACA

64 60
R: GACAGCCCCCCCACAAA

c-Myc(NM 002467)
F: GGAACGAGCTAAAACGGAGCT

71 55
R: GGCCTTTTCATTGTTTTCCAACT

β-catenin(NM 001904)
F: CCAGCCGACACCAAGAAG

130 55
R: CGAATCAATCCAACAGTAGCC

Bmi1(NM 005180)
F?AAATGCTGGAGAACTGGAAAG

124 50
R?CTGTGGATGAGGAGACTGC

Nestin(NM 006617)
F: AGGAGGAGTTGGGTTCTG

112 50
R: GGAGTGGAGTCTGGAAGG

Snail(NM 005985)
F:GCTGCCAATGCTCATCTGGGACTCT

300 55
R: TTGAAGGGCTTTCGAGCCTGGAGAT

Slug(NM 003068)
F: GTGATTATTTCCCCGTATCTCTAT

292 50
R: CAATGGCATGGGGGTCTGAAAG

MDR-1 (NM 000927)
F: TGGCAAAGAAATAAAGCGACTGA

76 60
R: CAGGATGGGCTCCTGGG

MRP-1(X60111)
F: GCTTCCTCTTGGTGATATTCG

176 50
R: GCAGTTCAACGCATAGTGG

ABCG2(NM 004827)
F: CATGTACTGGCGAAGAATATTTGGT

74 60
R: CACGTGATTCTTCCACAAGCC

GAPDH(NM 002046)
F: CATCATCCCTGCCTCTACTG

180 60
R: GCCTGCTTCACCACCTTC

(Gibco-BRL, Gaithersburg, MD), N2 supplement (R and
D Systems Inc., Minneapolis), 10 ng/mL bFGF (R and D
Systems), and 10 ng/mL EGF (R and D Systems) [13, 32].

2.2. Quantitative Real-Time RT-PCR. Briefly, total RNA
(1 μg) of each sample was reverse-transcribed using 0.5 μg
oligo dT and 200 U Superscript II RT (Invitrogen). The
primer sequences for real-time RT-PCR were listed in
Table 2. The amplification was carried out in a total
volume of 20 μL containing 0.5 μmol·L−1 of each primer,
4 mmol·L−1 MgCl2, 2 μL LightCyclerTM-FastStart DNA
Master SYBR green I (Roche Molecular Systems, Alameda,
CA), and 2 μL of 1 : 10 diluted cDNA. PCR reactions were
prepared in duplicate and performed using the follow-
ing program: 95◦C for 10 min, followed by 40 cycles of
denaturation at 95◦C for 10 sec, annealing at 55◦C for
5 sec, and extension at 72◦C for 20 sec. Standard curves
(cycle threshold values versus template concentration) were

prepared for each target gene and for the endogenous
reference gene (GAPDH) for each sample. Quantification of
unknown samples was performed using LightCycler Relative
Quantification Software version 3.3 (Roche).

2.3. Knockdown and Overexpression of Bmi-1 with Lentivirus.
The pLVRNAi vector was purchased from Biosettia Inc.
(Biosettia, San Diego CA). The oligonucleotide 5′-AAA-
ACCTAATACTTTCCAGATTGATTTGGATCCAAATCA-
ATCTGGAAAGTATTAGG-3′ targeting human Bmi-1
(NM 005180, nt 1061–1081) was synthesized and cloned
into pLVRNAi to generate the lentiviral expression vector,
pLVRNAi/sh-Bmi1. The lentiviral expression vector carrying
Bmi-1 full-length cDNA, pLV/Bmi-1 was obtained from
Biosettia Inc. pCMVΔR8.9 and pMD.G, expressing GAG-
POL and the vesicular stomatitis virus envelope, respectively,
were provided by the consortium (Academia Sinica, Taipei,
Taiwan). The lentiviruses were generated by cotransfecting
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5 × 106 293FT cells per 10 cm plate with lentiviral vector
and packaging plasmids using Lipofectamine 2000 (LF2000,
Invitrogen). Supernatants were collected 48 hours after
transfection and filtered. The 48-hour posttransduction viral
titers were determined by FACS. Subconfluent cells were
infected with lentivirus at a multiplicity of infection of
5 in the presence of 8 μg/mL polybrene (Sigma-Aldrich)
[13, 33].

2.4. Microarray Analysis and Bioinformatics. Total RNA was
extracted from cells using Trizol reagent (Life Technologies,
Bethesda, MD, USA) and the Qiagen RNAeasy (Qiagen,
Valencia, CA, USA) column for purification. Affymetrix HG
U133 Plus 2.0 microarrays containing 54,675 probe sets for
>47,000 transcripts and variants, including 38,500 human
genes. A typical probeset contains eleven 25-mer oligo
nucleotide pairs (a perfect match and a mismatch control).
For microarray analysis, sample labeling, hybridization, and
staining were carried out by Affymetrix standard protocol
with affyQCReport. Probeset was normalized with loess
method of all microarrays. The average linkage distance was
used to assess the similarity between two groups of gene
expression profiles as described below. The difference in
distance between two groups of sample expression profiles
to a third was assessed by comparing the corresponding
average linkage distances (the mean of all pairwise distances
(linkages) between members of the two groups concerned).
The error of such a comparison was estimated by combining
the standard errors (the standard deviation of pairwise
linkages divided by the square root of the number of
linkages) of the average linkage distances involved. Classi-
cal multidimensional scaling (MDS) was performed using
the standard function of the R program to provide a
visual impression of how the various sample groups are
related.

2.5. In Vivo Tumor Growth and Metastasis. All procedures
involving animals were in accordance with the institu-
tional animal welfare guidelines of Taipei Veterans General
Hospital. Eight-week-old SCID mice and/or nude mice
(BALB/c strain) were injected with 105 cells orthotopically.
In vivo GFP imaging was performed using an illuminating
device (LT-9500 Illumatool/TLS equipped with an excitation
source (470 nm) and filter plate (515 nm)). Tumor size was
measured with calipers and the tumor volume was calculated
using the formula (Length × Width2)/2. The integrated
optical density of green fluorescence intensity was captured
and analyzed using Image Pro-plus software [33, 34].

2.6. Statistical Analysis. The Statistical Package of Social
Sciences software (SPSS, Inc., Chicago, IL) was used for
statistical analysis. An independent Student’s t-test was
used to compare the continuous variables between groups.
The Kaplan-Meier procedure was used to calculate survival
probability estimates. A log-rank test was used to compare
the cumulative survival durations in different patient groups.
The statistical significance level was set at 0.05 for all tests.

3. Results

3.1. HNSCC-Derived ALDH1-Positive Cells Displayed
Tumorigenic and Stemness Properties. Initially, parental,
isolated ALDH1+, and ALDH1− cells were isolated
from tissue samples of six HNSCC patients using the
Aldefluor assay and the fluorescence-activated cell sorting
(FACS) analysis (Figure 1(a) and Table 1) [13, 35]. It
has been reported that cancer stem-like cells can be
cultured in suspension to generate floating spheroid-
like bodies (SB) under serum-free medium with bFGF
and EGF [36]. Interestingly, ALDH1+ increased higher
tumor spheres-forming capability than that of ALDH1−

(Figure 1(b)). Furthermore, ALDH1+-derived spheres
with regular 10% serum cultivation increased epithelial-
attached cells and differentiation marker (CK18)(See Figure
1(a) in supplementary material available online at doi:
10.1155/2011/609259). To evaluate the enhancement of
tumorigenicity of HNSCC-ALDH1+ cells, soft agar colony
formation assays and Matrigel/Transwell-invasion and were
examined. Compared with parental and ALDH1−, ALDH1+

derived from HNSCC Patients no. 1 and no. 2 showed
colony-forming ability and higher invasion activity (Figures
1(c) and 1(d)). To evaluate the in vivo tumor initiating
capability of ALDH1+ and ALDH1−, we injected 1000,
3000, and 104 cells into the neck of SCID mice. The results
showed that 104 ALDH1− did not induce tumor formation
but 3,000 ALDH1+ from the HNSCC tissues of six patients
in xenotransplanted mice all resulted in the generation
of visible tumors 6 weeks after injection (Table 1). The
results of xenotransplanted analysis further showed that
ALDH1+ demonstrated higher abilities to induce tumor
growth (Figure 1(e)). Lastly, serial xenotransplanted analysis
suggested that ALDH1+ had in vivo self-renewal ability
(Supplementary Figure 1(b)). Based on these findings,
the ALDH1+-lineage cells isolated from HNSCC patients
presented the significant tumor-initiating abilities, especially
in ALDH1+ cells from patients no. 1 and no. 2. Real-time RT-
PCR data demonstrated that the stemness and EMT-related
genes (especially in Bmi-1 and Snail) were significantly
activated in HNSCC ALDH1+ (Table 2 and data not
shown).

3.2. Knockdown of Bmi-1 in HNSCC-ALDH1+ Cells Down-
Regulates Snail and Lessens in vitro Tumorigenicity. To
further investigate the role of Bmi-1 in maintaining the
biological properties of HNSCC-ALDH1+, we used a
loss-of-function approach, in which Bmi-1 was knocked
down by small hairpin RNA (shRNA) in HNSCC-ALDH1+

cells. Stable knockdown of Bmi-1 in HNSCC-ALDH1+

cells was achieved by transduction with lentivirus that
expressed shRNA targeting Bmi-1 (sh-Bmi-1). Lentivirus
that expressed shRNA targeted against luciferase (sh-Luc.)
was used as a control. Western blot analysis confirmed that
shBmi-1 repressed Bmi-1 protein expression in HNSCC-
ALDH1+ cells (Figure 2(a)). Importantly, silencing Bmi-1
expression led to downregulation of Snail and ALDH1
expression (Figure 2(a)). Additionally, our results showed
that silencing of Bmi-1 in HNSCC-ALDH1+ cells inhibited
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Figure 1: Isolation and Characterization of HNSCC-derived ALDH1-positive Cells. (a) Analyzing and sorting ALDH1+-positive and
ALDH1−-negative from HNSCC tissues via FACScan. DEAB, an inhibitor of ALDH1, was used for negative control. (b) Evaluation of sphere
body formation in the parental cells, ALDH1− cells, and ALDH1+cells. Sphere bodies were counted after 1 week. The numbers of resultant
colonies (c) and invasion cells (d) from parental cells, ALDH1+ cells, and ALDH1−cells were counted in vitro. (e) Macroscopic features of
cells in a nude mouse at 6 weeks after xenotransplantation. Blue arrow indicates the site of injection of ALDH1−cells. Red arrow indicates
the site of injection of ALDH1+cells. Yellow arrow indicates the site of injection of ALDH1+cells. ∗P < .05. Data shown here are the mean ±
SD of three experiments.

the ability of the cells to form colonies on soft agar
(Figure 2(b)) and migrate/invade (Figure 2(c)).

3.3. Overexpression of Bmi-1 in HNSCC-ALDH1− Cells
Enhances Tumorigenic Properties by Upregulating Snail. To
evaluate whether overexpression of Bmi-1 could enhance the
tumorigenic properties of HNSCC-ALDH1− cells, we gen-
erated stable Bmi-1-overexpressing (Bmi-1Over) HNSCCs
using lentiviral transduction (Figure 2(d)). Total proteins
from HNSCC-ALDH1− overexpressing Bmi-1 exhibited
elevated expression of Snail and ALDH1 (Figure 2(d)). In
addition, overexpression of Bmi-1 significantly increased soft
agar colony formation (Figure 2(e)), and migration/invasion
of HNSCC-ALDH− cells (Figure 2(f)). Taken together, our

results suggest that Bmi-1 modulates the in vitro tumorigenic
properties in HNSCC-ALDH1+ or ALDH1− cells by regulat-
ing Snail.

3.4. Overexpression of Bmi-1 in HNSCC-ALDH1− Cells Pro-
motes Stemness Properties. To explore molecules governing
stemness and tumorigenicity in HNSCC-CD44−ALDH1−

cells treated with Bmi1-overexpressing lentivirus, we exam-
ined their transcriptome profile using gene expression
microarray analysis (Figure 3(a)). Principle component anal-
ysis (PCA) further showed that the transcriptome profile of
HNSCC-ALDH1− cells overexpressing Bmi-1 demonstrated
higher expression levels of embryonic stem cells (ESCs)
transcriptomes (Table 3 and Figure 3(b)). Multidimensional
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Figure 2: Overexpression of Bmi-1 in HNSCC-ALDH1− cells or knockdown of Bmi-1 in HNSCC-ALDH+ cells modulates Snail expression
and tumorigenicity in vitro. (a) Down-regulation of Bmi-1 mediated by lentiviral shRNA and expression of Snail and ALDH1 in HNSCC-
ALDH1+ cells was analyzed by western blot. Colony formation (b) and migration/invasion ability (c) of shLuc.-expressing and shBmi-1-
expressing HNSCC-ALDH1+cells was determined. (d) Total protein was prepared from control GFP–expressing andBmi-1-overexpressing
HNSCC-ALDH1− cells and analyzed by immunoblotting with anti-Bmi-1, anti-Snail, anti-ALDH1, or anti-GAPDH antibodies as indicated.
The amount of GAPDH protein from each crude cell extract was used as loading control. Colony formation (e) and migration/invasion
ability (f) of Bmi-1-overexpressing and control-GFP-expressing HNSCC-ALDH1− were analyzed. ∗P < .05. Data shown here are the mean
± SD of three experiments.

scaling analysis further demonstrated that HNSCC-ALDH1+

cells and HNSCC-ALDH1− cells overexpressing Bmi-1 are
more similar to ESCs than HNSCC-ALDH1− cells ( ∗P < .05;
Figure 3(c)). To validate the microarray analysis results, real-
time PCR was performed to confirm that the mRNA expres-
sion levels of the embryonic genes (Oct-4, Nanog, Sox2,
KLF4, and Lin28), EMT-related genes (Snail and Slug), and
drug-resistant-related genes (MDR-1 and ABCG2) in Bmi-1-
overexpressing ALDH1− cells were significantly higher than
those in ALDH1− cells ( ∗P < .05; Table 2 and Figure 3(d)).

3.5. Elevation of In Vivo Tumor Growth, Metastatic Activity,
and Radioresistance in HNSCC-ALDH1− Cells by Overex-
pression of Bmi-1. We next sought to determine if Bmi-
1 expression could modulate the in vivo tumor initiating

activity in immunocompromised nude mice. To monitor
the in vivo growth of ALDH1+, ALDH1−, and Bmi-1-
overexpressing ALDH1− cells, these cells were transfected
using a lentivector combined with the green fluorescent
protein gene (GFP) and followed by in vivo GFP imaging
system. Firstly, the results showed that 1 × 104ALDH1−

cells did not induce tumor formation in nude mice, but
1000 ALDH1+ cells generated visible tumors 6 weeks after
injection (Table 1). In contrast to ALDH1− cells, one of three
(33.3%) nude mice was detected with the tumor formation
after 6-week transplantation of 3000 Bmi-1-overexpressing
ALDH1− cells. Furthermore, tumor volumes in HNSCC-
ALDH1+ transplanted mice were significantly decreased
when mice were treated with sh-Bmi-1 (Table 1; Figure 4(a)).
Overexpression of Bmi-1 enhanced in vivo tumor growth
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Figure 3: Stemness properties were enhanced in HNSCC-ALDH1− cells when Bmi-1 was overexpressed. (a) Gene expression microarray
analysis (Gene tree) for altered genes differentially expressed in Bmi-1-overexpressing HNSCC-ALDH1− cells compared to HNSCC-
ALDH1− cells by a hierarchy heat map. The time dependent changes of altered genes are presented on a log scale of expression values
provided by GeneSpring GX software. (b) Principle component analysis (PCA) demonstrated that overexpression of Bmi-1 in HNSCC-
ALDH1− cells could enhance the gene signature of embryonic stem cells (ESCs) in HNSCC-ALDH1− cells. (c) Multidimensional scaling
analysis. Average lineage transcriptome distances between HNSCC-ALDH1+, HNSCC-ALDH1−, HNSCC-ALDH1+/sh-Bmi-1, and HNSCC-
ALDH1−/Bmi1over cells. ∗P < .05. (d) Transcripts of Oct-4, Nanog, Sox2, KLF4, Lin28, Snail, Slug, MDR-1, and ABCG2 in HNSCC-ALDH1−

and HNSCC-ALDH1−/Bmi-1over cells (∗P < .05: ALDH1− versus Bmi-1-overexpressing ALDH1−).

in HNSCC-ALDH1− (Table 1; Figure 4(a)). Furthermore,
we investigated the role of Bmi-1 in the radio sensitivity
of HNSCC-ALDH1− and HNSCC-ALDH1+ treated with
sh-Bmi-1 and Bmi-1 overexpressing. An ionizing radiation
(IR) dose of 0 to 10 Gy was applied to these cells, and

HNSCC-ALDH1+ cells showed greater radioresistance than
the ALDH1− cells (P < .05; Figure 4(b)). Knockdown
of BMI-1 in ALDH1+ cells results in significant inhibi-
tion of radioresistance while overexpression of BMI-1 in
ALDH- cells promotes radioresistant properties (P < .05;
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Figure 4: Determination of the role of Bmi-1 on in vivo tumor growth and radioresistance in HNSCC-ALDH1+cells. (a) Tumor volume
was measured after injection of either HNSCC-ALDH1+, sh-Bmi-1 treated HNSCC-ALDH1+, HNSCC-ALDH1−, or Bmi-1-overexpressing
HNSCC- ALDH1− cells into the neck of SCID mice. Error bars correspond to SD. (b) To determine the radiation effect on the cell survival
rate, an ionizing radiation (IR) dose from 0 to 10Gy was used to treated with ALDH1+/vector, ALDH1+/sh-Bmi-1, ALDH1− /vector, or
Bmi-1-overexpressing HNSCC- ALDH1− HNSCC cells.

Figure 4(b)). Moreover, to confirm that Bmi-1 is crucial
for metastasis in vivo, mice were injected with different
numbers of ALDH1+, ALDH1+/sh-Bmi-1, ALDH1−/Bmi-
1over or control GFP-expressing ALDH1− cells. 5x105 Bmi-
1-overexpressing ALDH1− cells significantly increased local
invasion, distant metastasis to the lungs and tumor size com-
pared with control ALDH1− cells (Figures 5(a) and 5(b)).
In addition, silencing Bmi-1 in ALDH1+ cells effectively
reduced the number of lung metastases and tumor size in
vivo (Figures 5(a) and 5(b)). Taken together, our results
reveal a crucial role for Bmi-1 signaling in the maintenance
of in vivo tumorigenicity and metastasis of HNSCC-ALDH1+

and -ALDH1− cells.

3.6. Coexpression of Bmi-1, Snail, and ALDH1 in HNSCC
Tissues Correlates with Poor Overall Survival Rate of HNSCC
Patients. Elevated Snail protein expression in HNSCC is
correlated with the development of metastasis and poor
survival [37]. Elevated expression of ALDH1 also correlates
with poor prognosis for HNSCC patients [13]. To investigate
whether there is a positive correlation between Bmi-1, Snail,
and ALDH1 in head and neck cancers, we studied the
expression of Bmi-1, Snail, and ALDH1 by immunohisto-
chemical (IHC) staining of a panel of specimens array from
93 HNSCC patients. The IHC results showed that elevated
expression of Bmi-1, Snail, and ALDH1 was positively
associated with high-grade, poorly differentiated HNSCC
(Figure 6(a)). Our results also showed a significant positive

correlation between ALDH-1, Bmi-1 (Figure 6(b)); ALDH-
1 and Snail (Figure 6(c)); Bmi-1 and Snail (Figure 6(d)) in
HNSCC tissues. This is consistent with previous studies that
reported that HNSCC-ALDH1+ cells have elevated Bmi-1
and Snail expression [13, 38]. To determine the prognostic
significance of Bmi-1, Snail, and ALDH1 coexpression in
patients with HNSCC, Kaplan-Meier survival analysis was
performed. Patients who were triple positive for Bmi-1,
Snail, and ALDH1 were predicted to have the worst survival
rate compared with other head and neck cancer patients
(Figure 6(e); Bmi-1+/Snail+/ALDH1+ versus other groups).
Overall, these data indicate that expression of Bmi-1, Snail,
and ALDH1 in HNSCC patients could be a critical factor in
predicting disease progression and clinical outcomes.

4. Discussion

A recent study demonstrated that Bmi-1 mRNA and protein
overexpressed in a subpopulation of tumor initiating cells
in CD44+ HNSCC, which possessed self-renewal and tumor
formation ability [39]. Zhang et al. also reported that there
are side populations of oral squamous cell carcinomas that
express high levels of ABCG2, ABCB1, CD44, Oct-4, Bmi-
1, NSPc1, and CK19 [28]. Our previous work showed that
HNSCC-ALDH1+ cells have high levels of Bmi-1. The ability
to self-renew and radiochemoresistance were significantly
suppressed in Bmi-1-silenced HNSCC-ALDH1+ cells [38].
Using microarray, western-blotting, and immunofluorescent
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Table 3: The expression profiling of up-regulated genes in ALDH1−/Bmi1-overexpressed as compared to ALDH1− HNSCC.

Probe set ID Gene symbol Gene title

217757 at A2M alpha-2-macroglobulin

209459 s at ABAT 4-aminobutyrate aminotransferase

213353 at ABCA5 ATP-binding cassette, sub-family A (ABC1), member 5

209993 at ABCB1(MDR1) ATP-binding cassette, sub-family B (MDR/TAP), member 1

214033 at ABCC6 ATP-binding cassette, sub-family C (CFTR/MRP), member 6

210246 s at ABCC8 ATP-binding cassette, sub-family C (CFTR/MRP), member 8

204567 s at ABCG1 ATP-binding cassette, sub-family G (WHITE), member 1

209735 at ABCG2 ATP-binding cassette, sub-family G (WHITE), member 2

204151 x at AKR1C1 aldo-keto reductase family 1, member C1 (dihydrodiol dehydrogenase 1;
20-alpha (3-alpha)-hydroxysteroid dehydrogenase)

209699 x at AKR1C2 aldo-keto reductase family 1, member C2 (dihydrodiol dehydrogenase 2; bile
acid binding protein; 3-alpha hydroxysteroid dehydrogenase, type III)

212224 at ALDH1A1 aldehyde dehydrogenase 1 family, member A1

204446 s at ALOX5 arachidonate 5-lipoxygenase

205216 s at APOH apolipoprotein H (beta-2-glycoprotein I)

39248 at AQP3 aquaporin 3 (Gill blood group)

218501 at ARHGEF3 Rho guanine nucleotide exchange factor (GEF) 3

219087 at ASPN Aspirin

201242 s at ATP1B1 ATPase, Na+/K+ transporting, beta 1 polypeptide

200921 s at BTG1 B-cell translocation gene 1, anti-proliferative

228067 at C2orf55 chromosome 2 open reading frame 55

206488 s at CD36 CD36 molecule (thrombospondin receptor)

208783 s at CD46 CD46 molecule, complement regulatory protein

1553970 s at CEL carboxyl ester lipase (bile salt-stimulated lipase)

203854 at CFI complement factor I

205043 at CFTR cystic fibrosis transmembrane conductance regulator (ATP-binding cassette
sub-family C, member 7)

204260 at CHGB chromogranin B (secretogranin 1)

221188 s at CIDEB cell death-inducing DFFA-like effector b

203953 s at CLDN3 claudin 3

221042 s at CLMN calmin (calponin-like, transmembrane)

1567081 x at CLN6 ceroid-lipofuscinosis, neuronal 6, late infantile, variant

208791 at CLU Clusterin

229831 at CNTN3 contactin 3 (plasmacytoma associated)

205615 at CPA1 carboxypeptidase A1 (pancreatic)

206212 at CPA2 carboxypeptidase A2 (pancreatic)

205509 at CPB1 carboxypeptidase B1 (tissue)

201117 s at CPE carboxypeptidase E

224829 at CPEB4 cytoplasmic polyadenylation element binding protein 4

204920 at CPS1 carbamoyl-phosphate synthetase 1, mitochondrial

201990 s at CREBL2 cAMP responsive element binding protein-like 2

205971 s at CTRB1 /// CTRB2 chymotrypsinogen B1 /// chymotrypsinogen B2

214411 x at CTRB2 chymotrypsinogen B2

209774 x at CXCL2 chemokine (C-X-C motif) ligand 2

205765 at CYP3A5 cytochrome P450, family 3, subfamily A, polypeptide 5

228391 at CYP4V2 cytochrome P450, family 4, subfamily V, polypeptide 2

228739 at CYS1 cystin 1

222925 at DCDC2 doublecortin domain containing 2



10 Journal of Oncology

Table 3: Continued.

Probe set ID Gene symbol Gene title

205311 at DDC dopa decarboxylase (aromatic L-amino acid decarboxylase)

210397 at DEFB1 defensin, beta 1

221081 s at DENND2D DENN/MADD domain containing 2D

214787 at DENND4A DENN/MADD domain containing 4A

205684 s at DENND4C DENN/MADD domain containing 4C

214079 at DHRS2 dehydrogenase/reductase (SDR family) member 2

222850 s at DNAJB14 DnaJ (Hsp40) homolog, subfamily B, member 14

225415 at DTX3L deltex 3-like (Drosophila)

225645 at EHF Ets homologous factor

210080 x at ELA3A elastase 3A, pancreatic

201510 at ELF3 E74-like factor 3 (ets domain transcription factor, epithelial-specific)

206191 at ENTPD3 ectonucleoside triphosphate diphosphohydrolase 3

220012 at ERO1LB ERO1-like beta (S. cerevisiae)

210103 s at FOXA2 forkhead box A2

235201 at FOXP2 forkhead box P2

226847 at FST Follistatin

205674 x at FXYD2 FXYD domain containing ion transport regulator 2

205890 s at GABBR1 /// UBD gamma-aminobutyric acid (GABA) B receptor, 1 /// ubiquitin D

205848 at GAS2 growth arrest-specific 2

216733 s at GATM glycine amidinotransferase (L-arginine:glycine amidinotransferase)

204965 at GC group-specific component (vitamin D binding protein)

219508 at GCNT3 glucosaminyl (N-acetyl) transferase 3, mucin type

225853 at GNPNAT1 glucosamine-phosphate N-acetyltransferase 1

212950 at GPR116 G protein-coupled receptor 116

212070 at GPR56 G protein-coupled receptor 56

203924 at GSTA1 glutathione S-transferase A1

221942 s at GUCY1A3 guanylate cyclase 1, soluble, alpha 3

228697 at HINT3 histidine triad nucleotide binding protein 3

209558 s at HIP1R huntingtin interacting protein 1 related

207062 at IAPP islet amyloid polypeptide

213620 s at ICAM2 intercellular adhesion molecule 2

203828 s at IL32 interleukin 32

205945 at IL6R interleukin 6 receptor

206598 at INS Insulin

226535 at ITGB6 integrin, beta 6

226189 at ITGB8 integrin, beta 8

210078 s at KCNAB1 potassium voltage-gated channel, shaker-related subfamily, beta member 1

219564 at KCNJ16 potassium inwardly-rectifying channel, subfamily J, member 16

205303 at KCNJ8 potassium inwardly-rectifying channel, subfamily J, member 8

212531 at LCN2 lipocalin 2

235970 at LCORL ligand dependent nuclear receptor corepressor-like

1554006 a at LLGL2 lethal giant larvae homolog 2 (Drosophila)

225996 at LONRF2 LON peptidase N-terminal domain and ring finger 2

242931 at LONRF3 LON peptidase N-terminal domain and ring finger 3

226748 at LYSMD2 LysM, putative peptidoglycan-binding, domain containing 2
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Table 3: Continued.

Probe set ID Gene symbol Gene title

213975 s at LYZ lysozyme (renal amyloidosis)

222670 s at MAFB v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian)

223577 x at MALAT1 metastasis associated lung adenocarcinoma transcript 1 (non-protein coding)

220945 x at MANSC1 MANSC domain containing 1

204388 s at MAOA monoamine oxidase A

235077 at MEG3 maternally expressed 3

229254 at MFSD4 major facilitator superfamily domain containing 4

219797 at MGAT4A mannosyl (alpha-1,3-)-glycoprotein beta-1,4-N-acetylglucosaminyltransferase,
isozyme A

204259 at MMP7 matrix metallopeptidase 7 (matrilysin, uterine)

227747 at MPZL3 myelin protein zero-like 3

204438 at MRC1 /// MRC1L1 mannose receptor, C type 1 /// mannose receptor, C type 1-like 1

203037 s at MTSS1 metastasis suppressor 1

212093 s at MTUS1 mitochondrial tumor suppressor 1

213693 s at MUC1 mucin 1, cell surface associated

213375 s at N4BP2L1 NEDD4 binding protein 2-like 1

220184 at NANOG Nanog homeobox

209107 x at NCOA1 nuclear receptor coactivator 1

1556057 s at NEUROD1 neurogenic differentiation 1

206915 at NKX2-2 NK2 homeobox 2

225911 at NPNT Nephronectin

205259 at NR3C2 nuclear receptor subfamily 3, group C, member 2

212768 s at OLFM4 olfactomedin 4

203845 at PCAF p300/CBP-associated factor

240317 at PCDHB4 protocadherin beta 4

212593 s at PDCD4 programmed cell death 4 (neoplastic transformation inhibitor)

213228 at PDE8B phosphodiesterase 8B

225207 at PDK4 pyruvate dehydrogenase kinase, isozyme 4

205380 at PDZK1 PDZ domain containing 1

1553589 a at PDZK1IP1 PDZK1 interacting protein 1

226459 at PIK3AP1 phosphoinositide-3-kinase adaptor protein 1

220954 s at PILRB paired immunoglobulin-like type 2 receptor beta

219584 at PLA1A phospholipase A1 member A

206311 s at PLA2G1B phospholipase A2, group IB (pancreas)

221529 s at PLVAP plasmalemma vesicle associated protein

205912 at PNLIP pancreatic lipase

211766 s at PNLIPRP2 pancreatic lipase-related protein 2

208286 x at POU5F1(Oct4) POU class 5 homeobox 1 /// POU class 5 homeobox 1B /// POU class 5
homeobox 1 pseudogene 3 /// POU class 5 homeobox 1 pseudogene 4

228469 at PPID Peptidylprolyl isomerase D (cyclophilin D)

210670 at PPY pancreatic polypeptide

242482 at PRKAR1A protein kinase, cAMP-dependent, regulatory, type I, alpha (tissue specific
extinguisher 1)

227629 at PRLR Prolactin receptor

228656 at PROX1 prospero homeobox 1

205869 at PRSS1 protease, serine, 1 (trypsin 1)

205402 x at PRSS2 protease, serine, 2 (trypsin 2)
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Table 3: Continued.

Probe set ID Gene symbol Gene title

213421 x at PRSS3 protease, serine, 3

203317 at PSD4 pleckstrin and Sec7 domain containing 4

203029 s at PTPRN2 protein tyrosine phosphatase, receptor type, N polypeptide 2

219562 at RAB26 RAB26, member RAS oncogene family

226436 at RASSF4 Ras association (RalGDS/AF-6) domain family member 4

223322 at RASSF5 Ras association (RalGDS/AF-6) domain family member 5

235638 at RASSF6 Ras association (RalGDS/AF-6) domain family member 6

204364 s at REEP1 receptor accessory protein 1

209752 at REG1A regenerating islet-derived 1 alpha (pancreatic stone protein, pancreatic thread
protein)

205886 at REG1B regenerating islet-derived 1 beta (pancreatic stone protein, pancreatic thread
protein)

205815 at REG3A regenerating islet-derived 3 alpha

1554003 at RGNEF Rho-guanine nucleotide exchange factor

219263 at RNF128 ring finger protein 128

221614 s at RPH3AL rabphilin 3A-like (without C2 domains)

213939 s at RUFY3 RUN and FYVE domain containing 3

210592 s at SAT1 spermidine/spermine N1-acetyltransferase 1

203408 s at SATB1 SATB homeobox 1

204035 at SCG2 secretogranin II (chromogranin C)

205697 at SCGN secretagogin, EF-hand calcium binding protein

229620 at SEPP1 Selenoprotein P, plasma, 1

202833 s at SERPINA1 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin),
member 1

202376 at SERPINA3 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin),
member 3

209443 at SERPINA5 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin),
member 5

213572 s at SERPINB1 serpin peptidase inhibitor, clade B (ovalbumin), member 1

227627 at SGK3 serum/glucocorticoid regulated kinase family, member 3

219256 s at SH3TC1 SH3 domain and tetratricopeptide repeats 1

204019 s at SH3YL1 SH3 domain containing, Ysc84-like 1 (S. cerevisiae)

213464 at SHC2 SHC (Src homology 2 domain containing) transforming protein 2

205799 s at SLC3A1 solute carrier family 3 (cystine, dibasic and neutral amino acid transporters,
activator of cystine, dibasic and neutral amino acid transport), member 1

223044 at SLC40A1 solute carrier family 40 (iron-regulated transporter), member 1

228221 at SLC44A3 solute carrier family 44, member 3

213139 at SNAI2(Slug) snail homolog 2 (Drosophila)

1560228 at SNAI3(Snail) snail homolog 3 (Drosophila)

213721 at SOX2 SRY (sex determining region Y)-box 2

200795 at SPARCL1 SPARC-like 1 (mast9, hevin)

206239 s at SPINK1 serine peptidase inhibitor, Kazal type 1

213921 at SST somatostatin

216905 s at ST14 suppression of tumorigenicity 14 (colon carcinoma)

230285 at SVIP small VCP/p97-interacting protein

227134 at SYTL1 synaptotagmin-like 1

202286 s at TACSTD2 tumor-associated calcium signal transducer 2

205513 at TCN1 transcobalamin I (vitamin B12 binding protein, R binder family)

203887 s at THBD thrombomodulin

209937 at TM4SF4 transmembrane 4 L six family member 4

226403 at TMC4 transmembrane channel-like 4
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Table 3: Continued.

Probe set ID Gene symbol Gene title

223503 at TMEM163 transmembrane protein 163

218345 at TMEM176A transmembrane protein 176A

220532 s at TMEM176B transmembrane protein 176B

200847 s at TMEM66 transmembrane protein 66

202687 s at TNFSF10 tumor necrosis factor (ligand) superfamily, member 10

203824 at TSPAN8 tetraspanin 8

229169 at TTC18 tetratricopeptide repeat domain 18

209660 at TTR transthyretin (prealbumin, amyloidosis type I)

231008 at UNC5CL Unc-5 homolog C (C. elegans)-like

226344 at ZMAT1 zinc finger, matrin type 1

206059 at ZNF91 zinc finger protein 91
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Figure 5: Elimination of metastatic activity in HNSCC-ALDH1+cells treated with shBmi-1. (a) Summary of the in vivo metastasis ability
of different numbers of HNSCC-ALDH1+, sh-Bmi-1 treated HNSCC-ALDH1+, HNSCC- ALDH1−, or Bmi-1-overexpressing HNSCC-
ALDH1− cells examined by xenotransplantation analysis. (b) The average numbers of metastatic foci (left panel) and total weight (right panel)
in the lungs of mice treated with either HNSCC-ALDH1+, sh-Bmi-1 treated HNSCC-ALDH1+, HNSCC- ALDH1−, or Bmi-1-overexpressing
HNSCC-ALDH1−cells are shown. (∗P < .05: ALDH1− versus Bmi-1-overexpressing ALDH1−; #P < .05: ALDH1+ versus shBmi-1 treated
HNSCC-ALDH1+).

assays, Chen et al. confirmed that ALDH1+-lineage cells
underwent epithelial-mesenchymal transition (EMT) and
endogenously co-expressed Snail [13]. In the current study,
our data demonstrated that HNSCC-ALDH1+ cells had high
levels of Bmi-1, at both the mRNA and protein levels (Fig-
ure 2). Using a lentiviral vector expressing shRNA targeting

Bmi-1, we observed that the level of ALDH1 expression and
tumorigenic properties of HNSCC-ALDH1+ could be down-
regulated by knockdown of Bmi-1 (Figure 2). Importantly,
overexpression of Bmi-1 could turn HNSCC-ALDH1− into
cancer stem cell-like HNSCC-ALDH1+ cells (Figure 3).
Consistent with these findings, the immunohistochemical
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Figure 6: Coexpression of Bmi-1, Snail, and ALDH1 in HNSCC patient specimen and prediction of survival of the HNSCC patients. (a)
Representative pictures of triple positive (upper panel) and triple negative (lower panel) HNSCC cases. Coexpression of Bmi-1 and ALDH1
(b), Bmi-1 and Snail (c) or Snail and Bmi-1 (d) of 93 HNSCC patient samples were examined immunohistochemically. (e) Kaplan-Meier
analysis of overall survival of HNSCC patients according to expression of ALDH1 (+) Bmi-1 (+) Snail (+), ALDH1 (+) Bmi-1 (+) Snail (−),
ALDH1 (−) Bmi-1 (+) Snail (+) or ALDH1 (−) Bmi-1 (−) Snail (−). (∗, P < .05; ∗∗, P < .01; ∗∗∗, P < .001).

survey of 93 HNSCC patient tissues showed a positive cor-
relation between expression of Bmi-1, Snail, or ALDH1 and
tumor stage (Figure 6). Similar results were noted in other
malignancies [40]. Kaplan-Meier analysis demonstrated that
patients expressing Bmi-1, Snail, and ALDH1 were predicted
to have the worst survival prognosis of HNSCC patients
(Figure 6(e)). However, a recent study showed a significant
correlation between negative Bmi-1 protein expression and
the recurrence of tongue cancer. Their results showed Snail
and c-myc expression did not correlate with prognosis
[41]. The divergence from our results may be due to

the different pathophysiology of HNSCC. Most HNSCC
patients in Taiwan consume alcohol, chew betel quid and
smoke cigarettes. Tongue cancer patients, especially female
tongue cancer patients, usually do not have these habits [3].
The close relationship between tongue cancer and human
papillomavirus has been explored by many researchers [42–
45]. The correlation between cancer stem cells and the virus
infection remains to be discovered.

The prognosis of HNSCC patients with distant metas-
tases in the lung, liver, and bone is very poor [3, 46]. In this
study, we found that Bmi-1 can regulate Snail and ALDH1;
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change the EMT-related genotypes of the ALDH1− cells;
and modulate distant lung metastases (Figure 5). Distant
metastases have been reported to be associated with Bmi-1
expression in breast cancer [47–49], melanoma [50], gastric
cancer [51], and colon cancer [30]. Microarray analysis
revealed that eleven gene signatures, which were correlated
to the Bmi-1-driven pathway, were closely related to distant
lung metastases [40]. Bmi-1 is the target gene of SALL4 in
human hematopoietic as well as leukemic cells and is down-
regulated if SALL4 is knocked down by the siRNA in the HL-
60 leukemia cell line [52, 53]. Recently, researchers employed
microRNA profiling to gain insight into the role of Bmi-1 in
regulating EMT. Overexpression of miR-200c decreased Bmi-
1 expression in breast cancer stem cells (BCSCs) and inhib-
ited the formation of mammary ducts as well as tumors by
normal mammary stem cells and BCSCs [54]. Bhattacharya
et al. found that miR-15a and miR-16 directly targeted the
Bmi-1 3′ untranslated region and correlated with Bmi-1
protein levels in ovarian cancer patients and cell lines [55].
Further research effort is needed in this area. Together, our
research shows that the Bmi-1 signaling pathways play a
major role in the maintenance of stemness and the metastatic
ability of HNSCC-CSC by regulating of Snail expression.
Additionally, we demonstrate coexpression of Bmi-1, Snail,
and ALDH1 in HNSCC patients was positively correlated
with tumor grade and the worst prognosis.
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Some of the most potent inflammatory mediators share a lipid origin. They regulate a wide spectrum of cellular processes including
cell proliferation and apoptosis. However, the precise roles and ways (if any) in which these compounds impact the growth
and apoptosis of leukemic blasts remain incompletely resolved. In spite of this, significant advances have been recently made.
Here we briefly review the current knowledge about the production of lipid mediators (prostaglandins, leukotrienes, platelet-
activating factor) by leukemic blasts, the enzymatic activities (phospholipase A2, cyclooxygenases, lipoxygenases) involved in their
productions and their effects (through specific membrane bound receptors) on the growth, and apoptosis of leukemic blasts.

1. Introduction

Some of the most potent inflammatory mediators share a
lipid origin. The action of phospholipase A2 (PLA2) on
membrane phospholipids produces free fatty acids such as
arachidonic acid (AA) and the phospholipid backbone. To
the former belongs eicosanoids (such as prostaglandins,
prostacyclin, thromboxane, and leukotrienes) through the
cyclooxygenase (COX) and lipoxygenase (LOX) pathways;
and to the latter, platelet-activating factor (PAF) (Figure 1)
[1, 2]. While countless studies have highlighted the actions of
eicosanoids and PAF on normal human mature myeloid and
lymphoid cells (from hematopoietic progenitors to mature
blood cells), their effects on leukemic blasts are poorly
documented, and furthermore, their putative involvements
during leukemic diseases remain almost speculative. This
paper focuses on new results about lipid mediators and
human leukemic blast cells from acute myeloid (AML) and
acute lymphoid (ALL) patients. The vast majority of results
reported previously have been obtained with AML blasts
without maturation according to the classification system of
the World Health Organization, thus corresponding to the
past AML M0−2 nomenclature.

2. PLA2, PLA2 Receptors, and Human
Leukemic Blasts

PLA2 catalyzes the hydrolysis of the sn-2 position of
membrane glycerophospholipids to liberate the eicosanoid
precursor AA (Figure 1) [3, 4]. Three distinct families
are documented: low molecular weight soluble forms of
PLA2 (sPLA2); Ca2+-dependent high molecular weight PLA2

(cytoplasmic PLA2, cPLA2); cytoplasmic Ca2+-independent
high molecular weight PLA2 (iPLA2). In addition, the sPLA2

family is implicated in several biological processes such as
inflammation and host defence [3, 4]. Nine isoenzymes have
been identified. The cPLA2 family consists of four members,
with cPLA2-IVA being the central regulator of the stimulus-
coupled cellular AA release [3, 4]. The iPLA2 (PLA2-VI) plays
a major role in phospholipid remodelling. Freshly isolated
leukemic blasts from AML and ALL patients express mRNA
from four out of five cPLA2 (PLA2-IVA, PLA2-IVB, PLA2-
IVC, and PLA2-VI) and six out of nine sPLA2 (PLA2-IB,
PLA2-IIA, PLA2-IID, PLA2-V, PLA2-X, and PLA2-XII) and
that transcript levels exhibit wide variations as compared
to control blood mononuclear cells [5]. One of the most
notable findings is that AML and ALL blasts express high
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amounts of PLA2-VI and PLA2-X. This could be extremely
significant as these two enzymatic activities play a major
role in AA release for the generation of COX- and LOX-
derived lipid mediators. Thus, AML and ALL blasts have
the potential to express multiple isoforms of cPLA2 and
sPLA2 which could be of importance given the role of these
enzymes in inflammation, generation of lipid mediators,
anticoagulant activity, and bacterial infection. Biological
activities of PLA2 are attributed to their enzymatic capacity
to hydrolyze membrane phospholipids. However, in addition
sPLA2 exerts various biological proinflammatory responses
through the binding to the cell surface PLA2 receptor (PLA2-
R) [6]. Of interest is the functional membrane PLA2-R
found on AML and ALL blasts strengthening a role for PLA2

signalling in these cells (Denizot and coll., in preparation).
The concept of anti-inflammation is currently evolving
with the discovery of endogenous inhibitory circuits, such
as the annexin (ANX) system, that are important in the
control of the host inflammatory response [7]. ANX-1
(also termed lipocortin) is a well-known cPLA2inhibitory
protein produced by and acting on several blood cell types
such as monocytes/macrophages and polymorphonuclear
leukocytes. The ANX-1 protein level is markedly elevated in
AML blasts [8], where ANX-1 is not only considered as an
anti-inflammatory and tumor suppressor molecule (through
its inhibiting cPLA2 activity) but also as one of the “eat-me”
signals on apoptotic cells to be recognised and ingested by
phagocytes [8]. It is, thus, tempting to speculate that PLA2-
R and ANX-1 might take an important place in the “yin”
and the “yang” of the inflammatory reaction occurring in
AML blasts. During the past decade, considerable research
has been directed towards the identification of new biological
targets for AML treatment. It is tempting to suggest that
PLA2-R antagonists might be one of them especially with
respect to the emerging roles for PLA2 enzymes in cancer [9].

3. COX and Human Leukemic Blasts

In the COX pathway, AA is converted to PGH2 by COX-1
or COX-2 enzymes. PGH2 is subsequently metabolised to
generate different prostanoids, depending on the enzymes
expressed in the cell [1]. The COX-1 isoform is typically
constitutively expressed unlike the inducible COX-2 one.
The growth-promoting properties of COX-2 in physiological
responses are diverted in malignancies [10]. COX-1 and
COX-2 transcripts are documented in AML and ALL blasts
[11], but only the COX-1 protein is found. Similarly COX-
1, but not the COX-2 protein, is detected in human primary
promyelocytic blasts during differentiation [12]. In fact, the
AML and ALL blasts can express the COX-2 protein in
response to lipopolysaccharide (LPS) but only in the subsets
of patients [13]. The ability of ALL blasts to express COX-
2 is consistent with its presence in stimulated normal B-cells
and in chronic lymphocytic leukaemia (CLL) B-cells [14, 15].
The production of COX-2 in response to LPS by AML blasts
is consistent with data reporting that LPS is a potent inductor
of COX-2 in mature monocytes/macrophages [16] and that
stimulated HL-60 cells (an AML cell line with an M2/3

subtype) express COX-2 [17]. The heterogeneity in the LPS-
stimulated COX-2 expression by AML blasts is not linked
to a different Toll-like receptor (TLR2 or TLR4) expression
[13] and remains an open question that requires further
evaluation.

4. PGE2, EP Receptors, and Human
Leukemic Blasts

Following the action of the COX pathway, PGH2 is sub-
sequently metabolized to generate different prostanoids,
depending on the enzymes expressed in the cell. Prostanoids
include prostacyclin (PGI2), thromboxane A2 (TXA2), and
prostaglandin E2 (PGE2), synthesized by a PGI2 synthase, a
TXA synthase, and a PGE synthase, respectively [1]. Three
PGE synthase isoforms exist: inducible membrane-bound
PGE synthase-1 (mPGES-1), constitutive membrane-bound
PGE synthase-2, and cytosolic PGE synthase. In addition,
the ability of PGE2 to regulate the immune system has
been widely explored [18]. Data reporting the ability of
PGE2 to modulate several functions in mature blood cells
such as monocyte-macrophages, dendritic cells, and T and
B lymphocytes can be readily found. Human AML and
ALL blasts spontaneously release PGE2 [11], with PGE2

synthesis being inhibited by indomethacin. Transcripts for
mPGES-1 are detected in AML and ALL blasts suggesting
its role in PGE2 synthesis (Denizot and coll., unpublished
results). PGE2 effects are well known and are mediated
through interactions with four distinct membrane-bound
G-protein-coupled EP receptors: EP1, EP2, EP3, and EP4

[18]. EP2 and EP4 are coupled to Gs and stimulate cAMP
production which leads to gene regulation. EP3 is coupled to
Gi and inhibit cAMP synthesis. EP1 is coupled to Gq/p, and
ligand binding induces intracellular calcium level variations.
Functional EP2 receptors are present on AML and ALL
blasts [19, 20]. In contrast to EP2 receptors, no functional
EP1, EP3, and EP4 receptors are found [20]. In view of the
potentially important role of PGE2 in processes of cancer
and leukocyte maturation and function, PGE2 effects have
been investigated on blast cell proliferation and apoptosis.
PGE2 enhances the spontaneous and LPS-stimulated growth
of AML blasts without affecting their apoptosis [11]. In
summary, AML and ALL blasts secrete PGE2. A role for PGE2

as a compound contributing to AML cell proliferation (via an
EP2 receptor-mediated pathway) can be hypothesized.

5. TXA2, PGI2, and Human Leukemic Blasts

TXA2 and PGI2 are two other potent COX metabolites.
TXA2 is produced abundantly by platelets upon exposure
to injured blood vessels and thus exhibits potent platelet-
aggregating and vessel-contracting activities. PGI2 is the
major COX-derived product of AA formed in the macrovas-
cular endothelium and is a potent inhibitor of platelet aggre-
gation activity and vessel vasodilatation activity [21]. AML
and ALL blasts express low levels of TX synthase transcripts
compared to normal blood mononuclear cells (Denizot and
coll., unpublished results) and additionally produce very
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Figure 1: Simplified representation of the pathways involved in eicosanoid and platelet-activating factor formation and signal transduction.
Enzymatic activities and receptors are in rectangles and ovals, respectively. PLA2, phospholipase A2; COX, cyclooxygenase; LOX, lipoxyge-
nase; PGH2, prostaglandin H2; PGE2, prostaglandin E2; PGI2, prostacyclin; TXA2, thromboxane A2; HPETE, hydroperoxyeicosatetraenoic
acid; LTB4, leukotriene B4; HETE, hydroxyeicosatetraenoic acid; PAF, platelet-activating factor; PAFR, PAF receptor; EP1−4, subtype 1–4 of
the PGE2 receptor; IP, PGI2 receptor; TXA2R, TXA2 receptor; BLT1−2, subtype 1 and 2 of the LTB4 receptor.

low amounts of TXA2 in response to a calcium ionophore
stimulation [22]. HL-60 cells have also been shown to
release TXA2, but only after induction of differentiation
[23, 24]. PGI synthase transcripts are absent in AML and
ALL blasts, a result similar to that found in control blood
mononuclear cells (Denizot et coll., unpublished results).
In accordance with the absence of PGI transcripts in AML
and ALL blasts, calcium ionophore-stimulated blasts do not
release PGI2 (Denizot et coll., unpublished results). TXA2

and PGI2 act through membrane receptors (namely TXA2R
and IP for TXA2 and PGI2, resp.) [25, 26]. As to whether
AML and ALL blasts release TXA2 and PGI2, they express
levels of transcripts for TXA2R and IP equal or higher
than those found in control blood mononuclear cells [27].
TXA2R and IP receptors belong to the class of Gs-protein-
coupled receptors [25, 26]. Stimulation of leukemic blasts

with U-46619, the TXA2 receptor agonist U-46619, and PGI2

stimulate in a dose-dependant manner cAMP synthesis from
leukemic blasts showing the presence of functional TXA2R
and IP receptors, respectively [27]. However, simulation of
leukemic blast with U-46619 and PGI2 has no effect on
their growth and apoptosis rate. At the present time the
physiological meaning of functional TXA2R and IP receptors
on leukemic blasts remains an open question. In conclusion,
among the various COX-derived metabolites of AA only
PGE2 has, thus, a significant effect on the growth of AML
blast cells [11], and none of them affect their apoptosis rate.

6. LOX and Human Leukemic Blasts

The LOX pathway involves the conversion of AA to 5-,
12-, or 15-hydroperoxyeicosatetraenoic acids (HPETE) by
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5-, 12-, or 15-LOX, respectively, HPETEs being rapidly
metabolized to 5-, 12, or 15-hydroxyeicosatetraenoic acids
(HETE). 5-HPETE could be dehydrated into leukotriene
A4 (LTA4), which was enzymatically hydrolyzed to LTB4

(Figure 1) [1]. The ability of LTB4, 12-HETE, and 15-
HETE to regulate important functions of the immune
system has been widely explored. These compounds activate
various blood cell types and stimulate their proinflammatory
cytokine productions [28–30], indicating an ability of LTB4,
12-HETE, and 15-HETE to augment and prolong tissue
inflammation. Leukemic blasts express 5-LOX, 12-LOX, and
15-LOX transcripts, their expression being in general lower
than in blood mononuclear cells from a healthy donor [22,
31, 32]. Leukemic blasts produce in vitro lower amounts
of LTB4 than healthy donors [22, 31, 33]. This reduced
capacity of AML blasts to produce LTB4 is located at the 5-
LOX level. Stimulated leukemic blasts produce 12-HETE but
not 15-HETE [22]. The various LOX-derived metabolites of

AA regulate a wide spectrum of cellular processes including
cell proliferation and apoptosis. 12-HETE and 15-HETE
stimulate the proliferation and differentiation of normal
CD34+ cells [34]. LTB4 induces proliferation and exerts an
antiapoptotic effect on blood CD34+ cells [35]. However,
LTB4, 12-HETE, and 15 HETE have no effect on the growth
and apoptosis rate of AML and ALL blasts in vitro [22].
As to whether receptors for 12-HETE and 15-HETE remain
to be molecularly identified, two G-protein-coupled seven
transmembrane domain receptors for LTB4 were identified:
BLT1 and BLT2 [36]. Amounts of BLT1 transcripts are similar
in AML and ALL blasts as well as control blood mononuclear
cells, while amounts of BLT2 transcripts are markedly higher
[22]. At this time the physiological meaning (if any) of BLT1
and BLT2 transcripts in AML and ALL blasts remains an
open question. A similar question exists for the significance
of LTB4- and 12-HETE-derived leukemic blasts. One might
suggest that these compounds could initiate, augment, and
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prolong tissue inflammation and damages by affecting the
cytokine network, but currently no studies have provided
evidences in support of this.

7. PAF, PAFR, and Human Leukemic Blasts

PAF is a phospholipid mediator that sparks off a wide
range of immunoregulatory activities on blood cells such
as polymorphonuclear neutrophils, eosinophils, monocytes,
macrophages, and lymphocytes [2]. PAF is released in vitro
from several leukemic cell lines of B and T origin [37] as well
as from freshly isolated neoplastic cells of leukemic patients
[38]. However, in spite of experimental evidence reporting
its in vitro release from leukemic cells, no clinical studies
provide evidences to support this view in vivo. In contrast,
decreased levels of PAF are found in the blood of patients
with lymphoid and nonlymphoid hematologic malignancies
[39]. Blood PAF levels are regulated by an acetylhydrolase
activity (AHA, also named PLA2-VIIA) found in serum and
plasma. Plasma AHA is not altered in leukemic patients
[39] suggesting a lowered PAF production by leukemic cells
rather than an increased PAF catabolism. PAF acts through
membrane and nuclear PAF receptors (PAFR) that belong
to the G-protein-coupled family [40, 41]. As to whether
membrane PAFR is found on AML and ALL cells [42,
43], intracellular ones were detected [42]. Studies report
that mature monocytes, macrophages, polymorphonuclear
leukocytes, and B lymphocytes produce cAMP in response
to PAF [44, 45]. This is not the case for AML and ALL
blasts [46]. PAF modulates Ca2+ flux through a Gq-protein-
mediated pathway [47]. The Gq proteins mediate their
effects by activating phospholipase C and thus, generating
second messengers, inositol-1,4,5-triphosphate (IP3) and
diacylglycerol, thereby leading to the activation of protein
kinase C and the mobilisation of intracellular calcium. PAF
stimulates in a receptor-dependent process Ca2+ flux from
AML and ALL blasts showing the presence of functional
PAFR [48] and highlighting that PAFR signals via the Gq
instead of the Gi/Gs protein pathways. Hence, the role of PAF
in leukemic blasts still remains an open question. PAF has no
significant effect on growth and apoptosis rate in these cells
[49] suggesting that PAF is not an important modulator of
blast cell physiology. The lack of PAF effect is linked to low
levels of PAFR in AML and ALL blasts compared to those
found in mature leukocytes [49]. Further, strengthening
this issue, the differentiation of HL-60 cells towards the
macrophage phenotype is associated with the induction of
PAFR gene expression. Thus, PAFR mRNA accumulation is
correlated to the induction and development of specific PAF
responsiveness [50]. Recently WEB-2170, a PAFR antagonist,
has been reported to induce apoptosis in AML cells [51,
52]. In fact, WEB-2170 does not behave as a pure PAFR
but instead as an inverse agonist leading to a marked
cytoplasmic increase of PTEN proteins (PTEN is a pro-
tein/phosphoinositide phosphatase regulating the PI3K/Akt
signaling pathway). Consequently, these recent results [49,
51, 52] support the view that PAF has probably no significant
role in the growth and apoptosis of leukemic blasts.

8. Conclusion

Data reporting our knowledge concerning the enzymatic
activities (such as PLA2, LOX, COX) implicated in lipid
mediator synthesis and their receptors on AML and ALL
blasts are schematised in Figure 2. Aberrant expression of
several PLA2 enzymes is common place in tumors derived
from many different organ sites [9]. Numerous studies report
that altered AA metabolism in a solid tumor microenviron-
ment has a profound impact on the pathogenesis of tumor
development [1]. A multitude of biological activities of PAF
are evidenced both on the normal cell as well as on their
cancer counterpart [2]. There is evidence, however, that it is
not the case for leukemic blast cells. Among the various pro-
inflammatory lipid molecules so far tested (PAF, PGE2, PGI2,
TXA2, LTB4, 12-HETE, 15-HETE), none of them exhibit
any role on leukemic blast apoptosis despite the expression
of functional receptors (PAFR, EP2, IP, TXA2R). Among
the various compounds so far tested only PGE2 clearly
demonstrated a potential role in AML cell growth in vitro.
However, it is difficult to compare the μM amounts of PGE2

used in most of the in vitro studies with the fM amounts of
PGE2 found in the blood at steady state conditions. Studies
showing the effects of continuous addition or infusion of low
doses of PGE2 (which seems to be a more relevant protocol
of stimulation to obtain information for the in vivo effects
of PGE2) are extremely rare. Moreover, data obtained in
vivo and in vitro are sometimes discordant. In fact, there is
absolutely no evidence that PGE2 is implicated in the growth
of AML blasts in vivo. Thus, in conclusion the biological
effects of eicosanoid and PAF are particularly important in
immunity and inflammation. Though their roles are well
known in numerous pathology and cancers, no such role is
currently known for leukemic blast growth.
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In comparing gene expression of normal and CML CD34+ quiescent (G0) cell, 292 genes were downregulated and 192 genes
upregulated in the CML/G0 Cells. The differentially expressed genes were grouped according to their reported functions, and
correlations were sought with biological differences previously observed between the same groups. The most relevant findings
include the following. (i) CML G0 cells are in a more advanced stage of development and more poised to proliferate than normal
G0 cells. (ii) When CML G0 cells are stimulated to proliferate, they differentiate and mature more rapidly than normal counterpart.
(iii) Whereas normal G0 cells form only granulocyte/monocyte colonies when stimulated by cytokines, CML G0 cells form a
combination of the above and erythroid clusters and colonies. (iv) Prominin-1 is the gene most downregulated in CML G0 cells,
and this appears to be associated with the spontaneous formation of erythroid colonies by CML progenitors without EPO.

1. Introduction

Chronic Myelogenous Leukemia (CML) represents about
15–20% of all cases of adult leukemia in western populations
[1]. CML is a clonal myeloproliferative disease characterized
by the presence in >95% of patients of the t(9;22)(q34;11)
translocation known as the Philadelphia Chromosome [2].
This translocation causes expression of the BCR-ABL fusion
protein, a tyrosine kinase with constitutively increased kinase
activity [3] which is thought to be necessary and sufficient for
the initiation of CML [4].

The development of small molecule tyrosine kinase
inhibitors (TKIs), such as Imatinib Mesylate, which inhibits
the increased BCR-ABL tyrosine kinase activity, have dra-
matically improved the prognosis of patients with CML

[5, 6]. Imatinib Mesylate induces complete hematologic
remissions and cytogenetic responses in the majority of
patients in chronic phase CML, but the response in more
advanced stages is usually only partial and less durable.
About 4-5% of patients per year develop resistance to
Imatinib either because of Bcr-Abl gene amplification or
more commonly point mutations in Bcr-Abl [7, 8]. If
Imatinib is discontinued because of toxicity or other reasons,
the majority of patients relapse fairly promptly [9]. One
hypothesis that could explain the customary relapses after
stopping therapy is that TKIs and conventional cytotoxic
drugs therapies are unable to eliminate all BCR-ABL positive
cells, presumably sparing a relatively small number of
leukemic early progenitors and stem cells that are quiescent
and are not killed by the inhibitors or other drugs at
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clinically tolerable concentrations [10]. These cells constitute
a reservoir of BCR/ABL positive cells capable of functioning
as leukemic stem cells or “limited stem cells” [11]. If for any
reason a patient has to stop therapy, these cells have sufficient
self-renewal ability to recreate the disease by reconstituting
the stem cell population and also enhancing the probability
that the leukemic cells will develop resistance to the drugs,
leaving bone marrow transplantation as the only option for
survival.

In order to search for critical differences in biochemical
pathways and regulatory networks between CML and normal
quiescent progenitors and stem cells that might ultimately
serve as selective targets, we decided to compare the gene
expression profiles of the normal and CML quiescent cell
fractions. As a strategy to enrich for these quiescent cells,
we isolated CD34+ cells by positive selection from the
mononuclear cells of normal bone marrow and CML blood
samples and then separated the CD34+ cells into G0 and
G1/S/G2/M fractions by flow cytometry. We found 1, 204
genes significantly upregulated and 1, 133 downregulated
in CML-G0 cells compared to normal G0 cells (resp., 3.1%
and 2.9% of the genes represented on the Affymetrix chip),
thereby permitting us to compare gene expression profiles in
highly enriched normal and leukemic quiescent progenitors
and stem cells.

2. Material and Methods

2.1. Patients and Bone Marrow Controls. A total number of
eight patients diagnosed with Ph+ CML (three in accelerated
phase and five in chronic phase) were used in this study. The
CML samples were all obtained from patients hospitalized at
the Memorial Hospital during the period 1990–2006.

The bone marrow samples were purchased from Cam-
brex (Cambrex Bio Science Rockland, Inc., Rockland, Maine
04841, USA).

2.2. CD34+ Cells Enrichment. Mononuclear cells were iso-
lated on a Ficoll gradient (Ficoll-Paque PLUS, GE Healthcare,
Cat# 17-1440-03) from total nucleated cells of bone marrows
of four healthy donors and peripheral blood of eight patients
with untreated Ph+ CML (five in chronic and three in
early accelerated phase with 8.5–18% blasts in the peripheral
blood). In the case of the patient samples, total cells after
Ficoll were frozen in liquid nitrogen in RPMI plus 10%
dimethyl sulfoxide and 10% fetal calf serum and stored until
selection. The normal bone marrows were instead processed
the same day of their arrival.

CD34+ cells were positively selected using a midiMACS
immunomagnetic separation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany, CD34 progenitor Cell Isolation Kit,
Cat# 130-0460701) after one round of purification, the
recovered cells were passed through another round of
purification using a second column. This way the purity of
the CD34+ recovered cells was 96–100% as assessed by flow
cytometry. For the statistics about the starting number of
cells from each sample and the CD34 recovered fraction, see
Table 1.

2.3. Hoechst 33342 and Pyronin Y Staining for G0 Cells Enrich-
ment. CD34+ cells were resuspended at a concentration of
two million per 0.5 ml of staining buffer (SB: HBSS without
NaHCo3, 10 mM Hepes, 1% BSA, 2% Fetal Calf Serum)
plus Hoechst 33342 (bisBenzimide H 33342, Cat# B2261,
Sigma, St. Louis, Missouri, USA) at a final concentration of
20 nM/ml and incubated for 45′ in a water bath at 370C.
After washing once with SB plus 10% Hoechst, the cells were
resuspended in 0.5 ml of SB plus Pyronin Y (Cat# P9172,
Sigma) at a final concentration of 1 μg/ml and kept in a water
bath at 37◦C for 20′, washed once and resuspended in 1 ml of
SB.

After being stained, the cells were sorted using a MoFlo
flow cytometer (DakoCytomation, Dako Colorado, Inc. Fort
Collins, Colorado, USA) applying a gate in the region of
logarithmic fluorescence intensity of 1000 + / − 100 for both
Pyronin Y (FL3) and Hoechst (FL7). An example of the
gating strategies is shown in Figure 1(a).

2.4. BrdU Staining. Approximately 50,000 cells from the
CML/G0 and CD34+/G1/S/G2/M fractions were analyzed
for BrdU incorporation using a Roche kit (Cat# 11 296
736 001). Cells were pulsed with BrdU for an hour in
complete growth medium, fixed with Ethanol, stained with a
mouse anti-BrdU monoclonal antibody, and then incubated
with an anti-mouse-Ig fluorescein conjugated antibody.
Cells that incorporated BrdU were then counted using an
immunofluorescence microscope Figure 1(b).

2.5. RNA Isolation, Labeling, Hybridization, and Microarray.
Total RNA was isolated from each group of cells sorted
from the G0 control fraction (BM) or CML sample using
TRIzol reagent (Cat# 15596-026, Invitrogen Corp., Carlsbad,
CA, USA). Quality of RNA was ensured before labeling by
analyzing 5 pg of each individual sample using the RNA 6000
picoAssay and a Bioanalyzer 2100 (Agilent Technologies,
Inc., Santa Clara, CA, USA). Samples with a RNA Integrity
Number (RIN) greater than 7.0 were considered suitable for
labeling. For each sample meeting this standard, 20 ng of
total its RNA were labeled using the GeneChip two-cycle
target labeling kit (Affymetrix, Inc., Santa Clara, CA, USA).
Ten micrograms of labeled and fragmented cRNA were then
individually hybridized to the Human Genome U133 plus
2.0 array (Affymetrix) at 45◦C for 16 h. Automated washing
and staining were performed using the Affymetrix Fluidics
Station 400 according to the manufacturer’s protocols.
Finally, chips were scanned with a high-numerical Aperture
and flying objective (FOL) lens in the GS3000 scanner
(Affymetrix). In summary, from each sample (CML or Bone
Marrow), we extracted RNA and performed a separate gene
expression profile and the changes in gene expression were
derived from the statistical analysis in which we compared
CML samples (eight independent gene expression data)
Versus Bone marrow (five independent gene expression
data).

2.6. Statistical Analysis. The microarray data were quantile-
normalized, and the gene expression values were estimated
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Table 1: Numbers of G0 and G1/S/G2/M cells recovered from highly enriched normal and CML CD34+ population. In the upper part of the
table are shown the data showing the recovery of cells from normal bone marrows and in the lower part the recovery of cells from the CML
patients. In bold is the average recovery of each fraction relative to the CD34+ starting population. The last column shows the percentage
of blasts from each patient at the moment of sample collection, and the asteriks indicate the patients in accelerated phase (more than 5% of
blasts). Cells recovered from BM #2 were not used due to the insufficient number of cells recovered. Legend: starting CD34+ cells in millions
(S-CD34+), CD34+ G1/S/G2/M cells recovered (R-CD34+ G1/S/G2/M), CD34+ G1/S/G2/M cells recovered as % of starting CD34+ cells
(%G1/S/G2/M), CD34+ G0 cells recovered (R-G0), and CD34+ G0 cells recovered as % of starting CD34+ cells (% G0).

Normal BM S-CD34+ R-G1/S/G2/M %G1/S/G2/M R-G0 %G0 % blasts

1 2.55 400,000 15.3 50,000 1.96 —

2 0.5 64,000 12.8 19,400 3.9 —

3 5.85 1,000,000 17.1 400,000 6.84 —

4 2.8 370,000 13.2 73,000 2.56 —

5 3.6 1,170.00 32 238,000 6.6 —

Mean = 3.06% Mean = 18.0% Mean = 4.3%

CML patient S-CD34+ R-G1/S/G2/M %G1/S/G2/M R-G0 %G0 % Blasts

1 6 580,000 9.6 100,000 1.6 2%

2 3.5 387,000 11 123,000 3.51 1%

3 0.9 230,000 25.5 42,000 4.6 <3%

4 1.7 320,000 18.8 74,800 4.4 3%

5 4.25 310,000 7.29 150,000 3.52 1%

6 4.59 300,000 6.53 150,000 3.26 ∗18%

7 0.85 158,000 18.5 13,500 1.58 ∗14%

8 3.45 719,000 20.8 68,700 1.99 ∗8.5%

Mean = 3.15% Mean = 14.7% Mean = 3.2%

using the RMA method [12]. A linear regression model was
used to model the gene expression values, in which a batch
factor was added to the model to account for potential batch
effect since arrays were run in two distinct batches two years
apart. Differences between the G0 gene expression values of
CML and normal samples were tested using the moderated
t-statistics. Storey’s q-value that control false discovery rate
was used to correct for multiple hypothesis testing [13]. A
q-value less than 0.1 was considered statistically significant.

The microarray data have been deposited on the GEO
public repository (http://www.ncbi.nlm.nih.gov/geo/) under
accession no. 15881331.

2.7. RT-qPCR. RT-qPCR assay was used to determine the
level of expression of the genes we found up and downreg-
ulated on the microarray.

We used the IScript One-Step RT-PCR Kit with SYBR
Green (Cat# 170-8892, Biorad, Hercules, CA, USA) with the
following conditions: 101 @ 50◦C, 51 @ 95◦C, 101 @ 95◦C,
and 301 @ 60◦C using 1 ng of RNA for each reaction as
a template. All samples were run in quadruplicate on an
ABI 9700 platform (Perkin Elmer/Applied Biosystems, Foster
City, CA, USA).

The relative expression of each gene was calculated
using the ΔΔct method using GAPDH as a reference gene.
Forward and reverse primers were designed in different
exons, in order to avoid DNA contribution to our final
PCR product, using Primer 3 software (available on line at:
http://frodo.wi.mit.edu/).

For the sequence of the primers used, see Table 1 in Sup-
plementary Material available online at doi:10.1155/2011/
798592.

2.8. Colony Assays and Cytokines. Three or four hundred
total CD34+ cells or CD34+ G0 and G1/S/G2/M enriched
cells per plate were assayed for colony growth in 1.3%
methylcellulose as described in detail previously [14].The
cloning efficiency (C.E.) values are the average of 4 plates
counted for each bar shown. Unless otherwise stated, either
single (100 ng/ml) or three early acting cytokines: KL, FL,
TPO (50 ng/ml each) with or without additional cytokines as
noted: G-CSF, GM-CSF (10 ng/ml each), IL-3, IL-6 (20 ng/ml
each), and EPO 1 IU/ml were added ± the drugs shown to
the cultures to stimulate or inhibit colony growth. Unless
otherwise noted, 3 cytokines refer to KL+FL+TPO and 5, 6,
7, or 8 cytokines refer to KL + FL + TPO + G-CSF + GM-
CSF± IL-3 ± IL-6± EPO in that order at the concentrations
indicated above. Quadruplicate plates of each sample were
counted at days 14 or 15 using an inverted microscope
including estimates of colony lineage and size. A standardized
scale and colorcode for estimating colony size has long been
used in our laboratory which has been verified by plucking
single large and multiple smaller (pooled) colonies and
hemocytometer counts of the numbers of cells contained in
the different sized colonies. GFU-GM: tiny < 40 cells, small
40–100, medium 1000–10,000, large 10,000–40,000, X-large
40,000–100,000, XX-large > 100, 000 cells; CFU-E and BFU-
E and mixed: tiny < 50–5000, medium 5000–50,000, large
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Figure 1: (a) Flow chart of the separation and sorting of the cells used for generating the microarray data. Cells from healthy bone marrows
and CML patients went through a round of Percoll (to separate the mononuclear cells) and Ficoll (to eliminate dead cells). Highly enriched
CD34+ cells were isolated from the mononuclear cells by two rounds of immunomagnetic separation using a Myltenyi kit, and the CD34+
cells were then stained it with Hoechst and Pyronin and sorted by FACS. The G0 cells are in the region of low fluorescence intensity for both
dyes, and the G1/S/G2/M cells have a high level of Hoechst and PyroninY. (b) BrdU staining of a CML CD34+/G1/S/G2/M and CD34+/G0
quiescent fraction. To further validate our separation procedure, we pulsed labeled CML CD34+/G0 and G1/S/G2/M cells with BrdU. After
1 hour’s exposure, 22% of the cells from the CML cycling fraction were labeled with BrdU compared to 0.68% of the quiescent cells. The
BrdU positive cells are fluorescent (green) while the blue are Dapi stained nuclei without BrdU incorporation. Left panel: CML G1/S/G2/M
cells. Right panel: CML G0 cells. (c) Gene expression array data validation by qPCR. To confirm the differences in gene expression found
by our microarray data analysis between the CML/G0 and BM/G0, we performed an RT-qPCR on nine up- and five downregulated genes.
Thirteen out of fourteen genes (the exception being CPI-17) have been confirmed to be up-, or downregulated by this second technique. For
each sample, we ran four reactions for each gene and the average value has been used for the calculation of relative expression using the ΔΔct
method and GAPDH as a calibrator. y-axis: gene expression fold change: CML relative to bone marrow. x-axis: gene tested by RT-qPCR.
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50,000–105, X-large 105–5× 105, XX-large > 5× 105 cells. G-
CSF, GM-CSF, and IL-3 were obtained as gifts from Kirin
Brewery Co., Gunma, Japan and KL (Kit ligand or SCF, Stem
Cell Factor), FL (Flt3 ligand), TPO (Thrombopoietin), IL-
6, and EPO (Erythropoietin) were purchased from R & D
systems, Inc. CD 133/2 APC (293 C3) was purchased from
Miltenyi Biotech, Gladback, Germany. Cord Blood samples
were obtained from the New York Blood Center as samples
judged too small for clinical use; Three or 4 samples were
pooled for our studies.

3. Results

3.1. Custom. Defrosted mononuclear peripheral blood cells
from eight CML patient samples or five fresh normal bone
marrows were individually used to isolate the CD34+ frac-
tion using the midiMACS immunomagnetic separation Kit
from Miltenyi (see Material and Methods) with a percentage
of purity of recovered cells varying between 95–100%.

CD34+ cells from each samples were subsequently
stained with Hoechst 33342 and Pyronin Y and sorted
individually according to their dye content (Figure 1(a))
[15]. The region chosen for sorting the quiescent fraction
(G0) allowed us to avoid collecting dead cells and cross-
contamination with cycling cells.

We also sorted the proliferating fraction (G1/S/G2/M),
but due to its high heterogeneity, we did not conduct a
detailed analysis on this fraction for comparison with the
CD34+/G0 cells.

3.2. Statistics of Recovered Cells. Table 1 summarizes the
numbers and percentage of CD34+/G0 cells and CD34+
/G1/S/G2/M recovered from each patient and normal bone
marrow.

After Percoll and Ficol separation of total blood cells
from normal bone marrow or CML blood on average 22% of
normal and 11% of CML mononuclear cells were recovered.
After passing the MNCs twice on Miltenyi columns for
positive selection of CD34+ cells, 3.06% of normal and
3.15% of CML highly enriched CD34+ cells were obtained
from the MNC fractions. Due to the low quality of RNA
recovered, one BM sample (#2) was not used to generate
microarray data.

The CD34+ cells were further separated into proliferating
(G1/S/G2/M) and quiescent (G0) fractions by flow cytometer
using Hoechst and Pyronin y staining.

After sorting, the mean and range of recoveries of normal
and CML CD34+/G1/S/G2/M were 18% and 14.7%, respec-
tively, while the recoveries of normal and CML CD34+/G0
cells were 4.3% and 3.05%, respectively, or an average of
0.016 and 0.013%, respectively, of the total normal and CML
starting cell populations.

3.3. Quiescent or Proliferative Status of G0 and G1/S/G2/M
Cells. CD34+/G0 and G1/S/G2/M cells were pulse labeled
with BrdU. An average of 27% (22–32%) of unstimulated
CML CD34+ G1/S/G2/M cells incorporated BrdU after an

incubation period of one hour while less than 1% of CML or
normal CD34+ G0 cells incorporated BrdU without cytokine
stimulation immediately after separation. Figure 1(b) shows
representative pictures of CML CD34+ G1/S/G2/M and G0
cells immediately after separation after 1-hour incubation
with BrdU. The few G0 cells that incorporated BrdU all
showed punctated nuclear labeling indicating an early stage
of DNA synthesis while the G1/S/G2/M cells had varied
nuclear staining patterns indicating different stages of DNA
synthesis.

Without cytokines, the viability of both normal and CML
G0 and G1/S/G2/M cells declines rapidly and few viable
labeled or unlabeled cells remain after 2-3 days and almost
none after 4-5 days. Viability was estimated by the fraction of
intact cells excluding trypan blue. However in the presence
of 6 or 7 cytokines (KL + FL + TPO, each 50 ng/ml, + G-
CSF + GM-CSF + IL-3 ± IL-6, each 10 ng (ml), viability
remains excellent (95–100%) and the majority of both
normal and CML total CD34+ cells and G0 and G1/S/G2/M
cells are induced to proliferate rapidly in liquid culture with
average doubling times of ∼30 hours. Continuous exposure
to BrdU (5 μm) is toxic to both proliferating normal and
CML cells, and viability declines rapidly after 2 days so
results comparing incorporation of BrdU during continuous
exposure of cytokine stimulated G0 cells is limited to the
first 48 hours. With stimulation by 7 cytokines, 92% and
94% of CML G0 cells incorporated BrdU during continuous
exposure for 24 and 48 hours, respectively, (average of 3
experiments) while the corresponding 24 and 48 values
for normal G0 cells were 8% and 72%, respectively. These
experiments suggest that the majority of both normal and
CML CD34+G0 and G1/S/G2/M cells remain viable and can
be stimulated to proliferate with 7 cytokines, but that the
CML/G0 cells are more poised than the normal G0 cells to
begin proliferating.

3.4. Microarray Data Validation. To validate the robustness
of our microarray data, we performed quantitative real-time
PCR (qPCR) independently on each of four CML CD34+/G0
and two normal bone marrow CD34+/G0 samples that were
different from the ones used to generate the microarray data.
On each sample, we tested the expression of all the genes rep-
resented in Figure 1(c), averaged the results obtained either
from the four CML samples or two BM and then calculated
the resulting fold change in expression for each gene between
the two groups. Since the amount of RNA recovered after
the sorting was very limited, we performed a single-step RT-
qPCR using the ΔΔct method (the primers used are listed
in Table 1, in Supplementary Material available online at
doi:10.1155/2011/798592). This way, we were able to use as
little as 0.1 ng per reaction enabling us to do four replicates
per gene tested. We found that out of fourteen genes tested,
which were differentially expressed between the normal and
CML/G0 by the microarray, thirteen were confirmed by
qPCR (Figure 1(c)).

3.5. Signature of CML and Normal Bone Marrow CD34+/G0
Cells. Using a q value of less than 0.05 as a threshold,
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we found 1,204 genes significantly upregulated and 1,133
downregulated in CML/G0 compared to normal BM/G0
cells (for a complete list of the genes see Supplementary
Material available online at doi:10.1155/2011/798592). As
an additional criterion for selecting the genes significantly
differentially expressed, we considered in the analysis only
those with differences in expression higher than three folds.
This resulted in 292 down- and 192 upregulated genes
to be considered. Using this as a starting point, we later
extended the analysis to look for genes that could corroborate
our initial tentative conclusions, but in this second step,
we considered also genes that had at least a two-fold
difference and more than one set of probes changed. We
have grouped the genes according to their reported functions
and discussed the possible significance of the most relevant
findings regarding differences between normal and CML
CD34+/G0 cells.

3.6. Cell Cycle/DNA Replication Related Genes. In the genes
linked to cell cycle regulation, we found an almost equal
number of them differentially expressed characterizing
CML/G0 cells as nonproliferative when compared to normal
G0 cells, (e.g., upregulation of MTSS and downregulation
of CDC14B), and as proliferative via upregulation of CDC6
and cyclin B2. The most striking difference is in the number
of genes upregulated in the CML/G0 cells that are either
involved in DNA replication (TOPO2a, RRM2, GINS1 and
2) or are part of the mitotic spindle machinery (MAP9,
CETN3, ANLN, DLG7). This subset of CML cells seems to
be in a nonproliferative state but essentially ready to enter
into the cell cycle upon stimulation, having the machinery
for cell division and DNA replication expressed and ready to
work. This conclusion is compatible with findings reached
independently by another group [16], showing that CML
cells are much more easily triggered into cell cycle than their
normal counterparts.

3.7. Stem Cells and Hematopoietic Stem Cells Markers.
Among the most significantly differentially expressed genes
that we found between the CML and normal quiescent cells,
many of these genes have been reported to be associated
with stem cells. The first three genes belonging to this
group are Prominin-1 (CD133) [17], ID1 [18], and FLT3
[19]. A second group includes genes that have been found
overexpressed in both of two independent studies that have
analyzed hematopoietic stem/progenitor cell transcriptomes,
HLF, RBPMS (HERMES), GATA3, TNFSF10 (TRAIL), and
CRHBP [20, 21].

The third group includes: CD110/MPL, GBP2, SPTBN1,
ARG2, BIRC3, CRHBP, HLA-E, HOXA3, HOXB6, SPINK2,
NRIP1, PRKCH, RAPGEF2, and TLOC1, all genes that
are overexpressed in HSC-enriched populations of bone
marrow/cord blood and mobilized peripheral blood cells
[20].

Last but not least, we found as differentially expressed
MSI2 (Musashi-2), another well-known stem cell marker
[22], HES-1 a hematopoietic stem cell marker [22] and IL7,
that is, expressed in human adipose-derived stem cells [23].

All these genes are overexpressed in hematopoietic
stem/progenitor cells compared to more differentiated ones,
but in our microarray, all of them are downregulated in
the CML/G0 fraction compared to the normal/G0 fraction.
This provides additional evidence that with the methods
employed, we are indeed enriching for quiescent hematopoi-
etic stem cells and early progenitors in normal bone marrow
but when we apply the same technique to enriching CML
quiescent stem and progenitor cells, the latter are in a
more advanced stage of differentiation. Because the CML
G0 cells were enriched from the blood of patients with
highly elevated WBC counts while the normal G0 cells
were enriched from the bone marrow, this might offer a
partial explanation. However, since previous labeling studies
conducted in vivo in CML patients with massive myeloid
expansion have shown there is continuous trafficking and
exchange of early progenitors as well as maturing cells
between the bone marrow, spleen, and blood and in whom
the differential counts and proliferative kinetics of the bone
marrow and circulating cells were very similar [24], it is
more likely that the gene expression results accurately reflect
the average results of the entire CML/G0 subpopulation
[25].

Another element that supports our conclusion that the
CML/G0 cells are more differentiated than the normal G0
cells is that six genes that belong to the Polycomb Repressive
Complex 1 (PRC1), respectively, SCML1, PHF1, PCGF3,
CBX7, L3MBT1, and 4, and one (EPC2) belonging to the
PRC2 group, are downregulated in the CML/G0 fraction
(all of them apart from SCML1, with a difference in terms
of relative gene expression under the twofold level, so they
are not listed in Table 1). The PRC1 and PRC2 complexes
belong to the groups of epigenetic regulators and act as
gene expression repressors. Both complexes are involved in
the maintenance of adult and embryonic stem cells [26].
Downregulation of genes belonging to these two groups in
the CML/G0 fraction reinforce the idea that the bulk of
quiescent CML cells belong to a more differentiated state
than the normal counterpart, as also proposed for blastic
phase CML cells in a previous paper by Jamieson [27].

3.8. The Majority of the Quiescent CML Cells Overexpress
Genes Belonging to the Megakaryocyte-Erythroid (M/E) Lin-
eages. Another series of genes differentially expressed in the
CML/G0 fraction enabled us to localize more precisely where
the predominant myeloid expansion takes place.CML G0
cells express a series of megakaryocytic (NFE2, TESC and
CD41) and erythrocyte markers (CD36, KLF1, TFR2, ANK1,
and XK and four different hemoglobin chains (HBB HBQ1
HBD, and HBG1) plus GATA1, a gene whose expression
is linked to hematopoietic cell differentiation [28]. The
overexpression of GATA-1 is of particular interest since
Graf has shown that if GATA-1 is expressed in myeloid
cell lines, the cells’ phenotype is completely changed to
erythroid, probably due to inactivation of the myeloid
regulator PU-1 by GATA-1 [29]. An unexpected finding,
in view of the more prominent hyperproliferation of
megakaryocytic than erythroid cells in CML, is that SMAD7,
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whose expression promotes megakaryocytic over erythroid
differentiation [30], is downregulated in CML/G0 cells.

On the other hand, two key genes promoting lymphoid
differentiation (BCL6 and GATA3) are downregulated and
a gene expressed in neutrophils (NCF4) is upregulated, as
might be expected. These data might be explained by the fact
that CML G0 cells are neoplastic cells and therefore exhibit
a common cancer-associated characteristic variously termed
“lineage infidelity, promiscuity, or ambiguity” [31], a well-
known phenomenon occurring in leukemia. It appears that
the cells retain the phenotype of the original cells but at
the same time deregulate many other pathways characteristic
of other hematopoietic lineages, which could also explain
why there’s expression of fetal hemoglobin chain (HBG1)
together with the adult hemoglobins.

In conclusion, it appears that at least the majority of
CML/G0 cells overexpress genes usually associated with
erythro-megakaryocytic development which is probably cor-
related with the thrombocytosis frequently seen in patients
with CML and also with the spontaneous growth of ery-
throid colonies in vitro by CML progenitors in the absence of
erythropoietin, whereas normal progenitors always require
EPO [32].

Figure 2(a) shows the average results of multiple cloning
experiments comparing the cloning efficiencies (C.E.s) of
normal and CML total CD34+ cells and the G0 and
G1/S/G2/M subsets. No EPO was added in any of the exper-
iments, but the CML cells consistently produced erythroid
colonies without EPO, often including large or X-large BFU-
E, and sometimes comprising over half of the total colonies,
whereas in the absence of EPO, the normal cells rarely
produced any erythroid colonies and then only tiny or
very small ones. In almost all experiments, the CML G0
cells generated more and larger erythroid colonies than the
G1/S/G2/M cells. In other experiments not included in Figure
2(a), the addition of EPO to other cytokine combinations
greatly augmented further growth of CML erythroid colonies
as well as stimulating normal ones. It is also evident in
Figure 2(a) that CML total CD34+ and CD34+ G0 cells
produced more total colonies than the corresponding normal
cells when stimulated by the three early acting cytokines KL,
FL, and TPO and to a lesser extend by KL+G− and GM-
CSF, again showing the CML progenitors are more easily
triggered into cycle than the normal cells. However, there
was little difference or the normal G0 cells had higher total
C.E.s when the cells were near maximally stimulated with 5–
7 cytokines.

Figures 2(b) and 2(c) show typical experiments com-
paring the cloning results of two normal and two CML G0
cells in more detail. Except for a few tiny or very small
CFU-E, normal G0 cells shown in Figure 2(b) produced
only CFU-GM colonies without EPO and had the greatest
incremental growth of large and extra-large colonies with 5–
7 cytokines; with addition of EPO, about 1/4 to 1/3 of the
normal colonies were erythroid or mixed, some very large.
In marked contrast, the CML G0 cells shown in Figure 2(c),
when stimulated in the absence of EPO by all the single
cytokine and combinations shown (except G-CSF alone and
G-CSF+GM-CSF), produced a mixture of CFU-GM and

CFU-E/BFU-E with about a third to one half of the colonies
being erythroid or mixed and often very large.

The maximum total cloning efficiencies of these two G0
samples were∼14–24% after stimulation with 3–7 cytokines,
but in other CML and also normal G0 samples total C.E.s of
up to 40–42% were observed after stimulation with multiple
cytokines. No consistent differences were noted between the
maximum total C.E.s between normal and CML CD34+
cells or G0 or G1/S/G2/M subsets, although there was more
variability in the quality of the CML samples.

3.9. Transcription Factor Expression. Class I Homeobox (Hox)
genes comprise a family of 39 transcription factors that share
a highly conserved DNA binding domain. Since several of
them have been shown to play a role in hematopoiesis [33],
we looked at their expression profile in our microarray.
We found three members of this family under expressed in
CML/G0 cells: HOXB3, HOXA5, and HOXA3.

HOXB3 is expressed in the primitive CD34+ population,
that is, highly enriched for human hematopoietic stem cells
(HSCs), and it is downregulated as the cells differentiate into
committed progenitors [34], and together with HOXB4 it
is required for normal HSC function. HOXA5 is another
gene involved in hematopoietic lineage commitment and
maturation, and it seems to act as a repressor of the
generation or proliferation of erythroid progenitor cells [34].
Regarding HOXA3, there is not much information about its
function in the hematopoietic system. Taken together, the
pattern of expression of the HOXA genes in our microarray
suggests, again, that the CML CD34+/G0 stem progenitor
cells are more mature than the normal counterpart.

Another two transcription factors are differentially
expressed in the normal and CML/G0 fractions: NMYC is
under expressed and WT1 overexpressed in CML/G0 cells.
NMYC is a well-known oncogene found to be expressed
in neuroblastomas and retinoblastomas and also in myeloid
and lymphoid leukemias [35], but it has not previously been
reported to be dysregulated in CML. This gene plays a role in
preventing differentiation so its expression is downregulated
in cells that progress through more mature stages in order to
acquire their final phenotype. NMYC is under expressed in
the CML/G0 progenitors so its level of expression may simply
reflect their more advanced differentiation and more rapid
maturation as previously reported [36].

WT1 pattern of expression in normal HSCS is bipha-
sic: high in quiescent CD34+/CD38−, low in committed
progenitors, and high again in differentiated cells (CD34−).
WT1 also is not expressed in cells expressing erythroid or
megakaryocyte markers [37]. So, how to explain the higher
expression of WT1 in CML/G0 cells?

It has been reported that the oncogenic signaling from
BCR/ABL can induce WT1 expression [38] and that while in
normal mice only a few immature cells in the bone marrow
express WT1, when CML is induced the percentage of bone
marrow cells expressing WT1 rises considerably [39]. The
effect of this gene if expressed in progenitors cells is to
keep them in a state in which they are not responsive to
differentiation inducing signals. So, it could be that while
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Figure 2: Continued.
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Figure 2: (a) Summary of Multiple Cloning Experiments by normal & CML. Total CD34+ Cells and G0 and G1/S/G2/M fractions.
Comparison of average results of multiple cloning experiments (total n = 47) comparing total cloning efficiencies of CML and normal
total CD34+ cells and G0 and G1/S/G2/M subsets with different cytokine combinations: KL + FL = TPO n = 8 Experiments; KL + G-CSF
+ GM-CSF n = 18; and KL + FL + TPO + G-CSF + GM-CSF ± IL-3 ± IL-6 n = 21. (b) Cloning of CD34+ G0 Cells from 2 normal bone
marrow samples. Cloning of 2 normal CD34+ G0 cells enriched from fresh bone marrow samples from 2 normal volunteers using the color
scale of the estimated colony sizes of numbers of cells per colony according to the standard scale described under methods. The CFU-GM
and erythroid (CFU-E/BFU-E) clusters and colonies of all sizes are designated, respectively, CFU-GM and BFU-E on this and subsequent
graphs. C.E. = %total Cloning Efficiency. (c) Cloning of 2 CML CD34+ G0 cells enriched from frozen-thawed mononuclear cells obtained
from the peripheral blood of 2 CML patients in chronic phase.

WT1 tends to keep the CML/G0 cells in an aberrant quiescent
state other programs for differentiation are still turned on,
such as those inducing differentiation in the M/E lineages,
another manifestation of lineage infidelity.

3.10. Cancer-Related Genes. As a strategy to identify novel
anticancer treatments specific for the CML quiescent popu-
lation, we looked for genes that were upregulated in the CML
fraction and that in the literature had been previously found
to have a potential role in other type of cancers. Following
these criteria, we found three genes: PVT1, ANXA2, and
MARCKS.

MARCKS is a gene important for cell proliferation: it has
been reported that while its expression is low in cell lines
that are actively proliferating its expression increases when
they stop dividing and enter the G0 phase [40]. Additionally,
the over expression of MARCKS inhibits proliferation of
human tumor-derived choroidal melanoma cells [41]. So its
role in CML/G0 cells could be to keep them in an artificial
quiescent state and as a consequence protect from the action
of cytotoxic drugs. Blocking MARCKS activity would be one
step necessary to make these cells respond again to cytokine
stimuli and make them reenter the cell cycle. MARCKS is a
prominent intracellular substrate of protein kinase C: since
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different PKC inhibitors have been developed and available
(like Enzastaurin, LY317615.HCL), this hypothesis could be
tested.

ANXA2 is a lipid- Ca2+-actin binding protein that has
been reported to be upregulated in different human tumors
like hepatocellular and pancreatic carcinoma [42] and acute
promyelocytic leukemia [43]. But while in these type of
tumors it seems to have a positive role in promoting
cancerogenesis and metastasis in other tumors, it seems to
slow down their aggressiveness or tumor cell migration, like
in osteosarcoma and prostate cancer [44]. The different func-
tional roles of ANXA2 in different malignancies probably
reflect its tissue specificity, so without further evidence, it
would be premature to suggest it may have a specific role in
the CML/G0 population. Nonetheless, it remains a potential
target candidate gene.

The PVT1 gene encodes a number of alternative tran-
scripts, but no protein or regulatory RNA products have been
found so far; recently, it has been suggested that this region
might encodes for different miRNAS where one at least seems
to be oncogenic [45]. The amplification of this locus has
been shown to contribute to the pathophysiology of ovarian
and breast cancer [46], and over expression of PVT1 has
been detected in a subset of cases of AML [47] and in other
myeloid malignancies. PVT1 role in cancer seems to be that
of an inhibitor of apoptosis, so this is another potential target
gene that is worth consideration.

These three genes were not identified as overexpressed in
a previous work that did gene expression profile comparing
total CD34+ CML and normal cells [48], so it is plausible
that the different expression levels of these three protein is
due to the fact that they belong to the specific quiescent
subpopulation of CD34+ CML cells rather than the total
CD34+/CML cells.

3.11. Prominin-1 (CD133). The gene most downregulated in
CML CD34+/G0 cells compared to normal bone marrow
CD34+/G0 cells is prominin-1 or CD133 (–19.6 fold).
Prominin-1 is a pentaspan transmembrane glycoprotein
which was first isolated in 1997 from plasma membrane
protrusions on murine neuroepithelial stem cells and was
so named because of its prominent localization in these
protrusions (from Latin, prominere) [49].

There are two isoforms of the gene, AC133-1 and -2
(which is 27 nucleotides shorter): it was demonstrated that
AC133-2 rather than AC133-1 is the predominant transcript
expressed in hematopoietic stem cells (HSCs) derived from
fetal liver, bone marrow, and peripheral blood as well as in
epidermal stem cells, a wide variety of fetal and adult tissues
and several poorly differentiated human carcinomas, but not
in more differentiated tumors. Based on these findings it
was postulated that AC133-2 might serve as a good marker
of undifferentiated cells, including stem and progenitor cells
present in stem cell niches in multiple fetal and adult tissues.

In contrast, the undeleted AC133-1 transcript originally
found in the retinoblastoma cell line was not detectable in
fetal liver or kidney or in adult pancreas, kidney, placenta, or
brain, but was strongly expressed in fetal brain, suggesting

distinct roles for the two isoforms in development and
homeostasis of different fetal and mature organs rather than
redundancy. Both CD133 isoforms localize to the plasma
membrane and have been extensively used alone or in
combination with other markers for the identification of
stem and progenitor cells from many adult normal tissues
and organs [50] including leukemic stem/progenitor cells
[51].

Most studies have reported CD133 expression is reduced
or lost during later stages of differentiation, but in a recent
report [52], using a knock-in lacZ reporter mouse model
(Il10−/−/CD133lacZ) and immunostaining, CD133 expres-
sion was observed in the full spectrum of undifferentiated
and differentiated colonic epithelial cells in both mice and
humans. Both CD133+ and CD133− metastatic cancer cells
formed colonospheres and tumors in NOD/SCID mice that
could be serially xenotransplanted, and it was noted the
CD133− cells formed more aggressive tumors and were more
enriched for phenotypic markers thought to be more typical
of cancer initiating cells (CD44+CD24−) than CD133+ cells.
In view of our finding that CD133 is downregulated in CML
CD34+ G0 cells compared to normal CD34+ G0 cells, it
is of particular interest that the authors suggested that its
downregulation in aggressive colonic cancer may indicate
transformation of primary CD133+ cancer cells into more
malignant CD133−metastatic tumors [52].

3.12. Colocalization of CD34 and CD133 Antigens . The CD34
antigen has been widely used as a marker of human stem
cells and progenitor cells for both clinical stem cell transplan-
tation and laboratory studies characterizing and comparing
normal and leukemic stem and progenitor cells, although
it is recognized that a small subset of CD34− cells also
have repopulating ability and can give rise to CD34+ cells
[53]. Coexpression of CD34 and CD133 has been observed
[53], and the cells expressing both antigens were found to
have a higher cloning potential than those only expressing
CD34 [54]. Numerous studies have led to the recognition
that HSCs are concentrated in the Lin-CD34+CD38−/lo
fraction [55]. Of particular interest, Wagner et al. observed
that the more primitive CD34+CD38− slowly dividing cells
expressed higher levels of CD133 than the fast dividing,
presumably more mature, CD34+ CD38+ cells [56].

3.13. Low Expression of Prominin-1 in CML/G0 Cells May
Contribute to Their Altered Lineage Fidelity and Defective
Control of Homeostatic Cell Density. Unlike normal bone
marrowenriched progenitors which form almost no ery-
throid colonies or only tiny ones in the absence of EPO as
shown in the examples in Figures 2(a), 2(b), and 2(c), CML
progenitors often produce erythroid colonies of varying
sizes, some very large, after stimulation with various single
cytokines or combinations of cytokines without EPO. The
production of erythroid colonies by CML progenitors in
the absence of EPO is consistent with the previous finding
that Bcr-Abl Tyrosine Kinase supports normal erythroid
development in erythropoietin-deficient murine progenitor
cells [57]. Under EPO deprived conditions, we observed
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marked inhibition of CML erythroid colony growth by
several potent inhibitors of Bcr-Abl [25], thus providing
evidence that Bcr-Abl increased Tyrosine Kinase activity
cooperates with KL and other cytokine activated pathways
in early CML progenitors to reprogram and distort their
direction of lineage commitment, which in normal bone
marrow and mobilized peripheral blood progenitors, and
to a lesser extent in cord blood cells, is more dependent
on EPO for production of erythroid cells. The production
of erythroid colonies by CML progenitors without EPO at
first appears counterintuitive because the major expansion in
CML clearly occurs in the granulocyte lineage. However, it is
quite compatible with the upregulation of the genes noted
earlier that are involved in early erythroid development
in CML CD34+ G0 cells compared to normal CD34+ G0
cells.

As already noted, prominin-1 (CD133) is the most
downregulated gene in CML CD34+ G0 cells compared to
normal G0 cells and expression of the CD133/2 antigen is
also low in both CML CD34+ G0 and G1/S/G2/M and Bcr-
Abl driven All-3 cells compared to normal bone marrow
or cord blood CD34+ G0 and G1/S/G2/M cells (Figure 3).
Unlike normal bone marrow or mobilized peripheral blood
CD34+ G0 or G1/S/G2/M cells which form no or only
tiny erythroid clusters on stimulation with 3 to 7 cytokines
without EPO (Figures 2 and 4), we observed that pooled
cord blood G0 and G1/S/G2/M cells often produced small,
medium, and even large erythroid colonies in the absence
of EPO (Figures 4(b) and 4(c)). Figure 4 summarizes a
number of representative experiments comparing the total

cloning efficiencies (C.E.s) of CD34+ G0 and G1/S/G2M cells
from normal bone marrow, normal mobilized peripheral
blood, pooled cord blood samples, and chronic phase CML
peripheral blood samples. In all except some of the cord
blood samples, the G0 cells had higher total C.E.s and almost
always also produced larger GM and erythroid colonies (not
shown) than the G1/S/G2/M cells (Figure 4(a)), providing
additional evidence that they are more primitive.

To further examine the effect of CD133 on direction of
lineage differentiation, we compared the formation of GM
and erythroid colonies by cord blood CD34+ quiescent and
proliferating CD133+ and CD133- cells. We observed that
cord blood CD34+ G0 133/2+ cells form numerous myeloid
colonies, some very large, but no erythroid colonies when
stimulated by either 3 GFs or 7 GFs w/o EPO (Figure 5(a)).
In contrast, while cord blood CD34+ G0 CD133/2 negative
cells had similar total C.E.s with 7 GFs w/o EPO, they
formed a mixture of myeloid and erythroid colonies with
about a third of the latter being large or extra large. In a
similar experiment shown in Figure 5(b) with pooled cord
blood G0 and G1/S/G2/M cells, again the CD133+ cells
produced only myeloid colonies and CD133+/2 negative
cells from both the quiescent and proliferating fractions
formed many erythroid colonies. The cells derived from the
pooled cordblood samples shown in Figure 5(b) had lower
total C.E.s than those in Figure 5(a), but both the G0 and
G1/S/G2/M CD133/2 negative cells had higher percentages of
erythroid and mixed colonies, some very large.

Whereas the results clearly demonstrate that CD133/2+
cord blood-derived G0 and G1/S/G2/M cells in the absence of
EPO only form GM colonies and the CD133/2− cells form a
mixture of erythroid and GM colonies, the distinction is less
consistent and the results are more variable in comparable
CML cells. Figure 6(a) illustrates colony formation by CML
G0 and G1/S/G2/M cells with relatively low C.E.s enriched
from pooled samples of two chronic phase CML patients.
Both G0 CD133/2 positive and negative cells formed almost
entirely tiny or small erythroid colonies when stimulated
with 7 cytokines while only the CD133/2 negative G1/S/G2/M
cells formed any colonies, again mostly tiny or small
erythroid ones, but with some GM colonies. The three
cytokines, KL+FL+TPO, stimulated growth of very few or no
colonies. Figure 6(b) shows an example of colony formation
by CD34+ G0 and G1/S/G2/M cells enriched from another
chronic phase CML patient in which the cells formed mostly
GM colonies, but with further separation of G0 CD133/2+
cells, the total C.E. increased by about a third and there were
higher proportions of large and X-large GM colonies and
almost no even very small erythroid clusters. An example of
a third CML cloning experiment is shown in Figure 6(c) in
which chronic phase CML G0 cells had very high total C.E.s
when EPO was added to the 7GFS, especially the CD133+
cells. As usually observed, the G0 cells had higher C.E.s than
the G1/S/G2/M cells. Both the quiescent and proliferating
CD133 negative cells formed mostly erythroid colonies
while the CD133 positive cells formed predominantly GM
colonies even in the presence of EPO, although about 17%
of the colonies were large or X-large BFU-E and mixed
colonies.
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Figure 4: Comparing the total cloning efficiencies (C.E.s) of CD34+ G0 and G1/S/G2M cells from normal bone marrow, normal mobilized
peripheral blood, pooled cord blood samples, and chronic phase CML peripheral blood samples. Total Cloning Efficiencies (CFU-GM+CFU-
E/BFU-E) at 14-15 days of normal and CML CD34+ G0 and G1/S/G2/M cells after near-maximal stimulation with 5–7 cytokines, all without
EPO: (a) CD34+ G0 and G1/S/G2/S cells from 3 normal bone marrow samples, 2 normal mobilized peripheral blood samples, 5 pooled Cord
Blood samples, and 10 CML peripheral blood samples. The values for the cord blood CD133+ and CD133- bars shown are the average of 3
separate pooled cord blood experiments. (b) The same CD34+ G0 only samples showing proportions of myeloid (CFU-GM) and erythroid
(CFU-E+BFU-E) colonies. (c) The same as B but CD34+ G1S/G2/M cells.

In summary, based on our observations so far, it appears
that Prominin-1, the product of the gene most downregu-
lated in CML CD34+ G0 cells, is also underexpressed on the
surface of both CML CD34+ G0 and G1/S/G2/M compared
to normal bone marrow or cord blood CD34+ G0 and
G1/S/G2/M cells (Figure 3). Cord blood CD34+ G0 133/2

positive cells form numerous myeloid colonies, some very
large, but no erythroid colonies when stimulated by either
3 GFs or 7 GFs without EPO (Figures 5(a) and 5(b)). In
contrast, under the same conditions, cord blood CD34+ G0
CD133/2 negative cells form a mixture of myeloid and ery-
throid colonies with some of the latter being large or X-large.
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Figure 5: (a) CFU-GM and CFU-E/BFU-E colony formation by CD34+ G0 CD133/2 positive and negative cells, enriched from 3 pooled
cord blood samples when stimulated by KL+FL+TPO and the same GFs + G-CSF+GM-CSF + IL-3 + IL-6. No EPO was added. C.E. = %
total cloning efficiency. (b) Comparison of three pooled cord blood CD34+ G0 and G1/S/G2/M CD133/2 positive and CD133/2 negative
cells ability to form CFU-GM and CFU-E/BFU-E when stimulated by the same 3 or 7 cytokines without EPO as in Figure 5(a). The total
C.E.s of the enriched G0 and G1/S/G2/M cells from these pooled cord blood samples are lower than those in Figure 5(a), but again only the
CD133/2 negative cells of both the G0 and G1/S/G2/M fractions formed erythroid colonies.

The role of (downregulated) CD133 in CML CD34+
G0 and G1/S/G2/M cells is presently less clear and appears
to be more complex. The CML G0 cells in Figure 6(a)
had low C.E.s and both the CD133 positive and negative
fractions produced almost entirely tiny and small erythroid
colonies even when stimulated by 7 cytokines, while only
the G1/S/G2/M CD133− cells produced a substantial number

of colonies, mostly erythroid. In the experiment shown in
Figure 6(b), the CML G0 CD133+ fraction when stimulated
with the same 7 GFs without EPO increased the total C.E.
by about a third compared to the total G0 cells, but the
colonies were almost entirely GM, whereas the total G0 cells
produced about 10% small- and medium-sized erythroid
colonies. Finally as shown in Figure 6(c), the CML CD133+
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Figure 6: Continued.
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Figure 6: (a) Cloning of CD34+ G0 and G1/S/G2/M cells enriched from pooled peripheral blood samples of 2 untreated chronic phase
CML. The total C.E.s were low, and almost all of both the GM and erythroid colonies were tiny, small, or medium sized with very few large
colonies and with very few or no colonies after stimulation with 3 growth factors (KL+FL+TPO), pointing out the variable quality of the
CML samples received. In this case, both the G0 CD133 positive and negative fractions formed almost entirely small erythroid clusters and
colonies with 7 GFs, but only the CD133 negative G1/S/G2/M cells produced colonies, including some GM colonies. (b) Colony formation
by G0 and G1/S/G2/M cells enriched from the peripheral blood of a chronic phase CML patient. The sample produced GM colonies with
fairly high C.E.s following stimulation with 3 or 7 cytokines without EPO. With additional enrichment of the G0 cells (G0 CD133/2+) the
C.E.s further increased by about a third, with production of almost entirely GM colonies. (c) Maximum stimulation of G0 and G1/S/G2/M
cells enriched from the peripheral blood of a chronic phase CML patient.The G0 cells had a high total C.E. after stimulation with 8 cytokines
shown, including EPO. Even with addition of EPO, while both the G0 and G1/S/G2/M CD133 negative cells produced predominately large,
X-large erythroid, and mixed colonies, the CD133 positive fractions produced mainly GM colonies, but also about 20% large and X-large
BFU-E plus mixed colonies.

G0 cells when stimulated by 7 GFs + EPO had one of the
highest C.E.s (47.25%) we have observed with mostly large
and X-large GM colonies, but also about 17% large and X-
large BFU-E and mixed colonies, while the CD133− cells
formed mostly erythroid colonies, mostly large or X-large.

The above observations suggest that expression of CD133
in both normal and CML progenitors favors GM differen-
tiation while CD133 negative cells produce a mixture of
erythroid and GM colonies. However, the precise function
of CD133 is still very uncertain and confounded by the
necessity to use multiple cytokines to stimulate growth.
CML and cord blood progenitors are less dependent on
EPO in producing erythroid cells than normal bone marrow
progenitors, but addition of EPO markedly shifts the cells
toward erythroid differentiation. Overall, the results suggest
that Prominin-1 may have an important role in determining

the direction of lineage commitment, especially in cord
blood and CML progenitors. We found no consistent
difference in the numbers or sizes of the colonies produced
by either normal or CML quiescent or proliferating CD133+
or CD133− cells, although some experiments suggested
enrichment of one or the other might further enhance their
overall proliferative potential.

3.14. Correlations of Gene Expression and Surface Antigen
Expression. An attempt was made to see if it was possible
to correlate changes in gene and surface antigen expression
as measured by flow cytometry in subpopulations of normal
and CML cells, but because of the small number of cells
usually recovered it was only possible to do limited surface
phenotyping in a minority of enriched samples.
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Figure 7: (a) Expression of surface antigens determined by flow cytometry of normal mononuclear cells (MNCs) after Ficoll Hypaque
separation from a normal frozen-thawed mobilized peripheral blood sample compared to expression of total CD34 cells after two
enrichments of the same MNCs on Miltenyi columns as described in Methods. Insufficient numbers of CD34+ cells were recovered to
permit comparison of additional antigens. (b) Changes in cell surface antigen expression in total CD34+ cells enriched from a sample of
frozen thawed mononuclear cells from normal mobilized peripheral blood during 12 days of culture. The cells were stimulated to proliferate
with the two combinations of cytokines shown in the concentrations stated under Methods.
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Figure 8: (a) Comparative cell surface antigen expression of 3 normal total CD34+ and CD34+ G0 cells enriched from 2 fresh normal
bone marrow samples and one frozen-thawed normal mobilized peripheral blood (MPB) sample. (b) Comparative expression of cell surface
antigens of 3 CML total CD34+ and CD34+ G0 cells enriched from 3 frozen-thawed mononuclear cell fractions enriched from peripheral
blood samples from 3 CML patients. The sample in the upper chart was from a patient in early accelerated phase, while the lower 2 were
from patents in chronic phase.
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4) Antigens consistently low in total CD34+ cells and even lower in CD34+ G0 cells: CD13,
14, 15 usually < 10% in total CD34+ cells and still lower in CD34+ G0 cells; CD3, CD19
usually < 5% in total CD34+ cells and still lower in CD34+ G0 cells

Similarities and differences in cell surface antigens between
normal and CML enriched total CD34+ cells and CD34+ G0 cells

1) CD34 is consistently positive in all normal and CML total CD34+ populations (96–100%)

2) No consistent differences were noted between any of the normal and CML subsets, except
the CML CD34+ G0 cells sometimes had lower expression of HLA-DR (60–95%) and usually
of CD38 (25–40%) than normal BM CD34+ G0 cells (90–98% and 65–90% respectively)

3) Variable, but usually antigens moderately to substantially lower in CD34+ G0 cells than in
total CD34+ cells: CD33, CD38, CD36, glycophorin A, CD41, CD61, CD71, CD45RA

5) Antigens with no consistent differences between total CD34+ and CD34+/G0 cells:
CD90, CD117 highly variable (∼ 10–60% Pos) in both populations; sometimes higher,
sometimes lower in G0 than in total CD34+ cells
6) CD34, CD38, CD90, glycophorin A, and CD45RA expression declines rapidly, and CD14,
CD15, CD36, and CD41 increase when total CD34+ or CD34+ G0 cells are stimulated to
divide in liquid culture; CD33 and other antigens show less change

Figure 9: Summary of the most consistent similarities and differences observed in cell surface antigen expression in multiple experiments
between normal and CML enriched total CD34+ and CD34+ G0 cells.

Examples of representative experiments showing simi-
larities and differences in expression of surface antigens are
shown in Figures 7 and 8, and a summary of the overall
results of multiple surface phenotyping experiments is given
in Figure 9.

In these and other studies, there were insufficient CD34+
total cells or subsets to compare additional surface antigens
other than those shown. As illustrated in Figure 1(a) and
Table 1, the CD34+ G1/S/G2/M cells are usually much more
numerous than the CD34+ G0 cells so their phenotype is
very similar to that of the total CD34+ cells (not shown).
Figure 7(a) shows a typical study comparing surface markers
of normal mononuclear cells from mobilized peripheral
blood and the enriched total CD34+ cells from the same sam-
ple showing marked enrichment of CD34+cells and reduced
expression of antigens expressed on more differentiated cells,
including CD14, CD45RA, CD90, CD3, and CD19. Figures
8(a) and 8(b) show comparisons of cell surface antigen
expression of normal and CML total CD34+ and CD34+/G0
cells in several typical experiments. As would be expected,
in most but not all normal and CML samples, expression
of CD33, CD38, and CD45RA were reduced in the CD34+
G0 cells compared to the total CD34+ cells. Figure 7(b)
shows the changes that occur in surface antigens during
12 days in liquid culture when normal CD34+ cells are
stimulated to proliferate by two combinations of 4 cytokines.
In the latter experiment, following stimulation with both
cytokine combinations, CD34, CD38, Glycophorin A, CD90,
and CD45 RA expression rapidly declined and this usually
occurred even faster in stimulated CML CD34+ cells (not
shown). Most surface markers associated with granulo-
cyte/macrophage, erythrocyte or megakaryocyte differentia-
tion increased both in normal and CML CD34+ cells (e.g.,
CD 14, 15, 36, 41), although CD61 declined slightly. As is
evident from comparing individual experiments, there was
considerable variation in both normal and CML individual
samples, but we have nevertheless attempted to provide an
overall summary in Figure 9 of the most consistent findings

in multiple experiments of the similarities and differences
in surface antigen expression between normal and CML
total CD34+ cells and CD34+ G0 cells and when the latter
are stimulated to proliferate. Overall, we did not detect
any consistent differences between normal and CML total
CD34+ cells or in their G0 and G1/S/G2/M subsets except
that the CML G0 cells usually had lower percentages of
cells expressing CD38 and sometimes of HLA-DR than the
normal G0 cells, but the results were not consistent enough
to draw any firm conclusions.

4. Discussion

This study was initiated based on the assumption that
quiescent CML cells and early progenitor cells may differ in
their pattern of gene expression from comparable normal
cells and that if critical differences could be identified, they
would help to reveal the underlying molecular mechanisms
responsible for the excessive overproduction of the CML
population. It was further hoped that some vulnerable
differences would be discovered that would be susceptible to
targeting by highly selective drugs, since it was assumed that
the quiescent cells would be largely unaffected by existing
BCR-ABL inhibitors such as Imatinib and Dasatinib as well
as other drugs active against proliferating cells. So far, there
has been only one other study attempting this [58], which
was performed using the same methods but using fewer
samples (five CML and two normal) and an older microarray
platform with considerably less genes represented (14,500
versus 38,500).

Because at least 105 cells were required for each sample
for microarray analysis and the enriched CD34+ G0 cells
comprised less than 0.02% of the starting cell populations,
it was difficult to obtain sufficient cells, especially patient
samples, to carry out the study. We initially collected
10 CML samples, but 2 had insufficient RNA so only 8
are included. We also performed microarray analyses on



20 Journal of Oncology

Table 2: List of genes, discussed in the paper, with significantly
differential gene expression in CML CD34+/G0 cells compared to
normal bone marrow. The fold change is linear and positive values
mean genes more expressed in CML and negative values vice versa.
In the case that for one gene there is more than one set of probes
significantly differentially expressed, we reported the highest value
among them. For the complete list of genes, see Supplementary
Material available online at doi:10.1155/2011/798592.

Gene symbol
Fold
change
(CML/BM)

Gene symbol
Fold
change
(CML/BM)

Apoptosis HLA-E −2.81

FAS +2.9 HOXA3 −4.44

MX1 −3 HOXB6 −4.97

BIRC3 −3.1 SPINK2 −10.71

MALT1 −4.44 NRIP1 −2.41

NALP1 −2.29 PRKCH −6.43

Cell proliferation RAPGEF2 −2.6

MTSS1 +5.58 TLOC1 −1.77

DLG7 +3.71 HES-1 −8.45

ANLN +3.56 Differentiation

CCNB2 +3.34 CD36 +19.7

CDC6 +3.28 XK +8.7

CETN3 +3.16 Klf1 +6.97

MAP9 −3.51 ITGA2B (CD41) +6.51

MAP9 −3.51 GATA1 +4.0

CDC14B −5.18 NFE2 +3.3

DNA replication TESC +4.5

RRM2 +5.57 ANK1 +3.9

GINS1 +3.49 HBQ1 +3.2

TOPO2A +3.34 HBD +18.4

GINS2 +3.33 HBG1 +17.3

Growth
factors/cytokines

HBB +13.4

IL7 +3.26 NCF4 +3.9

Stem cell markers BCL6 −4.88

PROM1 −19.75 GATA3 −4.99

HLF −18.08 TFR2 +5.5

GBP2 −3.85 LEPR +20.6

FLT3 −6.6 ∗SMAD7 −8.7

SPTBN1 −4.97 ∗NMYC −4.1

RBPMS −5.93 Transcription factors

GATA3 −4.99 HOXB3 −3.23

MPL (CD110) −6.11 HOXA5 −3.76

TNFSF10 (TRAIL) −3.07 WT1 +3.7

MSI2 −4.18 Cancer genes

ID1 −7.32 PVT1 +7.0

ARG2 −2.92 ANXA2 +5.75

BIRC3 −3.88 MARCKS +8.21

CRHBP −14.75

CD34+ G0 and G1/S/G2/M cells enriched from cord blood
and normal G-CSF mobilized peripheral blood samples,
but excluded them from the final analysis because some of
the results differed from cells enriched from normal bone
marrow samples and we considered the latter to be more
appropriate normal controls. Both the normal and CML
quiescent and proliferating fractions consisted of 96–100%
CD34+ primitive blast cells and less than 1% of CD34+ G0
cells incorporated BrdU, so almost all of the latter were either
in G0 or early G1. Because there are no definitive markers
to distinguish stem cells from early progenitor cells, it is
unknown what percentage of each was present in the CD34+
G0 fractions, but we presume the majority of cells in both
the normal and CML fractions were progenitors in various
stages of development. Ideally, we would have preferred to
also compare normal and CML stem cells, but were unable
to do this because of a lack of clear stem cell markers and
insufficient cell numbers.

Some of the genes that were differentially expressed in
normal and CML/G0 cells revealed a number of interesting
findings which correlate nicely with some of the biological
and functional abnormalities previously observed in CML
cells. These findings include the following. (i) In keeping
with the gene expression data, normal and CML quiescent
G0 cells are more highly enriched in primitive cells than
the proliferating G1/S/G2/M cells. (ii) The CML G0 cells
are in a slightly more advanced stage of development
than the normal G0 cells, and as previously reported
by Graham et al. [58], the CML CD34+ G0 cells are
more similar to the CD34+ proliferating cells than are
the normal G0 and G1/S/G2/M fractions. (iii) In keeping
with their more advanced stage of development and their
upregulation of genes involved in DNA replication or part
of the mitotic spindle machinery, CML/G0 cells are more
poised to begin proliferating than normal G0 cells and are
more sensitive to growth stimulation by single cytokines
or combinations known to act on early progenitors and
stem cells. While normal and CML/G0 cells are almost
equally responsive to stimulation by multiple cytokines, the
CML cells are triggered into cycle more rapidly. (iv) Once
CML quiescent progenitors are stimulated by cytokines to
begin proliferating, they undergo further differentiation and
maturation more rapidly than normal quiescent progenitors,
but both granulopoiesis and erythropoiesis are usually less
efficient than in normal hematopoiesis as shown in cloning
experiments in which the CML cells form many more
small CFU-GM, CFU-E, and BFU-E compared to normal
progenitors [14, 32]. (v) Whereas normal CD34+ cells form
almost entirely granulocyte/monocyte clusters and colonies
in clonogenic experiments when stimulated by cytokines
in the absence of erythropoietin, CML CD34+ G0 cells
consistently spontaneously form a combination of GM
and erythroid colonies in the absence of EPO. The gene
expression data clearly shows that CML/G0 cells have marked
overexpression of genes associated with development of the
erythrocyte and megakaryocyte lineages, and Graham et al.
noted similar findings [58]. (vi) Prominin-1 (CD133) is the
gene most downregulated in CML G0 cells, and there is lower
expression of CD133 on the surface of these cells. Cord blood
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G0 CD 133+ cells form only GM colonies without EPO while
CD133− cells form a mixture of GM and erythroid colonies.
The downregulation of CD133 appears to be associated
with the spontaneous formation of erythroid colonies by
CML progenitors in the absence of EPO, but its precise
role remains to be better clarified. It has been known for
many years that both normal and neoplastic cell populations
contain significant numbers of “resting” or quiescent cells
that are considerably less sensitive to the damaging effects
of irradiation, cytotoxic drugs, and other injurious agents
than are proliferating cells [59, 60]. The dormant state
is a protective mechanism that is of crucial importance
in enhancing a population’s probability of survival under
adverse conditions, and early on the concept that dormant
cancer cells are important obstacles to curability was widely
recognized by both basic and clinical scientists [15, 25, 61].
If one accepts the premises that almost all lethal cancers
originate in adult stem cells or early progenitors functioning
as stem cells, that these cells are essential for initiation,
maintenance, and expansion of the cancers, and that a large
fraction of these cells, like normal stem cells, reside in a
quiescent state in which they are resistant to most therapies,
then it is obviously important to better understand their
derivation and properties, to determine how normal and
cancer quiescent stem cells may differ, and to look for ways to
develop specific targeted therapies based on these differences.

Activation of quiescent cells following a mitogenic
stimulus by serum, cytokines, or other factors is highly
complex and involves the coordinated and selective induc-
tion of expression and repression of hundreds of genes
including specific cyclins, cyclin-dependent kinases (CDKs),
and protein kinase inhibitors (PKIs). Many cell cycle genes
are transcriptionally silent in quiescent cells, and they express
only a limited number of cytokine receptors, and recent
studies have shown that siRNAs and microRNAs are also
involved in repressing gene transcription and translation in
quiescent cells. When one considers the staggering complex-
ity of all of the cytokines and other regulatory factors and
cellular interactions that determine whether a quiescent stem
cell residing in its protected niche is going to divide while
simultaneously deciding what kinds of cells to produce, it
is hardly surprising that our present understanding of the
mechanisms regulating stem cell behavior is very incomplete.
In our analysis, it appears that in many cases, clusters of
presumably related genes that are differentially expressed
are all associated with a particular stage of development or
function, suggesting that their common dysfunction in CML
G0 cells may involve aberrant co-regulation.

Most authorities agree that the HSC population is hetero-
geneous, but it is still uncertain at what level of development
the system permits changes to occur in phenotype and
functionality, or when the differentiation hierarchy becomes
fixed. Circumstantial evidence for both normal and leukemic
stem cells favors a heterogenic model in which there is a
continuum of stem and early progenitor cells with grad-
ually declining potentials for self-replication, pluripotency,
and other stem cell properties, but that some cells may
also exhibit flexibility in responding to different stochastic
influences in their developmental milieus. Some degree of

reversibility may also exist whereby early progenitors can
retain or reassume more primitive stem cell properties if
needed, such as the ability for more extensive self-replication
in order to replace or supplement damaged stem cells. How-
ever, it is likely that significant reversibility is restricted to
early progenitors and that once they have become committed
to differentiate along a particular lineage, it is doubtful that
they can revert to functioning as stem cells. With regard
to cancer stem cells, some years ago we postulated that
most leukemias originate in “limited stem cells” which have
more limited pluripotency than normal primitive HSCs, but
retain sufficient self-replicating potential to initiate a lethal
leukemia [11]. Many current researchers now agree, although
some prefer to call them leukemia or cancer “initiating cells”
to distinguish them from true HSCs.

While cells undergoing differentiation and maturation
can become temporarily arrested or slowed in their progres-
sion through other phases of the cell cycle under certain
conditions (e.g., hypoxia, increased cell density, exposure
to toxins, cytotoxic drugs, irradiation, or other damaging
agents), it is usually only stem cells and primitive progenitors
that remain in a quiescent state for extended periods under
normal steady-state conditions. Once progenitors become
firmly committed to differentiation and maturation, serial
cloning studies conducted in vitro [32] and cytokinetic
labeling studies with 3H-thymidine conducted in vivo [24,
62] have shown that both normal and leukemic cells usually
proceed to undergo a variable but limited number of
maturation divisions to produce terminally differentiated
cells (which may be highly abnormal in leukemia and
other malignancies), and which are incapable of reverting
to regain significant self-renewal or other essential stem cell
properties. While our in vivo 3H-thymidine labeling studies
were less extensive in patients with lymphomas or solid
tumors growing in ascetic form [63, 64], in cases in which it
was possible to distinguish neoplastic cells in differing states
of maturity, it appears that once the neoplasticcells become
committed to maturation, if the environment is suitable,
they usually continue to divide but are only capable of a
limited number of divisions before dying spontaneously and
are incapable of reproducing the disease. Overall, our in vivo
labeling studies strongly suggest that the number of dormant
cancer stem and progenitor cells continue to increase as
the population of cancer cells expands and that they, thus,
constitute a progressively greater obstacle to curative therapy
in many types of cancer [11, 25, 65].

The constitutive tyrosine kinase activity of the p210bcr-abl

protein causes abnormal phosphorylation of regulatory
proteins in numerous interacting signaling pathways [3,
25, 66, 67]. The overall signaling networks altered by Bcr-
Abl are highly complex [68], indeed reaching a level of
complexity that some observers have likened to Heisenberg’s
uncertainty principle in quantum mechanics. Nevertheless,
although the specific signaling changes responsible for each
of the biological abnormalities that have been described are
still incompletely defined, it is highly likely that the faulty
signaling disrupts multiple interactive networks that nor-
mally tightly regulate the orderly well-coordinated processes
of proliferation, differentiation, and maturation in normal
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hematopoiesis. This misregulation can probably explain all
the abnormalities observed in early-stage CML including the
initial overproduction of GM progenitors, the imbalanced
lineage apportionment, the inefficiency of production of
both granulocytes and erythrocytes, and all the other more
subtle dysplastic morphological, biochemical, and functional
changes that have been described [25].

Gleevec and some of the newer Bcr-Abl inhibitors are
highly effective in globally inhibiting the increased tyrosine
phosphorylation of multiple proteins involved in these
signaling pathways [25, 69–71] and since Bcr-Abl is usually
the sole mutation in early stage CML, the progenitors
are restored to near normal behavior when the kinase
is adequately inhibited. At higher concentrations, the Abl
TKI inhibitors are lethal to both fresh primary CML
progenitors and Bcr-Abl-driven cell lines while at still higher
concentrations, they also kill normal progenitors and cell
lines not driven by Bcr-Abl, the exact normal: CML lethal
concentration ratios depending on the particular cells and
inhibitors.

However, as suggested by the usual relatively slow induc-
tion of remissions in CML patients over the course of weeks
or months, it is doubtful if the BCR-ABL inhibitors when
administered in clinically tolerable doses actually kill many
of the proliferating CML progenitors and precursors. Rather,
by inhibiting Bcr-Abl’s constitutive tyrosine kinase activity,
they at least transiently restore the cells to functioning
more normally, and in so doing the CML progenitors
cease excessive cell production, presumably by reacquiring
the ability to respond properly to quorum sensing signals
that ensure maintenance of normal homeostatic cell density
limits. Meanwhile, the later CML progenitors which are
already committed to differentiation continue to proceed
through a limited number of maturation divisions and then
die as terminally differentiated cells, just as do normal cells.
After the body burden of leukemic cells has been sufficiently
reduced, the residual normal stem cells are released from
the CML cells’ (poorly understood) inhibitory effects and
resume production, usually resulting in a complete hema-
tologic or cytogenetic remission. The BCR-ABL inhibitors
are clearly a very important advance since they are able to
induce durable remissions in the majority of CML patients
in chronic phase, but they are not usually curative since most
patients relapse if therapy is discontinued, probably because
quiescent CML stem/progenitor cells are not killed by the
drugs and are able to reproduce the disease [9, 72]. Several
mechanisms of resistance have also been well described as
noted earlier [7, 8]

Thus, while Gleevec and other Bcr-Abl TKIs are very
effective in the early stage of CML in largely eliminating
the majority of proliferating Ph+ progenitor and precursor
cells, more attention should be given to seeking ways to
selectively kill the quiescent leukemia stem and progenitor
cells. While our own studies so far have not revealed any
specific vulnerable targets, it is important that the search be
continued. The alterations in gene expression described here
must be confirmed in a larger number of patients, and if
possible with further technological advances, in still more
highly enriched populations of early progenitors and stem

cells. As the search proceeds, the significance of some of the
differences in gene expression reported here may become
clearer and eventually lead to discovery of new ways to
selectively kill the quiescent CML stem and progenitor cells.
For a number of reasons, it has become increasingly difficult
to obtain large enough samples of CML cells to carry out the
rigorous procedures required to isolate sufficient numbers of
highly enriched stem and progenitor cells for further studies,
so this is another important issue that must be addressed.

In a broader sense, it is perhaps even more important to
design similar therapeutic strategies for other types of cancer.
Much of the recent development of anticancer drugs has
been directed towards producing different classes of drugs
that block segments of one or more signaling pathways that
are known to be dysregulated by the particular initiating
mutation(s) commonly found in different types of cancer.
However in advanced malignancies it is often difficult
to distinguish the importance of the primary causative
mutation(s) compared to that of secondary or still later
(passenger) mutations and the situation may become further
complicated by multiple epigenetic changes. A huge number
of new drugs of different classes are now available, but few
cause complete or durable remissions and they are almost
never curative. Greater emphasis should therefore be placed
on more clearly identifying and whenever possible selectively
targeting the primary driving mutations in the cancer stem
or early progenitor cells in early stage disease, and also in
developing new strategies to selectively kill the quiescent
stem or progenitor cells that escape most current therapies.
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ITD-Flt3 mutations are detected in leukemia stem cells (LSCs) in acute myeloid leukemia (AML) patients. While antagonizing
Survivin normalizes ITD-Flt3-induced acute leukemia, it also impairs hematopoietic stem cell (HSC) function, indicating that
identification of differences in signaling pathways downstream of Survivin between LSC and HSC are crucial to develop selective
Survivin-based therapeutic strategies for AML. Using a Survivin-deletion model, we identified 1,096 genes regulated by Survivin
in ITD-Flt3-transformed c-kit+, Sca-1+, and lineageneg (KSL) cells, of which 137 are deregulated in human LSC. Of the 137, 124
genes were regulated by Survivin exclusively in ITD-Flt3+ KSL cells but not in normal CD34neg KSL cells. Survivin-regulated genes
in LSC connect through a network associated with the epidermal growth factor receptor signaling pathway and falls into various
functional categories independent of effects on apoptosis. Pathways downstream of Survivin in LSC that are distinct from HSC
can be potentially targeted for selective anti-LSC therapy.

1. Introduction

Survivin has been implicated in regulation of apoptosis,
cell division, and cell cycle both in cancer cells and nor-
mal tissues, through caspase-dependent and -independent
mechanisms [1–3]. We previously showed that Survivin is
expressed and growth factor regulated in human CD34+ cells
[4–6]. Antagonizing Survivin impairs production of mouse
bone marrow hematopoietic progenitor cells in vitro [4, 7]
and conditional Survivin gene deletion in vivo in mice leads
to bone marrow ablation as a result of loss of hematopoietic
stem and progenitor cells (HSPC) [8]. In contrast to tight
regulation of Survivin by hematopoietic growth factors in
normal CD34+ cells, deregulated expression of Survivin
is frequently observed in hematological diseases, particu-
larly those associated with hematopoietic stem cell (HSC)
expansion. For instance, Survivin is aberrantly overexpressed
in acute myeloid leukemia [9, 10] but downregulated in

marrow cells of patients with aplastic anemia where HSPC
are significantly reduced [11]. These findings suggest that
Survivin regulates HSPC fate under normal and pathological
conditions.

We previously reported that ITD-Flt3 mutations found
in ∼25–30% of patients with acute myeloid leukemia
(AML) and strongly associated with poor prognosis [12–14],
increase expression of Survivin. Survivin mediates aberrant
hematopoietic cell proliferation induced by ITD-Flt3 and
regulates development of ITD-Flt3+ acute leukemia, sug-
gesting that antagonizing Survivin may provide therapeutic
benefit for patients with AML expressing ITD-Flt3 [14]. Sur-
vivin is the fourth most highly expressed transcript in cancer
[15] and is commonly associated with a higher proliferative
index, reduced apoptosis, resistance to chemotherapy and
increased rate of tumor recurrence in cancer cells, making
anti-Survivin therapy an attractive strategy in cancer [3].
Several anti-Survivin preclinical trials in solid tumor models
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show that disrupting Survivin can reduce tumor growth [1–
3]. However, studies from our group and others indicate
that Survivin regulates normal HSPC [4, 7, 8], suggesting
that targeting Survivin will likely result in hematopoietic
toxicity. Therefore, identification of differences in signaling
cascades downstream of Survivin between normal HSPC and
cancer stem cells (CSC) or leukemia stem cells (LSC) are
required to pinpoint targets that can effectively eradicate
CSC/LSC with little toxicity on HSC. Previous reports show
that ITD-Flt3 mutations are present in human LSC [13]
and genes expressed in AML stem cells are deregulated
[16]. The primary purpose of this study was to identify
downstream Survivin signaling pathways in LSC that are
distinct from normal HSC. Using ITD-Flt3 transformed c-
kit+, Sca-1+, and lineageneg (KSL) cells from conditional
Survivin knockout mice as surrogates for AML stem cells and
littermate controls, we identified a panel of genes that are
specifically regulated by Survivin in ITD-Flt3 transformed
KSL cells and known to be deregulated in human LSC.
The data identify selective signaling pathways downstream of
Survivin in LSC that are distinct from normal HSC that can
be potentially targeted for selective anti-LSC therapy.

2. Materials and Methods

2.1. Antibodies and Cytokines. Anti-Fcγ-III/II receptor anti-
body, APC conjugated antimouse c-kit (clone 2B8), biotin-
conjugated anti-Sca-1 (E13-161.7), R-Phycoerythrin (PE)
conjugated anti-mouse CD3 (clone 143-2C11), GR-1 (clone
RB6-8C5), B220 (clone RA3-6B2), Mac1 (clone M1/70),
Ter119 (clone Ter119), rat IgG2a, rat IgG2b, hamster IgG,
and Streptavidin-PE-Cy7 were purchased from BD Bio-
sciences (San Diego, CA). Recombinant human Flt3 ligand
(FL) and Thrombopoietin (Tpo) were provided by Amgen,
Thousand Oaks, CA. Recombinant murine stem cell factor
(rmSCF) was purchased from R&D Systems (Minneapolis,
MN). Tamoxifen and 4-hydroxy (4OH) tamoxifen were from
Sigma-Aldrich (St. Louis, MO).

2.2. Cell Culture, Plasmid Transfection, Retrovirus Transduc-
tion, and In Vitro Survivin Gene Deletion. Mice with the
Survivin gene flanked by loxP sites and a Tamoxifen-
inducible form of Cre (Cre-ER) were reported previously
[14]. All mice were housed in microisolators with continuous
access to rodent chow and acidified water. The Indiana Uni-
versity School of Medicine IACUC approved all experimental
procedures. Retrovirus transduction of ITD-Flt3 into mouse
bone marrow cells was carried out as described [14]. Briefly,
bone marrow cells from littermate control Survivinflox/flox or
CreER-Survivinflox/flox mice were transduced with ITD-Flt3
(N51) in MSCV-IRES-EGFP vector [17]. Seventy-two hours
after sequential transduction, the medium was replaced with
IMDM containing 10% FBS and the cells were incubated for
14 days without growth factors in the presence of 1uM of
4OH-Tamoxifen to induce Survivin gene deletion. All cells
were cultured in triplicates in two independent experiments.
Viable cells were enumerated using trypan blue exclusion and
GFP+, c-kit+, Sca-1+, and lineage negative (KSL) cells were
sorted on day 14 by FACSAria (BD Biosciences). Sorted cells

were immediately lysed and subjected to differential mRNA
microarray analysis.

2.3. In Vivo Survivin Deletion. Survivinflox/flox and CreER-
Survivinflox/flox mice were treated with 5 mg Tamoxifen
(5 mg/mouse i.p.) for 3 consecutive days and allowed to rest
for 3 days, and Tamoxifen was administered for 3 additional
days. Fourteen days after the final Tamoxifen injection,
marrow cells were harvested, stained with anti-CD34, c-kit,
Sca-1, and lineage markers and CD34neg KSL cells isolated by
FACSAria for mRNA microarray analysis.

2.4. mRNA Microarray. Sorted cells were immediately lysed
and subjected to differential mRNA microarray analysis.
Microarray analysis was performed on a fee basis by Miltenyi
Biotec (Auburn, CA). Briefly, 250 nanograms of each cDNA
were used as template for Cy3 and Cy5 labeling which
was performed according to Miltenyi Biotec’s proprietary
protocol. Equal amounts of labeled cDNAs from Tamoxifen-
treated Survivinflox/flox and CreER-Survivinflox/flox mice or
those cells expressing ITD-Flt3 were hybridized overnight
(17 hours, 65◦C) to Agilent Whole Mouse Genome Oligo
Microarrays (44 K) according to the manufacturers’ pro-
tocol. Fluorescence signals of the hybridized microarrays
were detected using Agilent’s DNA microarray scanner
(Agilent, Palo Alto, USA). The Agilent Feature Extraction
Software (FES) was used to read out and process the
microarray image files. The software determines feature
intensities and ratios (including background subtraction
and normalization), rejects outliers, and calculates statistical
confidences (P-values). For determination of differential
gene expression, FES derived output data files were fur-
ther analyzed using the Rosetta Resolverâ gene expression
data analysis system (Rosetta Biosoftware, Seattle, USA).
Significantly regulated genes were annotated and assigned to
functional categories using the DAVID 2008 (the Database
for Annotation, Visualization and Integrated Discovery;
http://david.abcc.ncifcrf.gov/home.jsp) program [18]. Func-
tional networks of the genes regulated by Survivin was visu-
alized using Cytoscape software: http://www.cytoscape.org/
[19].

3. Results

3.1. Reduction in Proliferation ITD-Flt3 Transformed KSL
Cells by Survivin Deletion Is Associated with Alteration of
Expression of 1,096 Genes Classified into Various Biological
Functions. While incubation of marrow cells transduced
with wild-type Flt3 in IMDM containing 10% FBS without
hematopoietic any growth factors failed to support KSL
proliferation, overexpression of ITD-Flt3-EGFP in primary
mouse bone marrow cells results in the ability of KSL cells to
proliferate in the same culture condition without additional
any hematopoietic growth factors as we reported, indicating
that ITD-Flt3 is sufficient to transform primitive HSPC [14].
Incubation of ITD-Flt3 transduced marrow cells derived
from CreER-Survivinflox/flox mice with 1uM 4OH-Tamoxifen
significantly reduced factor-independent KSL cells on day 14
compared to Survivinflox/flox cells treated in exactly the same
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Figure 1: The effect of Survivin deletion on the number of KSL cells transformed by ITD-Flt3 (a) The KSL cells transformed by ITD-Flt3
were FACS sorted using GFP as a marker. Marrow cells derived from littermate control Survivinflox/flox or CreER-Survivinflox/flox mice were
transduced with ITD-Flt3 (N51) in MSCV-IRES-EGFP vector. Seventy-two hours after transduction, the medium was replaced with IMDM
containing 10%FBS and the cells were incubated for 14 days in the presence of 1uM of 4OH-Tamoxifen without hematopoietic growth
factors. GFP+, c-kit+, Sca-1+, and lineage-negative (KSL) cells shown in red box were sorted on day 14 by FACSAria (BD Biosciences).
(b) The number of whole cells and KSL cells derived from Survivinflox/flox or CreER-Survivinflox/flox marrow cells transduced with ITD-Flt3
cultured with 4OH-tamoxifen in the absence of any growth factors was quantitiated in triplicate wells of each sample averaged from 2
independent experiments. ∗P < .02 compared to control Survivinflox/flox.

manner (Figure 1), confirming that Survivin is required for
factor independent growth of ITD-Flt3 transformed KSL
cells.

To investigate the mechanism by which Survivin reg-
ulates aberrant proliferation of ITD-Flt3 transformed KSL
cells, mRNA expression was compared between ITD-Flt3
transformed Survivinflox/flox and CreER-Survivinflox/flox KSL
using mRNA microarrays. Although inhibition of Survivin
mRNA expression in CreER-Survivinflox/flox KSL cells by
4OH-Tamoxifen was only 50% compared to control, the
mRNA microarray identified 1,096 transcripts differentially
regulated by Survivin. These genes were classified based
on biological process and molecular function defined by
Gene Ontology Term (http://www.geneontology.org/) using
DAVID 2008 program (Figure 2). Representative groups for
biological process include phosphate metabolic process, cell
cycle, cell division, response to DNA damage stimulus, RNA
biosynthetic process and transcription (Figure 2(a), P <
.02). Ion-binding, nucleotide-binding, DNA-binding, and

protein kinase activity were the top 4 significantly enriched
categories in molecular function defined by Gene Ontology
database (Figure 2(b), P < .02). The list of genes classified by
biological process and molecular function are listed in sup-
plementary Table S1 available at doi:10.1155/2011/946936.

3.2. Survivin Modulates Expression of Genes Deregulated in
Human AML LSC. The requirement of Survivin for the self-
renewing capability of ITD-Flt3 transformed KSL cells or
CFU [14] and the presence of ITD-Flt3 in LSC [13] strongly
suggests that Survivin is important for LSC fate decisions
resulting from deregulated gene expression. We compared
1,096 differentially expressed genes in Survivin deleted ITD-
Flt3+KSL cells with the existing deregulated gene expression
database for human AML stem cells [16]. Out of 1,096 genes
regulated by Survivin in KSL cells transformed by ITD-Flt3,
137 genes are also listed in the deregulated molecules
in human AML stem cells (Tables 1(a)–1(d)) [16]. The
relationship between Survivin and LSC on the modulation
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Figure 2: Classification of the Survivin regulated genes in ITD-Flt3 transformed KSL cells. The 1,096 genes identified by Survivin gene
deletion were classified into biological process (a) and molecular function (b) defined by Gene Ontology (GO) Term using DAVID program
(P < .02). Genes for which annotations could not be assigned were excluded. Representative functional categories are shown in the figures
because of redundancies in classification categories. The complete Gene ID and annotations are listed in Supplementary Table S1 available
at doi:10.1155/2011/946936.

of the gene expression is illustrated in Figure 3(a). Of the 137
genes identified, 79 genes were downregulated by Survivin
deletion while 58 genes were upregulated, implying that
these genes are conversely increased and decreased by the
presence of Survivin in LSC (Figure 3(a)). In contrast, 92
genes were upregulated and 45 genes were downregulated by
LSC. Among the 79 genes downregulated genes by Survivin
deletion, 55 transcripts were upregulated (Figure 3(a) and
Table 1(a)) whereas 24 genes were downregulated by LSC
(Figure 3(a) and Table 1(c)). Similarly, out of 58 upregulated
transcripts by Survivin deletion, 21 genes were downregu-
lated (Figure 3(a) and Table 1(b)) and 37 genes were upreg-
ulated in LSC (Figure 3(a) and Table 1(d)) (Figure 3(a)).

Next, we classified the 137 genes into functional anno-
tation groups using the DAVID program (P < .05,
Figure 3(b)). Significantly enriched functional groups were
annotated as phosphoprotein, nucleus, acetylation, cell cycle,
ATP binding, regulation of EGF signaling pathway, cell
adhesion and others. The size of each circle in Figure 3(b)
represents the number of genes involved in each functional
category and the thickness of the line indicates the number
of genes shared with any function, suggesting enrichment
of the gene groups with functional redundancy. Among
the molecules most frequently shared within the functional
groups include BGLAP, Chrac1, Hmgb1 and Smarce1.
Similarly, 76 genes upregulated or downregulated both by
Survivin and LSC (55 + 21 genes shown in Figure 1(a))
were functionally classified (Figure 3(c)). Phosphoprotein,

acetylation, DNA binding, ATP binding and DNA replication
were significantly enriched.

The 1,096 differentially Survivin-regulated genes were
also searched against the list of genes expressed in mouse
HSC [20]. We identified 94 differentially expressed genes
in the list of genes that include HSC. There were 45 genes
whose expression was selectively enriched in HSC compared
to other populations (Table 2). Crem, Emp1, Hmga2, Lrrn1,
Maff, Myef2, Rps4x, and Sos1 listed in HSC database are
also deregulated in LSC. We next compared the human
LSC associated 137 genes regulated by Survivin in ITD-
Flt3+KSL cells with differentially regulated genes in normal
bone marrow CD34neg KSL cells obtained from CreER-
Survivinflox/flox and control Survivinflox/flox mice following
Survivin deletion. Tamoxifen reduced Survivin expression
by 10-fold in CD34neg KSL cells from CreER-Survivinflox/flox

mice compared to control Survivinflox/flox in two independent
experiments. Out of 137 genes, Arg2, Med25, Pmaip1, Pola2,
Ube3b, Ephb2 and Rab18 were differentially regulated in
both ITD-Flt3+KSL cells and normal CD34neg KLS cells by
Survivin deletion. In contrast, Cenpa, Cpd, Myef2, Nmt2,
Taf1b and Tmpo were downregulated in ITD-Flt3+KSL cells
while they were upregulated in normal CD34neg KSL cells by
Survivin deletion. These findings suggest that the 124 genes
are regulated by Survivin exclusively in ITD-Flt3+KSL cells
but not in CD34neg KSL cells. The complete list of the genes
regulated by Survivin in CD34neg KSL cells will be reported
elsewhere (manuscript in preparation).
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Table 1

(a) Genes upregulated in LSC but downregulated in ITD-Flt3+KSL cells deleted with Survivin (55 genes).

Symbol Name Fold change

Acaa2
acetyl-Coenzyme A acyltransferase 2 (mitochondrial 3-oxoacyl-Coenzyme A thiolase) (Acaa2),
[NM 177470]

−3.7

Ankrd12
Mus musculus 15 days embryo head cDNA, RIKEN full-length enriched library,
clone:D930020E11 product: unknown EST, full insert sequence. [AK086311]

−5.5

Ankrd28
Mus musculus 2 days neonate thymus thymic cells cDNA, RIKEN full-length enriched library,
clone:E430019N21 product: unknown EST, full insert sequence. [AK088541]

−2.9

Ap1g2 adaptor protein complex AP-1, gamma 2 subunit (Ap1g2), [NM 007455] −5.2

Arhgef18 rho/rac guanine nucleotide exchange factor (GEF) 18 (Arhgef18), [NM 133962] −3.6

Arrdc1 arrestin domain containing 1 (Arrdc1), [NM 178408] −2.1

Atp11a ATPase, class VI, type 11A, [AK006628] −2.6

BGLAP bone gamma carboxyglutamate protein 1 (Bglap1), [NM 007541] −10.2

Cars cysteinyl-tRNA synthetase (Cars), [NM 013742] −2.3

Ccr1 chemokine (C-C motif) receptor 1 (Ccr1), [NM 009912] −3.5

Cd96 CD96 antigen (Cd96), [NM 032465] −2.1

Cfp complement factor properdin (Cfp), [NM 008823] −4.3

Cyyr1 cysteine and tyrosine-rich protein 1 (Cyyr1), [NM 144853] −2.7

Dpagt1
dolichyl-phosphate (UDP-N-acetylglucosamine) acetylglucosaminephosphotransferase 1
(GlcNAc-1-P transferase) (Dpagt1), [NM 007875]

−2.8

Dpp9 dipeptidylpeptidase 9 (Dpp9), [NM 172624] −2.4

Elovl1
elongation of very long chain fatty acids (FEN1/Elo2, SUR4/Elo3, yeast)-like 1 (Elovl1),
[NM 019422]

−2.5

Ets2 E26 avian leukemia oncogene 2, 3′ domain (Ets2), [NM 011809] −2.5

Fgr
Mus musculus Gardner-Rasheed feline sarcoma viral (Fgr) oncogene homolog (Fgr), mRNA
[NM 010208]

−2.9

Gfi1 growth factor independent 1 (Gfi1), [NM 010278] −2.7

Gga2 golgi associated, gamma adaptin ear containing, ARF binding protein 2 (Gga2), [NM 028758] −2.5

Git2 G protein-coupled receptor kinase-interactor 2, [AK017943] −3.1

Hdac10 histone deacetylase 10 (Hdac10), [NM 199198] −4.1

Ipo13 importin 13 (Ipo13), [NM 146152] −2.3

Isyna1 myo-inositol 1-phosphate synthase A1 (Isyna1), [NM 023627] −2.5

Klhl17 kelch-like 17 (Drosophila) (Klhl17), [NM 198305] −4.8

Lars2
leucyl-tRNA synthetase, mitochondrial (Lars2), nuclear gene encoding mitochondrial protein,
[NM 153168]

−3.6

Lrrk1 leucine-rich repeat kinase 1 (Lrrk1), [NM 146191] −2.7

Lztr1 leucine-zipper-like transcriptional regulator, 1 (Lztr1), [NM 025808] −3.4

Mapk8ip3 mitogen-activated protein kinase 8 interacting protein 3 (Mapk8ip3), [NM 013931] −2.9

Mcm8 minichromosome maintenance deficient 8 (S. cerevisiae) (Mcm8), [NM 025676] −2.4

Med25 TCBAP0758 protein (Fragment) homolog [Homo sapiens], [AK165760] −5.4
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(a) Continued.

Symbol Name Fold change

Mr1 laminin receptor 1 (ribosomal protein SA) (Lamr1), [NM 011029] −2.6

Napa N-ethylmaleimide sensitive fusion protein attachment protein alpha (Napa), [NM 025898] −3.0

Ndrg1 N-myc downstream regulated gene 1 (Ndrg1), [NM 010884] −3.3

Nsfl1c NSFL1 (p97) cofactor (p47) (Nsfl1c), [NM 198326] −2.2

Otud5
bZ30I22.1 (Novel protein similar to human FLJ12550) (Fragment) homolog [Brachydanio rerio],
[AK169921]

−3.1

Pank4 pantothenate kinase 4 (Pank4), [NM 172990] −3.0

Pgls 6-phosphogluconolactonase, [AK158308] −5.6

Phkg2 phosphorylase kinase, gamma 2 (testis) (Phkg2), [NM 026888] −3.3

Pmaip1 phorbol-12-myristate-13-acetate-induced protein 1 (Pmaip1), [NM 021451] −6.6

Pola2 polymerase (DNA directed), alpha 2 (Pola2), [NM 008893] −2.7

Polg polymerase (DNA directed), gamma 2, accessory subunit (Polg2), [NM 015810] −3.2

Rnf126 ring finger protein 126 (Rnf126), [NM 144528] −2.1

Ropn1l ropporin 1-like (Ropn1l), [NM 145852] −6.8

Rtel1 regulator of telomere elongation helicase 1 (Rtel1), [NM 001001882] −4.3

Slc1a5 solute carrier family 1 (neutral amino acid transporter), member 5 (Slc1a5), [NM 009201] −2.3

Slc25a28 solute carrier family 25, member 28 (Slc25a28), [NM 145156] −2.9

Snapc4 small nuclear RNA activating complex, polypeptide 4 (Snapc4), [NM 172339] −2.7

Solh small optic lobes homolog (Drosophila) (Solh), [NM 015830] −3.9

Synj1 PREDICTED: synaptojanin 1 (Synj1), [XM 358889] −2.8

Trim21 tripartite motif protein 21 (Trim21), [NM 009277] −11.4

Trpm2 transient receptor potential cation channel, subfamily M, member 2 (Trpm2), [NM 138301] −4.2

Trpm7 transient receptor potential cation channel, subfamily M, member 7 (Trpm7), [NM 021450] −3.2

Ube3b ubiquitin protein ligase E3B (Ube3b), [NM 054093] −2.8

Upp1 uridine phosphorylase 1 (Upp1), [NM 009477] −3.4

Fold change: ITD-Flt3+ KLS cells derived from CreER-Survivinfx/fx compared to control Survivinfx/fx in two experiments.

(b) Genes downregulated in LSC but upregulated in ITD-Flt3+KSL cells deleted with Survivin (21 genes)

symbol Name Fold change

Aebp2 AE binding protein 2 (Aebp2), transcript variant 3, [NM 009637] 11. 4

Anp32b
unspliced dna for: PROLIFERATION RELATED ACIDIC LEUCINE RICH PROTEIN PAL31
(SIMILAR TO ACIDIC PROTEIN RICH IN LEUCINES) homolog [Mus musculus], . . .

2.9

App amyloid beta protein precursor, [M18373] 25.7

Cd164 CD164 antigen, [AK018009] 2.5

Crem cAMP responsive element modulator. [AK016156] 7.3
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(b) Continued.

symbol Name Fold change

Emp1 epithelial membrane protein 1 (Emp1), [NM 010128] 2.3

Fbxl17
Mus musculus 10 days neonate cerebellum cDNA, RIKEN full-length enriched library,
clone:B930094M09 product: unknown EST. [AK081162]

5.1

Gas2l3
Mus musculus 16 days embryo head cDNA, RIKEN full-length enriched library,
clone:C130036O09 product: unclassifiable, [AK048137]

12.5

Myef2 myelin basic protein expression factor 2, repressor (Myef2), [NM 010852] 10.6

Nrip1 nuclear receptor interacting protein 1 (Nrip1), [NM 173440] 6.2

Pla2g12a phospholipase A2, group XIIA (Pla2g12a), [NM 023196] 3.2

Psmd11
Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone: 1700089D09
product: unclassifiable. [AK007029]

12.3

Rps20
Mus musculus bone marrow macrophage cDNA, RIKEN full-length enriched library,
clone:I830013G23 product: hypothetical protein. [AK150667]

5.5

Senp7 SUMO1/sentrin specific protease 7 (Senp7), transcript variant 3, [NM 001003972] 12.3

Slc25a16
solute carrier family 25 (mitochondrial carrier, Graves disease autoantigen), member 16
(Slc25a16), [NM 175194]

2.8

Spire1 spire homolog 1 (Drosophila) (Spire1), transcript variant 2, [NM 176832] 9.5

Tdrd3
Mus musculus adult male olfactory brain cDNA, RIKEN full-length enriched library,
clone:6430599B16 product: hypothetical Tudor domain containing protein. [AK078326]

2.9

Tmpo thymopoietin (Tmpo), [NM 011605] 4.3

Trps1
Mus musculus adult male adrenal gland cDNA, RIKEN full-length enriched library, clone:
7330401C17 product: expressed sequence AI115454, [AK078617]

11.4

Ube2n ubiquitin-conjugating enzyme E2N (Ube2n), [NM 080560] 2.4

Wtap
Mus musculus 12 days embryo embryonic body between diaphragm region and neck cDNA,
RIKEN full-length enriched library, clone: 9430038B09 product: unclassifiable. [AK020459]

14. 2

Fold change: ITD-Flt3+ KLS cells derived from CreER-Survivinfx/fx compared to control Survivinfx/fx in two experiments.

(c) Genes down regulated in LSC and in ITD-Flt3+KSL cells deleted with Survivin (24 genes)

Symbol Name Fold change

Arg2 arginase type II (Arg2), [NM 009705] −2.2

Atp2c1
CALCIUM-TRANSPORTING ATPASE TYPE 2C, MEMBER 1 (EC 3.6.3.8) (ATPASE 2C1)
(ATP-DEPENDENT CA2+ PUMP PMR1) homolog

−2.2

Chrac1 chromatin accessibility complex 1,. [AK031914] −4.3

Dhx30 DEAH (Asp-Glu-Ala-His) box polypeptide 30 (Dhx30), [NM 133347] −3.1

Dsg2 desmoglein 2, (cDNA clone IMAGE:4036406), [BC034056] −4.1

Eef1g eukaryotic translation elongation factor 1 gamma (Eef1g), [NM 026007] −2.2

Herc5 hypothetical regulator of chromosome condensation (RCC1) containing protei· · · −2.3

Hmga2 high mobility group AT-hook 2 (Hmga2), [NM 178057] −5.0

Hmgb1 high mobility group box 1, [BC064790] −3.4

Hmmr hyaluronan mediated motility receptor (RHAMM) (Hmmr), [NM 013552] −3.2

Il15 interleukin 15 (Il15), [NM 008357] −6.1

Jmy junction-mediating and regulatory protein (Jmy), [NM 021310] −4.1

Lrrn1
Mus musculus 10, 11 days embryo whole body cDNA, RIKEN full-length enriched library,
clone:2810047E21 product: unclassifiable, full insert sequence. [AK012914]

−4.0
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(c) Continued.

Symbol Name Fold change

Maff
v-maf musculoaponeurotic fibrosarcoma oncogene family, protein F (avian) (Maff),
[NM 010755]

−8.4

Mapk14 mitogen activated protein kinase 14 (Mapk14), [NM 011951] −2.4

Ncoa7 nuclear receptor coactivator 7, [BC076623] −8.9

Nedd1 neural precursor cell expressed, developmentally downregulated gene 1 (Nedd1), [NM 008682] −2.6

Parp11 poly (ADP-ribose) polymerase family, member 11 (Parp11), [NM 181402] −2.5

Pawr PRKC, apoptosis, WT1, regulator (Pawr), [NM 054056] −2.8

Rps4x ribosomal protein S4, X-linked (Rps4x), [NM 009094] −2.2

Smarce1 SWI [AK042961] −2.9

Tpbg trophoblast glycoprotein, [AK050794] −4.5

Vwf Von Willebrand factor homolog (Vwf), [NM 011708] −5.8

Zbtb20 zinc finger and BTB domain containing 20 (Zbtb20), [NM 019778] −3.1

Fold change: ITD-Flt3+ KLS cells derived from CreER-Survivinfx/fx compared to control Survivinfx/fx in two experiments.

(d) Genes upregulated in LSC and in ITD-Flt3+KSL cells deleted with Survivin (37 genes).

symbol Name fold change

Cenpa
Mus musculus 0 day neonate eyeball cDNA, RIKEN full-length enriched library,
clone:E130306P06 product: hypothetical protein, [AK165029]

10.7

Clcn3 chloride channel 3 (Clcn3), transcript variant c, [NM 173876] 5.5

Cpd carboxypeptidase D (Cpd), [NM 007754] 6.2

Cul4b cullin 4B,. [AK164640] 4.9

Ddx52 DEAD (Asp-Glu-Ala-Asp) box polypeptide 52 (Ddx52), [NM 030096] 3.3

Dnajc1 DnaJ (Hsp40) homolog, subfamily C, member 11 (Dnajc11), [NM 172704] 6.4

Ephb2 Eph receptor B2 (Ephb2), [NM 010142] 3.0

Gnaq guanine nucleotide binding protein, alpha q polypeptide (Gnaq), [NM 008139] 17.2

Gripap1 premature mRNA for mKIAA1167 protein [AK173119] 2.2

Il1rap interleukin 1 receptor accessory protein (Il1rap), transcript variant 2, [NM 134103] 11.0

Itsn2 SH3 domain protein 1B, [AK161743] 4.4

Lass6 longevity assurance homolog 6 (S. cerevisiae) (Lass6), [NM 172856] 2.3

Lpp
caseinolytic protease, ATP-dependent, proteolytic subunit homolog (E. coli) (Clpp),
[NM 017393]

2.1

Mppe1 metallophosphoesterase 1 (Mppe1), [NM 172630] 3.4

Mrps5 mitochondrial ribosomal protein S5, [AK047438] 9.0

Myh9 myosin heavy chain IX (Myh9), [NM 181327] 2.8

Nck2 non-catalytic region of tyrosine kinase adaptor protein 2 (Nck2), [NM 010879] 4.8

Nin microtubule associated serine/threonine kinase-like (Mastl), [NM 025979] 7.6

Nmt2 N-myristoyltransferase 2, [AK049483] 2.3

Orc5l origin recognition complex, subunit 5 homolog (S. cerevisiae), [AK054452] 4.6
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(d) Continued.

symbol Name Fold change

Osbpl3
Mus musculus adult male aorta and vein cDNA, RIKEN full-length enriched library,
clone:A530055M08 product: unknown EST, [AK040984]

8.7

Paqr3
Mus musculus adult male pituitary gland cDNA, RIKEN full-length enriched library,
clone:5330440B03 product: unknown EST, [AK030634]

4.4

Pcbd2
pterin 4 alpha carbinolamine dehydratase/dimerization cofactor of hepatocyte nuclear factor 1
alpha (TCF1) 2 (Pcbd2), [NM 028281]

4.2

Rab18 RAB18, member RAS oncogene family (Rab18), [NM 181070] 6.3

Rab8b RAB8B, member RAS oncogene family (Rab8b), [NM 173413] 2.7

Rae1
RAE1 RNA export 1 homolog (S. pombe), (cDNA clone MGC:73449 IMAGE:5718934), complete
cds. [BC060072]

3.3

Sfrs6 splicing factor, arginine/serine-rich 6 (Sfrs6), [NM 026499] 2.2

Sla src-like adaptor (Sla), [NM 009192] 2.7

Slc31a1 solute carrier family 31, member 1 (Slc31a1), [NM 175090] 4.2

Snx11 sorting nexin 11, [AK037747] 2.6

Sos1 Son of sevenless homolog 1 (Drosophila) (Sos1), [NM 009231] 2.4

Ssh2 mKIAA1725 protein [AK173243] 4.6

Stk3 serine/threonine kinase 3 (Ste20, yeast homolog) (Stk3), [NM 019635] 9.7

Taf1b TATA box binding protein (Tbp)-associated factor, RNA polymerase I, B (Taf1b), [NM 020614] 4.3

Vps13d
PREDICTED: Mus musculus vacuolar protein sorting 13D (yeast), transcript variant 2 (Vps13d),
[XM 001002241]

8.4

Wdr26 PREDICTED: Mus musculus WD repeat domain 26, transcript variant 1 (Wdr26), [XM 977731] 3.3

Xpo4 exportin 4 (Xpo4), [NM 020506] 6.9

Fold change: ITD-Flt3+ KLS cells derived from CreER-Survivinfx/fx compared to control Survivinfx/fxin two experiments.

3.3. Survivin Modulates Gene Expression in LSC That Con-
nects Through a Functional Signaling Network Associated
with Epidermal Growth Factor Receptor Signaling Pathway.
Functional annotation analysis indicates that genes related
with dorsoventral axis formation or epidermal growth factor
receptor signaling pathway (EGFR) are significantly enriched
in the shared genes associated with LSC and Survivin
signaling in KEGG database (http://www.genome.jp/kegg/)
(P < .03). Similarly, genes associated with regulation of
EGFR signaling pathway are enriched in the Gene Ontology
database (P < .02). Our analysis shows that 13 molecules
shared by LSC and Survivin signaling are mapped on a
functional signaling network that connects through the
EGFR pathway (Figure 4).

4. Discussion

Survivin deletion in ITD-Flt3 transformed KSL cells results
in a significant reduction in growth factor-independent pro-
liferation coincident with growth inhibition. Our data shows
that Survivin deletion modulates gene expression of 1,096
genes that are associated with various cellular and metabolic

functions. Comparison of the 1,096 Survivin regulated genes
in ITD-Flt3+KSL cells with 3,005 differentially regulated
genes in the human AML stem cell database identified
137 shared genes. Functional classification of these 137
genes indicates they connect through a functional signaling
network associated with EGFR signaling pathway and affect
various biological and molecular processes. Comparison of
the 137 Survivin-regulated genes in LSC with transcripts
regulated by Survivin in normal CD34neg KSL cells show
that 124 genes are regulated by Survivin exclusively in ITD-
Flt3+KSL cells and not in normal HSC. These data suggest
that Survivin contributes to deregulation of gene expression
in AML stem cells via selective signaling pathways distinct
from normal HSC that can be potentially targeted for
therapeutic benefit.

There is no direct evidence that Survivin directly reg-
ulates gene transcription; however, modulation of Survivin
can clearly affect transcription in cancer cells [21–23] and
transgenic expression of Survivin alters the expression of
multiple genes in the bladder [24].

The involvement of Survivin in transcriptional regula-
tion is consistent with the fact that Bir1, a Caenorhabditis
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Figure 3: Classification of genes regulated by Survivin and LSC. (a) The 137 genes were classified based on the regulation by human LSC
and Survivin in ITD-Flt3+KSL cells. Arrow bars in the quadrant indicate the direction of gene regulation by Survivin or LSC. The top-
right corner shows 55 genes upregulated by both LSC and Survivin (downregulated by Survivin gene deletion), whereas bottom-left corner
represents 21 genes downregulated by both LSC and Survivin (upregulated by Survivin gene deletion). The top left corner shows 24 genes
downregulated by LSC but upregulated by Survivin. The bottom-right corner indicates 37 genes upregulated by LSC but downregulated by
Survivin. (b) Functional group association networks for Survivin regulated genes in the list of deregulated genes in human LSC visualized
using Cytoscape program. The 137 genes listed in Tables 1(a)–1(d) were functionally annotated using DAVID software (P < .05). The size of
each circle represents the number of genes involved in each functional categories and the thickness of the line indicates the number of genes
shared with any function. Functional classification was performed based on Gene Ontology Term database (biological process, molecular
function and cellular component) and Swissprot Keywords. (c) The 76 genes upregulated or downregulated by Survivin and LSC (55 + 21
genes shown in Figure 3(a)) were functionally classified by DAVID software and visualized by Cytoscapse program as shown in Figure 3(b).
The size of each circle represents the number of genes involved in each functional categories and the thickness of the line indicates the
number of genes shared with any function. Functional classification was performed based on Swissprot Keywords. Genes annotated in each
functional category are shown in the box.

elegans homologue of Survivin, regulates transcription, most
likely through Histone phosphorylation by Aurora kinase
[25]. Survivin is essential for activation of Aurora kinase
that phosphorylates Histone H3 [26, 27], an event required
for transcriptional regulation [28–30] and cytokinesis [31],
suggesting that Survivin may regulate transcription via
Aurora kinase mediated Histone H3 phosphorylation. Over
expression of Survivin also leads to phosphorylation of
the Sp1 transcription factor [21]. Since microarray analysis
was performed on lineage marker negative viable cells that
express GFP, c-kit, and Sca-1 and survived in culture, it
is unlikely that the effects of Survivin on gene expression
is a consequence of KSL apoptosis, although we cannot
rule out indirect effects resulting from cell cycle arrest as a
consequence of Survivin deletion.

Survivin is known to inhibit caspases 3, 7, and 10 that
mediate apoptosis [1–3]. Our functional annotation analysis
of the genes regulated by Survivin indicates that Survivin
modulates a number of genes that affect multiple biological

processes and molecular functions, although inhibition of
Survivin mRNA expression in CreER-Survivinflox/flox KSL
cells by 4OH-Tamoxifen was only 50% compared to control.
While incompleteness of the gene deletion may affect
the downstream signals, significant reduction of total cell
number was observed. Since Survivin deletion induces cell
death, the deleted cells are likely no longer present in the
culture at the time of cell harvest for analyses, resulting
in an underestimate of the efficiency of Survivin gene
deletion and likely represents Survivin expression in cells
that have escaped the Tamoxifen-induced deletion. The
genes affected by Survivin deletion were classified into
cell cycle, adhesion, DNA replication, transcriptional factor
binding, acetylation, phosphorylation, and polymerase. We
did not observe changes in genes that mediate apoptosis.
These results suggest that Survivin can regulate ITD-Flt3
transformed KSL cell fate independent of its activity as a
caspase inhibitor. More importantly, comparison of the 1,096
Survivin regulated genes in ITD-Flt3+KLS cells with the
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Figure 4: Genes regulated by Survivin in ITD-Flt3+KSL cells and deregulated in LSC are mapped on functional signaling network associated
with epidermal growth factor receptor signaling pathway. Epidermal growth factor receptor signaling pathway (EGFR) is significantly
enriched in the shared genes associated with LSC and Survivin signaling by pathway enrichment analysis in KEGG and Gene Ontology
database. Our analysis shows that 13 molecules shared by LSC and Survivin signaling are mapped on a functional signaling network
associated with EGFR. The network was created based on KEGG database using Cytoscape software. Green circle and red circle represents
downregulation and upregulation by Survivin gene deletion, respectively.

human AML stem cell database demonstrates that 137 genes
(12.4%) modulated by Survivin are also deregulated in LSCs.
Functional annotation analysis indicates that genes related
to dorsoventral axis formation or epidermal growth factor
receptor signaling pathway (EGFR) are significantly enriched
in the shared genes associated with LSC and Survivin
signaling, even though the number of molecules detected
that associates with EGFR signaling is small. EGFR signaling
activates signaling cascades involved in cell proliferation,
such as Src, Sos, and MAP-kinases, and is known to be
dysregulated in solid tumors [32, 33]. Our data also indicates
that Survivin modulates expression of several genes that
connect through the EGFR signaling pathway (Figure 4),
suggesting a potential role of EGFR signaling downstream

of Survivin in AML stem cells, despite the fact that EGFR is
not usually upregulated in AML cells [34]. However, recent
studies indicate an antineoplastic effect of an EGFR inhibitor
in AML via off-target effects [34, 35]. Thus, our data would
support EGFR signaling as a candidate pathway for treatment
of patients with AML.

While Survivin is not listed in the LSC database [16],
it is expressed at higher levels in AML cells compared to
normal CD34+ cells [9, 10]. Our data clearly show that
Survivin affects expression of 137 genes associated with LSC
and reduces aberrant KSL proliferation induced by ITD-
Flt3. This finding suggests that antagonizing Survivin in LSC
may normalize expression of the deregulated genes, which in
turn can inhibit their aberrant proliferation. Since Survivin
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Table 2: Genes regulated by Survivin in ITD-Flt3+KSL cells that are
preferentially expressed in HSC.

symbol dysregulation in LSC

2310057J16Rik

2610002J02Rik

2610042L04Rik

4930533K18Rik

9130011E15Rik

Adrb3

Arl3

Atp1b1

AW112010

Ccnd1

Cdk9

Chst1

Crem dysregulated in LSC

Cyp2e1

Dnmt3b

Emp1 dysregulated in LSC

Erbb2ip

Fmn2

Fnbp4

Foxb1

Gabpb1

Glycam1

Gpr56

Hmga2 dysregulated in LSC

Ifi203

Kcnj6

Kcnmb1

Lama5

Lrrn1 dysregulated in LSC

Ltbr

Maff dysregulated in LSC

Mup3

Myef2 dysregulated in LSC

PCP4

Prox1

Rps4x dysregulated in LSC

Scd2

Slc22a9

Slit2

Sos1 dysregulated in LSC

Stx3

Tcf3

Traf1

Wnt6

Xrcc1

is expressed and regulated in normal CD34+ cells [4, 6] and
antagonizing Survivin reduces normal HSPC in vivo [8], it
is likely that Survivin deletion will affect normal HSC in
the patients. Although direct comparison of gene expression

in in vitro ITD-Flt3+KSL cells with in vivo CD34neg KSL
cells may not necessarily provide definite differences in
Survivin signaling between these populations in vivo, we
found that 124 out of 137 Survivin associated genes shared
by ITD-Flt3+KSL cells and human LSC were not regulated
in normal CD34neg KSL cells by Survivin. This disparity
of downstream signaling of Survivin between normal and
transformed HSC may represent as a means of identifying
novel therapeutic targets against LSC that would thereby
supplant direct Survivin disruption which would otherwise
toxic to normal HSC.

5. Conclusion

We identified genes regulated by Survivin in ITD-Flt3
transformed KSL cells that are deregulated in human AML
stem cells that are distinct from normal HSC. This study
will facilitate the identification of specific therapeutic targets
downstream of Survivin to eradicate LSC without affecting
normal HSC.
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