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Mitochondrial survivin – an Achilles’ heel in cancer chemoresistance
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ABSTRACT
The metabolic shift from oxidative phosphorylation to glycolysis as a hallmark of highly aggressive cancer
was postulated by Otto Warburg in the 1920s. We identified baculoviral IAP repeat-containing 5 (BIRC5,
also known as survivin) as a key player in mitochondrial metabolism and our recent findings suggest
glycolysis inhibitors as powerful agents to overcome the antiapoptotic function of survivin in
neuroblastoma.
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Baculoviral-IAP-repeat-containing-5 (BIRC5, best known as
survivin) was originally identified as a member of the inhibitor
of apoptosis (IAP) protein family, but research over the last
20 years has revealed several additional functions of this pro-
tein; for example, survivin is involved in mitosis, apoptosis, and
autophagy, and is highly expressed during embryonic develop-
ment. Although it is mostly absent in differentiated adult tis-
sues, recent reports suggest a role for survivin in the survival of
hematopoietic, vascular endothelial, and liver cells (reviewed in
ref. 11). In transformed cells, however, the expression of survi-
vin is significantly increased, implicating survivin as a prognos-
tic marker for several types of cancer. In neuroblastoma, a
childhood malignancy derived from undifferentiated neuronal
crest cells, a gain of chromosome 17q causes increased expres-
sion of endogenous survivin.2 This genetic defect is associated
with increased disease stage, resistance against chemotherapy
and radiotherapy, and poor clinical outcome, therefore the
development of novel treatment strategies that directly target
survivin is a current focus of cancer research.

We recently discovered that survivin not only protects
against DNA-damaging agents but also that its expression level
defines a threshold for cell death induced by chemotherapeutic
agents. In contrast to antiapoptotic X-linked-inhibitor-of-apo-
ptosis-protein (XIAP), for example, this protection occurs
upstream of mitochondrial membrane permeabilization,3 sug-
gesting that mitochondrial survivin has a mainly antiapoptotic
function.4 However, the underlying molecular mechanism for
this protective function against cell death remained enigmatic.

When we overexpressed survivin in neuroblastoma cells, to
our surprise the mitochondrial networks changed to punctuate,
dot-like structures. These changes in morphology were accom-
panied by a significant reduction in oxidative phosphorylation
(OXPHOS) and a compensatory increase in aerobic glycolysis
to cover cellular ATP requirements.5 As a result of the loss of
mitochondrial connectivity and the inability to activate

respiratory complex I, these cells became highly resistant to
forms of cell death that depend on the accumulation of reactive
oxygen species (ROS). We further identified the fission protein
dynamin-like-protein 1 (DNM1L/Drp1) as responsible for
mitochondrial fragmentation in survivin-expressing cells,
extending the cellular pathways in which survivin is involved.
We therefore concluded that fragmentation of mitochondria
via the recruitment of Drp1 by survivin reduces mitochondrial
respiration and ROS generation, which mediates chemoresist-
ance in high-stage neuroblastoma.5,6 Additionally, increased
glycolysis is accompanied by increased lactate production,7

which fits well into the model of aggressive cancer cells. Impor-
tantly, the change in mitochondrial networks and the resulting
dependency on glycolysis opens a back door for therapy. We
were able to show that neuroblastoma cells carrying a gain of
17q are highly glycolytic and also highly sensitive to glycolysis
inhibitors—even low doses of lonidamine (LND) or 2-deoxy-
D-glucose (2DG) sensitize these cells to chemotherapeutic
agents whereas low-stage neuroblastoma cells and non-trans-
formed cells are fully resistant.5,8 We were able to revert this
effect using short-hairpin (sh) RNA, providing evidence that
the OXPHOS/glycolysis ratio is regulated by survivin levels.

Detailed analyses on how glycolysis inhibitors target neuro-
blastoma cells with high survivin expression revealed that sur-
vivin is part of a complex that we named the “survivosome”
(Fig. 1). Through interaction with beclin 1 (BECN1) and
PTEN-induced-kinase-1 (PINK1)–parkin-RBR-E3-ubiquitin-
protein-ligase (PARK2, also known as parkin), survivin not
only regulates metabolism and cell death inhibition but also
defines a threshold for autophagy induction and, interestingly,
for its own stability. When cells are treated with 2DG, survivin
is rapidly degraded and network-like mitochondria are
reformed before the cells undergo death. Since co-treatment
with the proteasome inhibitor MG132 and the autophagy
inhibitor bafilomycinA1 slows down survivin degradation after
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2DG treatment, we speculated that both autophagosomal and
proteasomal degradation regulate steady-state levels of survivin.
We found that the ubiquitin ligase parkin, which was recently
identified as a key player in the elimination of mitochondrial
proteins with a basic C-terminus9 (a structural feature also
present in survivin), is responsible for survivin degradation and
cell death induction after 2DG treatment. Knockdown of either
beclin-1 or parkin rescued survivin levels from 2DG-induced
degradation and survivin-overexpressing neuroblastoma cells
from 2DG-induced death. Glucose withdrawal, on the other
hand, induced autophagy independent of survivin levels and
cancer stage. The selective effect of 2DG on survivin expression
and autophagy-induced cell death was characteristic for neuro-
blastoma cell lines derived from high-stage tumors with 17q
amplification. The 2DG-driven reduction of survivin protein
levels apparently results in a feed-forward amplification loop
by releasing beclin-1, further promoting autophagy, increasing
the loss of survivin, and finally resulting in cell death.8

Beating the cancer cell at its own game

Targeting survivin in cancer is not a new approach but as survi-
vin is also essential for differentiated somatic cells, it might not
be the best one. We chose a different strategy in which we did
not neutralize survivin directly but instead targeted the meta-
bolic abnormalities induced by high survivin levels. Thereby,
the selective advantage of increased survivin levels in high-stage
neuroblastoma, i.e., that these cells escape chemotherapy and
may survive under hypoxic conditions, turns into an “Achilles’
heel” for the cancer cells that offers a novel non-genotoxic
treatment strategy for children diagnosed with neuroblastoma
with gain of 17q. In vivo experiments with tumor cells that
show gain of 17q-related survivin overexpression (NB15/shCtr)
and NB15 cells in which we reduced survivin overexpression
by shRNA (NB15/shSurv) clearly revealed that in

neuroblastoma survivin does not primarily contribute to tumor
growth, but is mainly involved in protection against cell death.
Treatment with 2DG reduced tumor weight and volume to
20% in tumors with endogenously high survivin expression,
whereas knockdown of survivin completely abrogated the
2DG-sensitizing effect in NB15/shSurv tumors.8

Therefore, mitochondrial survivin is at the crossroads of
mitochondrial structure, respiration, metabolism, cell death,
and autophagy. We believe that targeting the survivin-induced
Warburg effect may represent a novel non-genotoxic treatment
approach for high-stage neuroblastoma.
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