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Abstract

The five-year survival rate for patients with malignant glioma is less than 10%. Despite aggressive
chemo/radiotherapy these tumors have remained resistant to almost every interventional strategy
evaluated in patients. Resistance to these agents is attributed to extrinsic mechanisms such as the
tumor microenvironment, poor drug penetration, and tumoral heterogeneity. In addition, genetic
and molecular examination of these tumors has revealed defective apoptotic regulation, enhanced
pro-survival autophagy signaling, and a propensity for necrosis that aids in the adaptation to
environmental stress and resistance to treatment. The combination of extrinsic and intrinsic
hallmarks in glioma contributes to the multifaceted resistance to traditional anti-tumor agents.
Here we describe the biology of the disease relevant to therapeutic resistance, with a specific focus
on molecular deregulation of cell death pathways. Emerging studies investigating the targeting of
these pathways including BH3 mimetics and autophagy inhibitors are being evaluated in both the
preclinical and clinical settings are discussed. This review highlights the pathways exploited by
glioblastoma cells that drive their hallmark pro-survival predisposition and makes therapy
development such a challenge.
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While primary malignant brain tumors are rare, the 5-year survival for these patients is
dismal at approximately 10%. Utilizing the World Health Organization based classification,
these tumors are categorized as low-grade (I-11) or high-grade malignant gliomas (I11-1V)[1].
Specifically, grade 1V glioma or glioblastoma (GBM) [2] are the most common and
destructive form of malignant glioma. Headaches, seizures, cognitive and personality
changes, gait imbalance, sensory loss, and incontinence are common symptoms and can be
dependent on the location of the tumor. Symptomatic management for these patients consists
mainly of steroids to relieve neurological symptoms associated with edema and
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anticonvulsants in patients with seizures. Current treatment strategies include surgical
resection, radiation and chemotherapy for newly diagnosed GBM and bevacizumab and the
Novo TTF device for recurrent GBM. However, despite rigorous molecular, preclinical, and
clinical research these tumors remain a challenge to treat.

Despite aggressive surgical resection and concurrent chemo/radiotherapy 70% of patients
diagnosed with GBM will succumb to the disease within two years. A better understanding
of the molecular changes in these malignant cells in response to therapy is necessary to
unveil how these malignant cells can survive intense chemo/radiation insult. Recent studies
have identified numerous mechanisms by which cells “commit suicide” (Fig. 1) and a better
understanding of the mechanisms of cell death exploited by different therapeutics is essential
for the rational design of future therapeutic strategies. Here we discuss the current treatment
strategies utilized to kill GBM cells, and various cell death mechanisms relevant to glioma
destruction and resistance.

Apoptosis is perhaps the most well studied form of cellular demise consisting of an energy-
dependent cascade of molecular signaling typically involving the cysteine-dependent
aspartate-directed proteases called caspases. Caspase-dependent apoptosis is subcategorized
as extrinsic or intrinsic, but both signaling cascades converge on similar downstream
execution caspases (caspase-3 and -7). Extrinsic apoptosis is induced through death receptor
signaling and intrinsic apoptosis is initiated through upstream stress signaling resulting in
mitochondrial outer membrane permeabilization (MOMP), allowing for the release of pro-
apoptotic proteins from the intermembrane space and subsequent cleavage and activation of
executioner caspases. Typically, the induction of MOMP is dependent on BAX or BAK,
which when activated can homo-oligomerize and insert into the outer mitochondrial
membrane [3]. BAX and BAK are tightly regulated through the binding and inhibition of
anti-apoptotic Bcl-2 proteins (Bcl-2, Mcl-1, and Bcl-xL). A further layer of control is
regulated by pro-apoptotic BH3-only Bcl-2 proteins that can activate BAX/BAK directly or
indirectly through inhibition of anti-apoptotic Bcl-2 family proteins [4]. While there are
numerous BH3-only Bcl-2 proteins, BAD, BID, BIM, NOXA, and PUMA are some of the
best studied.

There has been a considerable appreciation for the apoptosis resistant nature of GBM (Fig.
2). The most well elucidated aberrant apoptotic pathway in GBM is the deregulation of
Bcl-2 family proteins. The expression level of BH3-only proteins has been observed to
inversely correlate with overall survival in GBM patients [5]. The Bcl-2 family rheostat was
shown to be further shifted towards an anti-apoptotic state in patients with recurrent GBM,
as these tumors displayed increased protein levels of anti-apoptotic Bcl-2, Bel-xL, and
Mcl-1 with a concurrent decrease in the important apoptotic protein BAX [6]. Deregulation
of the Bcl-2 rheostat has also been associated with cancer stem cell resistance to apoptosis.
Specifically, Bcl-2 has been observed to be elevated in GBM stem cells [7]. In addition,
GBM cells with the common EGFRuvIII variant have been shown to confer resistance to
chemotherapy through elevation of the anti-apoptotic Bcl-xL [8]. Interestingly, both
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activated EGFR and EGFRvIII have been observed to influence resistance to apoptosis
through the direct binding and inhibition of PUMA [9].

In a recent study, Stegh et al. identified and characterized the non-canonical Bcl-2 family
protein Bcl-2-like-12 (Bcl2L12), which was observed to be overexpressed almost universally
in GBM [10]. Surprisingly, Bcl2L12 did not act upstream of MOMP with no effect on
cytochrome c release and subsequent apoptosome formation, but acted directly on the
activation of caspase-3 and -7 through distinct mechanisms [10, 11]. In addition to its
function in the inhibition of post-mitochondrial caspase activation, Bcl2L12 was observed to
bind to p53 and inhibit the induction of cell cycle arrest and proapoptotic gene transcription
including p21, BAX, PUMA, and NOXA [12]. Although small molecule inhibition of Bcl-2
family proteins has been investigated in numerous cancer types, the use in GBM has been
relatively unexplored. The Bcl-2 inhibitors HA14-1 and ABT-737 have been shown to
promote apoptosis in GBM cells, particularly in combination with other apoptotic-inducing
agents such as chemo/radiotherapy [13, 14]. Gossypol is currently the only Bcl-2 targeting
drug that has been evaluated clinically in GBM. Gossypol, which has also been observed to
cause damage to the plasma and mitochondrial membranes, is able to bind to the BH3
pocket of both Bcl-2 and Bcel-xL [15]. Two clinical trials evaluating tumor response rates
and dosage/toxicity in combination with the standard of care in GBM have completed, but
results of these trails have yet to be published (NCT00540722 and NCT00390403).

Inhibitor of apoptosis family proteins (IAPs), which can bind to and inhibit numerous
caspases, have also been observed to be deregulated through elevated expression in GBM
[16]. One the most well characterized IAPs in GBM, survivin, is inversely correlated with
overall survival and is associated with reduced apoptotic capacity [17]. Inhibition of IAP
proteins has been an effective strategy to overcome apoptotic resistance in response to a
variety of therapeutic strategies including growth factor inhibitors [18], radiotherapy [19],
Apo2L/TRAIL [20], and chemotherapy with Temozolomide (TMZ) [21]. Additional
mutations and deregulation of other apoptotic mediators such as p53 and death receptor
signaling have also been explored and are garnering interest as barriers to effective
apoptotic-inducing agents in GBM.

DNA damage induced apoptosis is thought to be the major mechanism of cell death after
radiation and chemotherapy. Radiotherapy is typically given over the course of multiple
fractions for several weeks culminating in about a 60 Gy total dose and remains a standard
adjuvant post resection. Identification of agents that function as radiosensitizers to improve
patient response to radiotherapy is an active area of research [22]. TMZ and the
biodegradable polymers containing carmustine are currently the only two chemotherapeutic
agents approved by the US Food and Drug Administration (FDA) for first-line therapy for
GBM [23]. A landmark randomized phase I11 trial revealed that concomitant and adjuvant
TMZ with radiation to result in a median survival of 14.6 months compared to 12.1 months
for radiotherapy alone [24]. TMZ, a DNA alkylating agent, induces numerous DNA adducts,
with 0%-methylguanine regarded as the most cytotoxic. If not repaired by 0%-methylguanine-
DNA methyltransferase (MGMT), futile repair cycles by the mismatch repair system will
eventually lead to the stalling of the replication fork, subsequent double-stranded DNA
breaks, and induction of apoptosis [25]. The expression of MGMT has been shown to be a
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significant prognostic factor for TMZ response [26], and its protein expression has been
shown to be associated with resistance to TMZ in numerous primary GBM cultures in vitro
and in vivo. Additional MGMT-independent resistance mechanisms are also thought to play
a significant role in GBM recurrence after chemo/radiotherapy and are currently being
investigated. To date, no other chemotherapies are approved for newly diagnosed or
recurrent GBM, but there are a number of open Phase 111 clinical trials. A phase 11/111 trial
for newly diagnosed GBM patients with TMZ and the PARP inhibitor Veliparib is ongoing
(NCT02152982). PARP inhibitors (also thought to induce apoptosis) have demonstrated
strong anti-tumor efficacy against GBM in preclinical studies via their ability to inhibit DNA
damage repair [27-30]. While apoptosis inducing chemotoxic agents hold promise, the
eventual appearance of resistance has led to disappointing results, underscoring the urgent
need to understand tumor escape mechanisms.

Autophagy

Autophagy is a form of self-cannibalism recycling process characterized by a coordinated
multi-step process in which cytoplasmic components are sequestered in a double membrane
vesicle and eventually fused with the lysosome (Fig. 3). In normal healthy tissues,
autophagy is responsible for the degradation and recycling of damaged organelles and
misfolded proteins, but it can be deregulated in autoimmune disorders, neurodegenerative
diseases, and cancer [31]. Reducing the accumulation of damaged misfolded proteins/
organelles can limit genomic instability and inflammation, pathways linked to tumor
initiation. A putative tumor suppressor role of autophagy has been suggested as mutations in
several autophagy genes have been associated with numerous cancers [32]. The role of
autophagy in the development of cancer and response to chemotherapy has been highly
debated and the current hypothesis is that autophagy may suppress tumor initiation, but
promote established tumor progression and resistance to therapeutics [32, 33]. Although
some chemotherapeutics have been shown to induce autophagic cell death, autophagy
signaling has been primarily observed to provide a pro-survival response to both intrinsic
and environmental stress. Robust autophagy signaling is considered a significant obstacle in
overcoming resistance to numerous therapeutic agents, which has led to the use of
autophagy inhibitors in combination with numerous treatment strategies. In particular, PI3K
and mTOR inhibition using Rapamycin and other small molecule inhibitors has been shown
to induce robust autophagy signaling [34]. Knockdown of essential autophagy genes and/or
pharmacologic inhibitors have been shown to enhance the efficacy of PI3K-mTOR
inhibitors, as well as other autophagy inducing treatments such as growth factor inhibitors,
histone deacetylase inhibitors, proteasome inhibitors, and interferon-g treatment suggesting
its role in cellular defense against these agents (Table 1) (Fig. 3) [34-38]. Autophagy has
also been described as a mechanism of resistance to TMZ-induced cell death and recent
studies have pointed towards up-regulation of the vesicle associated membrane protein 8
(VAMP3) as a potential component in inducing autophagy and TMZ resistance [39]. A novel
TMZ analog NEO212, which induces ER stress and blocks autophagy apart from DNA
alkylation was recently tested in preclinical studies and found to be promising [40].

GBM is characterized by hypervascular proliferation and angiogenesis accompanied by
increased production of Vascular Endothelial Growth Factor (VEGF). Bevacizumab, a
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humanized monoclonal antibody against VEGF, has been tested against GBM and gained
FDA approval for the treatment of recurrent GBM in 2009 [41]. Optimism from its clinical
use coupled with the accelerated FDA approval of bevacizumab for recurrent GBM led to
the assessment of bevacizumab for patients with newly diagnosed GBM. Two similar
randomized phase 11 clinical trials evaluating bevacizumab in combination with TMZ and
radiotherapy were conducted and both of these studies reported a benefit in progression free
survival, but did not see a significant increase in overall survival (OS) [42, 43]. While
bevacizumab was found to be safe and tolerable for up front treatment of GBM, the OS did
not support the addition of bevacizumab as a standard of care for first-line treatment. Thus,
the development of acquired resistance and tumor regrowth following treatment has been a
significant impediment. Among other mechanisms of compensation for reduced tumor
angiogenesis, autophagy in glioma is elevated in areas of hypoxia and poor perfusion [44]. It
has been hypothesized that autophagy induction could be a mechanism of resistance to
bevacizumab, as increased hypoxia and the autophagy-mediating BNIP3 were observed in
clinical samples from patients who acquired resistance to bevacizumab treatment compared
to patient matched pretreatment samples [44]. In preclinical models, the inhibition of
autophagy in combination with bevacizumab increased in vivo efficacy in GBM xenograft
models [44]. These studies provide preliminary evidence for pro-survival autophagy
signaling as a mechanism of resistance to anti-angiogenic therapy in GBM and support
further clinical studies combining autophagy inhibitors with anti-angiogenic therapeutics.

The accumulation of preclinical studies describing the influence of autophagy signaling in
acquired resistance to chemo/radiotherapy has led to evaluation of autophagy inhibitors in
the clinic. Chloroquine, which has been utilized in the clinic for the treatment of malaria and
autoimmune disorders for a number of years, is a lysosomotropic agent that alters
endosomal pH and interferes with end stage autophagy. Interestingly, CQ co-treatment or
ATG7 knockdown in preclinical models treated with bevacizumab has also been shown to
result in increased in vivo efficacy in GBM xenograft models. A small randomized double-
blinded placebo controlled study evaluating CQ in combination with conventional chemo/
radiotherapy observed a median survival of 24 months compared to 11 months in placebo
controls, but because of the small sample size the study was not powered sufficiently and
failed to reach statistical significance [45]. A recent phase I/11 clinical trial evaluated the
combination of Hydroxychloroquine (differs from CQ by additional hydroxy! group)
(HCQ), radiation, and TMZ in patients with newly diagnosed GBM [46]. Although
inhibition of autophagy was achievable using high doses of HCQ, dose-limiting toxicity in
combination with TMZ and radiotherapy prevented a conclusive evaluation for the potential
use of autophagy inhibition with HCQ as an adjuvant treatment for GBM patients. Although
initial preclinical and clinical data using CQ and HCQ have been encouraging, these
inhibitors lack specificity and are limited by toxicity in combination with chemotherapeutic
drugs. As a result, novel drug identification and development is needed to evaluate the
clinical impact of autophagy inhibition with chemo/radiotherapy.

Interestingly, while efforts to block autophagy have successfully been used to sensitize
tumors to chemo/radiotherapy, the induction of autophagy has also been exploited to
synergize with alternative therapies. Recent reports have shown synergistic interactions
between oncolytic adenoviruses and other agents that induce autophagy [47]. Exploitation of
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TMZ-induced autophagy to aid virus replication and overall anti-tumor efficacy is currently
being evaluated in patients (NCT01956734).

Necrosis/Necroptosis

Traditionally necrosis has been thought of as an accidental and passive form of cell death,
but accumulating evidence suggests this process is regulated. Morphological characteristics
of necratic cell death include swelling of cytoplasmic organelles, an electron-lucent
cytoplasm, and loss of plasma membrane integrity. Typical mediators of necrotic cell death
poly-(ADP-ribose) polymerase (PARP) over-activation, Ca?* influx, and reactive oxygen
species (ROS) result in ATP depletion and failure to maintain plasma membrane integrity
[48]. Well recognized for its resistance to apoptosis, GBM has been shown to have a
propensity for tumoral necrosis as well. An intriguing connection between apoptotic and
necrotic cell death in GBM has been proposed to involve the novel GBM oncoprotein
Bcl2L12. This protein has been hypothesized to be a significant driver of apoptosis
resistance in GBM through the inhibition of caspase-3 and -7 activation and p53 function as
described earlier. The substantial resistance to apoptosis caused by Bcl2L.12 and elevation of
other necrotic cell death mediators such as cathepsins, have been proposed to be causal
factors for the widespread necrosis found in these tumors [49-51]. The idea of programmed
necrosis has been hypothesized and debated for many years, but recently came to the
forefront with the seminal study by Degterev et al. in which they coined the term
“necroptosis” to describe a specific form of non-apoptotic programmed necrotic cell death
[52]. Necroptosis is a caspase-independent type of cell death mediated by high levels of
ROS induced by activity of the receptor interacting protein 1 kinase (RIP1). RIP1 is a serine/
threonine kinase containing an essential death domain and is pivotal for necroptosis, but not
required for NF-kB activation and apoptotic signaling [46]. Apart from high levels of
Bcl2L12, low levels of caspase-8 have also been associated with necroptotic cell death in
glioma treated with a synthetic alkylphospholipid analog [53]. Future studies will be
necessary to evaluate the use of necroptotic-inducing agents as a strategy to treat GBM
tumors that possess resistance to traditional apoptosis-inducing therapies.

Necrotic cell death is often immunogenic and it is associated with the release of damage
associated molecular patterns (DAMPS) that can trigger inflammation and activate anti-
tumor immune responses [54]. Immune cell dictated cell death is frequently associated with
necrosis or necroptotic cell death and several ongoing studies are currently evaluating
immunotherapies for GBM. For example, Northwest Bio therapeutics is currently
sponsoring a phase I trial for newly diagnosed GBM evaluating the dendritic cell vaccine
DCVax® (NCT00045968). The combination of the anti-PD1 antibody Nivolumab and the
CTLA-4 antibody Ipilimumab, is also currently in phase 11 clinical trials for recurrent GBM
(NCT02017717). A variety of other targeted chemotherapeutic drugs and immunotherapies,
such as oncolytic viruses are also being investigated for efficacy against brain tumors [55].
While the putative activation of inflammation could reverse the immunosuppressive nature
of GBM and potentially synergize with necroptotic-inducing agents through modulation of
tumor microenvironment, this has not been explored for GBM in detail. Given the inherent
resistance of glioma cells to apoptotic-inducing mechanisms of cell death, a more
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comprehensive understanding of necrotic/necroptotic cell death involvement in glioma can
be exploited for future therapeutic development.

Alternative forms of cell death

Numerous alternative mechanisms of cell death including entosis, mitotic catastrophe,
anoikis have been recently identified, but their role in GBM progression and/or response to
therapy is not known. The NovoTTF-100A System is a device that utilizes alternating
electric fields to induce catastrophic, anti-mitotic effects on dividing cells. A phase 111 study
evaluating safety and efficacy of Novo TTF in recurrent GBM patients revealed comparable
efficacy and activity of this device with chemotherapy leading to its FDA approval for
recurrent GBM [56]. It is interesting to note that no chemotherapy has currently been shown
to be an effective treatment for recurrent GBM, and the device was approved for lack of
toxicity and side effects frequently associated with chemotoxic agents. Ongoing studies of
Novo TTF are designed to test efficacy of this device in newly diagnosed GBM
(NCT00916409) and confirm efficacy in recurrent patients (NCT01756729).

While not technically its own type of cell death, lysosomal membrane permeabilization
(LMP) has been shown to have a significant influence on cell fate. Lysosomes contain
various hydrolytic enzymes including proteases, lipases, and nucleases which has led to the
term “suicide bags,” describing the serious damage inflicted by the release of these enzymes
into the cytosol [57]. LMP allows for the release of cathepsins and other proteases into the
cytosol causing toxic digestion of vital intracellular proteins and the activation of caspases.
The most well elucidated components of LMP leading to apoptosis are cathepsins B and D,
which can cleave and activate BID, resulting in MOMP and subsequent intrinsic apoptotic
signaling [58]. Recently, thymoquinone was shown to induce glioma cell death by blocking
autophagy and inducing LMP [59]. On the other hand, large and uncontrolled LMP can led
to necrotic cell death void of caspase activation providing a crossroads for cell fate
determinations [60]. The significance of theses novel mechanisms of cell death is currently
being uncovered, and further studies will be necessary to evaluate the translation of these
findings into putative strategies for therapeutic development.

Conclusions

Detailed investigation of GBM has led to the identification of various genetic, molecular,
and environmental alterations that contribute to the pathology of the disease and to the
failure of traditional therapeutic strategies. Specifically, numerous areas of deregulation in
various cell death pathways provides tumor cells avenues for escaping cell death when
placed under stress from therapy or rapid tumor growth. Future translational studies taking
into account the interactions between different molecular mechanisms of death will be
pivotal in identifying successful therapeutic strategies for GBM.
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Fig. 1. Morphological classification of cell death
Cell death has been traditionally characterized as: Apoptosis — cellular shrinkage, membrane

blebbing, chromatin condensation, and nuclear fragmentation. Small apoptotic bodies are
digested by phagocytic immune cells, reducing potential inflammation. Autophagic cell
death — increased sequestration of cytoplasmic components by double membrane vesicles
(autophagosomes) resulting in an extensive autophagic vacuolization of the cytoplasm.
Necrosis — swelling of cytoplasm and organelles, an electron lucent cytoplasm, and loss of
plasma membrane integrity. Release of damage-associated molecular pattern molecules
(DAMPsS) leads to high levels of inflammation.
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Fig. 2. Defective apoptosis signaling in GBM

GBM cells utilize numerous mechanisms to resist DNA damage induced cell death. GBM
cells have increased levels of anti-apoptotic proteins Bcl-2, Bcl-xL, and Mcl-1 (indicated by
upward red arrow) as well as a decrease in the apoptotic protein BAX (indicated by
downward red arrow) leading to a predisposed anti-apoptotic state. EGFR and EGFRvIII
signaling further contribute towards apoptosis resistance through direct inhibition of the
BH3-only protein PUMA and activation of EGFRvIII specifically can lead to elevated Bcl-
xL. Bcl2L12 (also frequently elevated in GBM) binds and inhibits the cell cycle and pro-
apoptotic gene transcription of p53 as well as inhibiting executioner caspases directly
(caspase-7) and indirectly (caspase-3) through elevation of a-basic-crystallin. Several
inhibitors of apoptosis family proteins are also frequently elevated in GBM, which inhibit
caspase activation at numerous levels.
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Fig. 3. Autophagy signaling mediates resistance to ther apeutic agents
Knockdown of essential autophagy genes and/or pharmacologic inhibitors have been shown

to enhance the efficacy of anti-cancer agents. NEO212 induces ER stress and inhibits
autophagy. Rapamycin strongly inhibits mTOR a negative regulator of autophagy, while
Class 111 PI3K inhibitors prevent PI3K mediated autophagy induction. Bafilomycin inhibits
lysosome and autophagosome fusion while Chloroquine and Hydroxychloroquine alter
endosomal pH interfering with end stage autophagy.
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