Biochemical Pharmacology 80 (2010) 423-430

journal homepage: www.elsevier.com/locate/biochempharm

Contents lists available at ScienceDirect

Biochemical Pharmacology

Commentary

Apoptosis and cancer stem cells: Implications for apoptosis targeted therapy

Frank A.E. Kruyt®*, Jan Jacob Schuringa®

2 Department of Medical Oncology, University Medical Center Groningen, University of Groningen, P.O. Box 30001, 9700RB Groningen, The Netherlands
b Department of Hematology, University Medical Center Groningen, University of Groningen, The Netherlands

ARTICLE INFO

Article history:
Received 24 February 2010
Accepted 6 April 2010

Keywords:

Tumor-initiating cells

Resistance
Epithelial-mesenchymal transition
Microenvironment

Anoikis

Plasticity

ABSTRACT

Evidence is accumulating showing that cancer stem cells or tumor-initiating cells are key drivers of
tumor formation and progression. Successful therapy must therefore eliminate these cells, which is
hampered by their high resistance to commonly used treatment modalities. Thus far, only a limited
number of studies have addressed the cancer stem cell killing potential of apoptosis targeted therapies
and mechanisms of apoptosis resistance in these cells. Apoptosis resistance may involve inherent
cellular mechanisms that may change depending on the differentiations status of stem cells and, on the
other hand, extrinsic factors provided by the microenvironment such as secreted survival factors,
adhesion-mediated apoptosis resistance and hypoxic conditions. In order to metastasize, cancer stem
cells from solid tumors have to break free from their primary epithelial sites and resist cell death
activation after detachment (anoikis). The induction of an embryonic genetic program causing the
transition from an epithelial to a mesenchymal state (EMT) has been implicated in enhanced migration
and metastatic spread of tumor cells and may contribute to apoptosis and anoikis resistance. Considering
the plasticity of cancer stem cells the question arises whether a particular apoptosis-inducing strategy
will be sufficient for eliminating all the cellular appearances of these cells, also taking into account a
varying microenvironment. Here, the different mechanisms of apoptosis resistance that may be
encountered in the context of cancer stem cell plasticity described thus far are discussed in relation to

the efficacy of apoptosis therapies, such as TRAIL, BCL-2 family and XIAP targeted therapies.

© 2010 Elsevier Inc. All rights reserved.

1. Apoptosis targeted therapy

The activation of programmed cell death or apoptosis in tumor
cells is a promising strategy for the treatment of cancer [1].
Typically, apoptosis can be triggered by activation of the extrinsic
or death receptor pathway or via the intrinsic or mitochondrial
pathway. For targeting these pathways in a therapeutic setting
predominantly recombinant proteins or agonistic monoclonal
antibodies are currently being exploited for activation of the death
receptor route. Small-molecule inhibitors or anti-sense approaches
are mainly used to target key factors that regulate mitochondrial
apoptosis or that are involved in the execution of apoptosis. For
example, receptors for the TNF-related apoptosis-inducing ligand
(TRAIL) can be targeted by recombinant TRAIL or agonistic
antibodies leading to the selective apoptosis activation in tumor
cells, leaving normal cells unharmed [2,3]. After binding to TRAIL-
R1 (DR4) or -R2 (DR5), apoptosis is triggered by the intracellular
formation of a death-inducing signaling complex (DISC) that
consists of FAS-associated death domain (FADD) and procaspase-8,
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causing cleavage and activation of the latter into active caspase-8.
Active caspase-8 can either directly cleave and activate execution-
er caspases, such as caspase-3, or cleave the BCL-2 family member
BID resulting in mitochondrial permeabilization and the triggering
of caspase-9 that on its turn activates caspase-3 leading to the
disassembly of the cell [4]. A well known inhibitor of this route is
FLIP (FLICE-inhibitory protein), a catalytically inactive procaspase-
8/-10 homologue that after recruitment to the DISC prevents
apoptosis activation. The BCL-2 family members are key regulators
of mitochondrial apoptosis in which the balance between anti-
apoptotic members, such as BCL-2, BCL-XL, BCL-w, MCL-1, the pro-
apoptotic members BAX and BAK and the BH3-only proteins
including BID, BIM, PUMA and NOXA determines whether
mitochondrial pores are formed and apoptosis is activated [5].
Examples of mitochondria-targeted agents are the small-molecule
inhibitors ABT-737 and GX15-070 (obatoclax) that target anti-
apoptotic members of the BCL-2 family thereby facilitating
mitochondria permeabilization [6,7]. The inhibitor of apoptosis
(IAP) gene family, in particular X-linked IAP (XIAP) that can bind to
and inhibit caspases-9 and -3, is exploited for therapy by making
use of anti-sense and small-molecule inhibitor strategies leading
to its suppression and thus stimulation of caspase activation [8].
The combined use of these agents with standard therapies or
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combinations of these pro-apoptotic agents is usually most
effective in preclinical models and currently a number of these
pro-apoptotic agents are being evaluated in clinical studies.

The observed tumor selectivity of these treatments is assumed
to involve the need of tumor cells to prevent oncogene-dependent
apoptosis activation, one of the hallmarks of carcinogenesis. By
enhancing anti-apoptosis signaling, tumor cell survival becomes
more dependent on anti-apoptotic pathway activation compared
to normal cells, thus providing a potential therapeutic window [9].
In contrast however, as generally the case for anticancer
therapeutic strategies, the efficacy of apoptosis targeting agents
is frequently limited by mechanisms of resistance encountered in
tumor cells. The increasingly becoming established cancer stem
cell model provides new molecular and cellular insights that can be
exploited for the development of better and smarter therapies. In
this context, here we will address mechanisms that may be
involved in counteracting pro-apoptotic therapies taking into
account cancer stem cell plasticity and extrinsic factors that can
modulate apoptosis sensitivity.

2. The cancer stem cell model

The conventional model of tumor initiation and progression in
which every cell within a tissue has the capacity to generate
tumors has been challenged by the identification of tumor-
initiating cells or cancer stem cells (CSCs). CSCs likely derive from
normal tissue stem cells or early progenitors that already possess
self-renewal and unlimited proliferation potential that are also
associated with CSCs [10]. Moreover, the long life-span of normal
stem cells compared to short-lived differentiated progenitors or
terminally differentiated cells would facilitate the accumulation
of genetic aberrations which lead to cancer formation [11].
Although these assumptions are currently under investigation
and a possible dedifferentiation of more differentiated tissue
cells into CSCs cannot be excluded, evidence is accumulating for
normal stem cells or early progenitors being at the basis of tumor
formation. For example, in rapidly renewing intestinal (small
intestine and colon) epithelium normal stem cells have been
identified at the bottom of the crypts based on the expression of
the Wnt target gene Lgr5, also known as Gpr49, using knock-in
mice models [12]. Disruption of the APC (adenomatous poliposis
coli) gene leading to the constitutive activation of the Wnt
pathway, a well known initiation step in intestinal cancer, was
mimicked in mice by selectively deleting Apc in the Lgr5-
expressing stem cells using an inducible Cre recombinase
system. This resulted in the formation of macroscopic adenomas,
a first step in malignant transformation of the intestine.
Interestingly, when the Apc gene was deleted in more differenti-
ated and short-lived progenitors, micoradenomas could be
observed that however lacked growth potential and did hardly
result in macroscopic adenoma formation [13]. The notion that
CSCs may form a small fraction of the total number of tumor cells
was illustrated in this intestinal cancer mouse model, where 36
days after tumor-initiation a small fraction of the tumor cells
(6.5%) retained Lgr5 expression, the majority (bulk of the tumor)
thus representing more differentiated progenitors [13]. Further-
more, in the same mouse model, the notion that normal or cancer
SCs would be relatively quiescent and would undergo cell
division infrequently was challenged by the observation that the
Lgr5-positive cells were cycling almost as fast as their
progenitors [14].

The great value of mouse models in determining the cellular
origin of cancer and to study stem cell biology was also
demonstrated for highly infiltrative and incurable malignant
astrocytomas/gliomas. Inactivation of the tumor suppressors
p53, Nf1, and Pten in normal neural stem/progenitor cells and

not in differentiated glial cells was able to give rise to high-grade
astrocytomas that displayed infiltration and multilineage differ-
entiation [15].

In patient-derived tumor material obtained from different
hematological and solid tumor types evidence for the existence of
CSCs is accumulating [16-18]. Not surprisingly, first in hemato-
logical malignancies making use of the extensive knowledge
available on hematopoietic stem cells (HSC) and differentiated cell
lineages in this system. In acute myeloid leukemia (AML) the cell
surface markers CD34"/CD38 " that are the same markers used for
the isolation of HSC, were found to enrich for AML cells with
leukemia initiating capacity when transplanted in immunode-
ficient (NOD/SCID) mice [19]. In solid tumors, including glioblas-
toma, breast cancer, colon cancer, lung cancer, ovarian cancer, CSC
fractions have been enriched making use of single or multiple cell
surface markers, such as CD133™ (glioblastoma, colon cancer, lung
cancer, ovarian cancer), CD44*/CD24'°" (breast cancer), CD133" or
CD44*/CD117" (ovarian cancer) [17,18]. High multidrug resistance
(MDR) pump activity associated with high expression of the ATP-
binding cassette B5 (ABCB5) or ABCG2/Bcrp1, but also elevated
aldehyde dehydrogenease 1 (ALDH1) activity, are thought to be
more common markers for (cancer) stem cells and are also being
exploited for the enrichment of CSCs [20,21]. There is a broad
consensus that stem cell assays are essential for confirming the
stem cell features of candidate CSCs enriched by cell surface
markers, high MDR or ALDH1 activity [22]. Tumor-initiating, self-
renewal and lineage capacity should be demonstrated by (serial)
transplantation assays in (immunodeficient) mice and/or in vitro
assays such as colony-formation, spheroid growth and label-
retention assays. However, the stem cell properties of tumor cells
will be greatly influenced by the environment to which cells are
exposed and therefore a major limitation in this field is the lack of
well-established models [23]. Regarding the prevalence of CSCs
within a tumor, this is not necessarily a small cell fraction but
might vary in size depending on tumor type. Also, variation in CSC
prevalence might exist between individual tumors of the same
type, and tumors consisting of nearly 100% CSC have been reported
[24,25].

The markers used for enriching CSCs appear not to detect all
CSCs within a tumor. For example, the use of CD133 as a CSC
marker is debated since also CD133 negative cell populations have
been shown to have stem cell features [26]. Furthermore, CD133
may enrich for SCs but also progenitor cells as was illustrated in
mice intestine where CD133 stained both SCs and a proportion of
progenitor cells whereas Lgr5 was selective for only SCs [27]. Thus,
research efforts are continuing to identify more accurate CSC
markers. For example, recently using a label-retention approach
normal mammary SCs were isolated from cultured mammo-
spheres based on their quiescent nature, and cell surface markers
CD49F*/DLL1"Me"/DNERM8" could be deducted to enrich for breast
CSCs [28]. This is different from the CD44*/CD24'°¥ cells have been
found earlier to enrich for breast cancer SCs [29]. Novel markers
could be either more precise in detecting CSC or could select for
different CSC populations within the same tumor, possibilities that
need further investigation.

The CSC model has lead to several predictions that make CSCs
prime suspects to be investigated in the context of resistance to
therapy and metastatic disease. Therapies in general may Kill
mainly non-CSC that have a limited proliferative potential and
more drug sensitive characteristics whereas the remaining
resistant CSCs will soon re-establish tumor growth and cause
relapse from therapy [30]. Increasing research efforts are directed
at the identification of novel therapeutic approaches to target CSCs,
such as ones directed against the Wnt, Notch and Hedgehog
pathways known to be involved in the regulation of growth and
self-renewal properties of CSCs [31].
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In the CSC model, CSCs with tumor-proliferation capacity that
escape from the primary tumor and settle at secondary sites within
the body are thought to be mainly responsible for metastatic
disease. During this process the CSCs encounter different cellular
surroundings (microenvironments) that may affect sensitivity to
apoptosis-inducing therapies by exposing the CSCs to different
cocktails of cell survival modulating soluble factors and/or cellular
interactions. Recently, a genetic program that is activated in
epithelial cells at certain stages of embryonal development that
facilitates the release of cells from epithelial layers and increases
cellular motility, named epithelial-mesenchymal transition (EMT)
has been implicated in metastasis [32,33]. The high plasticity of
CSCs and their exposure to changing microenvironments is likely
to play an important role in their susceptibility to apoptosis
targeting agents. In this context, here we will describe the available
evidence obtained for apoptosis resistance in CSCs and implica-
tions for apoptosis targeted therapies.

3. Inherent apoptosis resistance in CSCs

Cancer stem cells, like normal tissue stem cells, are thought to
be apoptosis resistant in order to secure the production of progeny.
Although as yet not extensively studied, this could be caused by
intracellular mechanisms that lead to blockades in the apoptotic
pathways. Evidence for this in solid tumors predominantly has
been provided for brain tumors, i.e. glioblastoma (GB). Apoptosis
resistance was illustrated in CD133" GBSCs isolated from
glioblastoma patients in comparison to CD133~, non-CSC fractions
by enhanced resistance to different chemotherapeutic agents that
was associated amongst others with higher levels of expression of
several anti-apoptotic mRNAs, including BCL-2, BCL-XL, IAPs and
FLIP [34]. More direct evidence for apoptosis resistance in GBSC has
been obtained by showing that TRAIL resistance in CD133* GBSCs
compared to CD133" cells is related to the suppression of caspase-
8 expression as a result of promoter methylation of the CASP8 gene
[35]. The DNA demethylation agent 5-Aza-2’'-deoxycytidine could
restore caspase-8 expression that was, however, not sufficient for
making the GBSC sensitive for TRAIL. No differences in cFLIP
expression were found between CD133" en CD133 ™ cells, making a
role for this protein in resistance unlikely. Also a proteome array
consisting of 30 apoptosis-related proteins did not reveal
additional clues for resistance and therefore the precise mecha-
nism of TRAIL resistance remains elusive [35].

In normal neural stem/progenitor cells (NPCs) apoptosis
resistance has also been examined. These cells are present in
the developing and adult central nervous system where they can
either self-renew or differentiate into three main cell types,
neurons, astrocytes and oligodendrocytes. Apoptosis plays a key
role during the development of the central nervous system as well
as in brain maturation [36]. A lack of caspase-8 expression was
found to be responsible for resistance to death receptor-induced
apoptosis in adult and embryonic NPCs in response to recombinant
TRAIL, anti-CD95/Fas and TNFa [37]. Evidence was presented that
during differentiation of the NPCs in vitro caspase-8 levels
increased that correlated with sensitivity to death receptor-
induced apoptosis. However, further analyses of the mechanism of
resistance in NPCs showed that in addition to a lack of caspase-8
expression also high expression levels of the DISC inhibitory
protein PED/PEA-15 was involved, which decreased during
differentiation. In another study using human fetal cortical NPCs,
despite the detected high levels of TRAIL-R2 in these cells, TRAIL
failed to trigger apoptosis caused by low levels of caspase-8 mRNA
and protein [38]. In addition, the IAP member cIAP-1 also
contributed to TRAIL resistance in these NPCs and following its
RNA interference-mediated silencing sensitivity to apoptosis could
be restored. Interestingly, an alternative role for death receptor

signaling by CD93/FASL was demonstrated in neural stem cells
leading to stem cell survival and neuronal specification involving
Src/PI3K/AKT/mTOR signaling [39].

Studies with transgenic mice and in particular knock-out mice
in which Bcl-2 family members and caspases-9 and -3 were
deleted have shown the importance of the intrinsic/mitochondrial
route in apoptotic decision making in NPCs and progeny, which is
essential for proper neuronal development (for review see [36,40]).
For example, deletion of the pro-apoptotic Bcl-2 (in mice)
members Bax and Bak in double knock-out mice were found to
regulate the number of NPCs, but on the other hand were not
required for apoptosis activation after neurotoxic injury [41].
Targeting of BCL-2 family members in glioblastoma with the small-
molecule BH3 mimetic ABT-737, which mainly inhibits BCL-2 and
BCL-XL, displayed proliferation inhibition and apoptosis activation
in non-GBSC fractions whereas GBSCs were resistant. This could be
attributed to high levels of another anti-apoptotic BCL-2 member,
MCL-1, and its down-regulation by RNA interference re-sensitized
these cells [42].

Small-molecule XIAP inhibitors have also been tested for
possible therapeutic efficacy in preclinical GBSC models. Radio-
therapy-resistant glioblastoma cells, including the GBSC fraction,
could be sensitized for y-irradiation by combined XIAP inhibitor
treatment that resulted in enhanced caspases activation in the GB
cells, whereas no toxicity was observed in normal rat neurons or
glial cells [43].

The functioning of the apoptotic machinery and sensitivity to
apoptosis-inducing treatments has been explored in leukemia
[44], however, only a relative small number of studies have
examined efficacy in the stem cell compartment. In CD34"*
hematopoietic stem/progenitor cells resistance to CD95/FASL-
mediated apoptosis was observed that was associated with lack of
expression of the normal caspase-8 mRNAs and instead high
expression of a smaller splice variant, named caspase-8L, was
detected. This transcript encodes a caspase-8 variant that can be
recruited to the DISC but fails to activate the caspase cascade [45].
Moreover leukemic blasts from acute myelogenous leukemia
(AML) patients only expressed this variant and it was postulated
that this protection against CD95/FASL apoptosis contributed to
leukemic development. The effect of TRAIL alone or in combination
with the PI3/Akt survival signaling pathway inhibitor perifosine
has been investigated in CD34" AML patient and healthy donor
derived cells. In particular combined drug treatment resulted in
reduction of clonagenic activity in patient samples displaying
active Akt, and no effects on normal CD34" cells were reported [46].
Sensitization for TRAIL was mediated by perifosine-induced
upregulation of TRAIL-R2 and down-regulation of cFLIP and XIAP.
Targeting anti-apoptotic BCL-2 family members with ABT-737 was
also demonstrated to have a potent killing effect in the majority of
tested stem cells derived from AML patients (4 out of 6) and leaving
HSCs from healthy donors unharmed [47].

In addition, TRAIL signaling has been examined in CD133 positive
and negative Jurkat (T-lymphoma) and MCF7 (breast cancer) cells
[48]. Although the CSC properties of the cells were not experimen-
tally confirmed, CD133 expressing cells were reported resistant to
TRAIL-induced apoptosis as a result of high cFLIP levels and down-
regulation of cFLIP caused re-sensitization. In contrast to the reports
above showing death receptor ligand resistance in CSC fractions, one
study has reported TRAIL sensitivity in chemotherapy-resistant
colon cancer cell line-derived cells obtained by FACS sorting based
on high-drug efflux activity (side-population cells). Elevated levels
of TRAIL-R1 expression were suggested to be involved TRAIL
sensitivity although stem cell properties of the side-population cells
were not confirmed in this model [49].

For a summary of the reported mechanisms of inherent
apoptosis resistance described above see Table 1.
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Table 1

Mechanisms of inherent apoptosis resistance in normal and cancer stem cells and sensitivity to apoptosis target therapies.

Cell type Mechanism of apoptosis

Apoptosis targeted

Sensitization strategy References

resistance therapy resistance
Neural progenitor cells (NPC) Caspase-8 | PED/PEA15 1 DR ligands Differentiation Ricci-Vitiani et al. [37]
Caspase-8 | cIAP-1 TRAIL Actinomycin D cIAP-1 RNAi Peng et al. [38]
Hematopoietic stem cells (HSC) No caspase-8 caspase-8L 1 FasL - Mohr et al. [45]
Glioblastoma stem cell (GBSC) cFLIP 1 BCL-2/Bcl-XL 1 XIAP 1 Not determined - Liu et al. [34]

Caspase-8 | TRAIL 5-Aza-2'-deoxycytidine® Capper et al. [35]
MCL-1 1 ABT-737 MCL-1 RNAi Tagscherer et al. [42]
XIAP y-Radiation XIAP inhibitors® Vellanki et al. [43]
Leukemic stem cells No caspase-8 caspase-8L 1 FasL - Mohr et al. [45]
cFLIP 1 XIAP 1 TRAIL Perifosine (Akt inhibitor) Tazzari et al. [46]
MCL-1 1 BCL-2-p ABT-737¢ Inhibition of ERK signaling Konopleva et al. [47]

MCL-1 RNAi

2 Demethylation of CASP8 gene restored caspase-8 expression, but is not sufficient for apoptosis sensitization.
b Both primary cultured glioblastoma cells and GBSCs were sensitized, and no toxicity was seen in nonmalignant neuronal cells.

€ 4 out of 6 AMLSCs samples were sensitive.

4. Extrinsic factors modulating apoptosis in CSCs
4.1. Soluble factors and apoptosis in the microenvironment

Microenvironmental cells that nurture stem cells and enable
them to perform their physiological functions in tissue homeosta-
sis form the stem cell niche. Niche cells are thought to shield stem
cells from environmental insults, differentiation inducers and
apoptotic stimuli [50]. In a similar way a niche may exist for CSCs
that may specify amongst other their self-renewing properties
although, as has been hypothesized, CSCs possibly are less
dependent on the niche than normal SCs as a result of the
accumulation of intrinsic mutations leading to altered niche-
independent proliferation properties [51,52]. A relative limited
number of studies have addressed the existence of a CSC niche, in
particular for leukemic SCs and brain tumor SCs (for reviews see
[53,54]). For example, bone marrow endothelial cells in the
microenvironment of both normal and leukemic SCs were shown
to be required for their homing and engraftment, and factors in the
microenvironment were found to promote the survival of AML
cells causing resistance to chemotherapy [55,56]. In brain tumors,
CD133" CSCs were shown to localize and bind to vascular
endothelial cells that stimulated tumor formation in mice models,
which has been taken as evidence for the existence of a vascular
niche for brain CSCs [57].

Extrinsic factors such as cytokines, chemokines and signals
involving cellular adhesion can be produced by a niche and together
with developmental regulatory signaling molecules, such as
Hedgehog (Hh), Wnt, Notch and bone morphogenetic proteins
(BMP) they have been shown to participate in the control of (C)SC
renewal and differentiation. For example, Notch signaling was found
toimprove the survival of mouse embryonic NPCs that was mediated
by an upregulation of Bcl-2 and Mcl-1; RNA interference silencing of
these anti-apoptotic genes prevented Notch-dependent survival
[58]. Therapeutic targeting of Notch signaling by +y-secretase
inhibitors was recently shown to deplete GBSCs and prevent the
growth of neurospheres in vitro and in xenografts in mice by a
mechanism involving the inhibition of Akt survival signaling [59].
More direct connections between Notch signaling and the apoptotic
core machinery in tumor cells have also been reported. In Jurkat T
lymphoblastoid cells activation of Notch signaling was shown to
block mitochondrial and death receptor-mediated apoptosis by
increased expression of BCL-2, BCL-XL, cIAP-2 and cFLIP causing
chemo and TRAIL resistance [60]. In malignant melanoma cells
blocking of Notch signaling resulted in the accumulation of the pro-
apoptotic BCL-2 member NOXA that stimulated the activation of
apoptosis in a p53-independent way [61].

The Wnt pathway has been shown to inhibit apoptosis signaling
and in immature pre-B cell lines activation of Wnt signaling could
block TRAIL-induced apoptosis via a not completely elucidated
mechanism that at least partially involved TRAIL receptor down-
regulation and ERK1/2 and NF-kB signaling [62]. In human
colorectal cancer cells TRAIL resistance was linked to Wnt/3-
catenin-dependent expression of osteoprotegerin (OPG), a soluble
decoy receptor for TRAIL [63]. Recently, the anti-apoptotic BCL-2
member BCL-w was identified as a target gene of the Wnt pathway
providing a link with inhibition of mitochondrial apoptosis [64].

Other secreted factors have also been implicated in apoptosis
resistance in CSCs. The autocrine production of IL-4 by CD133*
colon CSCs appeared to contribute to protection against apoptosis
induced by chemotherapeutics and TRAIL. The use of IL4
neutralizing antibodies sensitized for apoptosis by down-regula-
tion of cFLIP, PED and BCL-XL [65].

A variety of stimuli can activate the NF-kB pathway such as
cytokines and stress signals that control many cellular processes
including inflammation, the immune response, cell growth and
apoptosis. Growth factors and cytokines present in the microenvi-
ronment and also hypoxic conditions can induce NF-kB that
subsequently leads amongst others to the transcriptional activa-
tion of anti-apoptotic targets genes [66]. Moreover, NF-kB is often
constitutively activated in hematological and solid tumor cells,
which has been associated with genetic aberrations in NF«xB or IkB
genes, the latter encoding specific inhibitors of NF-kB [66,67]. The
role of NF-kB signaling in normal and malignant stem cells has
been explored in a relative small number of studies and
particularly in hematological systems. For example, in normal
leukemic stem cells (AML CD34"), but not in normal stem cells
(CD34%) NF-kB was found to be constitutively activated and to
promote survival [68-70]. Treatment with the proteosome
inhibitor MG-123 and the sesquiterpine lactone parthenolide
PTL, which impair NF-kB signaling, induce apoptosis in AML CD34"
cells [68,70]. The fact that PTL impaired the engraftment potential
of AML CD34" cells, but not of normal CD34" cells, suggests that not
only leukemic progeny but also leukemic stem cells might be
effectively targeted using this approach [71]. Recently, a novel
aminoparthenolide, DMAPT (LC1) was identified as a novel anti-
leukemic agent via its inhibitory effects on NF-kB [72]. Critical
targets downstream of NF-kB that mediate the anti-apoptotic
signals in leukemic stem cells still need to be determined.

4.2. Adhesion-based apoptosis regulation

Apart from soluble factors in the microenvironment also
direct interactions between tumor cells and/or normal cells, and/
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or extracellular components/matrix are known to contribute to
apoptosis resistance in cancer and may obstruct therapeutic
efficacy. Pathways that are associated with adhesion-mediated
apoptosis resistance in tumor cells appear to frequently converge
in activation of the MAPK/ERK and PI3K/Akt pathways [73]. The
MAPK/ERK pathway can directly modulate the apoptotic
machinery by for example phosphorylation and degradation of
the pro-apoptotic BCL-2 family member BIM [74]. ERK also has
been shown to affect the expression of BCL-2, BCL-XL and MCL-1
causing their down-regulation upon ERK inhibition [75]. PI3K/
AKT signaling can stimulate survival by phosphorylation-
dependent inhibition of pro-apoptotic BAD and caspase-9, or
indirectly by suppressing the transcription of BIM, PUMA and
NOXA [76]. In another study, inhibition of both ECM-cell and
cell-cell interactions in glioblastoma cell lines was required for
sensitization for amongst others TRAIL and CD95/FASL-induced
apoptosis [77]. In CD133" GBSCs, including ones obtained from
patient specimens, RNA interference-mediated down-regulation
of the neuronal cell adhesion molecule L1CAM was found to
prevent neurosphere formation and to induce apoptosis, which
correlated with reduced tumor formation in a xenograft mice
model. However, the mechanism underlying apoptosis activation
was not further studied [78]. Adhesion-dependent apoptosis
suppression has been reported for HSCs [79], and the disruption
of interactions between leukemic and vascular cells via VCAM-1
was found to induce mitochondrial apoptosis [80]. Interestingly,
targeting the leukemia microenviroment by inhibition CXCR4
using AMD3465 has been shown to enhance the sensitivity
towards the FLT3 inhibitor sorafenib, suggesting that SDF1«/
CXCR4 interactions between leukemic stem cells and the bone
marrow niche can contribute to resistance against therapy-
induced apoptosis [81].

4.3. Hypoxia

Low oxygen levels (hypoxia) associated with SC niches have
also been identified as an important factor in the regulation of
differentiation and cell death of normal and CSCs and have been
recognized as a main cause for resistance to cancer therapeutics
(for reviews see [53,82]). The family of hypoxia-inducible
transcription factors (HIFs), most notably HIF-1a, plays a key role
in cellular adaptation to hypoxia by modulating a range of
processes, such as angiogenesis, energy metabolism and cell
survival [83]. The direct effect of hypoxia on apoptosis activation in
CSCs has as yet not been extensively studied. In a similar way as
found in tumor cell culture models, hypoxia-induced apoptosis
resistance in CSCs may involve the upregulation of HIF-1a target
genes that can regulate the intrinsic apoptotic pathway, including
anti-apoptotic MCL-1 and BCL-XL [84,85]. Low oxygen levels can
result in decreased rates of intracellular production of reactive
oxygen species (ROS) that are also balanced by free radical
scavenger systems. Hematopoietic stem cells, NPCs and recently
also mammary epithelial normal and malignant SCs have been
shown to contain lower ROS levels than their more mature progeny
[86]. ROS have dual roles in cancer; on one hand they have an
oncogenic effect related to their oxidative DNA damaging activity,
and on the other hand ROS can mediate various signaling cascades
including the activation of apoptosis that may have a tumor
suppressive effect [87]. For example, CD95/FASL death receptor
activation was shown to stimulate NADPH oxidase resulting in
increased ROS levels and subsequently enhanced caspase-8
activation and apoptosis [88]. Elevated levels of ROS have also
been shown to enhance TRAIL-induced apoptosis by upregulation
of TRAIL-R2, down-regulation of cFLIP and BCL-2 [89,90]. Thus low
ROS levels in (C)SCs may have a suppressive effect on apoptosis
activation.

5. Anoikis, epithelial-mesenchymal transition and apoptosis
resistance

The CSC model suggests that CSCs with high tumor-forming
potential are likely key players in metastatic disease. Metastasis is
a multistep process involving dissemination from the primary
tumor, invasion of neighboring tissues and entry into circulation in
order to establish secondary tumors at distant sites. The different
stages in this process pose hurdles for the primary tumor cells
thought to make this process highly inefficient [91]. For example,
cells that detach from epithelial layers usually undergo apoptosis,
named anoikis, as a result of loss of cell-cell and/or cell-extra
cellular matrix (ECM)-dependent pro-survival signaling. Tumor
cells that originate from epithelia have to suppress anoikis
activation and need to acquire anchorage-independent growth
capacity in order to disseminate and metastasize. The property of
CSCs in vitro to growth in non-adherent conditions indicates that
they are anoikis resistant, although the precise mechanism of
resistance has not been examined directly in this cell population. In
tumor cells in general, anoikis can be mediated by both death
receptor and mitochondrial-mediated apoptosis and blockades in
these routes have been linked to anoikis resistance in malignant
cells [92]. Small-molecule inhibitors of cFLIP or its RNA interfer-
ence-mediated down-regulation caused anoikis sensitization in
prostate cancer cells identifying cFLIP as an important resistance
factor [93]. Caspase-8 appears to play a pivotal role by mediating
both death receptor-induced anoikis as well as death receptor
independent anoikis involving interactions with unligated integ-
rins that are able to recruit caspase-8 to the membrane leading to
activation as was found in neuroblastoma [94]. In addition, down-
regulation of caspase-8 enhanced tumor cell motility and
metastasis demonstrating its function as a metastasis suppressor
gene. In colorectal cancer cells TRAIL-R2/DR5 was reported as a
mediator of anoikis [95]. Members of the BCL-2 family are also
involved in regulating anoikis with for example stabilization of
MCL-1 or degradation of pro-apoptotic BIM being able to suppress
anoikis in oncogene (v-src)-transformed fibroblasts [96]. In the
same study the direct down-regulation of MCL-1 by short-hairpin
(sh) RNAs or indirectly via PI3K/Akt pathway inhibition leading to
increased MCL-1 degradation restored anoikis. Furthermore, the
caspase inhibitor XIAP was reported to suppress anoikis and small-
molecule antagonists reduced metastasis formation in a prostate
cancer mouse model [97].

The increased migratory and invasive phenotype of tumor cells
may be facilitated by the activation of epithelial-mesenchymal
transition (EMT), a process that has been originally described
during embryonal development [32,33]. The reverse, mesenchy-
mal-epithelial transition (MET), can take place at secondary tumor
sites in order to establish distant tumors. The relationship between
EMT and CSCs is not fully understood. CSCs may be in particular
prone to EMT and on the other hand tumor cells that undergo EMT
have been found to obtain and display stem cell like characteristics
in breast cancer [98]. Several stimuli that trigger EMT activation
have been described, including growth factors (transforming
growth factor-3 (TGF3), Wnt, Notch), tumor-stroma interactions
and hypoxia, in which epigenetic mechanisms and non-coding
micro-RNAs play important roles in the mesenchymal reprogram-
ming [33]. Epithelial tumor cells undergoing EMT obtain mesen-
chymal markers and lose epithelial markers, of which loss of the
adhesion protein E-cadherin is a major event leading to disruption
of intercellular contacts, allowing cells to detach from the
surrounding cells. Transcriptional repressors such as Snail and
Slug are important mediators of EMT and suppress the expression
of, amongst others, E-cadherin [32] In cell culture models EMT can
be triggered by shRNA-mediated silencing of E-cadherin and was
shown to promote invasiveness and anoikis resistance in
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immortalized breast epithelial cells [99]. The mechanistic rela-
tionship between EMT and anoikis resistance has not been
extensively investigated as yet, however some evidence has been
presented that links activation of Snail and Slug with resistance to
p53-mediated apoptosis. This was shown in HSCs that were
rescued from irradiation-induced apoptosis by p53-dependent
transcriptional activation of Slug that on its turn suppressed the
transcription of the pro-apoptotic Bcl-2 (mouse) member Puma in
mice models [100]. In stem-like ovarian cancer cells both Snail and
Slug were found to repress amongst other genes involved in p53-
dependent apoptotic signaling, including BCL-2, BID, PUMA and
CASP9 [101]. Thus EMT inducers have pleiotropic effects that, in
addition to inducing a mesenchymal state, also modulate
migration and cell survival capacities of cells.

6. Conclusions and perspectives

The CSC model is under ongoing construction [102], but already
provides important novel biological insights in tumor formation
and progression and gives a basis for understanding tumor cell
plasticity and dynamics. The therapeutic consequences are also
rapidly emerging, not only by the notion that CSCs need to be
eradicated for successful therapy, but also by acknowledging the
cellular heterogeneity within tumors and changing microenviron-
ments that are associated with variable sensitivities to treatments.
Clearly the success of therapies, in particular those that directly
target apoptosis will depend on the status of the apoptotic
machinery.

Apoptosis resistance has been reported in normal and cancer
stem cells from neuronal or hematopoietic origin whereas, based
on the limited available data differentiated progenitors were found
to be sensitive (see also Table 1). Furthermore, the transition of
epithelial tumor cells to cells with mesenchymal features also
affects apoptosis sensitivity and has been particularly linked to
anoikis resistance. The role of the microenvironment in the
maintenance of stem cell properties has been identified and
soluble factors and cellular adhesion have been found to modulate
apoptosis sensitivity by inducing signals that can affect the
expression of key proteins in the apoptotic machinery. Moreover,
changing microenvironments and hypoxic conditions that CSCs
encounter during tumor progression may result in different
settings of the apoptotic machinery and thus different sensitivities
to therapeutics. In Fig. 1, the variability in apoptosis sensitivity in
the context of CSC plasticity is depicted in a simplified way. CSCs
with an inherent high level of apoptosis resistance can produce
different more differentiated progenitor tumor cells or transit
amplifying tumor cell lineages that are generally more apoptosis
sensitive, although variability in microenvironments will also
affect apoptosis susceptibility in different subsets of these tumor
cells. In addition, different levels or mechanisms of apoptosis
resistance in CSCs may occur caused by variations in mircroenvir-
onments following migration/invasion of CSCs, which can be
associated with EMT resulting CSCs with mesenchymal features
that display anoikis resistance.

When taking together the currently available reports
describing inherent and microenvironment-dependent apopto-
sis resistance in CSCs, a picture emerges in which either the
extrinsic or intrinsic apoptotic pathways, or both routes, can be
impaired and that apoptosis susceptibility varies depending on
differentiation status and exposure to pro-survival stimuli from
the microenvironment. A direct consequence of this is that for
example death receptor-targeted agents will be ineffective when
caspase-8 expression is lacking, or FLIP or anti-apoptotic BCL-2
family members are overexpressed, as was reported in both
normal and cancer SCs. In addition, it is evident that when using
BCL-2 family targeting agents it is important to identify and
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Fig. 1. Inherent- and microenvironment-dependent modulation of apoptosis
sensitivity in the context of the CSC model. Schematic representation showing the
dynamic nature of apoptosis sensitivity that may vary depending on the
differentiation status of the tumor cells and an altering microenvironment
(numbered 1-4). Inherent apoptosis resistance in CSCs may be caused by
mutations/modifications at the genetic or epigenetic level. In addition, also
interactions with the microenvironment (soluble factors, cell-cell and/or cell-ECM
interactions (adhesion), hypoxia, represented by arrows) can activate signaling
pathways that contribute to apoptosis resistance in CSCs (microenvronment 1).
CSCs that migrate and invade surrounding tissues and enter circulation during
metastasis run into novel microenvironments that may cause a further increase in
apoptosis resistance, represented by microenvironment 2. In tumors from epithelial
origin epithelial CSCs (eCSC) may undergo epithelial to mesenchymal transition
(EMT) leading to the occurrence of CSC with mesenchymal features (mCSC) that
have been associated with anoikis resistance and the onset of metastatic disease.
CSC-derived more differentiated progenitors (P1 and P2) may be more susceptible
to apoptosis and differences in microenvironments (3 and 4) may further modulate
apoptosis sensitivity. The changing status of apoptosis susceptibility that is
associated with blockades in death receptor and/or mitochondrial apoptosis
pathways will require the use of different strategies to efficiently eradicate both
CSCs and progeny in a background of a variable microenvironment. See text for
more details.

inhibit the anti-apoptotic BCL-2 member that is causing
resistance to mitochondrial apoptosis in the CSC compartment.
Thus, different apoptosis targeting agents will be needed to
effectively eradicate both CSCs and their more differentiated
progenitors, in which the greatest challenge is to kill inherent
and microenvironment-dictated apoptosis resistant CSCs. Also
sensitizing strategies could be applied using combinations that
can relieve distinct apoptosis blockades, or by inducing
differentiation in the CSC compartment resulting in more
apoptosis-prone progenitor cancer cells. The targeting of
survival-promoting mechanisms in the microenvironment also
appears to be a promising approach, including the disruption of
niche-CSC interactions that may result in enhanced therapy/
apoptosis sensitivity. The ultimate challenge remains to ensure
that normal stem cells will not be harmed. The CSC model
provides a framework to start exploring the specific require-
ments for sensitizing CSCs for apoptosis, which may vary for
individual tumor types, continuously taking into account that
pathways and mechanisms that are essential for normal stem
cell homeostasis are left intact.
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