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Abstract Tumor-initiating cells (TICs) have emerged as
the driving force of carcinomas, which appear as hierar-
chically structured. TICs as opposed to the tumor bulk
display tumor forming potential, which is linked to a cer-
tain degree of self-renewal and differentiation, both major
features of stem cells. Markers such as CD44, CD133,
CD24, EpCAM, CD166, Lgr5, CD47, and ALDH have
been described, which allow for the prospective enrichment
of TICs. It is conspicuous that the same markers allow for
an enrichment of TICs in various entities and, on the other
hand, that different combinations of these markers were
independently reported for the same tumor entity. Potential
functions of these markers in the regulation of TIC phe-
notypes remained somewhat neglected although they might
give insights in common molecular themes of TICs. The
present review discusses major TIC markers with respect to
their function and potential contributions to the tumori-
genic phenotype of TICs.
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Introduction

Two models for the development of solid tumors have been
proposed and are intensively discussed nowadays. The
stochastic model suggests an accumulation of successive
mutations and the clonal selection of tumorigenic cells.
The second and more recently elaborated model can be
referred to as the hierarchical model, which implements
tumor-initiating (stem) cells as the origin of cancer. The
concept of tumor-initiating cells (TICs) emanates from the
fact that, in some cancer types, seemingly not every single
cancer cell is empowered with oncogenic potential in vivo
in animal models. Rather, a subpopulation of tumor cells
with characteristics reminiscent of stem cells, including
self-renewal and the potential to aberrantly differentiate
into non-TICs, initiates tumors [1]. Accordingly, tumors
would be organized in a hierarchical manner very much
comparable to normal tissue, however, with a loss of
control of homeostasis in the tissue stem cell compartment.
State-of-the-art characterization of TICs relies on serial
xenotransplantations of human tumor cells into immuno-
compromised mice. To this end, cellular antigens such as
CD44, CD133, EpCAM, CD24, CD166, CD47, Lgr5, and
ALDHI1 serve as markers for the enrichment of cells
bearing tumorigenic potential [1]. Marker-positive but not
marker-negative cells, can be serially transplanted and give
rise to new tumors with a cellular composition reminiscent
of the primary malignancy. Obviously, this seeming para-
digma shift in the general view on carcinogenesis was
accompanied by strong arguments, debate, and even dis-
belief in the mere existence of TICs. Beyond legitimate
issues concerning the lack of accuracy of mouse models of
xenotransplantation to depict frequencies of TICs in pri-
mary carcinomas [2, 3], numerous questions relate to the
amplitude of the differentiation potential of TICs and to
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their actual cellular origin, both of which have not been
satisfyingly answered until now. A prudent forecast is that
neither of the two dogmatic models will exclusively be able
to explain tumorigenesis in every given cancer entity and,
even less so, in every patient. It can nonetheless be seen as
a consensus that, at a given time point, some cells but not
others are in an epigenetic and signaling state, which ren-
ders the cells permissive to tumor growth. In other words,
these cells are TICs at that particular time point and in that
given microenvironment. The eventuality of a substantial
plasticity in these cells and an associated inter-conversion
between TICs and non-TICs further adds depth to our view
of tumorigenesis [4]. Plasticity can be the result of a trans-
differentiation between two cell types without any hierar-
chical traits, or of the differentiation of stem-like cells into
more differentiated progeny, and vice-versa. Knowledge of
determinants of TIC phenotypes and plasticity might
eventually be decoupled from a gridlocked definition of
models of tumor development, and hence be more infor-
mative. However it is triggered, TIC phenotype and
associated plasticity will ultimately be provided by changes
in the transcription or repression of key regulators of TIC
phenotypes as well as by the regulation of key switches at
the functional level. Three general ways to regulate the
expression and function of genes exist in cells: a genetic
compound, which refers to sequence differences or muta-
tions in the genome of selected cells, an epigenetic
compound in which semi-stable imprinting of DNA gen-
erates diversity, and lastly a signaling compound, which
allows for rapidly inducible changes in gene expression
and function. With lessons learned from the field of
embryonic stem cell research and, more recently, from the
molecular prerequisites to generate induced pluripotent
stem cells (iPS), regulators of stemness became more
evident. A manageable set of transcription factors includ-
ing c-myc, nanog, klIf4, oct4, and sox2 has been
demonstrated to be sufficient in order to reprogram termi-
nally differentiated cells into stem-like cells, although with
very low efficiency [5]. Together with signaling pathways
known to be instrumental during embryonic development,
in stem cell and cancer development, such as the Wnt and
TGFp pathways, these regulators of iPS might eventually
play essential roles in TIC identity and plasticity [6].

Prerequisites to become a tumor-initiating cell

The knowledge of prerequisites, which determine the
phenotype of TICs, should substantially enhance our
insights into molecular requirements and key regulators of
TICs. In principle, two major levels of prerequisites can be
defined: (1) regulators of pluripotency, differentiation, and
self-renewal, and (2) regulators of migration, invasion,
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engraftment, and communication. The first regulators are
mandatory for cells to become TICs and will hence be
termed primary traits in the following (Fig. 1), while the
second regulators are elective and rather serve the purpose
of fine-tuning capacities of TICs (Fig. 2). Priming of TICs
from differentiated cells, progenitors, or stem cells will rely
on the induction of primary traits and result in TICs with
various capacities including the formation of large tumors
and the generation of circulating/disseminated tumor cells
(Fig. 2). Secondary traits can be observed in more differ-
entiated, non-TIC tumor cells, too, and might even be the
final outcome of TIC differentiation or of dissemination
from primary tumors. Accordingly, TICs and their progeny
must be seen as smooth transitions of various states of
tumor cells, which all ultimately rely on regulation of gene
expression and function.

The following features will be referred to as primary
traits and must be unleashed from the tight control during
homeostasis in healthy counterparts in order to generate
TICs, which will act as tumor founders:

e Self-renewal
Pluripotency and differentiation capacity (plasticity)
Switch between quiescence and proliferation.

Secondary traits represent:

e Low apoptosis and high chemoresistance

e Communication with microenvironment

e Autonomy from tissue integrity (disseminated/circulat-
ing TICs)

e Migratory capacity and engraftment (metastasizing
TICs).

Obviously, a cell will not receive signals incorporating
all these aspects from a single molecule or after a singular
mutation of the genome, and will not necessarily display
all secondary traits either. Rather will orchestrated func-
tions of various proteins associated with primary traits
result in the phenotype of TICs and fine-tuning of their
capacity (e.g., as a circulating cell or with respect to
metastasis formation) occur at the level of secondary traits
and as a consequence of genuine tumor formation. In the
following, reported TIC markers will be reviewed
according to their molecular functions and potential role
in the regulation of TIC phenotypes. Each marker will be
classified with respect to its potential level of involvement
in the regulation of TICs. Unless otherwise mentioned,
markers discussed herein have been defined to be bona
fide TIC-associated proteins upon serial transplantations of
human marker-positive tumor cells into immunodeficient
mouse strains. Additional in vitro experiments including
serial formation of sphere-like structures have been per-
formed for some (e.g., CD44 and CD133), but not all
markers.
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Fig. 1 Priming and regulation of TICs. Differentiated cells, progen-
itors, and/or stem cells require mutations and/or the activity of
external factors to prime them to become TICs. Amongst these
stimuli are Wnt, MAPK, and BMP signaling, and expression of iPS
factors. Upon induction of these signals, cells de novo or over-express
primary traits TIC markers such as CD133, CD44, and EpCAM, and
thus become primed. In this primed state, TICs can opt between

CD44

Proteins encoded by the CD44 gene constitute a large
family of at least 20 variants, based on differential splicing
and post-translational glycosylation. CD44 is a single
transmembrane protein with a comparably short intracel-
lular domain (72 amino acids), whose expression is
regulated by the Wnt signaling pathway via f-catenin [7],
as is the case for other TIC markers such as EpCAM and
Lgr5 (Fig. 1). CD44 has been described as part of the
signature of TICs from colon carcinomas [8], head and
neck carcinomas [9], non-small cell lung cancer [10],
hepatocellular carcinoma [11], and breast cancer [12]. The
actual expression pattern of CD44 in TICs of head and
neck squamous cell carcinomas (HNSCC) is a matter of
debate. Initial publications described a subpopulation of
HNSCC, which represented less than 10% of the tumor
bulk in average and retained tumor-inducing capacities [9].

,Signalling phenotype”

various sub-phenotypes such as a communicative phenotype, in which
markers like CD44 and EpCAM mediate cell adhesion, and a
signaling phenotype based on regulated intramembrane proteolysis
and nuclear translocation of intracellular domains. Target genes of
these TIC markers include members of the iPS genes, anti-apoptotic
genes, and genes involved in direct cell cycle and proliferation
regulation

These findings collide with reports on the almost ubiqui-
tous expression of the standard form of CD44 (CD44s) and
alternative splice variants (e.g., CD44v6) in HNSCC and in
most normal epithelia of the head and neck area [13, 14],
and, until now, remain an unresolved issue. Whatever the
expression levels and patterns of CD44 in TICs actually
are, it is striking that CD44 is one of the most frequently
described markers of TICs in numerous different malig-
nancies [15], raising the question if this potentially
abundant protein fulfils essential tasks in TICs (for review
see [16]). CD44 comprises dual functions as it promotes
adhesion to and communication with extracellular matrix
of the microenvironment as the major hyaluronan receptor.
Further, CD44 transmits signals from the plasma mem-
brane to the nucleus upon regulated intramembrane
proteolysis [17]. Activation of the signaling pathway of
CD44 relies on regulated intramembrane proteolysis (RIP)
to release the intracellular domain of CD44 (CD44-ICD)
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Fig. 2 Different fates of primed TICs. Primed TICs expression
various markers of primary traits, which can be regulated at the
functional level upon regulated intramembrane proteolysis. Upon
RIP, cells become activated to proliferate and differentiate to a tumor
bulk in which TIC will represent a minor fraction of cells. Under
conditions of low RIP activity and/or lack of inducing ligands, cells
can adopt a communicative and rather quiescent phenotype. Such

into the nucleus (Figs. 1, 2). There, CD44-ICD regulates
transcription via binding to TPA-responsive elements
within promoters of target genes, including CD44 itself
[18] and is involved in cell transformation of rat fibroblasts
[19]. The following interesting model for CD44-mediated
migration was proposed: At the leading edge, activation of
ADAMI17 by PKC and small GTPase Rac results in
cleavage and shedding of the ectodomain of CD44,
allowing cells to detach and creep on extracellular matrix.
Ensuing stretching of cells provokes an influx of calcium,
inducing the activity of ADAMI0 and the cleavage of
CD44 at the rear pole of the cells, and additional detach-
ment of cells from their support. Ectodomain shedding is in
turns a prerequisite for cleavage and release of CD44-1CD
into the nucleus, and the associated up-regulation of CD44
gene transcripts. Newly generated CD44 protein will sus-
tain re-attachment of cells and thus cycles of migration will
be completed [18]. Interestingly, leukemia-initiating cells
appeared to depend more strongly on CD44 for homing to
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cells can acquire additional (secondary) trait markers and advance to
circulating (CTC) or disseminated tumor cells (DTC) and be cells of
the minimal residual disease (MRD). After engraftment, reactivation
of proliferation, for example upon RIP and induction of primary trait
markers, will lead to the formation of secondary tumors at distant
sites or metastases

the bone marrow than normal hematopoietic stem cells
[20]. Hence, it is conceivable that CD44 is involved in the
migratory phenotype of TICs to their respective niche, for
example along with CXCR-4, which would allow for the
sensing of chemoattractant gradients [21]. Additionally,
CD44 plays a role in the balance of survival, apoptosis, and
chemoresistance in colorectal cancers as shown in the
Apc™™* mouse model, while it did not impact prolifera-
tion [22]. Activation of CD44 upon interaction with
hyaluronan (HA) results in induction of the acetyltrans-
ferase p300, acetylation of f-catenin and NF-kB, and
eventually in an up-regulation of genes involved in multi-
drug resistance and protection from apoptosis [23].
Furthermore, HA-mediated activation of CD44 induces
PKCe¢ and Src kinase, resulting in the activating phos-
phorylation of Nanog and Twist, respectively. These
transcription factors are involved in the transcription of two
microRNAs (mir21 and mir10b), themselves regulators of
tumor suppressors and GTPases, which are active in
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cytoskeleton reorganization during metastasis formation,
and of inhibitor of apoptosis and multidrug-resistant pro-
tein 1 [24]. Resistance of cells towards pro-apoptotic
signals, which increase upon release from a united cell
structure due to a lack of anti-apoptotic signals from
neighboring cells, will play an essential role for dissemi-
nated and circulating tumor cells (Fig. 2). Additionally,
Twist is involved in the process of EMT, leading to an up-
regulation of ALDH1 and CD44, and in the activation of
the Akt pathway and f-catenin [25]. Hence, CD44 has the
potential to regulate the number and function of vital TICs,
and consequently the pool of TICs in vivo, and can be
ranked as a primary trait regulator.

Relevance to TICs: eeeee
Primary trait regulator

e Activation of Nanog (stemness) and Twist (EMT)

e Related to Wnt, PKC, Src kinase, and NFxB

e Low apoptosis and high chemoresistance

e Communication with microenvironment

e Migratory capacity and engraftment (metastasizing TICs)

e Autonomy from tissue integrity (disseminated/circulating TICs)

CD133

CD133 (prominin-1) is a ~ 120-kDa glycoprotein with an
N-terminal extracellular domain, two large extracellular
loops, which are strongly N-glycosylated, and an intracel-
lular C-terminus [26]. The ACI133 antigen, which
represents a hyper-glycosylated version of CD133, is pri-
marily expressed in stem and progenitor cells [27] such as
embryonic epithelium [28], brain stem cells [29], hemato-
poietic stem cells [30], and in cancers such as leukemias
[31] and retinoblastomas [32]. AC133 served to isolate
TICs from colon [33, 34], pancreas [35], gallbladder [36],
ovarian [37], lung [38], and brain cancers [39], childhood
malignant melanoma [40] and Ewing’s sarcoma [41]. This
led to the notion that the CDI133 protein is exclusively
expressed in the TIC subpopulation in cancers. This notion
was vigorously challenged when Shmelkov et al. demon-
strated that both, CD133" and CD133™ cells have tumor
seeding capacity in metastatic colon cancers, questioning
the validity of CD133 as a marker [42]. In a similar con-
tradictory manner, a CD133-negative cancer cell line has
been generated from colon carcinoma, which further lacked
CD44 expression but retained tumor-initiating and aberrant
differentiation potential [43]. In glioblastomas, although
initial reports focused on CD133-positive TICs, more
recent data support the existence of CD133-negative cells
with TIC properties, too [44].

Due to hypo-glycosylation, the AC133-specific antibody
does not react with the CD133 protein any longer and
hence mimics a loss of CD133 antigen in more differen-
tiated tumor cells. Actually, a superior expression in stem
cells and TICs only holds true for the AC133 antigen, while
a hypo-glycosylated variant of CDI133 still remains
expressed in more differentiated tumor cells [45]. Although
used as a marker for TICs from numerous cancer entities,
CD133 is not strictly related to traits of stemness. Con-
troversy is underscored by various publications including
data on the over-expression of CD133 under stress condi-
tions, e.g., as a result of hypoxia in gliomas [46].
Generally, it is of utmost importance to reckon that a
substantial number of TIC markers also become over-
expressed in the case of cellular stress or restrictive culture
conditions, and do by no means represents purely specific
TIC markers.

Functional analysis of CD133 is hindered by the exis-
tence of several splice variants [47] and differentially
glycosylated forms [45], the respective impact of which on
the function of CD133 is so far unexplored. No relation to
any signaling pathways has been described so far. In
hematopoietic stem cells (HSCs), CD133 expression cor-
relates with a more pronounced multipotent phenotype
compared to CD347/CD133~ cells [48]. During asym-
metric division of HSCs, CD133 is primarily distributed to
daughter cells with a stem cell phenotype [30], as is the
case for neuroepithelial cells. Furthermore, budding of
CD133-containing membranous particles, termed promi-
nosomes, has been reported during differentiation of
neuroepithelia to radial glial cells and neuron-generating
progenitors [28]. Release of CD133-positive particles from
the apical membrane of neuroepithelia might be a means of
intercellular communication and/or disposal of proteins
that regulate stemness. Hence, CD133 appears as a deter-
minant of the stem cell-like phenotype, which is often
distributed in a polar fashion in cells and might allow for a
differential communication with the surrounding niche,
both in normal and malignant situations [30]. This is
especially apparent in migrating HSCs, where CD133
localization is confined to a structure at the rear pole
termed uropod, which protrudes, and does not contact the
stem cell niche [30]. Directed locomotion relies on the
expression of CXCR4 at the leading edge and a gradient of
its ligand, SDF1. Noteworthy, CXCR4 efficiently marks
invasive and metastatic CD133% TICs in pancreas carci-
nomas [49]. In contrast, after contact of the uropod with
mesenchymal stromal cells, HSCs adopt a more sessile,
“communicative” phenotype (Fig. 1).

In colon carcinoma cells, in which CD133 is a published
TIC marker with prognostic significance, the repression of
CD133 expression had no effect whatsoever on prolifera-
tion, colony formation, migration, and invasion [50]. Thus,
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even though it is a valuable prognostic marker, CD133
seems to lack a functional role in colorectal cancer
development [50]. In the murine model, CD133 marks
intestinal cells, which, upon hyper-activation of the Wnt
signaling pathway, are prone to transformation and will
populate the intestine with neoplastic cells [51]. In sum-
mary, it is at present not possible to draw solid conclusions
on the molecular function of CD133 during malignancy,
although implications in the regulation of stemness qualify
it as a very interesting target molecule and as a primary
trait regulator.

Relevance to TICs: eee
Primary trait regulator

e Pluripotency and differentiation capacity (asymmetric division,
plasticity)

o Communication with microenvironment

e Migratory capacity and engraftment (metastasizing TICs)

EpCAM

Epithelial cell adhesion molecule (EpCAM) is an integral
transmembrane protein composed of a large extracellular
domain, one transmembrane region, and a small intracel-
lular domain of 26 amino acids. High over-expression of
EpCAM in combination with CD44" or CD44"/CD24~
was described as the signature of TICs from carcinoma
entities such as breast [12], colorectal [8], and pancreatic
carcinomas [52]. Two features of EpCAM most probably
led to its poor consideration as a possible “driver” of TICs:
(1) EpCAM was perceived as a cell adhesion molecule
without transforming potential, and (2) EpCAM is per se
expressed in most carcinomas, as is CD44, and does, as a
single marker, not allow for the discrimination of TICs
versus non-TICs. Things changed with the growing body of
evidence, which characterized EpCAM as an oncogenic
signaling receptor. De novo expression of EpCAM results
in enhanced proliferation along with the induction of the
proto-oncogene c-Myc [53], while siRNA-mediated
reduction of EpCAM expression in breast carcinoma cell
lines induced a loss of proliferation and invasion capacity
[54]. Furthermore, EpCAM transforms cells such that they
become anchorage-independent and form colonies in soft
agar [53]. Constitutive knock-out of murine EpCAM is
lethal at embryonic stages, which underscores essential
roles in regular development and morphoregulation in vivo
[55]. Elucidation of EpCAM's signaling pathway, which
incorporates regulated intramembrane proteolysis and
interactions with fS-catenin and Lef-1 to deliver the intra-
cellular part of EpCAM (EpICD) to the nucleus [56], has
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essentially contributed to the understanding of EpCAM's
role. Regulated intramembrane proteolysis (RIP), as
described for CD44, can be seen as a common means to
switch between adhesive and signaling properties of the
molecule (Fig. 2). In addition to the expression levels of
TIC markers themselves, regulation of their function can
occur at a second level. Expression and activity of essential
components of RIP will impact on selected TIC marker
functions and distinguish between a “signaling phenotype”
and a “communicative phenotype” after cells have been
primed to TICs (Figs. 1, 2). For the case of EpCAM,
proteases required for proteolytic activation (i.e., TACE
and presenilin) and interaction partner FHL2 are substan-
tially up-regulated in various malignant tissue [57-62], and
might hence explain the strong differences in EpCAM
activation observed in colon carcinoma as compared to
normal colonic mucosa [56].

Components of the Wnt pathway crucially participate in
the maintenance of the stem cell phenotype and are
involved in various malignant situations [63, 64], The ep-
cam gene itself is under the control of Tcf4 [65], suggesting
feedbacks between EpCAM expression and EpCAM sig-
naling. c-Myc is an early transcriptional target gene of
both, Wnt [66] and EpCAM signaling [53], and represents
one of the essential switches of the transcriptional pro-
grams from adult to embryonic stem (ES) cells [67].
Expression of c-Myc was sufficient to induce an ES cell-
like transcriptional signature in normal and cancer cells.
c-Myc expression also enhanced the proportion of TICs in
human keratinocytes transformed by Ras and IxkBa
150-fold [67]. Together with the fact that EpCAM is highly
expressed and an essential factor in the maintenance of
stemness in murine and human ES cells [68, 69] through its
ability to regulate the promoters of reprogramming genes
such as Oct4, c-Myc, Sox2, Nanog, and KLF4 [70], these
data strongly suggest a functional role in TICs. It is
tempting to speculate that TICs necessitate high expression
of EpCAM with sustained and hyper-activated signaling
for the maintenance of their phenotype via the induction of
stemness genes known from the field of iPS generation
[71]. Since homotypic interaction of EpCAM molecules on
opposing cells is regarded as one route of activation of
signaling [72], de novo expression of EpCAM in stromal
cells surrounding carcinoma cells, but not healthy epithe-
lium, as has been demonstrated for prostate cancer, is of
great interest with respect to EpCAM activation in tumors
[73]. In summary, EpCAM™E" emerged as an important
primary trait regulator of proliferation and pluripotency via
its capacity to signal in combination with members of the
Whnt pathway. In line with this notion, EpCAM expression
marked fully reprogrammed induced pluripotent stem cells
and allowed for their enrichment following the expression
of Oct4, Sox2, Klf4, and n- or c-Myc in murine fibroblasts
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[74]. In this respect, EpCAM appears very much compa-
rable to CD44, as it is frequently over-expressed in TICs,
alone does not allow for the differentiation of TICs and
non-TICs, but emerges as a central regulator of various
aspects of the TIC phenotype.

Relevance to TICs: eeeee
Primary trait regulator

o Self-renewal

e Pluripotency and differentiation capacity (asymmetric division,
plasticity)

e Switch between quiescence and proliferation
e Related to Wnt and PI3 kinase signaling

o Communication with microenvironment

CD24

CD24, initially termed heat-stable antigen (HSA), is a
comparably small and strongly glycosylated adhesion
molecule that was first described in normal B and T cells
[75]. It is a mucin-type protein that is anchored into the
plasma membrane via glycosylphosphatidylinositol (GPI
anchor) and interacts with P-selectin. Heavy glycosylation
of CD24 generates proteins ranging from 20 to 70 kDa,
depending on the tissue and cell type of origin. Heteroge-
neity is also reflected in the functions that have been
attributed to the molecule. CD24 is implicated in T cell co-
stimulation, regulation of homeostatic proliferation of
dendritic and T cells, growth and metastasis of cancer cells,
and apoptosis (for review see [76]). Ligand specificity
varies strongly with the organ in which CD24 is expressed.
Natural ligands are P-selectin, CD24 itself, fibronectin, and
the L1 receptor [76]. The picture of an association of CD24
with the signature of TICs is not uniform. For the case of
breast cancer-derived TICs, the lack or low expression of
CD24 along with high expression of CD44/EpCAM is
characteristic [12]. In contrast, pancreatic TICs have been
defined as CD44"/CD24*/EpCAM™ cells [52].

Morel et al. reported on the generation of CD441/CD24~/
% cells with TIC capacities from non-tumorigenic mam-
mary CD44'°Y/CD24™ cells [77]. Trans-differentiation was
achieved after expression of oncogenic Ras in human
mammary epithelial cells additionally over-expressing
human TERT, SV40 large and small T antigen, and similarly
in MCF10A breast carcinoma cells. This is suggestive of a
central role for the MAP-kinase pathway in the generation of
CD24~ TICs. Using single-cell cloning, the authors could
demonstrate that CD24 " cells trans-differentiate into het-
erogeneous CD247/CD24~ and homogeneous CD24~
populations. The resulting CD24~ cells displayed features

1

of TICs in vitro (formation of mammospheres) and in vivo
(tumor generation) [77]. Interestingly, these cells also
underwent changes attributed to the process of epithelial-to-
mesenchymal transition (EMT) and TGF-f3, a known indu-
cer of EMT, sped up the appearance of CD24~ cells from
CD24" precursors. Absence of CD24 in breast cancer TICs
correlated with an invasive phenotype, although the actual
contribution of the lack of CD24 expression remains unex-
plored. CD24 expression is a prognostic marker for ovarian,
breast, prostate, and non-small cell lung carcinomas.
Accordingly, conditional expression of CD24 in mammary
carcinoma cell lines resulted in an enhancement of tumori-
genic and metastatic potentials of the cells [78]. CD24
expression was associated with increased proliferation,
adherence to fibronectin, spreading, and migration. These
controversial results are hardly reconcilable. However, if
CD24" cells represent a pool of precursors of CD44%/
CD24~"°Y TICs [77], ectopic expression of CD24 might
trigger differentiation/signaling pathways, which yield
potent TICs even in the presence of CD24 and therefore
increase tumor formation. Trans-differentiation of non-TICs
to TICs, as monitored upon their expression of CD24, further
underscores the notion that TICs display some degree of
plasticity. Owing to these strongly controversial findings,
classification of CD24 into primary or secondary trait reg-
ulator is barely practicable.

Relevance to TICs: eee
Primary/secondary trait regulator

e Switch between quiescence and proliferation
o Pluripotency and differentiation capacity (plasticity)

e Migratory capacity and engraftment (metastasizing TICs)

CD166

CD166 is a member of the immunoglobulin superfamily,
which is also known as activated leukocyte cell adhesion
molecule (ALCAM), KG-CAM, BEN/DM-GRASP,
hematopoietic cell antigen (HCA), and neurolin [79].
Expression of CD166 was described on normal hemato-
poietic cells, mesenchymal stem cells, neuronal and
stromal cells [80]. CD166 has the capacity to undergo
homotypic and heterotypic interactions with CD6. CD166
is over-expressed in head and neck tumors, invasive mel-
anomas, pancreas and prostate carcinomas, and is an
independent prognostic marker for some entities [81].
CD166 is part of the signature of colon TICs [8]. Most
information available on the function of CD166 in tumor
cells relates to adhesive properties based on homotypic
interactions. In vitro and in vivo homotypic interaction is

@ Springer



4016

0. Gires

counter-regulated upon shedding of the extracellular
domain by ADAMI17/TACE [82]. Blocking of adhesion
upon treatment of cells with an antagonizing antibody
resulted in enhanced migration of ovarian carcinoma cells,
while the inhibition of TACE displayed the opposite effect
along with reduced wound-healing capacities in vitro. It is
tempting to speculate that TICs first express CD166 in
order to allow for the adherence of small numbers of TICs
at a first site in vivo to generate an initial tumor “seed” and
avoid dispersion of cells before they have acquired
migratory and invasive potential, and/or a critical minimal
tumor size. When tumor cells acquire traits of invasiveness,
adhesive functions of CD166 can be obviated upon ecto-
domain shedding (exemplified in Fig. 2), which can be
monitored in vivo as the presence of soluble CD166
(sCD166) in sera and ascites of tumor patients to a higher
degree than in normal donors [82]. Although the release of
sCD166 is a rather permanently ongoing phenomenon,
treatment of cells with growth factors such as EGF strongly
enhanced shedding. As for the case of CD44 and EpCAM,
it is conceivable that shedding of the ectodomain of CD166
further induces regulated intramembrane cleavage of the
intracellular domain via proteases such as the gamma-
secretase complex. Regulated intramembrane proteolysis
would generate an intracellular domain (ICD) of at least 34
amino acids, which is in a comparable size range as CD44
and EpCAM. Additionally, CD166 displayed protective
effects in breast carcinoma cells in vitro, correlated with
the expression of the anti-apoptotic molecule Bcl2, and
counteracted apoptosis in these cells [83]. Whether this
phenotype relies on adhesive or potential signaling capac-
ities of CD166 remains entirely unknown.

Relevance to TICs: eee
Secondary trait regulator

e Autonomy from tissue integrity
e Low apoptosis and high chemoresistance

e Migratory capacity and engraftment (metastasizing TICs)

Lgr5

Leucine-rich repeat-containing G-protein coupled receptor
5 (Lgr5) is an orphan seven-span transmembrane protein
and a target of the Wnt signaling pathway [84]. In line with
the long-known implication of Wnt signaling in various
stem cells, including ES cells, hematopoietic stem cells,
colonic crypt stem cells, hair follicle progenitors, and other
adult stem/progenitor cells, Lgr5 efficiently marks most of
these stem cell types [85]. Lgr5 is expressed in adult
intestinal stem cells at the crypt bottom, most probably in
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crypt base columnar cells, which are cycling cells believed
to represent intestinal stem cells. Deletion of the ade-
nomatous poliposis coli (APC) gene, a central regulator of
p-catenin stability, in LgrS-positive cells resulted in fast
and progressive transformation [86]. In vitro, Lgr5-positive
stem cells form crypt-like structures independently of
mesenchymal stromal cells, and Lgr5-positive cells remain
at the apex of the stem cell hierarchy in these newly gen-
erated crypts [87]. Being a seven-span membrane receptor,
it seems conceivable that LgrS-mediated signaling itself
contributes to morphoregulation and to initiation of trans-
formation. In this respect, the exploration of an association
of Lgr5S with G-proteins and a potential involvement in
cAMP and or phosphatidylinositol signaling appears of
great interest. Based on the available knowledge, it is not
possible to strictly classify Lgr5 into primary or secondary
trait regulator. However, if, as expected, Wnt signaling is
of paramount importance for the priming of cells to
become TICs, then over-expression of Lgr5 will automat-
ically occur and potentially influence the phenotype of
TICs (Fig. 1).

Relevance to TICs: eee
Primary/secondary trait regulator

e Communication with microenvironment
e Pluripotency and differentiation capacity (plasticity)

o Self-renewal

CD47

CD47 was initially named TAP for integrin-associated pro-
tein based on its interaction with various integrins via the 3
subunit. CD47 represents a ligand for thrombospondin-1
(TSP-1) on opposing cells and a G-protein coupled receptor
(GPCR) [88, 89]. CDA47 displays an unconventional struc-
ture with a single immunoglobulin-like extracellular domain
and five, instead of the classical seven, transmembrane
domains. An interesting view of the integrins/CD47 inter-
action covers the possibility that the five transmembrane
domains of CD47 together with the two transmembrane
domains of integrins might form a more classical seven-span
GPCR. Via its ability to activate the signal inhibitory
receptor protein-o. (SIRPx) on monocytic cells, CD47 is
involved in the regulation of the innate immunity, allowing
for the recognition of self and the prevention of engulfment
of cells of the body. Ligation of CD47 with agonistic anti-
bodies, TSP-1, or activating peptides of TSP-1 results in
chemotaxis, spreading, migration, and proliferation of var-
ious cell types including platelets and smooth muscle cell
[90]. For the case of bladder cancer, a subpopulation of
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CD44%/CK5"/CK20™ cells was identified as the TIC sub-
population. When comparing the gene signature in non-
muscle invasive versus muscle invasive tumors, CD47 was
determined as an important marker of aggressive cells with
prognostic potential [91]. This is in line with a role as sec-
ondary trait marker, which is involved in the regulation of
the metastatic potential (Fig. 2). In vitro, these CD44%/
CD47™" tumor cells were significantly less sensitive
towards engulfment by macrophages, a feature that possibly
helps carcinoma cells to escape from immune surveillance.

Additional integrin-independent features associated with
cell proliferation might further explain the strong over-
expression of CD47 in TICs. Astrocytoma but not normal
astrocytes displayed increased proliferation upon engage-
ment of CD47. This phenotype was associated with an
induction of downstream signaling via G-proteins, leading
to the activation of the PI3K/Akt pathway [92], which is
anti-apoptotic and fosters proliferation. Based on these
findings, CD47 emerges as a novel putative therapeutic
target of interest [93] and, consequently, monoclonal
antibodies against CD47 are effective in combination with
Rituximab for the eradication of non-Hodgkin lymphoma
cells [94].

Relevance to TICs: ee
Secondary trait regulator

o Communication with microenvironment

e Switch between quiescence and proliferation

Aldehyde dehydrogenase ALDH

Human aldehyde dehydrogenases represent a family of at
least 19 genes subdivided in 11 families and four sub-
families [95]. The cognate proteins are NAD(P)*-
dependent enzymes, which catalyze the oxidation of alde-
hydes to carboxylic acids and are crucial for cellular
detoxification owing to the detrimental effects of alde-
hydes, including cytotoxic and carcinogenic features. The
“gold standard” for the assessment of ALDHI enzymatic
activity relies on the fluorescent substrate BODIPY am-
inoacetaldehyde, better known as the Aldefluor® Assay.
Together with the expression of the catalytic subunit of
telomerase and the ATP-binding cassette membrane
transporter ABCG2, ALDHI1™€" is characteristic of normal
stem cells of most tissues investigated. ALDH1™&" is also a
marker for TICs of cancers of the breast, lung, head and
neck, pancreas, cervix, prostate, liver, colon, and bladder
(reviewed in [95]). Numerous cellular processes such as
differentiation, proliferation, morphoregulation, and
development, are directly and/or indirectly regulated by the

enzymatic activity of ALDHI1 family members, which
might account for the frequent over-expression of ALDH1
in TICs (exemplified for other TIC markers in Fig. 1).
ALDH1 members catalyze the final and irreversible step in
the conversion of retinol to retinoic acid (RA), regulating
the production of RA as a central molecule involved in
gene transcription and in stem cell differentiation [96].
ALDHI1 enzymes confer cytoprotective effects and resis-
tance to alkylating chemotherapeutic drugs such as
cyclophosphamide via direct recycling of aldehydes [95]
and indirect pathways involving the production of cyto-
kines. Following priming of cells to become TICs and
support self-renewal and pluripotency, their refractory
capacity towards therapies will be essential and allow them
to prevail (Fig. 2). As for the case of CD133 and very
much in accordance with its role in detoxification, ALDH1
is also up-regulated as a result of cellular stress [97].
Nonetheless, the relative proportion of ALDH1"" but not
of CD44/CD24™ cells increased in patients suffering from
breast carcinomas after neoadjuvant chemotherapeutic
treatment with paclitaxel and epirubicin [98]. A subset of
cells from colitic patients with an ALDH'/EpCAM™
phenotype have been described to be the cells of origin of
the transition from a chronic ulcerative colitis to an overt
colorectal cancer [99]. Hence, ALDH"/EpCAM™ poten-
tially mark pre-malignant TICs in a situation associated
with higher predispositions to develop certain cancer types.
ALDH can be classified as a primary and secondary trait
regulator.

Relevance to TICs: ee
Primary/secondary trait regulator

e Switch between quiescence and proliferation

e Low apoptosis and high chemoresistance

Conclusions and outlook

The discovery of TICs as a driving force of malignancies of
tumors is of paramount importance for the understanding
and treatment of the disease. With the emergence of a variety
of cell-surface markers of TICs, it was possible to pro-
spectively isolate the cells of origin of tumors and to
demonstrate their remarkable oncogenic potential in vivo, as
opposed to the bulk of tumor cells. These studies suggested
that single or, rarely, combinations of 2-3 TIC markers
differentiate between oncogenic and non-oncogenic cells,
between TICs and non-TICs. Actually, the belief in single
markers discriminating these two tumor cell populations
appears as the first misleading notion: rather is the con-
comitant expression of several TIC markers to be expected
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Table 1 Regulators of primary

. Primary traits
and secondary traits of TICs M

Self-renewal

Pluripotency
Switch quiescence/proliferation

Secondary traits
Low apoptosis
Chemoresistance

Communication with microenvironment

* These functions have been
demonstrated to depend upon
regulated intramembrane
proteolysis

Autonomy from tissue integrity
Migration and engraftment

EpCAM [68, 69]; CD133 [48]; Lgr5 [86]

CD44 [23, 24, 100]; EpCAM [68-70, 74];
CD133 [30, 45, 48]; CD24 [77]; Ler5 [85-87];

CD44 [19]a; EpCAM [56]* [53, 101];
CDA47 [92]; ALDH [96]

CD44 [22], CD47 [92]; ALDH [95]
CD44 [22, 23]; ALDH [95]

CD44 [16]; CD133 [30]; EpCAM [102]; CD166 [82]*;
CD47 [88, 89]

CD44 [24]; EpCAM [53], Lgr5 [87]

CD44 [18]* [20, 23, 103]; EpCAM [54];
CD133 [49]; CD24 [78]; CD166 [82]*

in order to cover the needs of TICs on the one hand, and
thorough distinction of cell subpopulations on the other
hand. The notion of single markers originates from the way
studies of TICs have been conducted, where each group
focuses on single molecules without investigating more than
1-3 different markers. The actual rationale to study a given
marker is rarely delineated in publications and mostly does
not relate to its possible functions in TICs. More in-depth
analysis of TICs from solid tumors will necessitate the
implementation of numerous potential markers, as is the
standard for the study of hematopoietic stem cells. Different
combinations of TIC markers could eventually provide
tumor cells with primary traits of the TIC phenotype to
support sufficient self-renewal and differentiation (Fig. 1
and Table 1), and the assimilation of substantial numbers of
TIC markers in descriptive and functional studies are highly
desirable. Assuming that a subset of cells within a tumor
bear higher oncogenic capacity and further agreeing on the
fact that genetic and epigenetic modifications are the basis
for these intercellular differences, a more general concept
can be postulated. That is, TICs require a minimal subset of
functions, which can be provided to them by various com-
binations of reported TIC markers (Table 1 and exemplified
in Fig. 1) and yet unknown proteins. Expression of TIC
markers relies on dysregulation of gene function and/or
major signaling pathways, which are commonly affected in
cancer, as is the case for the Wnt pathway (Fig. 1). Amongst
these regulators of primary traits, common and frequent TIC
markers emerge: Recurrence of TIC markers such as CD44,
CD133, EpCAM, and ALDH, whose functions across enti-
ties cover the basic requirements for self-renewal and
pluripotency, supports this notion and speaks in favor of a
general concept of TIC formation based on primary traits
(Fig. 1). Interestingly, a substantial number of these markers
are regulated upon regulated intramembrane proteolysis at
the functional level. Hence, depending on the availability
and activation status of essential components of RIP,
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different phenotypes of TICs can be modulated and smooth
transitions thereof generated (Fig. 2). With the knowledge
of essential transcription factors required for iPS repro-
gramming, the common over-expression of TIC markers
such as EpCAM, which have the capacity to induce a subset
of these central molecular switches, appears consequential.

In summary, a substantial number of markers for TICs
and normal stem cells share common features:

e They are Wnt signaling target genes (CD44, Lgr5,
EpCAM).

e They display dual functions as cell adhesion molecules
and signaling receptors (CD44, EpCAM, CD47, and
possibly CD166).

e They are modulated in their function upon ectodomain
shedding and regulated intramembrane proteolysis (i.e.,
CD44, CD166, EpCAM).

Hence, co-regulation of expression and of function of
TIC markers by Wnt signaling and RIP, respectively,
emerges as a potential common theme for a decent number
of TIC markers (Figs. 1, 2). Possibly, Wnt signaling rep-
resents one of the key initial prerequisites for the priming
of pre-malignant cells to become TICs (Fig. 1). As a result,
TIC markers such as Lgr5, CD44, and EpCAM are
expressed and endow cells with a panoply of adhesive and
signaling properties, which may result in either commu-
nicative but rather quiescent cells (“adhesive phenotype”)
or dividing cells (“proliferative phenotype”) (Fig. 1). The
ability to switch between both functions of CD44, EpCAM,
and potentially also CD166, is accomplished by sheddases
and y-secretases upon ectodomain shedding and regulated
intramembrane proteolysis, resulting in the generation of
soluble ectodomains and signaling intracellular domains.
Expression levels and activation of these membrane-asso-
ciated proteases and other essential components of
signaling include another level to the regulation of TIC
capacities and especially to their plasticity. Not only do we
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need to study the expression levels of TIC markers, but the
additionally activation status and the expression of com-
ponents of their respective signaling pathways. This
knowledge is especially important with respect to the
generation of specific inhibitors of central TIC markers.
Strikingly, CD44 and EpCAM signal via components of
the Wnt pathway, too. As demonstrated for the intracellular
domain of EpCAM, EpICD is essential for the assembly of
a protein-DNA complex at Lefl consensus sites [56] and
might hence modulate the specificity and promoter choice
of ff-catenin-Lef nuclear complexes. It is attractive to think
of a specific inhibition of the expression/function of TIC
markers, which are “drivers” in the process of tumor
seeding and recurrence. Combinations of inhibitors of Wnt
signaling and potent inhibitors of ADAM proteases and
gamma-secretase emerge as novel treatment options along
with therapeutic antibodies. Additionally, interruption of
central signaling cascades of TIC markers such as CD44,
CD133, and EpCAM with specific peptides, which inhibit
essential interactions, is a highly promising future
approach.
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