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REVIEW
Exploiting Apoptosis Pathways for the Treatment of Pediatric Cancers

Simone Fulda*

Resistance to apoptosis (programmed cell death) is a character-
istic feature of human cancers including childhood malignancies.
Further, evasion of apoptosis is a frequent cause of treatment
resistance, since most anti-cancer therapies, for example chemo- or
radiotherapy act primarily by inducing apoptosis in cancer cells.
Over the last two decades, the dissection of apoptosis pathways in
pediatric tumors has resulted in the identification of many key
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molecules that may serve as molecular targets for drug discovery.
Accordingly, components of the apoptotic cascade are currently
exploited for the development of rationally designed molecular
targeted therapies. This approach is expected to open new and more
effective approaches for the treatment of childhood cancers. Pediatr
Blood Cancer 2009;53:533-536.  © 2009 Wiley-Liss, Inc.

INTRODUCTION

Programmed cell death (apoptosis) is a genetically encoded
program, which is evolutionally highly conserved from worm to
man [1]. Apoptosis exerts a key regulatory function in many normal
physiological processes during development as well as in adult life
[1]. To give just one example, apoptosis is crucial to maintain tissue
homeostasis, which is the sum of a subtle balance between
proliferation and cell death [2]. Consequently, too little apoptosis
can promote tumorigenesis also without an increased proliferation
rate [3]. It is important to note that evasion of apoptosis is a
characteristic feature of basically all human cancers including
childhood malignancies [4]. Moreover, resistance to apoptosis can
lead to treatment resistance, since the sensitivity of cancer cells to
current treatment regimens, that is, chemo-, radio- or immunother-
apy, depends to a large extent on intact intrinsic cell death pathways
[5]. Therefore, a better understanding of the regulatory network that
governs apoptosis in pediatric cancers is anticipated to provide new
opportunities for the design of innovative, molecular targeted
therapies.

Apoptosis Signaling Pathways

Two principle apoptosis pathways can be distinguished, that is,
the receptor (extrinsic) pathway and the mitochondrial (intrinsic)
pathway, which both eventually lead to activation of caspases, a
group of enzymes that function as death effector molecules in
various forms of cell death (Fig. 1) [6,7]. In the extrinsic apoptosis
pathway, stimulation of death receptors of the tumor necrosis factor
(TNF) receptor superfamily, for example, CD95 (APO-1/Fas) or
TNF-related apoptosis inducing ligand (TRAIL) receptors, leads to
activation of the initiator caspase-8, which either directly cleaves
effector caspase-3 or alternatively, links the receptor to the
mitochondrial pathway by cleaving Bid [8,9]. Bid is a BH3-only
protein of the Bcl-2 family, which translocates to mitochondria to
initiate a mitochondrial amplification loop once it is cleaved [9]. In
the intrinsic pathway, the release of mitochondrial protein including
cytochrome c, apoptosis inducing factor (AIF), second mitochon-
dria-derived activator of caspase (Smac)/direct IAP binding protein
with Low PI (DIABLO) or Omi/high temperature requirement
protein A (HtrA2) from the mitochondrial intermembrane space into
the cytosol initiates a common effector phase during apoptosis [10].
To this end, cytochrome ¢ triggers caspase-3 activation through
formation of the cytochrome c/Apaf-1/caspase-9-containing apop-
tosome complex [10], while Smac/DIABLO promote activation of
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caspase-3, -7, and -9 by neutralizing ‘“inhibitor of apoptosis
proteins” (IAPs) [10]. There are also various control points that
tightly regulate cell death programs, since inappropriate activation
of apoptosis may have detrimental effects on cell survival. These
anti-apoptotic mechanisms, which serve to prevent accidental cell
death under physiological conditions, are often aberrantly activated
in cancers and have been implicated in drug resistance. Apart from
apoptosis, several non-apoptotic modes of cell death have also been
identified, for example, necrosis, autophagy, mitotic catastrophe, or
paraptosis [11]. How these diverse forms of cell death function
in pediatric cancers as tumor suppressor mechanisms, relate to
treatment response or, alternatively, promote tumor progression
under certain circumstances is far from being understood.

Apoptosis and Cancer Therapy in
Childhood Malignancies

Based on the rational that evasion of apoptosis is a characteristic
feature of childhood malignancies that contributes to carcinogenesis
and also to treatment resistance, approaches that target defective
apoptosis programs in tumor cells may overcome primary
or secondary resistance [3,12]. To this end, apoptosis targeted
therapies may either directly trigger cell death in cancer cells or may
increase the responsiveness of pediatric tumors towards conven-
tional treatments that are currently used in the clinic, for example,
chemo- or radiotherapy as discussed in more detail below [7].

Exploiting the Death Receptor Pathway Via TRAIL

The idea to activate death receptors of the TNF receptor gene
superfamily in order to induce cell death in cancer cells is attractive
for the translation into medical application, since death receptors
have a direct link to the cell’s intrinsic death machinery [13]. For this
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Fig. 1. Apoptosis pathways. In the death receptor (extrinsic) pathway,
ligation of death receptors (DR) such as TRAIL receptors or CD95 by
their respective ligands such as TRAIL and CD95 ligand leads to
receptor trimerization, recruitment of adaptor molecules and activation
of caspase-8. In the mitochondrial pathway, apoptogenic factors such as
cytochrome ¢ or Smac/DIABLO are released from mitochondria into
the cytosol. The release of cytochrome c results in caspase activation via
formation of the cytochrome c/Apaf-1/caspase-9-containing apopto-
some complex. See text for more details. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

approach, TRAIL is considered as a prime candidate, since TRAIL
rather selectively induces apoptosis in cancer cells, while sparing
normal cells [13]. The TRAIL receptor/ligand system is complex,
since TRAIL can bind to five distinct receptors. Two agonistic
receptors, TRAIL-R1 and TRAIL-R2, contain a conserved
cytoplasmic death domain motif, which enables them to trigger
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apoptosis upon binding of the ligand, while the antagonistic decoy
receptors TRAIL-R3 to R-5 bind TRAIL, but do not transmit a death
signal [13].

A number of strategies have been developed to make use of
TRAIL in a therapeutic setting. For example, the recombinant
natural ligand TRAIL has been reported to trigger apoptosis in a
wide range of pediatric cancer cell lines including neuroblastoma,
rhabdomyosarcoma, leukemia and Ewing’s sarcoma [14-20].
Besides the recombinant ligand, monoclonal antibodies were
specifically designed against one of the agonistic TRAIL receptors,
thatis, TRAIL-R1 or TRAIL-R2, which showed anti-tumor activity
in cancer cell lines and xenograft-bearing mice [21,22]. However,
there are so far only few studies that evaluated the anti-tumor
activity of TRAIL or TRAIL receptor agonists on primary cells
derived from pediatric tumor specimens. In one of such studies in
childhood acute leukemia, half of the primary samples obtained
before the onset of chemotherapy turned out to be refractory to
TRAIL-induced apoptosis [17]. In primary neuroblastoma cells,
TRAIL-mediated apoptosis was substantially potentiated by the
concomitant neutralization of anti-apoptotic factors such as IAPs by
Smac peptides [23]. Currently, soluble recombinant TRAIL as well
as fully human monoclonal antibodies against TRAIL-R1 or -R2 are
tested in phase I/II clinical trials [21].

Exploiting Mitochondrial Apoptosis in
Pediatric Oncology

An alternative approach to target apoptotic pathways for the
treatment of childhood cancer is to neutralize anti-apoptotic
proteins of the Bcl-2 family. There are two classes of Bcl-2 family
proteins, that is, anti-apoptotic members such Bcl-2, Bel-X; Mcl-1,
and pro-apoptotic proteins. The later includes the multidomain
proteins Bax and Bak as well as BH3-domain only molecules such
as Bim, Bid, Noxa, or Puma. Bcl-2 family proteins have a key
function in the regulation of the intrinsic pathway of apoptosis,
since they control mitochondrial outer membrane permeabilization.
Accordingly, the dominance of anti- versus pro-apoptotic Bcl-2
proteins may tip the balance towards tumor cell survival instead of
cell death and thus can contribute to cancer resistance.

Since elevated levels of anti-apoptotic Bcl-2 family proteins
have been reported to confer resistance to chemotherapy or TRAIL,
for example, in neuroblastoma cells [15,24], several approaches
were developed in recent years to break the cytoprotective effect of
Bcl-2 and related proteins. One of the prime examples is the design
of the small molecule Bcl-2 family protein inhibitor ABT-737,
which binds to the surface groove of Bcl-2, Bcl-X; , and Bcl-w and
thus frees Bax and Bak from these anti-apoptotic Bcl-2 proteins to
form pores in the outer mitochondrial membrane [25]. In childhood
ALL cell lines and also in vivo in mouse xenografts derived from
patients with ALL, ABT-737 showed synergistic cytotoxicity in
combination with chemotherapeutic agents, including those that
are part of current protocols in primary and relapsed childhood
leukemia such as vincristine, glucocorticoids, and L-asparaginase
amidohydrase [26]. Notably, the orally bioavailable small molecule
Bcl-2 family protein inhibitor ABT-263 showed the most prominent
anti-tumor activity against cell lines derived from ALL in a recent
evaluation of a panel of childhood tumor cell lines by the pediatric
preclinical testing program [27]. Also in vivo in ALL xenografts in
NOD/SCID mice, ABT-263 demonstrated potent anti-leukemic
activity with complete remissions in three of six evaluable ALL



xenografts [27]. Moreover, BH3 peptidomimetics demonstrated
single agent activity in neuroblastoma both in vitro and in vivo by
inducing apoptosis [28]. Furthermore, the Bcl-2 antisense oligonu-
cleotide G3139 was recently tested in a combination protocol with
doxorubicin and cyclophosphamide in a phase I trial in children with
relapsed solid tumors and was reported to show biologic effects [29].
Together, these findings suggest that targeting anti-apoptotic Bcl-2
family proteins may open new perspectives to reactivate the
mitochondrial pathway of apoptosis in childhood tumors.

“Inhibitor of Apoptosis”’ (IAP) Proteins as
Therapeutic Target in Pediatric Cancers

Since “inhibitor of apoptosis’ (IAP) proteins are expressed at
high levels in many cancers including pediatric tumors and block
apoptosis at a central point, they present promising targets for
therapeutic intervention. There are eight human analogues of IAPs,
including XIAP, c-IAP1, c-IAP2, survivin, apollon, livin/mela-
noma-IAP (ML-IAP), NAIP, and ILP-2 [30]. Among the IAPs,
XIAP exerts the most potent anti-apoptotic properties and blocks
apoptosis by inhibiting caspases such as caspase-3, -7, and -9 [30].
Compared to other IAP family proteins, the function of survivin is
more complex, since survivin is involved not only in the regulation
of apoptosis, but also in the control of mitosis [31]. Survivin is
of particular interest for pediatric oncology, since of particular
relevance for neuroblastoma, since the survivin gene is mapped
to chromosome 17q25, a region, which is frequently gained in
advanced stages of neuroblastoma [32]. Several independent studies
showed that expression of survivin in primary neuroblastoma
significantly correlated with tumors of high-risk and poor prognosis
[32-36]. In pediatric precursor B-cell ALL, overexpression of
survivin was reported to identify patients with a high-risk of early
relapse [5]. To this end, higher expression of survivin was detected
in relapse patients than those with a favorable outcome [5].
Furthermore, analysis of survivin splice variants in childhood ALL
revealed an association between lower expression of survivin-2B, an
isoform of survivin with pro-apoptotic properties, and affiliation to
the high-risk group [37].

Several approaches have been developed to antagonize aberrant
expression of IAPs in cancers including childhood malignancies.
One strategy is based on the endogenous IAP antagonists Smac, a
mitochondrial protein that is released from mitochondria upon the
induction of apoptosis [10]. Smac promotes apoptosis by neutraliz-
ing IAPs [10]. To mimic the endogenous Smac protein, Smac
peptides or small molecule Smac mimetics were developed that bind
to the surface groove of the BIR3 domain of XIAP, which normally
interacts with endogenous Smac once it is released from
mitochondria into the cytosol [38]. Smac peptides were shown to
increase TRAIL- or chemotherapy-mediated apoptosis in neuro-
blastoma and glioblastoma cells and even substantially increased
the anti-tumor activity of TRAIL in vivo in an orthotopic
glioblastoma xenograft model [23]. Further, ectopic expression of
Smac enhanced TRAIL- or y-irradiation-induced killing in neuro-
blastoma [23,39]. In addition, Smac overexpression was shown to
inhibit clonogenic growth of neuroblastoma by blocking random
migration and proliferation and by enhancing apoptosis in a cell
density-dependent manner [40]. This indicates that Smac mimetics
may also be used for tumor control of minimal residual disease
[40]. Moreover, XIAP antisense oligonucleotides showed potent
anti-tumor activity as single agent and also in combination with
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anticancer drugs [41,42]. XIAP antisense oligonucleotides are
under evaluation in early phase clinical trials in adults with cancer
[43]. Further, survivin inhibition by antisense oligonucleotides
was reported to induce cell death of neuroblastoma cells through
caspase-independent and -dependent pathways and to cooperate
with TRAIL to trigger apoptosis [44—-47].

CONCLUSIONS

Intact cell death pathways are required for the response of
cancers to current treatment approaches, since most anticancer
therapies including chemo- or radiotherapy primarily act by
inducing apoptosis in tumor cells. The elucidation of key apoptosis
signaling components in pediatric cancers has in recent years not
only provided novel insights into mechanisms of cytotoxic drug
action, but has also identified various molecular targets that could be
exploited for therapeutic purposes. Consequently, strategies that
either trigger apoptosis directly in cancer cells or enhance apoptosis
sensitivity in combination protocols have been developed in
preclinical models. Some of these approaches have already been
translated into early clinical trials. Thus, apoptosis-based therapies
may provide novel opportunities for the treatment of childhood
cancers.
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