Chapter 7
Role of Autophagy in Tumor Progression
and Regression

Bassam Janji and Salem Chouaib

Abstract Depending on tumor type, stage, and genetic context, autophagy can play
an opposite role in cancer by promoting tumor progression or regression. It is now
well established that autophagy limits tumor initiation, however, it promotes the pro-
gression of well-established tumors. In the context of tumor progression and immune
response, experimental evidence indicate that autophagy plays a key role in maintain-
ing survival of tumor cells under stress condition such as hypoxia. Indeed, by activat-
ing autophagy, tumor cells are able to escape immunosurveillance by activating
several overlapping mechanisms in cancer cells. Such findings have inspired signifi-
cant interest to develop autophagy inhibitor molecules as an entirely new approach to
cancer treatment. While much remains to be learned mechanistically, it is now widely
established that modulation of this process will be an attractive avenue for future anti-
cancer therapeutic approaches. In this chapter, we will briefly describe the role of
autophagy in tumor regression in the context of inflammation, necrosis, oxidative
stress and genomic instability. We will also focus on recent reports highlighting the
role of autophagy in the impairment of the anti-tumor immune response. In keeping
with this, we believe that targeting autophagy may represent a conceptual realm for
new anti-tumor strategies aiming to block immune escape.
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7.1 Autophagy Regulation in Physiological and Pathological
Conditions

Autophagy acts as a catabolic process crucial for cellular homeostasis and mainte-
nance of cell integrity under stressful conditions (Mizushima 2007; Yang and
Klionsky 2010). Autophagy is a degradation mechanism of cell components which
allows the recycling of essential amino acids, nucleotides, and fatty acids necessary
for energy and macromolecule biosynthesis (Corcelle et al. 2009; Glick et al. 2010).
During cancer progression, autophagy can be induced by different stresses, particu-
larly hypoxia, nutrient deprivation, or extracellular matrix detachment (Rosenfeldt
and Ryan 2009; Yang and Klionsky 2009). The autophagic process is characterized
by the formation of phagophore or isolation membrane mainly dependent on
Beclin-1 (BECN1) complexes. Following this so-called nucleation stage, the phag-
ophore is elongated by several Autophagy-related proteins (ATG) and the
Microtubule-associated protein 1A/1B-light chain 3 (LC3)-I is lipidated into
LC3-II. Maturation of the phagophore, through the action of LC3-II and BECN1
proteins, enables the sequestration of cell constituents into well-characterized
vesicles named autophagosomes. Fusion of autophagosomes with lysosomes leads
to the formation of autolysosomes and the degradation of their contents by lyso-
somal hydrolases (Kang et al. 2011).

Under physiological conditions, autophagy is constitutively executed at basal
level in all cells to promote cell homeostasis. However, in tumor cells autophagy is
activated in response to various cellular stresses and environmental factors includ-
ing hypoxia (Mathew and White 2011). Therefore, the major consensus that emerge
is that autophagy can act as tumor suppressor and tumor promoter. Such opposite
role of autophagy in cancer seems to be related to the stage of the tumor. In fact,
autophagy clearly suppresses the initiation and the development of tumors, how-
ever, it is considered as a key survival pathway in response to stress, and many
established tumors require autophagy to survive.

7.2 Autophagy as a Tumor Regression Mechanism

The role of autophagy in tumor suppression relies on its effect on several oncogenic
pathways such as the activation of the PI3K/Akt pathway via activating PI3K muta-
tions, AKT amplifications, or PTEN loss of function. (Guertin and Sabatini 2007).
Moreover, the amplification of the apoptosis inhibitor Bcl-2 has been reported in
some circumstances to inhibit autophagy through its binding to beclinl (Sinha and
Levine 2008; Maiuri et al. 2007). The involvement of p53 in the regulation of autoph-
agy seems to be complex. Indeed, the activation of p53 by nutrient deprivation or
genotoxic stress leads to the activation of autophagy through the inhibition of mTOR
or by the activation of DRAM (damage-regulated autophagy modulator) (Balaburski
et al. 2010; Crighton et al. 2006; Feng et al. 2005). However, consistent with the role
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of autophagy as tumor suppressor, the functional loss of p53 was expected to decrease
autophagy or suppress basal autophagy. The later effect seems to depend on the cyto-
plasmic, not the nuclear, pool of p53 (Tasdemir et al. 2008).

In addition to the indirect evidence described above, several direct evidences
support the tumor suppressing properties of autophagy. Indeed the autophagy exe-
cution protein Beclinl is a haplo-insufficient tumor suppressor protein. Mono-
allelic deletion of BECLINI are reported in sporadic human breast and ovarian
carcinoma (Aita et al. 1999), and heterozygous deletion of BECLIN] predisposed
mice to a variety of tumors including mammary neoplastic lesions, lung adenocar-
cinomas, hepatocellular carcinomas and B cell lymphomas (Qu et al. 2003). These
results indicate that functional autophagy may be constraining tumor initiation
(Liang et al. 1999). Similarly, homozygote deletion of ATG5 was shown to predis-
posed mice specifically to liver tumors with high penetrance (Takamura et al. 2011).
The tumor suppressive properties of autophagy have been extensively investigated.
Below we will provide some mechanistic insights into the tumor-suppressive
functions of autophagy.

7.2.1 Autophagy Inhibition Regulates Tumor Necrosis
and Inflammation

It has been reported that autophagy can modulate the inflammatory microenvironment
that play a major role in tumor development and considered as a common future of
early cancer development. Thus, experimental evidence suggest that autophagy-defi-
cient tumors displayed an increased level of necrosis and inflammation. The activation
of autophagy in tumor cells inhibits necrotic cell death which subsequently stimulates
arobust inflammatory response in vivo (Kono and Rock 2008). In addition, it has been
proposed that the impairment of both apoptosis and autophagy promotes necrotic cell
death, in vitro and in vivo, associated with an inflammatory response and an acceler-
ated tumor growth (Degenhardt et al. 2006). These results highlight that autophagy
regulates necrosis-induced cell death and inflammation. Furthermore, autophagy also
prevents necroptosis which is a form of caspase-independent cell death mediated by
cell death ligands (i.e. TNF-a and FasL) (Degterev and Yuan 2008; Shen and Codogno
2012). Indeed, autophagy is essential to overcome zVAD-induced necroptosis in L929
cells. Activation of PI3K-Akt-mTOR pathway, a well-known autophagy inhibitor
pathway, can sensitize 1.929 cells to zVAD-induced necroptosis, while amino-acid
and serum starvation protect these cells (Wu et al. 2009). Similarly, autophagy
prevents poly-(ADP-ribose) polymerase (PARP)-mediated cell death. Such cyto-
protective role of autophagy in PARP-mediated necrosis was illustrated by showing
that DNA damages induced by doxorubicin in fibroblasts lead to PARP-1 activation
and autophagy induction which protects cells against necrosis. Targeting autophagic
genes ATGS or BECLINI, sensitizes cells to doxorubicin-induced necrotic cell
death (Munoz-Gamez et al. 2009).
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Autophagy is also a key process for the maintenance of intracellular ATP level
required for the secretion of lysophosphatidylcholine (LPC). Secretion of LPC is
associated with the acute phase of the inflammatory response and is involved in the
development of chronic inflammation. It has been shown that autophagy-deficient
cells fail to generate phosphatidylserine on the outer membrane surface —an impor-
tant anti-inflammatory pro-apoptotic marker. Such observation could explain why
defect in autophagy stimulates inflammatory response subsequently to insufficient
clearance of dead cells (Pierdominici et al. 2012).

Following autophagy inhibition, the accumulation of the autophagy cargo pro-
tein p62/SQSTMI1 activates the pro-inflammatory transcription factor NF-kB and
the stress-responsive transcription factor NRF2, thus favoring inflammation and tis-
sue injury (Levine et al. 2011). The transcription factors NF-kB family members
regulate the expression of a broad range of genes involved in development, prolif-
eration, and survival of tumor cells. The activation of these transcription factors
leads to the regulation of inflammation and innate and adaptive immune responses
(Smale 2011). As the activation of NF-kB is mediated by the IkB kinase (IKK)
complexes, it has been reported that IKK complexes are targets for degradation by
autophagy when the heat shock protein 90 (Hsp90) function is inhibited (Xu et al.
2011). Another mechanism of regulation of NF-kB by autophagy is mediated by the
Kelch-like ECH-associated protein 1 (Keapl). Keapl interacts with the kinase
domain of IKKf through its C-terminal domain. This domain is also required for the
binding of Keapl to the transcription factor NRF2, which controls the expression of
some antioxidant genes. In response to tumor necrosis factor (TNF), Keapl nega-
tively regulates the activation of NF-kB through inhibition of the IKKf phosphory-
lation and induction of IKKf degradation by autophagy pathway (Fan et al. 2010).
The E3 ubiquitin ligase Ro52 is another signaling molecule that targets IKKf for
degradation through the autophagy pathway. In response to distinct stimuli, specific
interactions of Hsp90, Keap1 and Ro52 with IKKSs regulate NF-kB activity through
their ability to activate or repress the degradation of IKKs by autophagy (Trocoli
and Djavaheri-Mergny 2011). It has been suggested that the crosstalk between
NF-kB and autophagy regulates inflammasome activity leading to the modulation
of the activation of caspase-1 and subsequently the secretion of potent pro-inflam-
matory cytokines (Strowig et al. 2012). Based on the studies discussed above, it
appears that autophagy is an important modulator of cancer pathogenesis through
its ability to regulate inflammation.

7.2.2 Autophagy Prevents Oxidative Stress and Genomic
Instability

The role of autophagy in cancer suppression has been reported by several in vivo
studies (White et al. 2010). Thus, Beclin1-defective mice showed an increased sus-
ceptibility to develop cancer (Qu et al. 2003; Yue et al. 2003). This could be related
to the involvement of autophagy in the management of oxidative stress and in the
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maintenance of the genomic integrity. In this regard, it has been described that
autophagy can limit DNA damage, chromosomal instability and aneuploidy
(Mathew et al. 2007). Several studies suggested that the ubiquitin- and LC3-binding
protein p62 may play a determinant role (Komatsu et al. 2007; Mathew et al. 2009).
Indeed, the inability of autophagy-deficient cells to degrade p62 lead to the aberrant
accumulation of this protein, which is sufficient to promote tumorigenesis (Mathew
et al. 2009). Thus, p62 activates the transcription factor NRF2 through the direct
inhibition of Keapl (Komatsu et al. 2010; Lau et al. 2010). However, the role of
NRF2 in DNA damage promotion is not clearly understood so far. In addition, p62
may act as an important NF-kB modulator in tumorigenesis (Duran et al. 2008).
This study highlights that the increase in DNA damage in autophagy-deficient cells
is associated with high levels of damaged mitochondria and reactive oxygen species
(ROS), accumulation of ER chaperones and protein disulfide isomerases. DNA
alterations were suppressed by ROS scavengers, confirming the essential role of
autophagy in oxidative stress management and, subsequently, in protein quality
control (Mathew et al. 2009).

Excessive exposure to ROS alters the function of multiple cellular macromole-
cules by oxidation (e.g. nucleic acids, lipids, proteins). However, oxidative stress is
closely linked to mitochondria dysfunction. Since autophagy is the only process
allowing the mitochondrial turnover by a mechanism so-called mitophagy, prevent-
ing the accumulation of damaged mitochondria highly reduces the risk of oxidative
stress. Moreover, mitochondria produce the bulk of ATP required for vital cellular
functions (e.g. DNA replication, mitosis, transcription). In this regard, the ability of
autophagy to control proteins/organelles quality and to maintain cellular energy
homeostasis highlights its antitumorigenic activity (Jin 2006). Such a role has been
demonstrated in autophagy-defective cells, where the presence of damaged proteins
is crucial in DNA replication, mitosis or centrosome function. Moreover, autophagy
defective cells displaying defect in mitochondrial clearance and subsequently an
alteration in ATP production may also alter DNA replication or repair by affecting
the arrest of the replication forks and the generation of breakage/fusion/bridge
cycles responsible for gene amplification (Jin and White 2008). Finally, the implica-
tion of autophagy in the physiological protein turnover may also influence the
occurrence of DNA damage. Indeed, cell cycle progression is driven by the periodic
activity of proteins including Cyclin-dependent kinases (CDKs), Cyclins, CDKs
inhibitors. Therefore, it stands to reason that a deregulation in the physiological
protein turnover in autophagy-deficient cells may alter the correct sequence of the
cell cycle progression (Jin and White 2008). Taken together, it has become clear that
autophagy helps normal cells to overcome several types of stresses (e.g. metabolic,
oncogenic), that directly limits their oncogenic transformation. In contrast, such
management of cellular stresses is also observed in cancer cells, and leads in this
case to cancer promotion (Rosenfeldt and Ryan 2011).

Senescence is an irreversible cell cycle arrest associated with an active metabolism,
which can limit the proliferation of abnormal cells. In this context, autophagy is also
able to mitigate the accumulation of genomic alteration by inducing the mitotic
senescence transition. Young et al. reported an accumulation of autophagosomes in



122 B. Janji and S. Chouaib

Ras-induced IMR90 senescent fibroblasts, suggesting that autophagy is required for
tumor senescence. In addition, targeting ATG5/7 delayed the senescent phenotype,
while induction of autophagy clearly enhanced the protein turnover that contributed
to synthesis of pro-senescence cytokines (e.g. IL-6, IL-8) (Young et al. 2009). This
study suggests that autophagy not only facilitates the entry into senescence but also
reinforces the senescent phenotype of cells.

7.2.3 Autophagy Contributes to Tumor Cell Death

The role of autophagy in promoting tumor cell death has been proposed based on
the observation that apoptosis occurs concomitantly with features of autophagy
(Kroemer and Levine 2008) and that prolonged stress and progressive autophagy
can lead to cell death (Mathew and White 2007). Together with apoptosis (type I
cell death) and necrosis (type III cell death) (Schweichel and Merker 1973), autoph-
agy was first described as type II cell death. The relevance of autophagic cell death
in development has been established in lower eukaryotes and invertebrates such as
Dictyostelium discoideum and Drosophila melanogaster (Denton et al. 2009; Kosta
et al. 2004). Evidence has been reported that mammalian development does not
require autophagy, as newborn mice lacking essential autophagy genes show any
anatomical or histological defects and no impairment of the cell death (Mizushima
et al. 2008). This evidence is supported by the fact that the depletion of autophagy
genes in human or mice mammalian cells induces apoptosis rather than protects cell
against death induced by different stresses (Boya et al. 2005; Gonzalez-Polo et al.
2005). The role of autophagy in cell death induction is not clear, and needs further
investigation. However, the more convincing evidence highlighting the role of
autophagy in cell death has been reported in mammal's neuronal cells. Indeed, fol-
lowing insulin starvation, hippocampal neural stem cells undergo autophagic cell
death, while targeting autophagy by silencing ATG7 blocks this process. It is worthy
to note that autophagic cell death occurs only in cells with functional apoptosis and
is caspase-independent (Yu et al. 2008). Currently, the majority of experimental
evidence showing autophagic cell death in mammalian cells were mainly conducted
in vitro and in cells defective in apoptosis machinery. It has been shown that DAPK
(death associated protein kinase) plays an important role in the regulation of both
autophagy and apoptosis. Indeed, DAPK induces autophagy by phosphorylation of
Beclinl, and is associated with the induction of apoptosis. However this type of
DAPK-dependent autophagic death is caspase dependent, and it remains to be elu-
cidated whether DAPK-mediated cell death is a real autophagic cell death, or
whether autophagy only assists in the apoptosis execution phase (Gozuacik et al.
2008). It has been proposed that cells rather die with autophagy, and not by autoph-
agy as they showed that none of 1400 compounds, evaluated for their ability to
induce autophagic puncta and increase autophagic flux, killed tumor cells through
the induction of autophagy (Shen and Codogno 2012). Moreover a careful determi-
nation of the autophagic flux is needed to differentiate autophagic cell death from
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other forms of non-apoptotic programmed-cell death, such as necroptosis. These
examples illustrate that autophagy may be involved in lethal signaling although the
role of autophagy itself in cell killing remains unclear. Thus, further studies are
required in order to define the exact role of autophagic cell death mechanism.

7.3 Autophagy Modulates the Anti-tumor Immune Response

Recently, autophagy has emerged as a new critical mechanism activated in tumor
cells in hypoxic microenvironment that mediates tumor resistance to innate and
adaptive anti-tumor immune responses. Several reports demonstrate that autophagy
activation not only enables tumor cells to survive stress conditions during cancer
development but also provides them an intrinsic resistance mechanism to escape
anti-tumor immune response.

7.3.1 Role of Autophagy in Tumor Cell Resistance to CTL-
Mediated Killing

The first evidence for such a role of autophagy was provided by Noman et al. who
demonstrated that hypoxic lung carcinoma cells can evade cytolytic T lymphocyte
(CTL)-mediated lysis through autophagy induction (Noman et al. 2011, 2012).
Indeed, inhibition of autophagy using small interfering RNA (siRNA) directed
against ATG5 or BECNI1 restored tumor cells sensibility to CTL-mediated lysis
which correlated with a decrease in hypoxia-dependent induction of the phosphory-
lation of Signal Transducer and Activator of Transcription (STAT)-3. This result
allowed the prediction that blocking autophagy would inhibit pSTAT3-dependent
survival mechanism making tumor cells more susceptible to CTL attack under
hypoxia. However, considering the degradation role of autophagy, it is difficult to
perceive that autophagy is involved in the stabilization of pSTAT3 under hypoxia.
Focusing on the crosstalk between the adaptor protein p62/SQSTM1, the ubiquitin-
proteasome system (UPS) and autophagy, this study revealed that the induction of
hypoxia inducible factor (HIF)-1a has two effects in tumor cells: (i) HIF-1a triggers
the phosphorylation of Src which subsequently phosphorylates the tyrosine residue
Y705 of STAT3 (ii) HIF-1a activates autophagy by a mechanism implicating the
increased expression of BCL2/adenovirus E1B 19 kDa protein-interacting protein
(BNIP)3/BNIP3L and the dissociation of the BECN1-BCL2 (B cell lymphoma 2)
complex. Autophagy activation results in degradation of the p62 protein. Knowing
that p62 is the receptor/adaptor protein responsible for targeting pSTAT3 to the
UPS, the autophagy-dependent degradation of p62 leads to the accumulation of
pSTAT3. When autophagy is inhibited in tumor cells, the degradation of p62 is
blocked and therefore accumulates in tumor cells. This accumulation accelerates the
UPS-dependent degradation of pSTAT3 (Noman et al. 2009) (Fig. 7.1a).
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Epithelial to mesenchymal transition (EMT) is a trans-differentiation process
necessary for the morphogenesis of tissue during embryonic development (Nieto
2013). While its role in cancer cell invasion, metastasis and drug resistance is well
established, recent report described that autophagy can be activated in tumor cells
undergoing EMT and that such EMT-induced autophagy represents another mecha-
nism of cancer cell resistance to CTL-mediated lysis (Akalay et al. 2013a, b). In this
study, the authors showed that the induction of EMT program by overexpression of
SNAII in breast cancer cells coincides with a drastic change in cell morphology and
the activation of autophagy flux most likely through the overexpression of BECN1 in
mesenchymal cells. Although the exact molecular mechanism by which the EMT
affects the expression of BECN1 remained to be addressed, several lines of evi-
dence indicate that this may be related to SNAII- or EMT-dependent repression of
microRNAC(s) involved in modulation of BECN1 expression (Siemens et al. 2011;
Yu et al. 2012). This result extended the role of SNAII as a regulator of autophagy
and paves the way to investigate the functional role of EMT-induced autophagy in
tumor cells. In this context, results described in this study showed that targeting
BECNI in mesenchymal cells was sufficient to restore CTL-mediated tumor cell
lysis, without affecting the mesenchymal morphology and the expression of EMT
markers. This finding implies that autophagy is a downstream target of the EMT
program in breast cancer cells. Overall, this study suggests that EMT-induced
autophagy is a novel mechanism by which tumor cells regulate CTL reactivity and
impede their cytotoxic activity, and further points to the complex relationship
between the tumor and the immune system (Fig. 7.1b).

7.3.2 Role of Autophagy in Tumor Cell Resistance
to NK-Mediated Killing

It is now well established that several resistance mechanisms are regulated in tumor
cells to escape immune surveillance in hypoxic tumor microenvironment. Recent
evidence described how tumor cells can escape natural killer (NK)-mediated
immune surveillance by activating autophagy under hypoxia (Baginska et al. 2013;
Viry et al. 2014). Indeed, NK cells recognize and kill their targets by several mecha-
nisms including the release of cytotoxic granules containing perforin (PRF1) and
serine protease granzyme B (GZMB). It has been recently proposed that PRF1 and
GZMB enter target cells by endocytosis and traffic to large endosomes named
“gigantosomes” (Thiery et al. 2010, 2011). Subsequently, PRF1 is involved in the
formation of pores in the membrane of the “gigantosome”, leading to the gradual
release of GZMB and the initiation of apoptotic cell death. The formation of amphi-
somes following the fusion between autophagic vacuoles and early endosomes
appears to be necessary in some cases for the generation of autolysosomes. In this
report (Baginska et al. 2013), the authors described that the pro-apoptotic protein
GZMB is selectively degraded upon autophagy activation in hypoxic cells, thereby
blocking NK-mediated target cell apoptosis (Fig. 7.1c). In line with this, they
showed that GZMB is detected in autophagosomes and provided evidence that
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Fig. 7.1 Autophagy activation in tumor cell acts as an intrinsic resistance mechanism against anti-
tumor immune response. The tumor microenvironment and/or EMT program activate autophagy in
target cells. The induction of autophagy operates as a cell resistance mechanism leading to tumor
escape from CTL- or NK-mediated lysis. (a) Hypoxic stress leads to the accumulation of HIF-1a.
HIF-1a activates autophagy and simultaneously increases the phosphorylation level of STAT3 at the
Tyr705 residue. As an autophagic substrate, p62/SQSTMI1 is degraded in the autophagosomes fol-
lowing their fusion with lysosomes. As p62 is involved in targeting pSTAT3 to the UPS, its degrada-
tion leads to the accumulation of pSTAT3 in cells and such accumulation constitutes a cell survival
mechanism. In autophagy-defective cells, p62 is no longer degraded, and its accumulation acceler-
ates the UPS-dependent degradation of pSTAT3 and thereby restores CTL-mediated tumor cell lysis.
(b) The acquisition of an EMT phenotype confers resistance to CTL-mediated lysis through autoph-
agy induction. The increase in mesenchymal markers following the activation of EMT program leads
to the up-regulation of BECN1 by a yet undefined mechanism. Such upregulation induces autophagy
and impairs CTL-mediated tumor cell lysis. In mesenchymal cells, targeting BECN1 is sufficient to
restore CTL-mediated lysis. (¢) Following the recognition of their targets, NK cells secrete cytotoxic
granules containing PRF1, GZMB, and other hydrolytic enzymes that enter target cells, traffic to
enlarged endosomes, and initiate tumor cell death. Under hypoxia, excessive autophagy in target cells
leads to the fusion of autophagosomes with vesicles containing GZMB leading to its specific degradation
by autophagy, thereby inhibiting NK-mediated lysis. Targeting autophagy prevents the degradation
of GZMB and thereby restores NK-mediated tumor cell killing
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GZMB level is significantly decreased in hypoxic compared to normoxic target
cells. Furthermore, targeting autophagy genetically or inhibiting lysosomal hydro-
lases by pharmacological approaches restored GZMB level which ultimately leads
to the recovery of hypoxic cells lysis by NK cells in vitro and in vivo. Based on
these results, the authors stated that tumor regression can be achieved by inhibiting
autophagy in hypoxic cancer cells, thus enabling their NK-mediated lysis (Baginska
et al. 2013; Viry et al. 2014).

Overall, studies described above underline the activation of autophagy as a key
mechanism in tumor escape from immune cell attack within the tumor microenvi-
ronment. However, an important issue that arises from these studies is whether
hypoxia is the only microenvironmental factor involved in the induction of autoph-
agy in tumor cells. An interesting recent report provided strong evidence that lym-
phoid effectors not only provide lytic signals but also promote autophagy in the
remaining target cells, a process called cell-mediated autophagy (C-MA) (Buchser
et al. 2012). Thus, C-MA has been reported in different human epithelial tumors
after interaction with immune cells at high ratio of effectors to targets. Importantly,
it has been showed that C-MA not only acts as a mechanism of resistance to immune
cell-mediated lysis but also limits the cytotoxic activity of stress factors such as
y-radiation (Buchser et al. 2012).

These studies highlight that the activation of autophagy plays a critical role in
tumor cell escape from both adaptive and innate immunity. Therefore, targeting
autophagy has been proposed to improve CTL- and NK-based immunotherapy in
experimental mouse model (Baginska et al. 2013; Noman et al. 2011, 2012). Intense
research efforts are currently focusing on the development of autophagy inhibitors
that could improve tumor immunotherapy.

7.4 Targeting Autophagy in Cancer Therapy

Currently, there are several clinical trials registered in the National Cancer Institute
(www.cancer.gov/clinicaltrials) exploring anti-autophagy strategies in a variety of
human cancers. Most of these trials are ongoing, with minimal published results avail-
able, and nearly all use Hydroxychloroquine (HCQ) or Chloroquine (CQ). It is worthy
to note that CQ or HCQ are lysosomotropic agents that act at the level of the lysosome
by inhibiting acidification, thereby impairing autophagosome degradation. These
clinical trials were initiated based on the fact that autophagy is induced as a survival
mechanism in a variety of tumor cells and preclinical models by several types of che-
motherapeutic agents. Because only a subpopulation of tumor cells undergo autoph-
agy, it is unlikely that autophagy inhibitors are used in cancer therapy as single agent.
Indeed, most of these clinical trials used HCQ in combination with other anti-cancer
therapies. While these preclinical data are generally supportive of incorporating anti-
autophagy therapies in cancer treatment trials, it has been observed, in some circum-
stances, that inhibition of autophagy decreases therapeutic efficacy. Understanding
the circumstances in which autophagy inhibition impairs the therapeutic effect will be
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of great importance. Importantly, while CQ and HCQ are effective inhibitors of
autophagy in vitro, whether they will do so at doses used in current clinical trials is
still uncertain. An important issue related to the use of these autophagy inhibitors
concerns the micromolar concentration that is required to inhibit autophagy and show
anti-tumor efficacy in preclinical models. While this is theoretically achievable at tol-
erated doses after prolonged dosing, it should be better optimized in clinic (Tett et al.
1993; Munster et al. 2002). Trials combining HCQ as neoadjuvant treatment will pro-
vide tumor tissues available for analysis both before and after HCQ treatment.
However, the effectiveness of HCQ in the inhibition of autophagy still prove difficult,
as HCQ is often combined with other therapies (chemotherapy and radiotherapy) that
are also known to modulate autophagy. Alternative biomarkers to predict for autoph-
agy activation as well as autophagy dependence are currently an area of intense inves-
tigation (Kimmelman 2011). A recently reported phase I trial of HCQ in combination
with adjuvant temozolomide and radiation in patients with glioblastoma found that
the maximum tolerated dose of HCQ was 600 mg per day, and this dose achieved
concentrations of HCQ required for autophagy inhibition in preclinical studies. In this
trial, investigators observed a dose-dependent inhibition of autophagy, as indicated by
increases in autophagic vesicles (revealed by electron microscopy), and detected ele-
vations in LC3-II in peripheral blood mononuclear cells. In addition, in a phase I trial
of 2-deoxyglucose, an agent that blocks glucose metabolism, autophagy occurred in
association with a reduction in p62/SQSTMI in peripheral blood mononuclear cells
(Stein et al. 2010). These data suggest the potential interest of such biomarkers in the
evaluation of autophagy modulation during therapy and in the correlation with treat-
ment outcome.

CQ inhibits the last step of autophagy at the level of the lysosome, thereby
impacting lysosomal function. Therefore, its effects are not entirely specific to
autophagy. Currently, there is a great deal of interest in developing new inhibitors of
autophagy. In this regards, and given the complexity of the autophagic process,
multiple proteins involved in this process could be good candidates for developing
others autophagy inhibitors. It is likely that kinases would be prime candidates for
inhibition such as Vps34, a class III PI3K, which has a critical early role in autopha-
gosome development. This is particularly attractive, as there has been significant
success in designing effective class I PI3K inhibitors (Wong et al. 2010). However,
one potential issue which needs to be considered is that Vps34 has roles in other
aspects of endosome trafficking, and this may lead to unwanted effects and toxicity
(Backer 2008). The mammalian orthologs of yeast ATG1, ULK1/2, which acts
downstream from AMPK and the TOR complex, have been recently shown as criti-
cal proteins for autophagy activation (Hara et al. 2008; Egan et al. 2011). Other
potential targets for autophagy inhibitors would be LC3 proteases, such as ATG4b,
which are necessary for LC3 processing. However, whichever approach is taken, the
delicate balance between potency and toxicity must be determined to achieve a
clinical success. While there are still uncertainties of how autophagy inhibition will
fare as an anti-cancer therapy, the preclinical data generally support this approach.
The current clinical trials will hopefully provide insight into whether this will be a
viable therapeutic paradigm (Kimmelman 2011).
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