Chapter 6

Modulating Autophagy and the “Reverse
Warburg Effect”

Maria L. Vaccaro, Claudio D. Gonzalez, Silvia Alvarez and Alejandro Ropolo

Abstract Autophagy is a highly regulated cellular pathway for degrading long-
lived proteins and is the only known pathway for clearing cytoplasmic organelles.
Autophagy is a major contributor to maintain cellular homeostasis and metabolism.
The quality control of mitochondria is essential to maintain cell energy and this pro-
cess appears to be achieved via autophagy. Warburg hypothesized that cancer growth
is caused by the fact that tumor cells mainly generate energy by the non-oxidative
breakdown of glucose. This cellular behavior relies on a respiratory impairment,
characterized by a mitochondrial dysfunction, which results in a switch to glycoly-
sis. Moreover, epithelial cancer cells may induce the Warburg effect in neighboring
stromal fibroblasts in which autophagy was activated. Here, we introduce the au-
tophagy process, its regulation, the selective pathways, and its role in cancer cell
metabolism. We define the Warburg effect and the “reverse” hypothesis and we
discuss the potential value of modulating autophagy. The association of the War-
burg effect in tumor and stromal cells to cancer-related autophagy is of significant
relevance in experimental therapeutics.
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6.1 Autophagy, a Self-Eating Cellular Process

Autophagy is an evolutionarily conserved and highly regulated lysosomal pathway
that degrades macromolecules (e.g., proteins, glycogen, lipids, and nucleotides) and
cytoplasmic organelles [1-3]. This catabolic process is involved in the turnover of
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Fig. 6.1 During autophagy, an isolation membrane forms as a pre-autophagosomal structure, in-
vaginates and sequesters cytoplasmic constituents. The edges of the membrane fuse to form a
double-membrane vesicle known as the autophagosome. The outer membrane of the autophago-
some fuses with the lysosome to deliver the inner vesicle with the contents to the lumen of the
degradative compartment, the autolysosome

long-lived proteins and other cellular macromolecules, and it might play a protective
role in development, aging, cell death, and defense against intracellular pathogens [4,
5]. By morphological studies, autophagy has been linked to a variety of pathological
processes, such as neurodegenerative diseases and tumorigenesis, which highlights
its biological and medical importance [6, 7].

Autophagy consists of several sequential steps, which are: induction, autophago-
some formation, and autophagosome-lysosome fusion and degradation. Although
autophagy was first identified in mammalian liver upon glucagon treatment approx-
imately 50 years ago, its molecular understanding started only in the past decade,
largely based on the discovery of the autophagy-related genes (ATGs) by genetic
analyses in yeast.

Depending on the delivery route of the cytoplasmic material to the lysosome,
there are three major types of autophagy in eukaryotes: (1) chaperone-mediated au-
tophagy (CMA), (2) microautophagy, and (3) macroautophagy, hereafter referred
to as autophagy [8]. CMA allows the direct lysosomal import of unfolded, soluble
proteins that contain a particular pentapeptide motif. In microautophagy, cytoplas-
mic material is directly engulfed into the lysosome at the surface of the lysosome
by membrane rearrangement. Finally, autophagy involves the sequestration of cyto-
plasm into a double-membrane cytosolic vesicle, referred to as an autophagosome
that subsequently fuses with a lysosome to form an autolysosome for the degradation
by lysosomal hydrolases [9].

6.1.1 The Process of Autophagy

Autophagy is characterized by sequestration of bulk cytoplasm and organelles
in double-membrane vesicles called autophagosomes, which eventually acquire
lysosomal-like features [9, 10]. The autophagic process is described in Fig. 6.1.
An isolation membrane forms, invaginates, and sequesters cytoplasmic components.
The edges of the membrane fuse to form the autophagosome. The outer membrane
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of the autophagosome fuses with the lysosome to deliver the inner membrane vesicle
to the lumen of the digestive compartment forming the autolysosome.

Autophagy is mediated by a set of evolutionarily conserved gene products (termed
the ATG proteins) originally discovered in yeast [11]. In mammalian cells, BECN1 [2,
12—14] promotes autophagosome formation when it functions as part of a complex
with the class III phosphatidylinositol 3-kinase (PI3K) mediating the localization
of other autophagic proteins to the autophagosomal membrane [15]. However,
despite the advances in understanding autophagy, autophagosome formation in mam-
malian cells is a complex process, and neither the molecular mechanisms nor all the
implicated genes involved in its formation are fully elucidated.

Although autophagy has been studied in mammals since the 1960s, only since
2000 has yeast genetics allowed us to understand this process at a molecular level.
More than 30 highly conserved genes that are involved in autophagy have been
identified so far [16]. Among these, a core molecular machinery has defined and is
composed of four subgroups: first, the ATG1/unc—51-like kinase (ULK) complex;
second, the class III phosphatidylinositol 3 kinase (PtdIns3K)/Vps34 complex I;
third, two ubiquitin-like proteins ATG12 and ATGS8 (LC3) conjugation systems; and
four, two transmembrane proteins, ATG9/mATGY (and associated proteins involved
in its movement such as ATG18/WIPI-1) and VMP1 (whose expression triggers au-
tophagy) [17-19]. Basal autophagy in unstressed cells is kept down by the action of
the mammalian target of rapamycin complex 1 (mTORC1). Key upstream regula-
tors of mMTORCI1 include the class I phosphoinositide 3-kinase (PI3K)-Akt pathway,
which keeps mTORCT active in cells with sufficient growth factors, and the adeno-
sine monophosphate (AMP)-activated protein kinase (AMPK) pathway that inhibits
mTORCI upon starvation and calcium signals [20, 21].

6.1.2 Regulation of Autophagy Induction Through mTOR

Under stress conditions such as amino acid starvation, autophagy is strongly induced
in many types of cultured cells. The effects of individual amino acids differ in their
abilities to regulate autophagy. Amino acids including Leu, Tyr, Phe, Gln, Pro, His,
Trp, Met, and Ala suppress autophagy in an ex vivo-perfused liver [22]. However,
such profiles depend on cell types showing their different amino acid metabolisms in
tissues. The questions on how cells sense amino acid concentration and physiological
significance of autophagy regulation by amino acid starvation are not fully under-
stood yet. It has been demonstrated that amino acid signaling pathways exist, which
involve the activation of serine/threonine kinase mTOR and the subsequent regulation
of the class III PI3K. The mTOR is involved in the control of multiple cell processes
in response to changes in nutrient conditions [23]. Especially, mTORCI1 requires
Rag GTPase, Rheb, and Vps34 for its activation and subsequent inhibition of au-
tophagy in response to amino acids [[24], 25]. Energy levels are primarily sensed by
AMP-activated protein kinase (AMPK), a key factor for cellular energy homeostasis.
In low energy states, AMPK is activated and the activated AMPK then inactivates
mTORCI through TSC1/TSC2 and Rheb protein [26].
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Thus, the inactivation of mTORCI is essential for the induction of autophagy
and plays a central role in autophagy. In addition to amino acid signaling, hormones,
growth factors, and many other factors, including bcl-2 [27], reactive oxygen species
(ROS) [28], calcium [29], BNIP3 [30], p19ARF [31], DRAM [32], calpain [33],
TRAIL [34], FADD [35] and myo-inositol-1,4,5-triphosphate (IP3) [36], have also
been reported to regulate autophagy. But, not all autophagy signals are transduced
through mTOR signaling. A recent study showed that small-molecule enhancers of
the cytostatic effects of rapamycin (called SMERSs) induce autophagy independently
of mTOR [37]. Activities of the ULK1 kinase complex are regulated by mTOR, de-
pending on nutrient conditions. Under growing and high-nutrient conditions, the ac-
tive mTORC interacts with the ULK1 kinase complex (ULK1-mATG13-FIP200-
ATG101) and phosphorylates ULK1 and mATG13, and thus inhibits the membrane
targeting of the ULK1 kinase complex. During starvation conditions, on the other
hand, the inactivated mTORCI1 dissociates from the ULKI1 kinase complex and
results in the ULK1 kinase complex, free to phosphorylate components, such as
mATG13 and FIP200, in the ULK1 kinase complex, leading to autophagy induction
[38].

The pancreatitis-associated protein named vacuole membrane protein 1 (VMP1)
is a transmembrane protein with no known homologs in yeast. VMP1 expression
induces autophagosome formation, even under nutrient-replete conditions while re-
maining an integrated autophagosomal membrane protein in mammalian cells [39].
VMP1 expression is induced by hyperstimulation of Gg-coupled cholecystokinin
(CCK) receptor in pancreatic acinar cells during acute pancreatitis [40] and by mu-
tated KRas in pancreatic cancer cells [41]. VMP1 interacts with Beclin 1/ATG6
through its hydrophilic C-terminal region (VMP1-ATG domain), which is necessary
for early steps of autophagosome formation [39, 42]. Besides, EPG-3/VMPI is one
of three essential autophagy genes conserved from worms to mammals, which reg-
ulates early steps of the autophagic pathway in Caenorhabditis elegans [43]. VMP1
along with ULK1 and ATG14 localizes in the endoplasmic reticulum-associated
autophagosome formation sites in a PI3K activity-independent manner, confirm-
ing the key role ofexpression is induced by hyperstimulat VMP1 in the formation
of autophagosomes [18]. Interestingly, Dictyostelium cells lacking the VMP1 gene
showed accumulation of huge ubiquitin-positive protein aggregates containing the
autophagy marker ATG8/LC3 and p. 62 homolog [44]. Moreover, the knockdown
of VMP1 expression abolishes starvation and rapamycin- induced autophagosome
formation [39], as well as autophagy induced by hyperstimulation of the Gg-coupled
CCK receptor in pancreatic acinar cells [40] or by chemotherapy in pancreatic tumor
cells [45]. Furthermore, VMP1 is the only human disease-inducible ATG protein
described so far.

6.1.3 The Class 111 PI3K Complex in Autophagosome Nucleation

The autophagosome formation process is composed of isolation membrane nucle-
ation, elongation, and completion steps. In mammals, the class III PI3K complex
plays an essential role in isolation membrane nucleation during autophagy [46], while
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Fig. 6.2 During autophagy the cytosolic form of LC3 (LC3-I) undergoes C-terminal proteolytic and
lipid modifications (LC3-II) and translocates to the autophagosomal membrane. LC3 is currently
used as a specific marker of autophagy

the class I PI3K pathway is also involved in autophagy regulation through the insulin
signaling cascade to activate mMTOR and PKB [3]. The class III PI3K (Vps34) is as-
sociated with Beclinl (ATG6) and p150, the homolog of Vps15 (phosphoinositide-3-
kinase, regulatory subunit 4), to form the class III PI3K core complex.

As the first step of autophagosome formation, the autophagosome nucleation
system includes ATG12-ATG5-ATG16 L, which is essential for the formation of
pre-autophagosomes. ATG12 is a 186-amino acid protein and is conjugated to ATGS5
[47]. The carboxy-terminal glycine residue of ATG12 is activated by El-like ATG7
through a high-energy thioester bond in an ATP-dependent manner [48-51]. ATG12
is then transferred to E2-like ATG10 [52] and finally attached to lysine 149 of ATG5
via an isopeptide bond [48]. The ATG12-ATGS5 conjugate further interacts with
ATGI16L1 to form a ~ 350 kDa multimeric ATG12-ATG5-ATG16 protein complex
through the homo-oligomerization of ATG16 [53].

Once the autophagosome formation is completed, ATG proteins are released
back to the cytoplasm by an uncharacterized mechanism. The second ubiquitin-
like protein conjugation system is the modification of LC3 (a mammalian homolog
of ATGS8) by the phospholipid phosphatidylethanolamine (PE) [54], an essential pro-
cess for the formation of autophagosomes. LC3 is cleaved by cysteine protease ATG4
and then conjugated with PE by ATG7 and ATG3, a second E2-like enzyme. This
lipidated LC3-II then associates with newly forming autophagosome membranes.
LC3-II remains on mature autophagosomes until its fusion with lysosomes [55].
The conversion of LC3 to LC3-II is thus well known as a marker of autophagy in-
duction (Fig. 6.2). However, the increase of LC3-II alone is not enough to show
autophagy activation because the inhibition of LC3-II degradation in the lysosome
by the impaired autophagy flux can also cause its accumulation.

While the origin of autophagic vacuoles remains disputable, several hypotheses
have been proposed for the source of autophagosomal membrane during autophago-
some formation. The first hypothesis is the “de novo” formation of autophagosome
by ATG9 reservoirs [56]. In the second hypothesis, various organelles such as en-
doplasmic reticulum (ER) [57], mitochondria [58], and plasma membrane [59] are
used as an origin for the formation of the phagophore. Recently, cup-shaped struc-
tures called omegasome, a discrete region of the ER, were identified as a platform
for autophagosome formation [60]. The ATGS complex, LC3, and ULK1 have been
shown to recruit into the omegasome after starvation, and ATGS5- and LC3-positive
membranes seem to emerge from the omegasome. It was also observed that
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omegasomes form in close proximity to the Vps34-containing vesicles which may
synthesize phosphatidylinositol 3-phosphate (PI(3)P). This hypothesis is also sup-
ported by the notion of a physical association between the ER and early autophagic
membranes [57].

Recent studies have identified new regulators of autophagosome maturation
and degradation, including activating molecule in Beclin 1-regulated autophagy
(AMBRA1) [61], ultraviolet radiation resistance-associated gene (UVRAG) [62],
Rubicon [63], and VMP1 [42]. VMP1, along with Ulkl and ATG14, localizes to
the sites where autophagosomes are formed independently of the other ATG pro-
teins [18]. The 20 amino acids of the C-terminal hydrophilic domain of VMP1, the
VMP1 autophagy-related domain (VMP1-ATGD) [39], bind with the BH3 domain
of Beclin 1 promoting the displacement of Bcl-2, a negative regulator of autophagy,
and driving BECNI1 to the autophagic pathway. This interaction leads the formation
of a VMP1-BECNI1-hVps34 complex and the subsequent association of ATG16L1
to the autophagosomal membranes, providing a model describing one of the key
steps in the peripheral anterior synechia (PAS) formation and autophagy regulation
in mammalian cells (Fig. 6.3) [42, 64].
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6.1.4 Vesicle Completion, Autophagosome—Lysosome Fusion,
and Degradation

Autophagosome then fuses with lysosomes/vacuoles, which is an essential process
for completion of the autophagy pathway. The sequestration of cytoplasm into a
double-membrane cytosolic vesicle is followed by the fusion of the vesicle with
a late endosome or lysosome to form an autophagolysosome (or autolysosome).
Then, the inner membrane of the autophagosome and autophagosome-containing
cytoplasm-derived materials are degraded by lysosomal/vacuolar hydrolases inside
the autophagosome. The molecular mechanisms underlying the transport and fu-
sion of autophagosomes are just beginning to be understood, and through active
investigations, several major events involved in the process have recently been
clarified. In mammalian cells, autophagosome maturation is a prior step for the
fusion between autophagosomes and lysosomes. The degradation products, includ-
ing macromolecules, are then exported to the cytosol for reutilization by the cell.
This process is poorly understood.

6.2 Selective Types of Autophagy

Early studies suggested that autophagy was a nonselective process in which cyto-
plasmic structures were randomly sequestered into autophagosomes before being
delivered to the mammalian lysosome or the plant and yeast vacuole for degradation.
Now there is growing evidence that unwanted cellular structures can be selectively
recognized and exclusively eliminated within cells. This is achieved through the
action of specific autophagy receptors, such as p62 and Nbrl. Thus, excess or dam-
aged organelles including mitochondria, peroxisomes, lipid droplets, endoplasmic
reticulum, and ribosomes can be specifically sequestered by autophagosomes and
targeted to the lysosome for degradation. Importantly, there is growing evidence
that selective autophagy subtypes also have a wide range of physiological func-
tions. In yeast, the cytosol-to-vacuole (Cvt) pathway transports hydrolases into the
vacuole. In eukaryotes, autophagy plays a central role in both innate and acquired
immunity [65]. In pancreatic cells autophagy has recently been shown to specifically
turn over secretory granules damaged by acute pancreatitis as a protective cellular
response [40].

6.2.1 Mitophagy, the Selective Autophagic Degradation
of Damaged Mitochondria

Three major pathways of mitochondrial quality control have been described so far.
Two AAA protease complexes can degrade misfolded mitochondrial membrane pro-
teins with catalytic sites facing both sides of the inner membrane. Mitochondrial
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proteins can also be degraded by translocation to lysosomes; vesicles budding from
mitochondrial tubules sequester selected mitochondrial cargos, and deliver those
mitochondrial components to the lysosome for degradation. The third pathway,
known as mitophagy, involves sequestration of an entire mitochondrion within the
autophagosome, followed by fusion with a lysosome.

Concomitant with the energy production through oxidative phosphorylation, mi-
tochondria also generate ROS, which in excess cause damage through the oxidation of
proteins, lipids, and DNA often inducing cell death. Therefore, the quality control of
mitochondria is essential to maintain cellular homeostasis and this process appears
to be achieved via autophagy. It has been postulated that mitophagy contributes
to differentiation and development by participating in the intracellular remodeling
that occurs, for example, during hematopoiesis and adipogenesis. In mammalian red
blood cells, the expulsion of the nucleus followed by the removal of other organelles,
such as mitochondria, are necessary differentiation steps. Nix/Bnip3L, an autophagy
receptor whose structure resembles that of ATG32, is also an outer mitochondrial
membrane protein that interacts with gamma-aminobutyric acid receptor-associated
protein (GABARAP) [66, 67] and plays an important role in mitophagy during ery-
throid differentiation [68, 69]. Although autophagosome formation probably still
occurs in Nix/Bnip3L-deficient reticulocytes, mitochondrial elimination is severely
impaired. Consequently, mutant reticulocytes are exposed to increased levels of
ROS and die, and Nix/Bnip3L knockout mice suffer severe anemia. Depolariza-
tion of the mitochondrial membrane potential of mutant reticulocytes by treatment
with an uncoupling agent results in restoration of mitophagy [69], emphasizing the
importance of Nix/Binp3L for the mitochondrial depolarization and implying that
mitophagy targets uncoupled mitochondria. Hematopoietic-specific ATG7 knockout
mice also exhibited severe anemia as well as lymphopenia, and the mutant erythro-
cytes markedly accumulated degenerated mitochondria but not other organelles [70].
The mitochondrial content is regulated during the development of T cells as well;
that is, the high mitochondrial content in thymocytes is shifted to low mitochondrial
contents in mature T cells. ATGS5- or ATG7-deleted T cells fail to reduce their mi-
tochondrial content resulting in increased ROS production as well as an imbalance
in pro- and anti-apoptotic protein expression [71-73]. All together, this evidence
demonstrates the essential role of mitophagy in hematopoiesis.

Recent studies have described the molecular mechanism by which damaged mi-
tochondria are selectively targeted for autophagy, and have suggested that the defect
is implicated in familial Parkinson’s disease (PD) [74]. PINK1, a mitochondrial ki-
nase, and Parkin, an E3 ubiquitin ligase, have been genetically linked to both PD and
a pathway that prevents progressive mitochondrial damage and dysfunction. When
mitochondria are damaged and depolarized, PINK1 becomes stabilized and recruits
Parkin to the damaged mitochondria. Various mitochondrial outer membrane pro-
teins are ubiquitinated by Parkin and mitophagy is then induced. Of note, PD-related
mutations in PINK1 and Parkin impair mitophagy [75-78], suggesting that there
is a link between defective mitophagy and PD. How these ubiquitinated mitochon-
dria are recognized by the autophagosome remains unknown. Although p. 62 has
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been implicated in the recognition of ubiquitinated mitochondria, elimination of the
mitochondria occurs normally in p62-deficient cells [79, 80].

Mitochondrial function is essential for cancer cells. However, different cancer cell
types undergo different bioenergy alterations, some to more glycolytic and others to
more oxidative, depending in part on the developmental state of the cell undergoing
neoplastic transformation. Therefore, different alterations in bioenergy metabolism
or mitochondrial ROS production and redox biology can be found depending on
the specific environment of the cancer cells promoting the cell survival [81]. In this
context, for example, mitophagy is an important mechanism to promote cell survival
by the clearance of damaged mitochondria that are potential sources of ROS [82].

6.3 Autophagy in Cancer Cell Metabolism

Both downregulated and excessive autophagy have been implicated into the patho-
genesis of diverse diseases, such as certain type of neuronal degeneration, diabetes
and its complications, and cancer [83]. Autophagy has also been implicated in cell
death called autophagic or type II programmed cell death, which was originally de-
scribed on the basis of morphological studies detecting autophagic vesicles during
tissue involution [84].

Cancer cells in general tend to undergo less autophagy than their normal
counterparts, at least for some tumors [85, 86]. The Beclinl autophagy gene is
monoallelically deleted in 40—74 % of cases of human sporadic breast, ovarian, and
prostate cancer [86]. Heterozygous disruption of Beclinl increases the frequency
of spontaneous malignancies and accelerates the development of virus-induced pre-
malignant lesions [86] suggesting that defective regulation of autophagy promotes
tumorigenesis. It has been proposed that autophagy suppresses carcinogenesis by a
cell-autonomous mechanism involving the protection of genome integrity and sta-
bility, and a nonautonomous mechanism involving suppression of inflammation and
necrosis. On the other hand, autophagy may support the survival of rapidly growing
cancer cells that have outgrown their vascular supply and are exposed to an inade-
quate oxygen supply or metabolic stress. By contrast, excessive levels of autophagy
promote cell death [87]. Accordingly, it has been proposed that autophagy plays an
important role both in tumor progression and in promotion of cancer cell death [88],
although the molecular mechanisms responsible for this dual action of autophagy in
cancer have not been elucidated.

It has been suggested that autophagy may be a cancer cell survival response
to tumor-associated hypoxia. Tumor hypoxia has been used as a marker of poor
prognosis [89]; however, how cancer cells become more malignant or survive with
an extremely poor blood supply is poorly understood. When cancer cells are exposed
to hypoxia, anaerobic glycolysis increases and provides energy for cell survival, but
as the glucose supply is also insufficient because of the poor blood supply, there
must be an alternative metabolic pathway that provides energy when both oxygen
and glucose are depleted [90, 91]. Hypoxia in pancreatic cancer has been reported to
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increase its malignant potential [89]. Proliferating cancer cells require more nutrients
than surrounding noncancerous cells do, though nutrition is supplied via functionally
and structurally immature neo-vessels. Because autophagy-specific genes promote
the survival of normal cells during nutrient starvation in all eukaryotic organisms,
autophagy may react to the cancer microenvironment to favor the survival of rapidly
growing cancer cells. LC3 expression in surgically resected pancreatic cancer tissue,
showed activated autophagy in the peripheral area, which included the invasive border
and concomitantly shows enhanced expression of carbonic anhydrase [92]. This
observation suggests that autophagy may promote cell viability in hypo-vascularized
cancer tissue.

It has also been proposed that autophagy is a cancer cell survival response to
tumor-associated inflammation [93]. Cancer-associated inflammation results in pro-
motion of carcinogenesis and resistance to therapy. Several phenotypic alterations
observed in cancer cells are a result of inflammatory signals found within the tumor
microenvironment [93]. The receptor for advanced glycation end products (RAGE)
is an induced inflammatory receptor constitutively expressed on many murine and
human epithelial tumor cell lines [94, 95] and the highest levels of RAGE expression
were observed in murine and human pancreatic adenocarcinoma tumors. Genotoxic
and/or metabolic stress lead to modest but reproducible increases in overall expres-
sion of RAGE on epithelial cell lines. RAGE expression correlates directly with the
ability of both murine and human pancreatic tumor cell lines to survive cytotoxic in-
sult. Targeted knockdown of RAGE significantly increases cell death, whereas forced
overexpression promotes survival. Recently, it was reported that the enhanced sen-
sitivity to cell death in the setting of RAGE knockdown is associated with increased
apoptosis and decreased autophagy. In contrast, overexpression of RAGE is asso-
ciated with enhanced autophagy, diminished apoptosis, and enhanced cancer cell
viability. Knockdown of RAGE enhances mTOR phosphorylation in response to
chemotherapy, thus preventing induction of a survival response. Inhibition of au-
tophagy by means of silencing Beclin1 expression in pancreatic cancer cells enhances
apoptosis and cell death [96]. These observations suggest that RAGE expression in
cancer cells has a role in tumor cell response to environmental stress through the en-
hancement of autophagy. However, increased sensitivity to chemotherapeutic agents
in RAGE-knockdown pancreatic cancer cells is dependent on ATGS5 expression but
independent of BECN1 expression [96]. These last findings suggested that the role
of autophagy in the resistance to microenvironment insult or in the sensitivity to
chemotherapeutic agent is the result of complex molecular pathways in the tumor
cell.

On the other hand, repression of autophagy has been suggested as a cancer cell
response to prolonged hypoxic conditions. Pancreatic cancer cell response to pro-
longed hypoxia may consist of inhibition of autophagic cell death. The short isoform
of single-minded 2 (SIM2s) is a member of the basic helix—loop-helix family of
transcriptional regulators [97] and is upregulated in pancreatic cancer. Microarray
studies identified the pro-cell death gene BNIP3 as a target of SIM2s repression.
Prolonged hypoxia induces cell death via an autophagic pathway involving the
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hypoxia-inducible factor 1 (HIF1)-mediated upregulation of BNIP3 [30, 98]. The
deregulation of both SIM2s and BNIP3 is associated with poor prognostic outcomes
[99]. Decreased BNIP3 levels and poor prognosis clearly correlate with elevated
SIM2s expression in pancreatic cancer. The loss of BNIP3, either by hypermethy-
lation or by transcriptional repression, is correlated with inhibition of cell death
[100, 101], whereas upregulation of BNIP3 sensitizes pancreatic carcinoma cells to
hypoxia-induced cell death [102]. SIM2s expression, concomitant with its repres-
sion of BNIP3, enhances tumor cell survival under prolonged hypoxic conditions.
Recent data link increased SIM2s expression with enhanced cell survival during
hypoxic stress concomitantly with BNIP3 repression and the attenuation of hypoxia-
induced autophagic processes. Thus, the inhibition of autophagic cell death by BNIP3
repression enhances tumor cell survival under prolonged hypoxic conditions.

Decreased autophagy in some cancer cells has been related to malignant stages of
the disease. Cancer cells, in general, tend to undergo less autophagy than their normal
counterparts, supporting the contention that defective autophagic cell death plays a
role in tumor progression. Studies of carcinogen-induced pancreatic cancer in ani-
mal models have shown that pancreatic adenocarcinoma cells have lower autophagic
capacity than premalignant cells [103]. The WIPI protein family, which includes
ATG18, the WIPI-1 homolog in Saccharomyces cerevisiae, was genetically identi-
fied as a gene contributing to autophagy [103]. Human WIPI-1a is a member of a
highly conserved WD-repeats protein family. hWIPI-1 is linked to starvation-induced
autophagy in the mammalian system. Amino acid deprivation triggers an accumu-
lation of endogenous hWIPI-1 protein to large vesicular and cup-shaped structures,
where it colocalizes with LC3. Starvation-induced hWIPI-1 formation is blocked by
wortmannin, a principal inhibitor of PI-3 kinase-induced autophagosome formation
[104]. Interestingly, WIPI proteins are linked pathologically to cellular transforma-
tion because all human WIPI genes are reportedly expressed aberrantly in a variety
of matched human cancer samples. Strikingly, hWIPI-2 and hWIPI-4 messenger
RNA (mRNA) expression is substantially decreased in 70 % of matched kidney (ten
patients) and 100 % of pancreatic (seven patients) tumor samples. The majority of
these samples were derived from advanced stage tumors, such as pancreatic adeno-
carcinomas stages [-IV. Hence, cancer-associated downregulation of hWIPI-2 and
hWIPI-4 supports the possibility that decreased autophagic activity is necessary for
the malignant stages of pancreatic cancer.

6.4 Otto Warburg and the “Warburg Effect”

Born in Freiburg, Germany, in 1883, Otto Warburg was one of the leading chemists
of the first half of the twentieth century. The son of a very famous physicist, student of
the eminent chemist Emil Fisher, and Nobel Prize laureate, Warburg devoted several
years of his life to elucidate the mechanisms by which cancer cells obtain energy
especially under fast-growing conditions [105].
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By 1920, measuring lactate production and oxygen consumption on rat liver car-
cinoma tissue, Otto Warburg and colleagues proposed that cancer cells display some
very relevant differences when compared with normal tissues with regard to their
glucose metabolism by favoring glycolysis despite oxygen availability. Warburg
hypothesized that cancer growth is caused by the fact that tumor cells mainly gen-
erate energy (in the form of ATP) by the non-oxidative breakdown of glucose. This
view contrasts with the observation that normal cells produce ATP through oxidative
phosphorylation obtaining “fuel” by the oxidative breakdown of glucose [105].

The ATP yield from glycolysis under anaerobic conditions (2 ATPs per molecule
of glucose) is much smaller than the yield from the complete oxidation of glucose
to CO, under aerobic conditions (30 or 32 ATPs per molecule of glucose) [106].
About 15 times more glucose is consumed anaerobically in contrast to the aerobic
pathway to yield the same amount of ATP. As a consequence, glucose uptake proceeds
about ten times faster in most solid tumors than in normal tissues [107]. Tumor cells
commonly experience hypoxia (limited O, supply), and as a result, cancer cells
depend on anaerobic glycolysis for their ATP production.

This phenomenon of preferred aerobic glycolysis was denominated the “Warburg
effect” resulting in increased lactate production, even in the presence of adequate
oxygen partial pressures. It was suggested that this cellular behavior relies on a
respiratory impairment, characterized by a mitochondrial dysfunction, which results
in a switch to glycolysis. It was proposed that the high glycolytic rate might also
result from a decreased number of mitochondria in tumor cells [108].

This effect, first described in cancer tissues, was further identified in many other
rapidly dividing normal cells [109]. Several mechanisms have been proposed to
explain the Warburg effect in cancer tissues. These mechanisms may be involved
in transcriptional and posttranslational related metabolic changes. Transcriptional
upregulation of glycolytic enzymes was extensively studied for decades. Some well-
characterized transcriptional regulators have been associated with the molecular basis
of the Warburg effect. The HIF1 transcription factor increases the glycolytic enzymes
and glucose transmembrane transport, and upregulates pyruvate dehydrogenase ki-
nases (which results into a reduction of the pyruvate flux to the tricarboxylic acid
cycle) [110]. The degradation of this transcriptional regulator involves some media-
tors, like the Von Hippel-Lindau tumor suppressor ubiquitin ligase, which seems to
be consistently altered in some cancer cells [110]. In these tumors, even in normoxic
conditions, HIF1 seems to increase the glycolytic rate, to elevate lactate production
and to activate the PI3K/AKT/mTOR pathway [110].

In cancer cells, the reduced expression of the tumor suppressor protein, p53,
might be also linked to the Warburg effect. In fact, p53 reduces the glycolysis rate by
increasing the activity of fructose-2,6-bisphosphatase, a mechanism also involved in
the regulatory pathways of apoptosis [111]. It also seems to increase the oxidative
phosphorylation process. Other transcriptional regulators might be linked to the
Warburg effect, such as the alpha estrogen-related receptor (of potential relevance in
breast cancer); in the same direction, increased expression of oncogenes suchas MYC
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also seems to be associated with an increased glycolytic rate and might be involved in
the pathophysiology of the metabolic modifications found in tumors [112]. Besides,
glycolytic enzymes and glucose transmembrane transport are activated by MYC
overexpression.

As mentioned before, the posttranslational regulation of the Warburg effect was
also under scrutiny. As a relevant example, activation of the PI3K/AKT downstream
pathway leads to an increased glucose influx and the phosphorylation of hexokinase
and phosphofructokinase-2 with a concomitant upregulation of the glycolytic path-
way [110]. Several posttranslational modifications of the M2 isoform of pyruvate
kinase result in a change in its activity, modulating the glycolytic pathway in several
tissue types. The K305 acetylation of this M2 isoform reduces its enzymatic activity
and increases the enzyme degradation via CMA [110]. By oxidation, acetylation,
phosphorylation, etc., the posttranscriptional modification of the M2 isoform of the
pyruvate kinase influences glycolysis in various models and experimental conditions.

Tumor overexpression of endogenous microRNA (miRNA) was recently linked
with metabolic regulation of cancer cells and the “Warburg effect” [110]. Although
attractive, the biological impact of this association remains to be clarified.

All of these mechanisms, heterogeneous by nature, were proposed as possible
explanations of this phenomenon in cancer cells. Often these mechanisms were
extrapolated from isolated cancer cell experiments in vitro not including other com-
ponents of the neoplastic tissue. Other cellular components apart from the cancer
cells, vascular growth rates, and oxygen partial pressure in different tumor segments,
as well as differential concentrations of distinct transcriptional factors across the tu-
mor volume were not considered in many of these experiments. Nevertheless, some
findings collected from the first decade of the twenty-first century changed our form
of understanding of this metabolic behavior in cancer tissues. These findings will be
summarized in the following section.

6.5 The “Reverse Warburg Effect”

6.5.1 The Concept

The Warburg effect was thought to occur only in cancer cells until recently. In 2008,
Vincent et al. [113] showed that human skin keloid fibroblasts display similar bioen-
ergetic mechanisms as cancer cells in generating ATP mainly from glycolysis. This
observation may be explained by the similarity in the hypoxic microenvironment
in solid tumors and keloids [113]. In line with this previous study, Lisanti et al.
proposed in 2010, a new hypothesis for understanding the Warburg effect in tu-
mors [114]. They suggested that epithelial cancer cells induce the Warburg effect in
neighboring stromal fibroblasts.

As a first step, these cancer-associated fibroblasts undergo myofibroblastic dif-
ferentiation and secrete lactate and pyruvate through the glycolytic pathway. This
process is induced, as previously stated, by cancer cells by a mechanism involving
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oxidative stress with overproduction of reactive oxygen species, loss of Caveolin-
1, mitophagy and/or mitochondrial dysfunction, and increased production of
NO [115].

In a second step, epithelial cancer cells take up the energy-rich metabolites that
enter in the tricarboxylic acid (TCA) pathway and, in consequence, ATP is generated
by oxidative phosphorylation. These cells expand their mitochondrial mass to satisfy
an increased metabolic demand, upregulate enzymes involved in antioxidant defense
to cope with oxidative stress, and increase the tumor aggressive behavior [116].

This interesting hypothesis was based in studies performed in a co-culture system
mimicking tumor—stroma co-evolution, where stromal fibroblasts (human telomerase
reverse transcriptase (hTERT)-BJ1 cells) interact with human breast cancer cells
(MCF-7) [117]. The conclusions are consistent with Warburg’s original view, but
one must take into consideration that the phenomenon is occurring in the tumor
stroma.

For a deeper analysis of the phenomenon, a division into two general steps can
be made as follows.

6.5.2 Step 1: Cancer-Associated Fibroblasts Undergo Aerobic
Glycolysis to Produce Energy-Rich Nutrients

Epithelial cancer cells firstly induce the Warburg effect in adjacent cancer-associated
fibroblasts through the downregulation of Caveolin-1 [114]. The loss of Cav-1 ex-
pression may be sufficient to induce this constitutive fibroblastic phenotype, although
this mechanism needs further investigation. The absence of stromal Cav-1 is asso-
ciated with a high rate of tumor recurrence, metastasis, and poor clinical outcome
[118].

Cav-1 is a structural component of caveolae. These structures are flask-shaped
invaginations of the plasma membrane occupying up to 30 % of the cell surface
and represent a predominant location of endothelial nitric oxide synthase (eNOS).
Among other functions, Cav-1 can regulate eNOS activity and NO release [119]. NO
plays an important signaling role in vascular function and a regulatory role in mito-
chondrial function [120, 121]. However, if overproduced, mitochondrial dysfunction
accompanied by increased production of ROS may develop. Oxidative stress is insep-
arably linked to mitochondrial dysfunction and mitochondrial turnover is dependent
on autophagy [122].

ROS is a term that actually groups a range of oxygen-derived molecules formed by
the incomplete reduction of O, during oxidative metabolism that have both specific
mechanisms of production and intracellular targets [123]. The biologically important
species of this group are superoxide anion (O,e~) and hydrogen peroxide (H,O,),
as they are formed by controlled mechanisms, and H,O, is a signaling molecule.
A major endogenous source of both O,e™ and H,0; is the mitochondrial electron-
transport chain, where continuous electron leakage occurs during aerobic respiration
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[124]. In addition, low levels of these two species are produced by the membrane-
localized nicotinamide adenine dinucleotide phosphate (NADPH) oxidases. The low-
level steady state of these species in mitochondria (10~8M H,0, and 107! M O,e ™)
[125] is accomplished by a group of antioxidants species that includes compounds
of nonenzymatic (as glutathione) and enzymatic nature (as superoxide dismutase
or catalase). Oxidative stress is an imbalance between oxidants and antioxidants in
favor of the oxidants, potentially leading to damage [123].

It is imperative to briefly discuss the importance of the H,O,steady-state con-
centrations related to biological effects. At concentrations lower than 0.7 uM, H,O,
mainly acts as a signaling molecule redox-regulating several physiological processes.
Apoptosis may be triggered at the 1-3 WM range, and necrosis may develop at con-
centrations higher than 3 uM [126, 127]. This brief analysis indicates the relevance
of taking into account steady-state levels when addressing fundamental questions
on biological effects of H,O, and the existence of a cellular fine regulation of the
subcellular concentrations of this species.

Not surprisingly, mitochondria and ROS are emerging as important players in
autophagy. The cross talk between autophagy, redox signaling, and mitochondrial
dysfunction is not well understood. Recently, it was suggested that chronic expres-
sion of RCAN1-1 L (stress-inducible protein) induces mitochondrial autophagy and
metabolic shift from oxidative phosphorylation to glycolysis [128]. Moreover, mi-
tophagy may also be important in attenuating apoptosis or necrosis, by clearance of
damaged mitochondria [122].

The occurrence of mitophagy (including a decrease in mitochondrial mass) is not
only favored by the occurrence of oxidative stress, but by the activation of HIF1 (a key
factor involved and activated in hypoxic conditions) as well [115]. The overproduc-
tion of ROS is sufficient to induce HIF1 through its stabilization under normoxic
conditions [129]. In this scenario, the cancer-associated fibroblasts are obliged to
produce ATP through aerobic glycolysis with an increased glucose consumption rate
(due to a low-energy yield, as previously explained) and the concomitant production
of a high amount of lactate and pyruvate (energy-rich nutrients).

6.5.3 Step 2: Cancer Cells Uptake Nutrients and Produce
ATP by Oxidative Phosphorylation

Stromal metabolism produces high-energy nutrients (for example, lactate) and recy-
cled chemical building blocks (as nucleotides, amino acids, and fatty acids obtained
through the process of mitophagy) that are taken up by cancer cells to power their
own growth [117]. Lactate is taken up by a monocarboxylate transporter situated in
the cancer cell membrane, converted into acetyl-coenzyme A (CoA), which subse-
quently condenses with oxaloacetate to initiate the TCA cycle for energy production
[130]. NADH is formed as a product of these cyclic reactions and channeled into the
mitochondrial respiratory chain where it is oxidized to NAD+, a process coupled to
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the synthesis of ATP [131]. This results in a unilateral and net energy transfer from
the catabolic tumor stroma to the anabolic cancer cells [116]. As a consequence,
cancer cells synthetize their own ATP and increase mitochondrial mass through
biogenesis.

In normal mammalian cells, mitochondria have an average half-life of 4-20 days,
depending on the organ and age. The respiratory chain is located in the mitochondrial
inner membrane and consists of four complexes: Complex I (NADH dehydrogenase),
Complex II (Succinate dehydrogenase), Complex III (ubiquinone-cytochrome ¢ oxi-
doreductase), and Complex I'V (cytochrome oxidase). These complexes may interact
to form multicomplexes with defined stoichiometry [132]. Due to the reducing power
of NADH (utilized to reduce O, to water), an electrochemical gradient produced by
the respiratory chain is used by ATP synthase (sometimes called Complex V) as a
driving force to phosphorylate adenosine diphosphate (ADP) to ATP. This impor-
tant bioenergetic process occurs in organelles that are not static. The increase in
mitochondrial size, number and mass, a process known as mitochondrial biogene-
sis, is triggered by a variety of stimuli and involves a complex network connecting
different regulatory pathways that are tightly coordinated [133, 134].

Therefore, it is obvious that the increased production of additional energy in
the form of ATP occurring in cancer cells will be sensed, and adaptive changes in
mitochondrial content will be triggered culminating in increased and coordinated
biogenesis of new mitochondria. For example, it has been shown that the number
of mitochondria in co-cultured MCF7 cells is greatly increased, as compared to
homotypic cultures of MCF7 cells [115, 135].

It is important to point out that, in addition to increasing mitochondrial mass,
cancer cells escape oxidative mitochondrial damage by upregulating enzymes in-
volved in antioxidant pathways, including catalase and peroxiredoxin-1 [115]. The
pathways and regulation of the “reverse Warburg effect” need further analysis, open-
ing and interesting area of investigation. Understanding the mechanisms involved
in each of the steps will lead to the development of new therapeutic strategies for
cancer prevention.

A scheme of the two steps described above is shown in Fig. 6.4.

6.6 Drugs, Warburg Effect, and Reverse Warburg Effect

Several lines of evidence suggest that both inhibitors and activators of autophagy
may have utility in the treatment of patients with chemotherapy-resistant cancers,
since strong overactivation as well as strong inhibition of autophagy induces death in
highly aggressive cancer cells, such as pancreatic cancer cells, and sensitizes them
to hypoxia starvation [136]. Such autophagy activating (e.g., rapamycin derivatives,
sirolimus and temsirolimus or sulforaphane—a naturally occurring dietary substance
enriched in broccoli) or inhibiting drugs (e.g., antibiotic monensin, antimalarial drug
chloroquine) are available and generally are well tolerated by patients.
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Fig. 6.4 Schematic representation of the reverse Warburg effect. STEP 1: Cancer-associated fibrob-
lasts (stroma) undergo fibroblastic differentiation triggered by oxidative stress generated by cancer
cells. The occurrence of mitophagy obliges differentiated fibroblasts to produce ATP and energy-
rich nutrients by aerobic glycolysis. STEP 2: Cancer cells take up ATP and nutrients, increasing
their proliferative capacity and aggressive behavior

Metformin, a well-known antidiabetic agent, is one of the most studied agents in
this area. This drug has been proposed as a potentially multi-faceted agent for cancer
prevention. Meformin acts as an indirect activator of AMPK and is able to reduce
mitochondrial respiratory chain Complex I activity. These have been proposed as
mechanisms for reducing hepatic glucose output in patients with type 2 diabetes. In
pS53-deficient cancer cells, metformin treatment was associated with increased cell
death. In normal cells, metformin treatment is followed by an increase in glycolytic
rates as an alternative ATP-producing mechanism. In fact, one very rare but still
possible adverse event of metformin is lactic acidosis. P53-deficient cells seem to
experience problems in switching their metabolic pattern, which is followed by an
enhanced cell death rate. By reducing the activity of the respiratory chain Complex
I, metformin diminishes ROS generation in mitochondria [137]. The role of ROS
in tumorigenesis and on cancer growth has been widely recognized. Metformin, as
well as thrombospondin and endostatin, exhibits a mild to moderate antiangiogenic
effect. This effect on angiogenesis may be the basis for its potential actions on cancer
cells and/or its stroma [137].

As mentioned before, metformin activates the ATM/LKB1/AMPK axis. The tu-
mor suppressor LKB1, well characterized in the pathophysiology of melanoma,
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pancreatic, and lung cancer, might participate in the mechanism of action of met-
formin. Part of the preventative effects of metformin might be mediated by this
suppressing factor. By activating AMPK, metformin may inhibit the mTOR path-
way; this effect has been proposed as an explanation for the potential antineoplastic
effects of metformin in breast and renal tumors [138]. Many of the mentioned mech-
anisms may explain the effects of metformin on the Warburg effect. Metformin has
been suggested to reduce glycolysis and to increase mitochondrial respiration in
tumors, associated with growth arrest [138]. It has been proposed that pyruvate ki-
nase expression in the fibroblasts of tumor stroma is linked to cancer growth. ROS
produced by cancer cells promotes oxidative stress in fibroblasts, which results in
activation of HIF1 and nuclear factor kappa B (NFkB). NFkB increases proinflam-
matory cytokines and HIF1 alpha promotes autophagy and anaerobic glycolysis.
Pyruvate kinase activity results in an increase in ketones and lactate. These nutri-
ents are transferred to cancer cells and used for mitochondrial oxidative metabolism.
Conversely, metformin reduces the mitochondrial chain activity by inhibiting Com-
plex L. In this manner, metformin may alter some of the mechanisms involved into
the reverse Warburg effect [139]. Metformin may also affect cell reprogramming by
modifying the lipogenic enzymes acetyl-CoA carboxylase and fatty acid synthase
[140]. These changes may also affect the metabolic behavior of both stroma and
tumor cells. As mentioned before, the clinical impact of these modifications is still
uncertain.

Other drugs exhibit a potential for the modification of the Warburg effect and
autophagy rates. Mild autophagy induction such as hypoxia or starvation seems
to protect the cells, but rapamycin or sulforaphane lead to elimination [136]. By
contrast, an excessive autophagy rate may induce cell death. Inhibition of autophagy
by nonensin or 3-methyladenine is able to eliminate highly aggressive pancreatic
adenocarcinoma cells [136], as these drugs may totally block continuous recycling
of cellular components necessary for new synthesis and survival.

In advanced cancer, autophagy may be necessary for the maintenance of the tumor
and multiple clinical trials are underway to test this as a therapeutic approach in pa-
tients using hydroxychloroquine (HCQ) [141, 142]. Standard cancer chemotherapies
may affect autophagy in different ways. Gemcitabine monotherapy or its combina-
tion with other agents has become the standard chemotherapy for the treatment of
advanced pancreatic cancer. Gemcitabine is a relatively effective chemotherapeutic
agent acting by competition with deoxycytidine triphosphate (dCTP) for the incor-
poration into DNA causing chain termination; on the other hand, gemcitabine serves
as an inhibitory alternative substrate for ribonucleotide reductase and leads to a re-
duction of deoxynucleotide pools [143, 144]. This molecule inhibits cells that are
insensitive to classic anticancer drugs, including other nucleoside analogs with sim-
ilar structures. Although gemcitabine seems to exert its toxicity at least in part by
activation of apoptosis [143], it was recently suggested that gemcitabine also induces
autophagy in pancreatic cancer cells [45]. It has been proposed that the early induc-
tion of autophagy with gemcitabine may be mediated by an increased expression
of VMPI1 [145]. Capecitabine, a pyrimidine analog, induces apoptosis in several
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cancer lines and is of modest efficacy in locally advanced PDAC when associated
with limited field radiotherapy [144]. By displaying a Src kinase modulatory effect,
capecitabine has been proposed to modulate autophagy [146]. The results in this area
are still contradictory. Irinotecan is a topoisomerase I inhibitor which prevents DNA
from unwinding. In a phase III trial, the combination of 5-fluouracil, leucovorin,
oxaliplatin, and irinotecan resulted in better responses, progression free survival,
and overall survival when compared with the standard single drug therapy with gem-
citabine for metastatic PDAC [147]. In small cell prostatic carcinoma, irinotecan
promoted an increase in autophagy of treated tumors as indicated by an increase in
LC3B expression [148]. Even though authors of this research state that the role of
autophagy is complex, there is evidence that autophagy supports both promotion
and suppression of cancer growth. In general, as mentioned before, a considerable
amount of caution should be exercised for the interpretation of the consequences of
cancer chemotherapy on autophagy. Other chemotherapeutic agents like the glyco-
side oleandrin, some platinum compounds, the multikinase inhibitor sorafenib, and
some histone deacetylase inhibitors have demonstrated effects on the autophagy rate
in pancreatic carcinoma cell lines [149]. As proposed, autophagy may be involved
in carcinogenesis, tumor progression, and dissemination, as well as may be asso-
ciated at least in part with the actions of some chemotherapy for PDAC. All these
modifications may alter both the Warburg and reverse Warburg effects. Nevertheless,
the real contribution of these metabolic changes on tumor cell survival and clinical
prognosis remains unclear.

6.7 Perspectives

The dysregulation of autophagic function has been implicated in a growing list of
disease processes and has underscored the selective or substrate-specific versions of
the pathway. In terms of cancer biology, autophagy has been viewed as having dual
roles in both tumor suppression and progression, and the activation of autophagy
selective forms can be used as a potential therapeutic approach for the treatment of
specific cancers [150]. Autophagy is a major contributor to maintain cellular home-
ostasis and metabolism, and continued studies are required to identify key molecules
regulating autophagy and a better understanding of the process at a molecular level.

Recently, two interesting approaches have been employed to identify new au-
tophagy regulators: small molecule screening [151, 152] and studies on structural
information of Atg proteins. These screens allowed the identification of compounds
that can induce autophagy and promote long-lived protein degradation. Interestingly,
some compounds are FDA-approved drugs for the treatment of human diseases [151].
The search for new autophagy regulators is a good way to explore the mechanism of
autophagy and identify new molecules that may be useful for the treatment of human
diseases.

Future research on the mechanism and regulation of selective autophagy and
the physiological importance of this pathway in human disease may reveal new
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therapeutic strategies. Some pharmacological interventions may modify the Warburg
and the reverse Warburg effects. Several mechanisms for such actions were reported,
but in general, the clinical relevance of these findings is still being clarified. Potential
pharmacological interventions modulating autophagy and the Warburg and reverse
Warburg effects are shown in Fig. 6.5.
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