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Abstract

Significance: Recent research has shown that tumors contain a small subpopulation of stem-like cells that are
more resistant to therapy and that are likely to produce second-line tumors. Recent Advances: Cancer stem-like
cells (CSCs) have been characterized by a variety of markers, including, for a number of types of cancer, high
expression of the plasma membrane protein CD133, which is also indicative of the increase of stemness of
cultured cancer cells growing as spheres. Critical Issues: While the function of this protein has not yet been
clearly defined, it may have a role in the stem-like phenotype of CSCs that cause (re-)initiation of tumors as well
as their propagation. We hypothesize that CD133 selects for CSC survival against not only immunosurveillance
mechanisms but also stress-induced apoptosis. Future Directions: High level of expression of CD133 may be a
useful marker of more aggressive tumors that are recalcitrant toward established therapies. Compelling pre-
liminary data indicate that drugs targeting mitochondria may be utilized as a novel, efficient cancer therapeutic

modality. Antioxid. Redox Signal. 15, 2989-3002.

Introduction

CARCINOGENESIS RESULTS from accumulation of muta-
tional and genetic changes that alter normal cell growth
control and proapoptotic/survival pathways. The newly
formed malignant cells are morphologically distinct: they are
able to evade apoptosis; proliferate out of control; invade the
surrounding tissue; induce angiogenesis; and eventually
metastasize (48). During the early stages of carcinogenesis, a
variety of intrinsic tumor suppressor mechanisms are ready to
trigger apoptosis, repair, or senescence if cellular proliferation
and division become abnormal (108). Apoptosis can be trig-
gered in response to a variety of signals induced by cell stress
and injury, with mitochondria as key intracellular mediators
(21), or in response to ligation of cell-surface death receptors,
such as Fas or the tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) (88).

Not all malignant cells are destroyed during the early
stages of carcinogenesis. Transformed cells that escape the
intrinsic cellular controls for abortive suicide are then sub-
jected to extrinsic tumor suppressor mechanisms. Thus, the
immune system functions as an extrinsic tumor suppressor by

detecting and eliminating malignant cells on the basis of tu-
mor-specific antigens (108, 112). Cancer immune surveillance,
whereby the immune system identifies cancerous and/or
precancerous cells and eliminates them before they can cause
harm, is now known as the elimination phase of a broader
process that has been termed cancer immunoediting (27, 28).
This process is based on the concept that the immune system
not only protects the host against cancer formation but also
promotes cancer development, and the “three Es” of cancer
immunoediting comprise the elimination phase (cancer im-
munosurveillance), equilibrium phase, and escape phase (29).

In the elimination phase, both the innate and adaptive arms
of the immune system work together to detect and eliminate
cancer cells that have developed as a result of failed intrinsic
tumor suppressor mechanisms (107). The initial stage mainly
engages the innate immune system, including macrophages
and natural killer (NK) cells that may recognize developing
tumors via receptor-mediated recognition processes, some of
which involve tumor antigen presentation (108). The tumor-
activated immune cells then utilize cytotoxic effector mecha-
nisms to kill and eliminate the transformed cells (or cells
undergoing malignant transformation). The immune cells
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also secrete interferons (IFNs), which control tumor growth
and amplify the immune response (108). Initially, IFN-y that is
released at the tumor site induces production of chemokines,
which recruit cells like macrophages that produce interleukin-
12 and NK cells producing more IFN-y at the tumor site
(5). IFN-y-activated macrophages can induce cancer cell death
by releasing products such as reactive oxygen species (ROS)
(98). Activated NK cells induce apoptosis in cancer cells by
triggering TRAIL- or perforin-dependent pathways (50, 106,
113).

The tumor necrosis factor family member TRAIL is one of
the major mediators of antitumor immunity. TRAIL is pre-
dominantly expressed by immune cells, particularly of the
myeloid lineage, where it is either present on the cell surface
as a membrane protein or is secreted in a soluble form to
induce apoptosis by binding to cognate death receptors on
target (tumor) cells (63, 118). In contrast to other mediators,
TRAIL induces apoptosis in various cancer cell types, being
generally nontoxic toward normal cells (38). Cancer cell re-
sistance to TRAIL-mediated cell death may be due to up-
regulation of the antiapoptotic FLICE-inhibitory protein
(FLIP) (40, 55, 123, 132).

ROS are formed as a natural by-product of normal oxygen
metabolism. Increase in the level of ROS creates oxidative
stress, which causes cell damage with ensuing cell death by
way of activating various signaling pathways that, in many
cases, converge at apoptosis induction (15, 67). While the
signaling mechanisms have not been completely unraveled,
mitochondria play a key role in the oxidative stress-induced
apoptotic pathways (72). Mitochondria, organelles vital for
cellular energy homeostasis, produce ROS in the mitochon-
drial respiratory chain (13). Recent studies have showed that
ROS generation involves complex II of the respiratory chain
(1, 71), rendering it very important for apoptosis induction
and the ensuing death of cancer cells (3, 23, 25, 75). We have
recently designed novel anticancer drugs from the family of
mitocans (81, 83) that specifically target mitochondria (the
mitochondrial complex II) and that are much more efficient
than the corresponding mitochondrial-untargeted com-
pounds, while preserving selectivity for cancer cells (23, 25).
These anticancer drugs showed very high efficacy against fast
proliferating breast cancer cells as well as their cancer stem-
like counterparts, which in our study were represented by
spheroid cultures, that is, multicellular structures with stem
cell-like characteristics (see below).

If the transformed cells are not fully destroyed during the
elimination phase, they then enter into a temporary state of
equilibrium with the immune system (28, 29). Here, cancer
cells can either remain dormant or continue to evolve by ac-
cumulating additional changes, which would allow them to
escape detection by the immune system (108, 112).

Taken together, the immune system is for the most part very
effective in suppressing cellular transformation and cancer
growth via the diverse extrinsic mechanisms as described
above such that cancer, on average, occurs less than once in a
lifetime. This is the case even though many cells in the body
exist as potential targets for significant mutational and genetic
changes. Nevertheless, cancers do arise in immunocompetent
individuals, suggesting that clonally derived populations of
cells are able to escape the immune system. These cells that
emerge from the selective pressures of the immune system are
resistant to immune-induced killing due to reduced immuno-
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genicity. Moreover, such cells are often also resistant to many of
the currently used anticancer therapies.

The Significance of Emerging Cancer Stem-Like Cells

In the past decade or so, the cancer stem cell hypothesis has
been experiencing a resurgence. Various studies have sug-
gested that stem cells may play a vital role in carcinogenesis
because cancer stem-like cells (CSCs) (also referred to as tu-
mor-initiating cells) share many crucial characteristics with
normal stem cells that have the capacity to repopulate whole
tissues (104, 123). These features include the ability to self-
renew and differentiate, high levels of telomerase activity,
greater capacity for DNA repair, activation of antiapoptotic
pathways, and increased membrane transporter activity in-
cluding the ATP-binding cassette drug transporters (provid-
ing for an increased level of drug resistance). In addition,
CSCs are able to migrate and metastasize, hence forming
secondary tumors that are, as a rule, refractory to established
therapeutic modalities (2, 92, 104, 123).

To date, CSCs have been identified in a range of different
cancers, including leukemias (8, 62), multiple myeloma (86),
neoplasias of the nervous system (90, 104), colorectal, prostate
or hepatocellular carcinomas (18, 94, 127), breast cancer (4),
melanoma (32), and osteosarcoma (41). Within these tumors
the CSCs represent only a small subpopulation, sometimes
referred to as the side-population because these cells can ac-
tively exclude fluorescent DNA-staining dyes (53). The main
problem with CSCs is that, similar to normal stem cells, they
share properties that render them relatively resistant to cur-
rent cancer therapies such as chemotherapy and radiation
therapy, thereby promoting their survival. For these reasons
they present a considerable problem in cancer management
(6, 36, 47).

A variety of markers have been used to characterize CSCs
(Table 1). In particular, these include CD133 and CD44 surface
proteins and several intrinsic markers (e.g., Oct-4 or ALDHI).
Overexpression of CD44 has been found in the CSC popula-
tion in breast (4), prostate (18), and pancreatic cancer (64). The
CD44 protein is involved in cell-cell and cell-matrix interac-
tions, and CD44* breast cancer cells exert more pronounced
transforming growth factor-f signaling (102).

CD133 (Fig. 1), also known as prominin-1 (20, 74), is
emerging as an important marker of CSCs identified in many
different studies (73, 77, 85, 94, 104, 110, 124). CD133 is highly
expressed by a variety of tumor types, including medullo-

TABLE 1. EXAMPLES OF MARKERS FOR DIFFERENT
Typres oF TUMORS

Tumor type CSC markers References
Brain Musashi-1", nestin®, CD133* 105
Breast CD44™", CD24+/1ow, 4, 42,124
ALDH1*, CD133*
Colon CD133* 84, 94
Hepatocellular CD133" 110
Leukemia CD34", CD38, CD44* 11
Melanoma CD20", CD133", ABCG2* 32,77
Pancreatic CD133", ABCG2™ 85
Prostate CD44*, apfpyM8h, CD133* 18, 73, 87

CSC, cancer stem-like cells.
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FIG. 1. The proposed structure of
CD133 (Prominin-1) showing the gly-
cosylation sites. (Adapted and modified
from refs. 20, 33, 34, 69, 74, 122.) (To see
this illustration in color the reader is re-
ferred to the web version of this article at
www.liebertonline.com/ars).
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blastoma (104), glioblastoma (96), colorectal (84), prostate
(18), and breast carcinomas (124), as well as mesothelio-
mas (J.N. et al., unpublished). Given its high level of ex-
pression, CD133 has received considerable attention. For
example, it has been shown that CD133" cells purified from
cultured cancer cells or tumors and transplanted into im-
munocompromized NOD/SCID mice give rise to carcinomas
phenotypically similar to the primary tumors from which
they were derived (84, 94, 127). In addition, whereas as many
as 107 cultured hepatocarcinoma cells were required to form
tumors in NOD/SCID mice, only 10° or less CD133" cells
were required to form tumors (127). Similar results have been
obtained using breast CSCs (124). Shmelkov and colleagues
have recently demonstrated that CD133 ™ cells can also form
tumors in NOD/SCID mice. However, in this study they also
showed that CD133" cancer cells have much greater meta-
static potential than their CD133 "~ counterparts (103). Even if
CD133 may not always be a bona fide marker of CSCs, it has a
role for suggesting an increase of the level of stemness of cell
cultures grown as spheres or, in other words, as a marker of
enrichment of sphere cultures in CSCs. Table 2 documents
some of the reports proposing a role of CD133 in tumorigenic
properties of cancer cells as well as those opposing this notion.

TABLE 2. REPORTS DOCUMENTING THE TUMORIGENIC
PropPERTIES OF CD133% CELLS AND THOSE
OrrosING THIS VIEW

Type of tumor Positive Negative
Brain tumors 105
Gliomas, glioblastomas 57, 65, 96
Medduloblastomas 104
Breast tumors 124
Colorectal tumors 35, 84, 94 22,103
Endometrial cancer 80
Gallbladder carcinomas 101
Hepatocellular carcinoma 59, 110, 127 97
Melanomas 77
Mesotheliomas J.N. et al., unpublished
Non-small-cell lung 117
carcinomas
Oral squamous cell 128
carcinomas
Pancreatic cancer 85
Prostate cancer 18, 73 89
Ovarian cancer 44
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CD133, Avoidance of Immunosurveillance,
and Resistance to Stress-Induced Apoptosis

In this review, we hypothesize that CSCs, escaping elimi-
nation by the immune system, are sculpted to efficiently form
tumors. This is based on the immunoediting theory and the
cancer stem cell theory as well as related studies supporting
these paradigms as described in the previous sections. As a
result, surviving transformed cells are likely to be selected to
exert enhanced levels of stemness. It is also possible that
during immunoediting, the pressure of the forces of the im-
mune system causes modifications in cancer cells such that they
acquire cancer stem cell-like characteristics, which enable them
to survive. This would suggest that CSCs feature low levels of
antigen-presenting capacity as well as low levels of NK ligands.
In this regard, Wu and colleagues investigated the immuno-
genicity of CD133" cells in two human astrocytoma and two
glioblastoma multiformae samples by flow cytometry and re-
vealed that the majority of CD133" cells do not express
detectable major histocompatibility (MHC) Class I or NK cell-
activating ligands (125). While MHC Class I expression is re-
quired for CD8" T cell-mediated cytotoxicity, the converse is
true for NK cells, which recognize and attack cells lacking
MHC class I ligands (61, 121). Although CD133" cells do not
express MHC Class I ligands, which would make them sus-
ceptible to NK-mediated cytotoxicity, the absence of NK cell-
activating ligands on CD133" cells could contribute to their
escape from immune surveillance by these innate immune cells.

Accordingly, studies on embryonic stem (ES) cell immu-
nogenicity revealed that ES cells are immune-privileged as
well and are readily transplanted across MHC barriers with-
out or with only minimal immunosuppression (26, 31, 59).
Hence, it would appear that CSCs share properties similar to
stem cells, including ES cells. It is, therefore, also possible that
the immune system fails to recognize these cells as a potential
threat since their malignant status remains undetected.

CSCs and the Role of CD133

CD133 expression is not just restricted to CSCs in that, for
example, both CD133" and CD133~ metastatic colon cancer
cells are equally capable of initiating tumors (103). It would
appear more likely that CD133 expression represents a tran-
sient state that CSCs are capable of undergoing. Thus, the
CD133" population in the normal intestinal crypt is part of a
larger stem cell/transit amplifying progenitor compartment
that is susceptible to neoplastic transformation after which



2992

CD133 expression reduces to a small percentage of cancer
cells (131). Notwithstanding, whether CD133 expression is
essential for the emergence of tumors remains unclear.

Thus far, the exact role of CD133 in CSCs has not been
resolved. However, CD133 family molecules show a highly
restricted localization on plasma membrane protrusions of
epithelial and other cell types (hence the name “prominin-1”),
where they are associated with cholesterol-rich lipid rafts, in-
dicating a role in the organization of plasma membrane to-
pology (19, 20, 76, 95, 122). The inclusion in cholesterol lipid
rafts, which are important for cell growth signaling, is consis-
tent with the association of CD133 with important stem cell
growth signaling pathways. As well as being a stem cell marker
(74), CD133 has been proposed to be involved in several sig-
naling pathways (76, 115), including the Notch pathway (30,
111) and the related sonic HEDGEHOG/GLI pathway (17),
which are of significant importance in normal stem cell as well
as CSC proliferation and self-renewal. A role for CD133 in
signal transduction is consistent with the observations that the
protein is phosphorylated on cytoplasmic tyrosine residues 828
and 852 of CD133 in human cancer cells by Src and Fyn tyro-
sine kinases (10). Recently, a link between the Notch pathway
and CD133 has been corroborated by findings that blocking
the Notch pathway (using an inhibitor of y-secretase) pro-
moted down-regulation of CD133, which then resulted in
prevention of such cells to form spheres and tumors in im-
munocompromized animals (30, 111). Moreover, we have ob-
served that CD133-positive mesothelioma cells, grown as
mesospheres, are also typified by increased Notch expression.
We also found higher expression of CD47 in mesospheres (J.N.
et al., unpublished), a marker of resistance of cancer cells to be
phagocytosed by macrophages that may protect CSCs from the
immune system (14, 56), further suggesting a link between
CD133 expression and the propensity of such cells to evade the
immune surveillance.

CD133 is likely also involved in adaptive changes in cel-
lular bioenergetic metabolism, providing the CSCs with in-
creased survival advantages. Thus, CD133 expression is
greatly increased in the presence of high glucose, whose up-
take is facilitated by CD133 (130). It has now been documented
that CD133 also represents a state of hypoxic induction in CSCs
and may be indicative of a side population of stem cells,
thereby transient in nature depending on the prevailing mi-
croenvironment and conditions these cells are exposed to and
influenced by (68, 109). Consistent with this role, CD133-
expressing CSC populations have been commonly observed to
show greater proliferative potential than their CD133~ coun-
terparts (7, 125). Further, increased exposure to hypoxia results
in stabilization of the hypoxia-inducible factor-1o (HIF-1¢) and
is linked to the increase in the level of CD133 (43, 70, 109).
Hypoxia-induced activation of HIF-1o and the increase in the
expression of CD133 requires activation of the kinase Akt.
Another piece of evidence linking CD133 to Akt signaling
comes from a recent article by Takenobu et al. (114), who
showed that knocking down CD133 in neuroblastoma cells
deregulated the Akt as well as mitogen-activated protein
(MAP) kinase pathway and, interestingly, resulted in much
slower growth of tumors in nude mice than found for the pa-
rental cells. In these studies, CD133 was also found to enhance
the survival of the neuroblastoma cells in spheres, further
linking CD133 to the stemness phenotype. Since Akt is a central
regulator of the survival pathways, promoting survival and
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FIG. 2. Possible link between resistance of cancer stem-like
cells (CSCs) to apoptosis and the level of CD133. Within the
hypoxic microenvironment of pretumorous mass or carcinoma,
HIF-10 becomes stabilized, which is linked to increased expres-
sion of CD133. This process requires the activation of the central
prosurvival kinase Akt, which is responsive, generally, to mi-
togenic signaling. Akt itself suppresses the activity/activation of
the proapoptotic pathways via phosphorylating the Bcl-2 family
protein Bad, caspase-9, and members of the family of the fork-
head (FKHD) transcription factors, such as FoxO1 that is in-
volved in transcriptional activation of the Bcl-2 family member
Noxa (120). Akt also activates several important prosurvival
pathways, involving the transcription factor NF-«B, the Mdm2
protein suppressing the function of p53, and the molecular target
of rapamycin (mTOR). mTOR positively controls the function of
hypoxia-inducible factor-1« (HIF-1z), further promoting the ex-
pression of CD133. Although not completely understood at
present, these notions provide a possible explanation of the as-
sociation of CD133 with the prosurvival/antiapoptotic status of
CD133-positive cancer cells (adapted from ref. 68). (To see this
illustration in color the reader is referred to the web version of
this article at www liebertonline.com/ars).

proliferation while suppressing apoptosis, we propose an
emerging picture linking the high level of CD133 and increased
resistance to apoptosis (Fig. 2). Further, the increased activity of
HIF-1o and higher expression of CD133 connects this pheno-
type to the mitochondrial bioenergetics, since HIF-1 is known
as a regulator of a variety of mitochondrial bioenergetics
pathways as well as a sensor of oxygen (93, 99).

As indicated above, high levels of CD133 expression have
been associated with resistance of CSCs to apoptosis (6, 17, 36,
37). This is directly supported by the observation that down-
regulation of CD133 sensitizes cancer cells to apoptosis (17).
Analysis of CD133" and CD133"~ glioma cell lines prepared
from primary human glioblastoma cells identified a number
of genes differentially expressed in the two subpopulations
(65). The analysis showed that the antiapoptotic proteins Bcl-
2, Bel-xp, FLIP, and members of the inhibitors of apoptosis
family of proteins (c-IAP1, c-IAP2, XIAP, and survivin) were
highly up-regulated in CD133 " cells, whereas the expression
of the proapoptotic protein Bax was slightly down-regulated
when compared to their CD133~ counterparts. Of all the up-
regulated genes, FLIP exerted the highest expression with up
to 300-fold increase in the CD133 ™ cells when compared to the
CD133" cells (Table 3). This is of great interest, since FLIP (as
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TaBLE 3. EXAMPLES OF DIFFERENTIALLY EXPRESSED
APorTOSIS-ASSOCIATED GENES IN CD133* aND CD133~
GrioBLASTOMA CELLS (ADAPTED FROM REF. 65)

Fold change between

Gene name CD133" and CD133~ cells
FLIP 294+26

cIAP1 39+3.5

XIAP 21.9+2.2

Bel-2 13.9+1

Bel-x; 5.6+.4

cIAP2 3+0.3

Survivin 1.6%0.1

Bax 0.33+£0.03

discussed above) is an inhibitor of death receptor-induced ap-
optosis (55, 116). Its increased expression could be a consequence
of acquisition of the malignant phenotype of cells, requiring an
advantage to survive the tumor immune surveillance.

Further support for the survival-promoting effects of
CD133 on CSCs stems from studies where CD133" cells
were also found to be resistant to cytotoxic chemothera-
peutic drugs, including etoposide, paclitaxel, temozolomide,
and carboplatin, whereas their autologous CD133~ coun-
terparts were susceptible to these agents (65). Despite the
new insights into CSCs, the reasons for their resilience to
therapy are not well understood. However, recent research has
indicated possible molecular determinants underlying this re-
sistance (119). Several studies have shown that CSCs, epito-
mized in this case by CDI133" cells, exhibit increased
expression of antiapoptotic proteins (FLIP, Bcl-2, Bel-x;, and
the IAP family members) and a low level of expression of
proapoptotic proteins (including Bax) (57, 65, 100). We re-
ported that CD133"" subpopulations of cancer cells (including
both Jurkat T lymphoma and breast cancer cells) possess high
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levels of the antiapoptotic protein FLIP relative to their
CD133°w counterparts, which makes them resistant to TRAIL-
mediated apoptosis (132). By contrast, we found that CD133'°"
cells were more susceptible to killing by TRAIL. This result can
be reconciled with the notion that TRAIL-induced apoptosis is
one of the key mechanisms by which the immune system
eliminates transforming cells. In addition, the TRAIL-depen-
dent apoptotic cascade primarily affects malignant cells and, as
a rule, has only marginal effects, if any, on normal (nonma-
lignant) cells (63). However, this is not the case for CSCs (or at
least for CD133"8" cancer cells), as we have demonstrated.
Nevertheless, down-regulation of FLIP in CD133"8" Jurkat
T lymphoma or breast cancer cells caused their sensitization to
apoptosis induced by TRAIL in both cell types (132). This
finding is further corroborated by results of another report
documenting that down-regulation of FLIP in TRAIL-resistant
melanoma cells was sufficient to make these cells susceptible to
the apoptogen (40).

In a separate study on CSCs, we observed that stress in the
form of nutrient deprivation, cell crowding, or hypoxia re-
sults in apoptosis induction (J.N. et al., unpublished). Inter-
estingly, the surviving population showed an increased
expression of CD133 in agreement with similar findings of
others (43). We also observed that exposure of cancer cells
growing in monolayer cultures to the same stresses results in
rapid up-regulation of CD133 such that the resulting cells
were also protected from apoptosis for extended periods of
time. These processes, involving differential expression of
CD133, may signify more general properties of CSCs, since
we observed similar findings with diverse cancer cells, in-
cluding Jurkat T lymphoma, breast cancer, and mesotheli-
oma cell lines (J.N. et al., unpublished). This suggests that
either the cells that survive already display the phenotype of
CSCs or that the pressure of the stressful environment favors
cancer cell populations acquiring increased cancer stem cell-
like properties to survive. This latter possibility has been re-
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FIG. 3. Breast cancer stem-like cells are susceptible to mitochondrially targeted vitamin E succinate (MitoVES). MCF7 cells
were grown as adherent cells (ADH) or spheres (SPH) (A) and assessed for the expression of several CSC markers, including CD133
(both isotypes), CD44, CD24, Jagged-1, and Notch-1 (B). The adherent and sphere cells were exposed to a-tocopheryl succinate (o-
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cently supported by the studies of Griguer and colleagues, who
showed that CD133 expression was up-regulated in response
to stress by hypoxia or by mitochondrial respiratory inhibition
using rotenone (43). This finding can be reconciled with the
reported high level stabilization of HIF-1o. under normoxic
conditions in CD34" and CD133" hematopoietic stem
cells, probably via increased levels of (mitochondrial) ROS
generation, suggesting that the cells are undergoing adaptation
to promote their enhanced survival propensity (91).

Hence, cancer cell selection by the immune system or pre-
vailing conditions (e.g., oxidative or hypoxic stress) leads to
their acquisition of increased level of stemness, epitomized by
elevated CD133 expression, being more difficult to efficiently
eliminate using current therapies. These cells are also capable
of forming second-line tumors, clonally derived from the re-
sistant CD133* CSCs, and such carcinomas are expected to be
much more difficult to treat.

Where to from Here?

As stated above, CD133 may be either a factor that selects
cancer cells (possibly with high levels of stemness) for sur-
vival, or readily increases when cancer cells are challenged
by stressful/unfavorable selection pressures leading to in-
creased CD133 expression associated with greater resistance
of cancer cell subpopulations to the stress (in very broad
terms). It is unclear at this stage, though, whether there is a
causal (or, better, functional) link between the level of CD133
and resistance of cancer cells to stress, most likely involving
mitochondria. Based on the evidence presented here, we
more strongly favor a role for expression of CD133 in the
induction of apoptosis-regulating genes such that CSCs ex-
hibit greater likelihood of survival. We also believe it more
plausible that malignant cells develop resistance during
immunoediting to escape immunosurveillance first, and
then CSCs with initially low levels of CD133 emerge that
rapidly increases when the cells are challenged by the en-

TABLE 4. ExaMPLES OF COMPOUNDS
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suing unfavorable or stressful growth conditions. However,
although unlikely, current data cannot completely rule out a
concomitant increase of CD133 and acquisition of a resistant
phenotype.

It is unlikely that the selection of CSCs that survive the
challenge (including immunosurveillance or, later on, stress)
is a random, uncoordinated process. However, the molecular
basis is not known whereby CSCs are selected for survival,
and one would reason that CD133 is not the only key element
that dictates the very early cellular responses to the selection
pressure(s). Understanding how cells are selected is not only
of fundamental importance for our understanding of those
events occurring within cancer cell populations, but it also has
far-reaching implications for clinical applications to antican-
cer therapy. Thus, we propose that CD133 remains a valid
marker for predicting subpopulation of cancer cells that will
show enhanced survival to immune and other stressful chal-
lenges. This is supported, for example, by findings that
CD133" cells isolated from tumors show much greater resis-
tance to apoptosis than their CD133 ™ counterparts (12, 16, 65).
Approaches that focus on targeting CD133, such as therapy
resulting in its down-regulation and the consequential en-
hanced susceptibility of these cells to apoptosis, both medi-
ated via the death receptor and mitochondrial mechanisms
(17), are warranted.

Gene therapy is, scientifically, a very elegant, although
challenging approach. Silencing of the expression of the
CD133 gene in experimental animals, such as transgenic
mice with spontaneously generated tumors, may prove su-
perior in preventing selection of CD133" cancer cell resis-
tance to apoptosis during the process of immunoediting. On
the practical level, however, this can be difficult to achieve
due to potential effects on other bystander cells that are not
the desired target. Such approaches ought to be first tested in
animals with experimental tumors, such as transgenic, im-
munocompetent mice with spontaneously arising tumors. In
these models, stable transfection with a plasmid or a viral

THAT KiLL CANCER STEM-LIKE CELLS

Name Structure Type of tumor Mechanism of action Reference
Parthenolide 5 Leukemia Inhibition of NFxB 46, 49, 58

< Breast cancer

Prostate cancer
1 1
A ME &
Salinomycin “05; ) ’I‘, o Breast cancer Potassium ionophore 45
w o0 L, OH
Metformin NHH I Breast cancer Effect on energy metabolism 52
Lapatinib mﬁ% Breast cancer Dual inhibitor of receptor 60
a?{‘:} “f; tyrosine kinases
MitoVES °1m\5?—® Breast cancer, Generation of ROS by J.N. et al., unpublished
> mesothelioma targeting complex II

MitoVES, mitochondrially targeted vitamin E succinate; ROS, reactive oxygen species.
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vector carrying CD133 shRNA targeted to the tumor-prone
tissue could be tested. This approach, if successful, will
provide direct evidence for the pathophysiological role of
CD133 and indicate a possibility of gene therapy to eliminate
malignant CD133 " cells.

Another way for dealing with CD133" cancer cells is to
design pharmacological agents that would kill such cells
with high efficacy and selectivity without affecting normal
cells. To date, only several compounds have been published
and shown to possess these features, a prime example being
parthenolide (PTL), a drug isolated from the plant feverfew
with NFxB inhibitory activity (51). PTL was found to be
relatively efficient in killing leukemia stem cells (46, 49) and,
also, breast CSCs represented by mammospheres (MS) de-

__Scenariol1

P

Normal -

=)

'
/

'
i

7
"

Transformed

__Scenario2 _

‘ Tumor cells

Upregulation of anti-apoptotic
genes and increase in
CD133* expression

ZOBALOVA ET AL.

rived from breast cancer cell lines (129). The latter include
MS derived from the human breast cancer cell line MCF7,
which were resistant to a range of established anticancer
agents. We observed similar susceptibility of MCF7 cell-
derived MS to PTL in our laboratory, and have also found
that these MS exhibited high level of expression of both
isotypes of CD133 relative to their adherent counterparts
(J.N. et al., unpublished). High-throughput screening using
CD44Migh /CD24'°Y cells uncovered salinomycin as an effi-
cient agent that exerted selective toxicity toward breast
CSCs, although a relationship to the level of CD133 has not
been documented (45).

We have recently designed novel anticancer drugs from
the family of mitocans (81-83), epitomized by the mi-

FIG. 5. CD133 selects cancer
cells for resistance to apopto-
sis. We propose two scenarios
describing the origin of the re-
sistant, CD133" cancer (stem-
like) cells in tumors. Scenario 1
involves the role of the immune
system, which, via the process of
immunoediting, selects cells that
are resistant to immune surveil-
lance or escape being intercepted
and eliminated by the immune
system. These cells form a tumor
with low number of CD133™
cancer cells. Upon challenge of
the tumor with anticancer drugs,
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resulting tumor will be highly
enriched in these apoptosis-re-
sistant cells. Scenario 2 is very
similar to Scenario 1. However, it
is based on results obtained lar-
gely with cell lines. Accordingly,
tumor cells, when under the
pressure of oxidative stress, an-
ticancer drugs or hypoxia (most
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likely in combination with nu-
trient deprivation), rapidly up-
regulate expression of CD133 in
a subpopulation of the cells, and
this is associated with differen-
tial regulation of apoptosis-
modulating genes. Therefore, in
the forthcoming therapy, the in-
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tochondrially targeted vitamin E succinate. These agents
specifically target mitochondria and are much more efficient
than the corresponding mitochondrial-untargeted parental
compounds, while preserving selectivity for cancer cells (24).
Mitochondrially targeted compounds exert very high effi-
cacy not only against fast proliferating cancer cells, but also
against their cancer stem-like counterparts typified by high
levels of CD133 expression and grown as spheres (Figs. 3 and
4) (J.N. et al., unpublished). Therefore, mitocans show sub-
stantial promise to be developed into anticancer drugs that
can efficiently kill the recalcitrant CD133 " cells, and we are
currently investigating the molecular mechanism of sus-
ceptibility of CSCs to certain mitocans, with a special focus
on mitochondrially targeted vitamin E succinate. A repre-
sentative list of compounds that have been suggested to kill
CSCs, often with increased level of expression of CD133, is
shown in Table 4, with some of these agents acting at the
level of mitochondria.

Even though CD133 seems to be the most important
marker of wide interest at the moment for many CSC types,
there is a possibility that other CSC markers may play sig-
nificant roles in carcinogenesis and in the evasion of the
immune system. Nevertheless, we believe that the escape
mechanisms of cells presenting CD133 or CD44 and other
markers should be very similar if not the same as that of the
cancer cells (CSCs) that we have discussed here as being
capable of evading the immune surveillance. Targeting of
these CSCs [found, e.g., in breast cancer (4), prostate cancer
(18), and pancreatic cancer (64)] should also be the same as
for CSCs that express the CD133 marker. Since not much is
known about the function of CD44, in particular its role in
CSCs, CD44 might not be the best target. However, targeting
CSCs with pharmacological agents should have a similar
affect (31). For example, in a recent study, we found that
mitocans (23, 81, 83) showed a considerable efficacy against
CD44" CSCs represented by MS (J.N. et al., unpublished).
Therefore, this approach also appears promising for CSCs
that are characterized by markers other than CD133 (78).
Collectively, while CD133 appears the most wide-spread
marker of CSCs and a potential target for therapeutic ap-
proach (or, rather, targeting mitochondria of CD133-positive
cells), other markers should not be excluded.

Conclusions and Future Perspectives

We present here a hypothesis according to which the
surface receptor CD133 selects cancer cells to survive
immunosurveillance as well as stress-induced apoptotic
challenges. This hypothesis is two-pronged (Fig. 5): (i) Pre-
cancerous cells are under immunosurveillance, and the cells
that emerge from the process of immunoediting are resistant
to killing by apoptotic inducers, many of which are estab-
lished anticancer agents. This population of CSCs shows high
level of CD133 expression. (ii) Within cancer cells (including
cancer cell lines), there are subpopulations (or a subpopula-
tion) that, upon being challenged with inducers of apoptosis
(stress, anticancer agents, etc), will rapidly increase CD133
expression and, associated with this, up-regulation of anti-
apoptotic and down-regulation of proapoptotic genes.

Regardless of whether CD133 is functionally linked to
resistance of cancer cells to apoptosis or is co-upregulated in
cancer cells with a more pronounced stemness phenotype,
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typified by the propensity to escape killing by apoptosis,
high levels of CD133 expression may be considered a marker
of more aggressive and more resistant tumors (126). To
overcome such resistance, new methodological approaches
need to be developed. One approach that appears plausible,
given the initial results, is mitochondrial targeting. A class
of novel agents is being developed that act on mitochon-
dria and that are modified so that they accumulate in these -
organelles. These agents, tagged with cationic group (9), are
being proved as more efficient in killing cancer cells than their
untagged counterparts (9, 24). Whether such compounds are
efficient in killing CSCs represented by CD133"8" populations,
as indicated by our initial results (either alone or in combination
with other agents), is yet to be fully documented, although our
pilot data are encouraging.

One plausible approach to efficient tumor therapy can be
documented by the following example. We have used mi-
croarray analysis to characterize the stemness of several
types of cancer cells grown as spheres, including breast and
prostate cancer as well as malignant mesotheliomas, all with
increased level of CD133 in the sphere phenotype (J.N. et al.,
unpublished). This resulted in the confirmation of increased
stemness in all three types of cancer. We found that of the
upregulated pathways the three types of CSCs shared the
tryptophan metabolism (represented by increased expres-
sion of indoleamine-2,3-dioxygenase, IDO). This finding
would imply that CSCs deplete their neighborhood of
tryptophan. In this manner, they may protect themselves
from being killed by cells of the immune system (66, 79).
Thus, inhibitors of IDO are being tested as anticancer agents
(39, 54). We dare speculate that a highly efficient way to kill
CSCs with high levels of CD133 may be accomplished by a
combinatorial treatment of such cells with agents like mi-
tochondrially targeted compounds (mitocans) and inhibitors
of IDO. In other words, a drug that has high propensity of
killing cancer cells by targeting their mitochondria in com-
bination with agents that may enhance the tumor immune
surveillance may present the magic bullet of optimal anti-
cancer therapeutic modality, hitting the Achilles” heel of
cancer.

Acknowledgments

J.N. was supported in part by grants from the Australian
Research Council, the Cancer Council (Queensland), and the
Grant Agency of the Czech Republic (204/08/0811, 305/07/
1008); E.A. was supported in part by the Fullbright Fellow-
ship; R.Z. was supported in part by a Ph.D. scholarship from
the National Breast Cancer Foundation of Australia.

References

1. Adam-Vizi V and Chinopoulos C. Bioenergetics and the
formation of mitochondrial reactive oxygen species. Trends
DPharmacol Sci 27: 639-645, 2006.

2. Aguirre-Ghiso JA. Models, mechanisms and clinical evi-
dence for cancer dormancy. Ngt Rep Capcer 7: 834-846,
2007.

3. Albayrak T, Albayrak T, Scherhammer V, Schoenfeld N,
Braziulis E, Mund T, Bauer MK, Scheffler IE, and Grimm S.
The tumor suppressor cybL, a component of the respiratory
chain, mediates apoptosis induction. Mol Biol Cell 4: 3082—
3096, 2003.



2998

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ,
and Clarke MF. Prospective identification of tumorigenic

breast cancer cells. RrgeNailAcad ScrllS. 4 100: 3983-3988,
2003.

. Bancroft GJ, Schreiber RD, and Unanue ER. Natural im-

munity: a T-cell independent pathway of macrophage ac-
tivation, defined in the scid mouse. [pununol Rey 124: 5-24,
1991.

. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB,

Dewhirst MW, Bigner DD, and Rich JN. Glioma stem cells
promote radioresistance by preferential activation of the
DNA damage response. Nature 444: 756-760, 2006.

. Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen ],

Oefner PJ, Aigner L, Brawanski A, Bogdahn U, and Beier
CP. CD133* and CD133" glioblastoma-derived cancer stem
cells show differential growth characteristics and molecular
profiles. Cancer Res 67: 4010-4015, 2007.

. Bhatia M, Bonnet D, Murdoch B, Gan OI, and Dick JE. A

newly discovered class of human hematopoietic cells with
SCID-repopulating activity. Nat Med 4: 1038-1045, 1998.

. Biassutto L, Dong LF, Neuzil J, and Zoratti M. Mi-

tochondrially targeted anti-cancer drugs. Mitochondrion 10:
670-681, 2010.

Boivin D, Labbé D, Fontaine N, Lamy S, Beaulieu E, Gin-
gras D, and Béliveau R. The stem cell marker CD133
(prominin-1) is phosphorylated on cytoplasmic tyrosine-
828 and tyrosine-852 by src and fyn tyrosine kinases. Bio-
chemistry 48: 3998-4007, 2009.

Bonnet D and Dick JE. Human acute myeloid leukemia is
organized as a hierarchy that originates from a primitive
hematopoietic cell. Nat Med 3: 730-737, 1997.

Capper D, Gaiser T, Hartmann C, Habel A, Mueller W,
Herold-Mende C, von Deimling A, and Siegelin MD. Stem-
cell-like glioma cells are resistant to TRAIL/Apo2L and
exhibit down-regulation of caspase-8 by promoter meth-
ylation. Actg Newropathol 117: 445-456, 2009.

Chakraborti T, Das S, Mondal M, Roychoudhury S, and
Chakraborti S. Oxidant, mitochondria and calcium: an
overview. Cell Signal 11: 77-85, 1999.

Chan KS, Espinosa I, Chao M, Wong D, Ailles L, Diehn M,
Gill H, Presti J Jr., Chang HY, van de Rijn M, Shortliffe L,
and Weissman IL. Identification, molecular characteriza-
tion, clinical prognosis, and therapeutic targeting of human
bladder tumor-initiating cells. RugeNatldegdSeillSed 106:
14016-14021, 2009.

Chandra J, Samali A, and Orrenius S. Triggering and
modulation of apoptosis by oxidative stress. Free Radic Biol
Med 29: 323-333, 2000.

Chen YC, Hsu HS, Chen YW, Tsai TH, How CK, Wang CY,
Hung SC, Chang YL, Tsai ML, Lee YY, Ku HH, and Chiou
SH. Oct-4 expression maintains cancer stem-like properties
in lung cancer-derived CD133-positive cells. PLoS ONE 3:
€2637, 2008.

Clement V, Sanchez P, de Tribolet N, Radovanovic L, Ruiz
I, and Altaba A. HEDGEHOG-GLI1 signaling regulates
human glioma growth, cancer stem cell self-renewal, and
tumorigenicity. Curr Biol 17: 165-172, 2007.

Collins AT, Berry PA, Hyde C, Stower MJ, and Maitland
NJ. Prospective identification of tumorigenic prostate can-
cer stem cells. Cancer Res 65: 10946-10951, 2005.

Corbeil D, Marzesco AM, Wilsch-Brauninger M, and
Huttner WB. The intriguing links between prominin-1
(CD133), cholesterol-based membrane microdomains, re-
modeling of apical plasma membrane protrusions, extra-

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

ZOBALOVA ET AL.

cellular membrane particles, and (neuro)epithelial cell
differentiation. FEBS Lett 584: 1659-1664, 2010.

Corbeil D, Roper F, Fargeas CA, Joester A, and Huttner
WB. Prominin: a story of cholesterol, plasma membrane
protrusions and human pathology. Traffic 2: 82-91, 2001.
Danial NN and Korsmeyer SJ. Cell death: critical control
points. Cell 116: 205-219, 2004.

Dittfeld C, Dietrich A, Peickert S, Hering S, Baumann M,
Grade M, Ried T, and Kunz-Schughart LA. CD133 ex-
pression is not selective for tumor-initiating or radio-
resistant cell populations in the CRC cell line HCT-116.
Radiother Qncol 94: 375-383, 2010.

Dong LF, Freeman R, Liu J, Zobalova R, Marin-Hernandez
A, Stantic M, Rohlena ], Valis K, Rodriguez-Enriquez S,
Butcher B, Goodwin J, Brunk UT, Witting PK, Moreno-
Sanchez R, Scheffler IE, Ralph SJ, and Neuzil J. Suppression
of tumour growth in vivo by the mitocan o-tocopheryl
succinate requires respiratory complex II. Clig Cancer Res
15: 1593-1600, 2009.

Dong LF, Jameson VJA, Tilly D, Cerny J, Mahdavian E,
Marin-Hernandez A, Herndndez-Esquivel L, Rodriguez-
Enriquez S, Stursa J, Witting PK, Stantic B, Rohlena ],
Truksa J, Kluckova K, Dyason JC, Ledvina M, Salvatore
BA, Moreno-Sanchez R, Coster M], Ralph SJ, Smith RA],
and Neuzil J. Mitochondrial targeting of vitamin E succi-
nate enhances its pro-apoptotic and anti-cancer activity
via mitochondrial complex II. [ Biol Chem 286: 3717-3728,
2011.

Dong LF, Low P, Dyason ], Wang XF, Prochazka L, Witting
PK, Freeman R, Swettenham E, Valis K, Liu J, Zobalova R,
Turanek J, Spitz DR, Domann FE, Scheffler IE, Ralph SJ,
and Neuzil J. a-Tocopheryl succinate induces apoptosis by
targeting ubiquinone-binding sites in mitochondrial respi-
ratory complex II. Oncogene 27: 43244335, 2008.

Drukker M, Katz G, Urbach A, Schuldiner M, Markel G,
Itskovitz-Eldor ], Reubinoff B, Mandelboim O, and Benve-
nisty N. Characterization of the expression of MHC pro-
teins in human embryonic stem cells. Rroc Natl Acgd ScillS
A 99: 9864-9869, 2002.

Dunn GP, Bruce AT, Ikeda H, OIld L], and Schreiber RD.
Cancer immunoediting: from immunosurveillance to tu-
mor escape. Nat Immunol 3: 991-998, 2008.

Dunn GP, Old L], and Schreiber RD. The immunobiology
of cancer immunosurveillance and immunoediting. Im-
munity 21: 137-148, 2004.

Dunn GP, Old L], and Schreiber RD. The three Es of cancer
immunoediting. Auau Rep Ingnyuol 22: 329-360, 2004.

Fan X, Khaki L, Zhu TS, Soules ME, Talsma CE, Gul N, Koh
C, Zhang J, Li YM, Maciaczyk J, Nikkhah G, Dimeco F,
Piccirillo S, Vescovi AL, and Eberhart CG. Notch pathway
blockade depletes CD133-positive glioblastoma cells and
inhibits growth of tumor neurospheres and xenografts.
Stem _Cells 28: 5-16, 2010.

Fandrich F, Lin X, Chai GX, Schulze M, Ganten D, Bader M,
Holle J, Huang DS, Parwaresch R, Zavazava N, and Binas
B. Pre-implantation-stage stem cells induce long-term al-
logeneic graft acceptance without supplementary host
conditioning. Nat Med 8: 107-108, 2002.

Fang D, Nguyen TK, Leishear K, Finko R, Kulp AN, Hotz S,
Van Belle PA, Xu X, Elder DE, and Herlyn M. A tumori-
genic subpopulation with stem cell properties in melano-
mas. Cancer Res 65: 9328-9337, 2005.

Fargeas CA, Corbeil D, and Huttner WB. AC133 antigen,
CD133, prominin-1, prominin-2, etc.: prominin family gene




CD133 AND CANCER STEM-LIKE CELLS

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

products in need of a rational nomenclature. Stem Cells 21:
506-508, 2003.

Fargeas CA, Fonseca A-V, Huttner WB, and Corbeil D.
Prominin-1 (CD133)-from progenitor cells to human dis-
eases. Future Lipidol 1: 213-225, 2006.

Ferrand A, Sandrin MS, Shulkes A, and Baldwin GS. Ex-
pression of gastrin precursors by CD133-positive colorectal
cancer cells is crucial for tumour growth. Biockim Biophys
Acta 1793: 477-488, 2009.

Frank NY, Margaryan A, Huanget Y, Schatton T, Waaga-
Gasser AM, Gasser M, Sayegh MH, Sadee W, and Frank
MH. ABCB5-mediated doxorubicin transport and che-
moresistance in human malignant melanoma. Cancer Res
65: 43204333, 2005.

Frank NY, Schatton T, and Frank MH. The therapeutic
promise of the cancer stem cell concept. [ Clin Invest 120:
41-50, 2010.

French LE and Tschopp J. The TRAIL to selective tumour
death. Nat Med 5: 146-147, 1999.

Gaspari P, Banerjee T, Malachowski WP, Muller AJ, Pre-
ndergast GC, DuHadaway ], Bennett S, and Donovan AM.
Structure-activity study of brassinin derivatives as in-
doleamine 2,3-dioxygenase inhibitors. [ Med Chen 49: 684
692, 2006.

Geserick P, Drewniok C, Hupe M, Haas TL, Diessenb-
acher P, Sprick MR, Schén MP, Henkler F, Gollnick H,
Walczak H, and Leverkus M. Suppression of cFLIP is
sufficient to sensitize human melanoma cells to TRAIL-
and CD95L-mediated apoptosis. Oncogene 27: 3211-3220,
2008.

Gibbs CP, Kukekov VG, Reith JD, Tchigrinova O, Suslov
ON, Scott EW, Ghivizzani SC, Ignatova TN, and Steindler
DA. Stem-like cells in bone sarcomas: implications for tu-
morigenesis. Neoplasia 7: 967-976, 2005.

Ginestier C, Hur MH, Charafe-Jauffret E, Monville F,
Dutcher J, Brown M, Jacquemier J, Viens P, Kleer CG, Liu S,
Schott A, Hayes D, Birnbaum D, Wicha MS, and Dontu G.
ALDH1 is a marker of normal and malignant human
mammary stem cells and a predictor of poor clinical out-
come. Cell Stem Cell 1: 555-567, 2007.

Griguer CE, Oliva CR, Gobin E, Gobin E, Marcorelles P,
Benos DJ, Lancaster JR, and Gillespie GY. CD133 is a
marker of bioenergetic stress in human glioma. PLoS ONE
3: €3655, 2008.

Guo R, Wu Q, Liu F, and Wang Y. Description of the
CD133+ subpopulation of the human ovarian cancer cell
line OVCARS3. QOncol Rep 25: 141-146, 2011.

Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C,
Weinberg RA, and Lander ES. Identification of selective
inhibitors of cancer stem cells by high-throughput screen-
ing. Cell 138: 645-659, 2009.

Guzman L, Rossi RM, Karnischky L, Li X, Peterson DR,
Howard DS, and Jordan CT. The sesquiterpene lactone
parthenolide induces apoptosis of human acute myeloge-
nous leukemia stem and progenitor cells. Blood 105: 4163—
4169, 2005.

Hambardzumyan D, Squartro M, and Holland EC. Radia-
tion resistance and stem-like cells in brain tumors. Cancer
Cell 10: 454456, 2006.

Hanahan D and Weinberg RA. The hallmarks of cancer.
Cell 144: 646674, 2011.

Hassane DC, Guzman ML, Corbett C, Li X, Abboud R,
Young F, Liesveld JL, Carroll M, and Jordan CT. Discovery
of agents that eradicate leukemia stem cells using an in

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

2999

silico screen of public gene expression data. Blood 111: 5654—
5662, 2008.

Hayakawa Y, Kelly JM, Westwood JA, Darcy PK, Die-
fenbach A, Raulet D, and Smyth M]. Cutting edge: tumor
rejection mediated by NKG2D receptor-ligand interaction
is dependent upon perforin. [ Immunol 169: 5377-5381,
2002.

Hehner SP, Hofmann TG, Droge W, and Schmitz ML. The
anti-inflammatory sesquiterpene lactone parthenolide in-
hibits NF-xB by targeting the IxB kinase complex. | Im-
munol 163: 5617-5623, 1999.

Hirsch HA, Iliopoulos D, Tsichlis PN, and Struhl K. Met-
formin selectively targets cancer stem cells, and acts to-
gether with chemotherapy to block tumor growth and
prolong remission. Cancer Res 69: 7507-7511, 2009.
Hirschmann-Jax C, Foster AE, Wulf GG, Nuchtern ]G, Jax
TW, Gobel U, Goodell MA, and Brenner MK. A distinct
“side population” of cells with high drug efflux capacity in
human tumor cells. Buge Nt degd et llond 101: 14228-
14233, 2004.

Hou DY, Muller AJ, Sharma MD, DuHadaway ], Banerjee
T, Johnson M, Mellor AL, Prendergast GC, and Munn DH.
Inhibition of indoleamine 2,3-dioxygenase in dendritic cells
by stereoisomers of 1-methyl-tryptophan correlates with
antitumor responses. Cancer Res 67: 792-801, 2007.

Irmler M, Thome M, Hahne M, Schneider P, Hofmann K,
Steiner V, Bodmer JL, Schréter M, Burns K, Mattmann C,
Rimoldi D, French LE, and Tschopp J. Inhibition of death
receptor signals by cellular FLIP. Nature 388: 190-195, 1997.
Jaiswal S, Jamieson CH, Pang WW, Park CY, Chao MP,
Majeti R, Traver D, van Rooijen N, and Weissman IL. CD47
is upregulated on circulating hematopoietic stem cells and
leukemia cells to avoid phagocytosis. Cell 138: 271-285,
2009.

Jin F, Zhao L, Zhao HY, Guo SG, Feng J, Jiang XB, Zhang
SL, Wei Y], Fu R, and Zhao JS. Comparison between cells
and cancer stem-like cells isolated from glioblastoma and
astrocytoma on expression of anti-apoptotic and multidrug
resistance-associated protein genes. Neuroscience 154: 541-
550, 2008.

Kawasaki BT, Hurt EM, Kalathur M, Duhagon MA, Milner
JA, Kim YS, and Farrar WL. Effects of the sesquiterpene
lactone parthenolide on prostate tumor-initiating cells: an
integrated molecular profiling approach. Prostate 69: 827—
837, 2009.

Kohga K, Tatsumi T, Takehara T, Tsunematsu H, Shimizu
S, Yamamoto M, Sasakawa A, Miyagi T, and Hayashi N.
Expression of CD133 confers malignant potential by regu-
lating metalloproteinases in human hepatocellular carci-
noma. [ Hepatol 52: 872-879, 2010.

Korkaya H and Wicha MS. HER2, Notch, and breast cancer

stem cells: targeting an axis of evil. Clig Cancer Res 15:
1845-1847, 2009.

Lanier LL. NK cell recognition. Aguu Rep Ingumgl 23: 225,
2005.

Lapidot T, Sirard C, Vormoor J, Haas TL, Diessenbacher P,
Sprick MR, Schén MP, Henkler F, Gollnick H, Walczak H,
and Leverkus M. A cell initiating human acute myeloid
leukaemia after transplantation into SCID mice. Nature 367:
645-648, 1994.

LeBlanc HN and Ashkenazi A. Apo2L/TRAIL and its
death and decoy receptors. Cell Degth Differ 10: 66-75, 2003.
Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V,
Wicha M, Clarke MF, and Simeone DM. Identification of




3000

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

pancreatic cancer stem cells. Cancer Res 67: 1030-1037,
2007.

Liu G, Yuan X, Zeng Z, Tunici P, Ng H, Abdulkadir IR, Lu
L, Irvin D, Black KL, and Yu JS. Analysis of gene expression
and chemoresistance of CD133" cancer stem cells in glio-
blastoma. Mol Cancer 5: 1476-1498, 2006.

Lob S, Konigsrainer A, Rammensee HG, Opelz G, and
Terness P. Inhibitors of indoleamine-2,3-dioxygenase for
cancer therapy: can we see the wood for the trees? Nat Rev
Cancer 9: 445-452, 2009.

Mascareno E, El-Shafei M, Maulik N, Sato M, Guo Y, Das
DK, and Siddiqui MA. JAK/STAT signaling is associated
with cardiac dysfunction during ischemia and reperfusion.
Circulation 104: 325-329, 2001.

Matsumoto K, Arao T, Tanaka K, Kaneda H, Kudo K,
Fujita Y, Tamura D, Aomatsu K, Tamura T, Yamada Y,
Saijo N, and Nishio K. mTOR signal and HIF-1a regulate
CD133 expression in cancer cells. Cancer Res 69: 7160—
7164, 2009.

Maw MA, Corbeil D, Koch J, Hellwig A, Wilson-Wheeler
JC, Bridges RJ, Kumaramanickavel G, John S, Nancarrow
D, Roper K, Weigmann A, Huttner WB, and Denton MJ. A
frameshift mutation in prominin (mouse)-like 1 causes
human retinal degeneration. Quu Mol Geyet 9: 27-34, 2000.
McCord AM, Jamal M, Shankavaram UT, Lang FF, Cam-
phausen K, and Tofilon P]. Physiologic oxygen concentra-
tion enhances the stem-like properties of CD133+ human
glioblastoma cells in vitro. Mol Cancer Res 7: 489497, 2009.
McLennan HR and Degli Esposti M. The contribution of
mitochondrial respiratory complexes to the production of
reactive oxygen species. [Bigeucre Biowemhy 32: 153-162,
2000.

Mignotte B and Vayssiere JL. Mitochondria and apoptosis.
Eur [ Biochem 252: 1-15, 1998.

Miki J, Furusato B, Li H, Gu Y, Takahashi H, Egawa S,
Sesterhenn IA, McLeod DG, Srivastava S, and Rhim ]JS.
Identification of putative stem cell markers, CD133 and
CXCR4, in hTERT-immortalized primary nonmalignant
and malignant tumor-derived human prostate epithelial
cell lines and in prostate cancer specimens. Cancer Res 67:
3153-3161, 2007.

Miraglia S, Godfrey W, Yin AH, Atkins K, Warnke R,
Holden JT, Bray RA, Waller EK, and Buck DW. A novel
five-transmembrane hematopoietic stem cell antigen: iso-
lation, characterization, and molecular cloning. Blood 90:
5013-5021, 1997.

Miyadera H, Shiomi K, Ui H, Yamaguchi Y, Masuma R,
Tomoda H, Miyoshi H, Osanai A, Kita K, and Omura S.
Atpenins, potent and specific inhibitors of mitochondrial
complex II (succinate-ubiquinone oxidoreductase. Proc Natl
Acad Sci U S A 100: 473-477, 2003.

Mizrak D, Brittan M, and Alison MR. CD133: molecule of
the moment. | Pathol 214: 3-9, 2008.

Monzani E, Facchetti F, Galmozzi E, Corsini E, Benetti A,
Cavazzin C, Gritti A, Piccinini A, Porro D, Santinami M, In-
vernici G, Parati E, Alessandri G, and La Porta CA. Melano-
ma contains CD133 and ABCG2 positive cells with enhanced
tumourigenic potential. Eur | Cancer. 43: 935-946, 2007.
Morrison BJ, Andera L, Reynolds BA, Ralph SJ, and Neuzil
J. Future use of mitocans against tumour-initiating cells?
Mol Nudr Food Res 53: 147-153, 2009.

Munn DH and Mellor AL. Indoleamine 2,3-dioxygenase
and tumor-induced tolerance. | Clin Invest 117: 1147-1154,
2007.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

ZOBALOVA ET AL.

Nakamura M, Kyo S, Zhang B, Zhang X, Mizumoto Y,
Takakura M, Maida Y, Mori N, Hashimoto M, Ohno S, and
Inoue M. Prognostic impact of CD133 expression as a tu-
mor-initiating cell marker in endometrial cancer. Hum Pa-
thol 41: 1516-1529, 2010.

Neuzil ], Dong LF, Ramanathapuram L, Hahn T, Chladova
M, Wang XF, Zobalova R, Prochazka L, Gold M, Freeman
R, Turanek J, Akporiaye ET, Dyason JC, and Ralph SJ. Vi-
tamin E analogues: a novel group of mitocans, anti-cancer
agents that act by targeting mitochondria. Mol Aspects Med
28: 607-645, 2007.

Neuzil J, Stantic M, Zobalova R, Chladova M, Wang XF,
Dong LF, Prochazka L, Andera L, and Ralph SJ. Tumour-
initiating cells vs. cancer “stem” cells and CD133: what’s in
the name? Rigelkeialigilienostmaiiais 355: 855-859, 2007.
Neuzil ], Tomasetti M, Zhao Y, Dong LF, Birringer M,
Wang XF, Low P, Wu K, Salvatore BA, and Ralph SJ. Vi-
tamin E analogs, a novel group of “mitocans”, as anti-
cancer agents: the importance of being redox-silent. Mol
Pharmacol 71: 1185-1199, 2007.

O’Brien CA, Pollett A, Gallinger S, and Dick JE. A human
colon cancer cell capable of initiating tumour growth in
immunodeficient mice. Nature 445: 106-110, 2007.
Olempska M, Eisenach PA, Ammerpohl O, Ungefroren H,
Fandrich F, and Kalthoff H. Detection of tumor stem cell
markers in pancreatic carcinoma cell lines. Hepatobiligry
Baucreat Dis Int 6: 92-97, 2007.

Park CH, Bergsagel DE, and McCulloch EA. Mouse mye-
loma tumour stem cells: a primary cell culture assay. | Natl
Cancer Inst 46: 411-422, 1971.

Patrawala L, Calhoun T, Schneider-Broussard R, Li H,
Bhatia B, Tang S, Reilly JG, Chandra D, Zhou J, Claypool K,
Coghlan L, and Tang DG. Highly purified CD44 + prostate
cancer cells from xenograft human tumors are enriched in
tumorigenic and metastatic progenitor cells. Oncogene 25:
1696-1708, 2006.

Peter ME and Krammer PH. The CD95(APO-1/Fas) DISC
and beyond. Cell Degth Differ 10: 26-35, 2003.

Pfeiffer MJ and Schalken JA. Stem cell characteristics in
prostate cancer cell lines. Eur Urol 57: 246-254, 2010.
Piccirillo SG, Reynolds BA, Zanetti N, Lamorte G, Binda E,
Broggi G, Brem H, Olivi A, Dimeco F, and Vescovi AL.
Bone morphogenetic proteins inhibit the tumorigenic po-
tential of human brain tumour-initiating cells. Nature 444:
761-765, 2006.

Piccoli C, D’Aprile A, Ripoli M, Scrima R, Boffoli D, Tabilio
A, and Capitanio N. The hypoxia-inducible factor is stabi-
lized in circulating hematopoietic stem cells under nor-
moxic conditions. FEBS Lett 581: 3111-3119, 2007.

Polyak K and Hahn WC. Roots and stems: stem cells in
cancer. Nat Med 11: 296298, 2006.

Ralph SJ, Rodriguez-Enriquez S, Neuzil ], Saavedra E, and
Moreno-Séanchez R. The causes of cancer revisited: “Mi-
tochondrial malignancy” and ROS-induced oncogenic
transformation—why mitochondria are targets for cancer
therapy. Mol Asp Med 31: 145-170, 2010.

Ricci-Vitiani L, Lombardi DG, Pilozzi E, Ricci-Vitiani L,
Lombardi DG, and Pilozzi E. Identification and expansion
of human colon-cancer-initiating cells. Nature 445: 111-115,
2007.

Roper K, Corbeil D, and Huttner WB. Retention of promi-
nin in microvilli reveals distinct cholesterol-based lipid
micro-domains in the apical plasma membrane. Nat Cell
Biol 2: 582-592, 2000.




CD133 AND CANCER STEM-LIKE CELLS

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Salmaggi A, Boiardi A, Gelati M, Russo A, Calatozzolo C,
Ciusani E, Sciacca FL, Ottolina A, Parati EA, La Porta C,
Alessandri G, Marras C, Croci D, and De Rossi M. Glio-
blastoma-derived tumorospheres identify a population of
tumor stem-like cells with angiogenic potential and en-
hanced multidrug resistance phenotype. Glia 54: 850-860,
2006.

Salnikov AV, Kusumawidjaja G, Rausch V, Bruns H, Gross
W, Khamidjanov A, Ryschich E, Gebhard MM, Molden-
hauer G, Biichler MW, Schemmer P, and Herr I. Cancer
stem cell marker expression in hepatocellular carcinoma
and liver metastases is not sufficient as single prognostic
parameter. Cancer Lett 275: 185-193, 2009.

Schreiber RD, Pace JL, Russell SW, Altman A, and Katz
DH. Macrophage-activating factor produced by a T cell
hybridoma: physiochemical and biosynthetic resemblance
to y-interferon. [ Immunol 131: 826-832, 1983.

Semenza GL. HIF-1: upstream and downstream of cancer
metabolism. Q- Quiz Cepet Doy 20: 51-56, 2010.
Shervington A and Lu C. Expression of multidrug resis-
tance genes in normal and cancer stem cells. Cancer Invest
26: 535-542, 2008.

Shi C, Tian R, Wang M, Wang X, Jiang J, Zhang Z, Li X,
He Z, Gong W, and Qin R. CD44+ CD133+ population
exhibits cancer stem cell-like characteristics in human
gallbladder carcinoma. Cgucer Bigl Ther 10: 1182-1190,
2010.

Shipitsin M, Campbell LL, Argani P, Weremowicz S,
Bloushtain-Qimron N, Yao ], Nikolskaya T, Serebryiskaya
T, Beroukhim R, Hu M, Halushka MK, Sukumar S, Parker
LM, Anderson KS, Harris LN, Garber JE, Richardson AL,
Schnitt SJ, Nikolsky Y, Gelman RS, and Polyak K. Mole-
cular definition of breast tumor heterogeneity. Cancer Cell
11: 259-273, 2007.

Shmelkov SV, Butler JM, Hooper AT, Hormigo A, Kushner
J, Milde T, St. Clair R, Baljevic M, White I, Jin DK, Chad-
burn A, Murphy AJ, Valenzuela DM, Gale NW, Thurston
G, Yancopoulos GD, D’Angelica M, Kemeny N, Lyden D,
and Rafii S. CD133 expression is not restricted to stem cells,
and both CD133* and CD133" metastatic colon cancer cells
initiate tumors. [ Clin Invest 118: 2111-2120, 2008.

Singh SK, Clarke ID, Terasaki M, Haas TL, Diessenbacher
P, Sprick MR, Schon MP, Henkler F, Gollnick H, Walczak
H, and Leverkus M. Identification of a cancer stem cell in
human brain tumors. Cancer Res 63: 5821-5828, 2003.
Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani ], Hide
T, Henkelman RM, Cusimano MD, and Dirks PB. Identifi-
cation of human brain tumour initiating cells. Nature 432:
396-401, 2004.

Smyth M]J, Cretney E, Takeda K, Wiltrout RH, Sedger LM,
Kayagaki N, Yagita H, and Okumura K. Tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) contrib-
utes to interferon y-dependent natural killer cell protection
from tumor metastasis. [ Exp Med 193: 661-670, 2001.
Smyth MJ, Crowe NY, Hayakawa Y, Takeda K, Yagita H,
and Godfrey DI. NKT cells-conductors of tumor immunity?
Qe Quiy Tnppyal 14: 165-171, 2002.

Smyth M], Dunn GP, and Schreiber RD. Cancer im-
munosurveillence and immunoediting: the roles of immu-
nity in suppressing tumor development and shaping tumor
immunogenicity. Ady Immunol 90: 1-50, 2006.

Soeda A, Park M, Lee D, Mintz A, Androutsellis-Theotokis
A, McKay RD, Engh ], Iwama T, Kunisada T, Kassam AB,
Pollack IF, and Park DM. Hypoxia promotes expansion of

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

3001

the CD133-positive glioma stem cells through activation of
HIF-1a. Oncogene 28: 3949-3959, 2009.

Suetsugu A, Nagaki M, Aoki H, Motohashi T, Kunisada T,
and Moriwaki H. Characterization of CD133+ hepatocel-
lular carcinoma cells as cancer stem/progenitor cells. Bio-
ke Bioalys Res oy 351: 820-824, 2006.

Sullivan JP, Spinola M, Dodge M, Raso MG, Behrens C,
Gao B, Schuster K, Shao C, Larsen JE, Sullivan LA, Honorio
S, Xie Y, Scaglioni PP, DiMaio JM, Gazdar AF, Shay JW,
Wistuba II, and Minna JD. Aldehyde dehydrogenase ac-
tivity selects for lung adenocarcinoma stem cells dependent
on notch signaling. Cancer Res 70: 9937-9948, 2010.
Swann JB and Smyth MJ. Immune surveillance of tumors. |
Clin, Invest 117: 1137-1146, 2007.

Takeda K, Hayakawa Y, Smyth M], Kayagaki N, Yama-
guchi N, Kakuta S, Iwakura Y, Yagita H, and Okumura K.
Involvement of tumor necrosis factor-related apoptosis-
inducing ligand in surveillance of tumor metastasis by liver
natural killer cells. Nat Med 7: 94-100, 2001.

Takenobu H, Shimozato O, Nakamura T, Ochiai H, Ya-
maguchi Y, Ohira M, Nakagawara A, and Kamijo T. CD133
suppresses neuroblastoma cell differentiation via signal
pathway modification. Qncogene 30: 97-105, 2011.

Tang C, Ang BT, and Pervaiz S. Cancer stem cell: target for
anti-cancer therapy. FASEB | 21: 1-9, 2007.

Thome M, Schneider P, Hofmann K, Schneider P, Hofmann
K, Steiner V, Bodmer JL, Schroter M, Burns K, Mattmann C,
Rimoldi D, French LE, and Tschopp J. Viral FLICE-inhibitory
proteins (FLIPs) prevent apoptosis induced by death recep-
tors. Nature 386: 517-521, 1997.

Tirino V, Camerlingo R, Franco R, Malanga D, La Rocca A,
Viglietto G, Rocco G, and Pirozzi G. The role of CD133 in
the identification and characterisation of tumour-initiating
cells in non-small-cell lung cancer. Eidalrdioiorge Sie
36: 446-453, 2009.

Tomasetti M, Andera L, Alleva R, Borghi B, Neuzil J, and
Procopio A. a-Tocopheryl succinate induces DR4 and DR5
expression by a p53-dependent route: implication for sen-
sitisation of resistant cancer cells to TRAIL apoptosis. FEBS
Lett 580: 1925-1931, 2006.

Ursini-Siegel J, Schade B, and Cardiff RD. Insights from
transgenic mouse models of ERBB2-induced breast cancer.
Nat Rev Cancer 7: 389-397, 2007.

Valis K, Prochazka L, Boura E, Chladova M, Obsil T,
Rohlena J, Truksa J, Dong LF, Ralph SJ, and Neuzil J.
Hippo/Mstl stimulates transcription of NOXA in a FoxO1-
dependent manner. Cancer Res 71: 946-954, 2011.

Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L,
Lanier LL, Yokoyama WM, and Ugolini S. Innate or
adaptive immunity? The example of natural killer cells.
Science 331: 44-49, 2011.

Weigmann A, Corbeil D, Hellwig A, and Huttner WB.
Prominin, a novel microvilli-specific polytopic membrane
protein of the apical surface of epithelial cells, is targeted to
plasmalemmal protrusions of non-epithelial cells. Proc Natl
Acad Sci U S A 94: 12425-12430, 1997.

Wicha MS, Liu S, and Dontu G. Cancer stem cells: an old
idea—a paradigm shift. Cancer Res 66: 1883-1890, 2006.
Wright MH, Calcagno AM, Salcido CD, Carlson MD, Am-
budkar SV, and Varticovski L. Brcal breast tumors contain
distinct CD44" /CD24” and CD133" cells with cancer stem
cell characteristics. Bregst Cancer Res 10: R10, 2008.

Wu A, Wiesner S, Xiao ], Ericson K, Chen W, Hall WA,
Low WC, and Ohlfest JR. Expression of MHC I and NK




3002

126.

127.

128.

129.

130.

131.

132.

ligands on human CD133" glioma cells: possible targets of
immunotherapy. [ Neurooncol 83: 121-131, 2007.

Yan X, Ma L, Yi D, Yoon ]G, Diercks A, Foltz G, Price ND,
Hood LE, and Tian Q. A CD133-related gene expression
signature identifies an aggressive glioblastoma subtype
with excessive mutations. DigeeNgtdetdeSainllcmd 108:
1591-1596, 2011.

Yin S, LiJ, Hu C, Chen X, Yao M, Yan M, Jiang G, Ge C, Xie
H, Wan D, Yang S, Zheng S, and Gu J. CD133 positive
hepatocellular carcinoma cells posses high capacity for tu-
morigenicity. Int | Cancer 120: 1436-1442, 2007.

Zhang Q, Shi S, Yen Y, Brown ], Ta JQ, and Le AD.
A subpopulation of CD133(+) cancer stem-like cells char-
acterized in human oral squamous cell carcinoma con-
fer resistance to chemotherapy. Cancer Lett 289: 151-160,
2010.

Zhou J, Zhang H, Gu P, Bai ], Margolick JB, and Zhang Y.
NF-«kB pathway inhibitors preferentially inhibit breast
cancer stem-like cells. Bgggst Caucor Roc Trogt 111: 419-427,
2008.

Zhu G, Chang Y, Zuo J, Dong X, Zhang M, Hu G, and Fang
F. Fudenine, a C-terminal truncated rat homologue of
mouse prominin, is blood glucose-regulated and can up-
regulate the expression of GAPDH. Bigchew Bignhus Res
Commun 281: 951-956, 2001.

Zhu L, Gibson P, Currle DS, Tong Y, Richardson R],
Bayazitov IT, Poppleton H, Zakharenko S, Ellison DW, and
Gilbertson RJ. Prominin 1 marks intestinal stem cells that
are susceptible to neoplastic transformation. Nature 457:
603-607, 2009.

Zobalova R, McDermott L, Stantic M, Prokopova K, Dong
LF, and Neuzil J. CD133-positive cells are resistant to

TRAIL due to up-regulation of FLIP. Bigchew Bionhus Res
Commun 373: 567-571, 2008.

ZOBALOVA ET AL.

Address correspondence to:

Prof. Jiri Neuzil

Apoptosis Research Group

School of Medical Science and Griffith Health Institute
Griffith University

Southport QLD 4222

Australia

E-mail: jneuzil@griffith.edu.au

Date of first submission to ARS Central, November 18, 2010;
date of final revised submission, April 10, 2011; date of ac-
ceptance, April 19, 2011.

Abbreviations Used

CSC = cancer stem-like cell
ES = embryonic stem
FDR = false discovery rate
FLIP = FLICE-inhibitory protein
HIF-1a = hypoxia-inducible factor-1o
IDO = indoleamine 2,3-dioxygenase
IFN = interferon
MHC = major histocompatibility
MitoVES = mitochondrially targeted vitamin E succinate
MS = mammospheres
NK =natural killer
PTL = parthenolide
ROS = reactive oxygen species
TOS = tocopheryl succinate
TRAIL = tumor necrosis factor-related apoptosis-
inducing ligand




Thisarticle has been cited by:

1. Sarah Shigdar, JiaLin, Yong Li, Chaoyong James Y ang, Minggian Wei, Yimin Zhu, Hui Liu, Wei Duan. 2012. Cancer stem
cell targeting: the next generation of cancer therapy and molecular imaging. Therapeutic Delivery 3:2, 227-244. [ CrossRef]

2. Kristel Kemper, Hans Rodermond, Selcuk Colak, Catarina Grandela, Jan Paul Medema. 2012. Targeting colorectal cancer
stem cells with inducible caspase-9. Apoptosis . [ CrossRef]


http://dx.doi.org/10.4155/tde.11.148
http://dx.doi.org/10.1007/s10495-011-0692-z

