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ABSTRACT
Many of the common mutations in cancer affect key metabolic signaling pathways. These
mutations promote altered cellular metabolism (Hanahan and Weinberg, 2011). This change in
metabolism, termed the “Warburg Effect” describes the phenomenon where many cancer cells
preferentially use aerobic glycolysis for energy production, despite an adequate oxygen supply.
This change in metabolism supplies both the necessary energy and biosynthetic intermediates for
proliferation, and confers a selective growth advantage for cancer cells. AMP-activated protein
kinase (AMPK) is an evolutionarily conserved central regulator of cellular metabolism and
energy homeostasis. Under conditions of energetic stress, AMPK is activated by its upstream
kinase LKBI1, and initiates a number of biological pathways aimed at preserving cellular energy
levels. In addition, AMPK is situated in a signaling cascade of tumour suppressors, its specific
role in cancer remains controversial. The work in this thesis characterizes the energy sensing
LKB1-AMPK pathway in regulating tumor metabolism. Specifically, the role of AMPK in
suppressing MY C-driven tumourigenesis, as well as its negative regulation of the Warburg effect
is examined. We further address the previously unidentified role of LKBI1 loss in cancer
metabolism. In both studies, these metabolic phenotypes were driven by the normoxic
stabilization of HIFla. Mechanistically, we demonstrate that this stabilization is due to
chronically elevated levels of mitochondrial ROS in the absence of AMPK. We conclude that

LKBI1 and AMPK negatively regulate the Warburg effect in cancer.



RESUME
Parmi les mutations qui sont fréquemment présentes dans les cancers, un grand nombre affecte
des voies clés de la signalisation métabolique, ce qui provoque généralement une altération du
métabolisme cellulaire (Hanahan and Weinberg, 2011). Cette modification du métabolisme,
appelée « I’effet Warburg », correspond a un phénomene au cours duquel de nombreuses cellules
cancéreuses utilisent de manicre préférentielle la glycolyse aérobie afin de produire de I’énergie,
et ce malgré un approvisionnement suffisant en oxygéne. Ce phénoméene permet de fournir
I’énergie et les intermédiaires biosynthétiques nécessaires a la prolifération, conférant ainsi un
avantage de croissance sélectif aux cellules cancéreuses. La kinase activée par I’AMP (AMPK)
est une protéine conservée au cours de 1’évolution et qui détient un rdle central dans la régulation
du métabolisme cellulaire et I’homéostasie énergétique. LKB1 est la kinase présente en amont
d’AMPK et I’active en réponse a des conditions de stress énergétique. Etant donné¢ qu’AMPK se
situe aussi dans la cascade de signalisation des suppresseurs de tumeurs, le role précis qu’il joue
dans le cancer reste controversé. Le travail présenté dans cette thése caractérise le role de la voie
de signalisation, LKB1/AMPK dans la régulation du métabolisme cancéreux. Plus précisément,
les roles de la protéine AMPK dans la répression de la tumorigénése initiée par MYC et de
I’effet Warburg sont examinés plus en détails. Nous abordons aussi les conséquences de la perte
de LKB1 sur le métabolisme cancéreux, mécanisme qui n’était pas connu au départ. Au cours de
ces deux études, les phénotypes métaboliques observés résultent de la stabilisation de HIF-1a
dans des conditions de normoxie. Nous démontrons que les mécanismes de cette stabilisation
impliquent une augmentation chronique des niveaux de dérivés réactifs de I'oxygene provenant
de la mitochondrie en réponse a 1’absence d’AMPK. Finalement, nous concluons que les

protéines LKB1 et AMPK régulent de maniére négative 1’effet Warburg au cours du cancer.
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OBJECTIVES AND RATIONALE

The field of cancer metabolism has seen renewed interest since the seminal discoveries of Dr.
Otto Warburg in the 1920s. Dr. Warburg discovered that cancer cells preferentially produce
higher amounts of lactate than non-tumour tissue, regardless of oxygen concentration. Further
development upon Otto’s work went largely stagnant for decades. It is now appreciated that an
estimated 70% of all cancer cells display this increased glycolysis. One consequence of an
increased growth rate is that cancer cells require more energy and demand more resources than
normal cells. To meet these new requirements, cancer cells must undergo fundamental changes
in energy metabolism and nutrient uptake or else they risk apoptosis. These fundamental changes
may confer a selective growth advantage, allowing tumours to maintain cellular bioenergetics
while proliferating under sub-optimal conditions. Identifying the key molecular mechanisms that
drive cancer metabolism will help elucidate the benefits of this altered metabolism for growing
tumours.

In 2010, a project was initiated in the Jones lab at McGill to explore an established
signaling cascade that was hypothesized to be involved in cancer metabolism. The LKB1-AMPK
axis had long been defined as an energetic checkpoint. Activation of this pathway by metabolic
stress initiates a series of processes that decrease energy utilization and increase catabolic
activity to restore energy balance. Despite this clear role in the regulation of cellular energetics,
the metabolic effects of this pathway had not been explored in cancer. As such, the objective of
this thesis is to characterize the role of AMPK in cancer metabolism.

In Chapter 2, we studied the role of AMPK in negatively regulating metabolism in cancer

cells, and its ability to inhibit tumour growth in vivo. To do so, we generated an Ep-myc-driven

murine lymphoma model. We bred these mice to have wild-type, heterozygous loss, or
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homozygous loss of the alphal allele of AMPK, the only catalytic unit expressed in B cells. We
observed enhanced tumour onset in the absence of AMPK, as well characterized the metabolic
changes induced by AMPK loss. Importantly, we found that HIF-lo. was responsible the
enhanced glycolytic metabolism in the absence of AMPK.

The role of AMPK loss in promoting tumour growth prompted us to examine LKB1, the
upstream kinase of AMPK. LKB1 had previously been characterized as a tumour suppressor in
Peutz-Jeghers patients, and its loss has been observed in a variety of tumour types, including
KRAS-driven lung cancer. However, the role of LKB1 in modulating cancer metabolism had yet

to be fully elucidated. In Chapter 3, we observed that loss of LKBI resulted in the metabolic

reprogramming of cancer cells. These results included increased glycolysis and glutaminolysis,

biosynthesis and survival under nutrient stress, each of which were mediated by HIF-1a.
In Chapter 4 we explore the mechanism leading to the normoxic stabilization of HIF1a in

the absence of AMPK. Here we observed that increased mitochondrial ROS in the absence of

AMPK led to the stabilization of HIF-1a. In this work we identified a novel role of AMPK

response to physiological levels of ROS. We characterize the ability of AMPK to increase
antioxidant responses, as well as determine the mechanism of HIF 1a stabilization in the absence
of AMPK.

The overall objective of this project was aimed at better understanding the role of the
LKB1-AMPK pathway in cancer metabolism. We have helped identify and characterize the
metabolic changes induced by LKB1 or AMPK loss, and what effects these have on tumour

growth.
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Chapter 1

LKBI and AMPK negatively regulate the Warburg effect in cancer: A literature review

1.1 Introduction of Cancer

Cancer is a disease characterized by deregulated cell growth. This disease arises through
genetic alterations such as mutation, loss of function, amplification, and gene re-arrangement
(Hanahan, 2000). Genes involved in the development of cancer are generally described as being
oncogenes, which contribute to and drive the processes of transformation and cancer growth, or
tumour suppressors, which protect a cell from the cancer forming process. Multiple mutations are
necessary for the development of cancer, which ultimately result in a growth advantage in
mutated cells. Cancerous cells can arise from diverse tissues of origin and often display
variability in their genetic lesions (Hanahan, 2000). For instance, even histologically identical
cancers of the same tissue of origin can have different oncogene and tumour suppressor
combinations driving its deregulated growth. It is estimated that there are thousands of mutations
that may contribute to cancer development (Loeb et al., 2003). Cancer can therefore be
considered a group of different diseases that are unified by a series of characteristics or
‘hallmarks’, which are governed by a dozen core signaling pathways and processes. These
hallmarks of cancer originally consisted of six biological capabilities including: sustained
proliferative signaling, evading growth suppression, evading apoptosis, replicative immortality,

angiogenesis, and invasion/metastasis (Hanahan, 2000).
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Figure 1.1: The original hallmarks of cancer. Displayed are factors and acquired attributes that

characterize the cancer phenotype. Adapted from (Hanahan and Weinberg, 2011).

In recent years, new cancer hallmarks have emerged, including the deregulation of
cellular energetics (Hanahan and Weinberg, 2011). It is now understood that many of the
commonly mutated oncogenes and tumour suppressors that promote cancer growth are also
integrally involved in pathways of biosynthesis, proliferation, and metabolism (Cairns et al.,
2011; Vander Heiden et al., 2009). The initial discovery of altered metabolism in cancer occurred
nearly 90 years ago. In 1925 Dr. Otto Warburg demonstrated that cancer cells did not metabolize
glucose in the same manner as did fully differentiated non-cancerous cells (Warburg, 1956).
Specifically under conditions of normoxia, cancer cells converted about 85% of glucose to
lactate, despite the presence of adequate oxygen (Vander Heiden et al., 2009). Warburg’s seminal
finding of altered metabolism in cancer has since sparked interest in both basic science and

clinical application. Now termed “The Warburg Effect”, this preferential use of glucose by



tumours is utilized as a diagnostic marker of cancer. The positron-emitting glucose analogue
Fluoro-Deoxyglucose (FDG) can accumulate in tumours as the missing oxygen on the second
carbon renders it incapable of being metabolized (Wick et al., 1957). As glucose uptake in
tumours far exceeds the majority of non-diseased tissues, the tumour mass can be differentiated
from the non-cancerous surrounding tissue when measured by positron emission tomography
(PET). This type of measurement has been used extensively as a means of measuring tumour
size, response to treatment, staging, and other clinical aspects of cancer (Blodgett et al., 2007).
Despite the robust nature of this phenotype, the underlying molecular mechanisms that drive this

altered metabolism are still being defined.
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Figure 1.2: The Warburg effect. In non-proliferative, non-tumour tissue, the majority of

glucose enters the mitochondria. In tumour cells the majority of glucose in the tumour is



converted to lactate and exported out of the cell regardless of oxygen concentration. Adapted

from (Vander Heiden et al., 2009)

Cancer cells must acquire the requisite energy and biosynthetic intermediates to support
uncontrolled growth. They must also adapt their metabolism under conditions of energetic stress,
where growth rates may outstrip nutrient supply (Jones and Thompson, 2009). There is an
emphasis on understanding the underlying signaling pathways that promote this altered
metabolism, the biological advantages of this type of metabolism, and importantly, if these
changes reveal therapeutic vulnerabilities in cancer. Before identifying the altered metabolic

processes in cancer cells, it is important to understand healthy metabolic systems.

1.2 Metabolism

Metabolism can be defined as the chemical processes occurring within a living cell or
organism that are necessary for the maintenance of life. This simple definition encompasses
thousands of reactions and metabolites, which can be separated into three main processes (Berg,
2012). Anabolism refers to the synthesis of simple molecules into complex macromolecules, such
as the formation of carbohydrates from simple sugars, proteins from amino acids, and fatty acids
from acetyl-CoA molecules (Voet, 2011). Under pro-growth conditions anabolic processes allow
for the creation of the necessary macromolecules for cellular growth and proliferation.
Catabolism refers to the degradation of larger molecules into simpler components in order to
release and create energy (Voet, 2011). Molecules such as glucose (catabolized by glycolysis)
and fatty acids (catabolized by B-oxidation) create the precursors and molecules necessary to fuel
ATP generation (Voet, 2011). The elimination and recycling of waste products allows cells to
maintain normal functions. For example, high levels of ammonia (derived from transformation of
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glutamine to glutamate) can be lethal to cells and organisms. Ammonia is converted to a less
toxic metabolite (urea) which can be safely tolerated and removed as waste (Voet, 2011). The
survival and function of all living cells are dependent upon the dynamic regulation of
metabolism, energetic processes and waste management. The state of cell growth is directly
correlated with the state of metabolism. In a quiescent state, there exists a balance between
anabolic and catabolic metabolism, namely matching energy generation and consumption to
ensure cell survival (Vander Heiden et al., 2009). In a state of growth and proliferation, this
balance is shifted towards anabolic processes, as parental cells must effectively double their
lipids, nucleotides and DNA content to create two healthy daughter cells. Growth and
proliferation must be exquisitely matched to the energetic level of the cell, in order to prevent

growth under nutrient limiting conditions, which could ultimately lead to cell death.

1.2.1 Cellular Energy.

The main energetic molecule of a cell is adenosine triphosphate (ATP). ATP is utilized as
a cofactor in cellular processes, donating the necessary energy for enzymatic reactions. The
energy of ATP is derived from its phosphoanhydride bonds, which when hydrolyzed release
7.3kCAL (ADP + Pi), or 10.9kCAL (AMP + PPi) as energy (Berg, 2012). ATP formation occurs
by a series of complex processes. The process begins with the breakdown of macromolecules
such as sugar, protein and fats into glucose, amino acids and glycerol/fatty acids. These nutrients
can be further metabolized through distinct metabolic pathways, including glycolysis and
oxidative phosphorylation in order to generate ATP (Berg, 2012). The amount of ATP is tightly
regulated in cells, as the proper maintenance of ATP levels is necessary for cell viability

(Izyumov et al., 2004). The breakdown of ATP produces inorganic phosphate (Pi) and ADP,



which is then catalyzed in pairs by adenylate kinase to form AMP and ATP. The action of
adenylate kinase maintains relatively constant ATP levels while increasing AMP concentration,
which acts as an intracellular signal to restore energy balance (Hardie, 2007). The dynamic
changes of the adenylate ratios within a cell (AMP:ADP:ATP), are influenced by a variety of

metabolic processes, several of which will be discussed in the following sections.

1.2.2 Glycolysis.

One of the most important substrates on the whole body and cellular level is glucose.
Absorbed into the blood during digestion, glucose is ubiquitously used a fuel source (Lunt and
Vander Heiden, 2011). The enzymatic breakdown of glucose to pyruvate features a series of
reactions that can be divided into 2 phases: the preparatory phase, which consumes energy to
process glucose and the pay-off phase, where further enzymatic-processing results in ATP
generation. In the preparatory phase, glucose enters the cell via a glucose transporter where it is
subsequently phosphorylated by hexokinase to form glucose-6-phosphate (G6P) (Voet, 2011),
which prevents glucose from exiting the cell. GOP is isomerized into fructose-6-phosphate (F6P)
by glucose phosphate isomerase. A second ATP is consumed as F6P is phosphorylated by
phosphofructokinase to create fructose 1,6 bisphosphate, before the eventual conversion into
molecules of glyceraldehyde 3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP) by
aldolase (Voet, 2011). These two molecules can be interconverted by the action of triose
phosphate isomerase (Voet, 2011). Further processing of the GAP is termed the ‘pay-off” phase,
as 4 ATP and 4 NADH are produced before the molecules have been completely converted to
pyruvate. Conversion of GAP to 1,3 bisphosphoglycerate (1,3 BPG) by the enzyme

glyceraldehyde 3-phosphate dehydrogenase generates one NADH per molecule. Two ATP are



generated by the conversion of 1,3BPG to 3-phosphoglycerate (3PG) by phosphoglycerate
kinase. The phosphate group of 3PG is moved to the second carbon by the enzyme
phosphoglycerate mutase to form 2-phosphoglycerate (Voet, 2011). Enolase then converts 2-
phosphoglycerate into phosphoenolpyruvate, which is converted to pyruvate by pyruvate kinase,
generating two ATP in the process (Voet, 2011). Pyruvate can have several metabolic fates.
Pyruvate can be further reduced to lactate by lactate dehydrogenase, and then subsequently
secreted from the cytoplasm into the extracellular space by monocarboxylate transporters (MCT)
(Halestrap and Price, 1999). In the presence of adequate oxygen, pyruvate can enter the
mitochondria as acetyl-CoA (via pyruvate dehydrogenase) or as oxaloacetate (via pyruvate
carboxylase), and promotes oxidative phosphorylation via the tricarboxylic acid cycle (TCA).

The high levels of lactate production from glycolysis may also benefit a growing tumour.
There is evidence that the lactate produced in hypoxic sections of a heterogeneous tumour can be
used by adjacent cells as a fuel for OXPHOS (Sonveaux et al., 2008). Secondly, the excretion of
lactate in the surrounding tumour microenvironment causes a local acidification, which can
promote the degradation of the extracellular matrix, thereby enhancing metastatic potential
(Gatenby and Gillies, 2008; Parks et al., 2011).

The bioenergetic and biosynthetic demands of cancer cells are significant. Cancer cells
must generate biomass (lipids, proteins, nucleic acids) in addition to ATP in order to divide.
Though glycolysis can provide sufficient amounts of ATP necessary for the energetic
requirements, some glucose must be diverted to the biosynthesis of macromolecular precursors
such as acetyl-CoA for fatty acids, glycolytic intermediates for amino acids, and ribose for
nucleotides. Therefore, enhanced glycolysis in tumour cells serves a variety of growth-promoting

purposes as well as energy production (Lunt and Vander Heiden, 2011).
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Figure 1.3: Schematic of the enzymatic breakdown of glucose. Production of reducing
equivalents or ATP is shown in red. Ancillary metabolic pathways from glycolysis are shown in

blue.

1.2.3 Ancillary Pathways from Glycolysis.

Pentose Phosphate Pathway. In addition to generating energy for cellular processes,
glycolytic intermediates can be re-directed to provide the key carbon precursors necessary for the
synthesis of various macromolecules. The enzyme G-6-P dehydrogenase converts the glucose-6-
phosphate produced in glycolysis to 6-P-gluconolactone, committing this molecule to the pentose

phosphate pathway (Voet, 2011). This anabolic pathway generates two molecules of NADPH, as



well as 5-carbon sugars such as ribose. Like glycolysis, the pentose phosphate pathway consists
of two main phases: the oxidative phase that produces NADPH, and the non-oxidative synthesis
of the 5-carbon sugars (Voet, 2011). The NADPH generated from this process is important for
several processes, including the maintenance of ROS scavenging molecules such as glutathione
(Jeon et al., 2012; Winkler et al., 1986). NADPH is a critical antioxidant that promotes cancer
cell survival during metabolic stress, as it helps cancer cells manage oxidative stress while still
achieving anabolic needs. Cells lacking the ability to increase NADPH levels were more prone to
oxidative damage-induced cell death when faced with stresses such as glucose limitation or 2-
Deoxyglucose treatment (Jeon et al., 2012).

Serine biosynthesis. 3-phosphoglycerate (3PG) can similarly be re-directed from
glycolysis for use in other biosynthetic processes. The enzyme 3-phosphoglycerate
dehydrogenase (PHGDH) commits 3-PG into the serine biosynthesis pathway. Serine and glycine
provide precursors for the synthesis of proteins, nucleic acids, and lipids that are crucial to cancer
cell growth (Locasale et al., 2011). This pathway also produces important intermediates in the
folate pool, which feeds purine and pyrimidine biosynthesis (Locasale et al., 2011). Folate drives
the methionine cycle, which recently has been shown to be a possible driver of oncogenesis, as
increased PHGDH expression predisposed cells to transformation, and contributed to cancer cell
proliferation (Locasale et al., 2011).

Hexosamine biosynthesis. Intermediates from glycolysis can also be shunted into the
hexosamine biosynthesis pathway (HBP). The biosynthesis of hexosamine occurs as fructose-6-
phosphate (Fruc-6-P) is removed from glycolysis by fructose-6-phosphate-amidotransferase
(GFAT), and forms glucosamine-6-P (GlucN-6-P) (Voet, 2011). GlucN-6-P is subsequently

acetylated and isomerized to UDP-N-acetylglucosamine (UDP-GlucNAc), which acts as the



parent molecule for conversion into specific amino sugars (Voet, 2011). Of particular interest of
hexosamines in cancer is O-linked B-N-acetylglucosamine (O-GIcNAc), which acts as a post-
translational modification of intracellular proteins by binding serine or threonine residues (Torres
and Hart, 1984). O-GlcNAc binding occurs via the activity of O-GlcNAc tranferase (OGT),
which converts UDP-GIcNAc to O-GlcNAc bound to serine or threonine (Voet, 2011). O-
GlcNAcase (OGA) can reverse this binding. O-GlcNAc modification can promote several key
drivers of cancer metabolism by affecting their stability, activity, or localization, thereby
allowing for increased cell survival and metabolism. In example, O-GIcNAc can inhibit o-
ketoglutarate from participating in the PHD-mediated regulation of HIF-1a (Ferrer et al., 2014),
as well as promote c-MYC stabilization in human prostate cancers (Itkonen et al., 2013).

Taken together, the simple breakdown of glucose primes the cells for energy production
(pyruvate entry into the mitochondria) and generates the necessary precursors for biosynthesis.
Additionally, the pentose phosphate, hexosamine and serine biosynthesis pathways provide
important intermediates and supply biosynthetic pathways to promote cell growth. Taken
together, these processes highlight the overall importance of glucose uptake and conversion to its

glycolytic intermediates in proliferating cancer cells.
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Figure 1.4: Ancillary pathways from glycolysis. Several glycolytic intermediates can be
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and post-translational modifications.

1.2.4 Glutaminolysis.

Glutamine is a five-carbon amino acid containing 2 amine groups. It is the most abundant
amino acid in humans as well as the second most consumed nutrient in cell culture (Bergstrom et
al., 1974; Jain et al., 2012). Glutamine plays a role in various physiological functions, including
acting as a source of cellular energy and protein synthesis (DeBerardinis et al., 2007) and
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ammonia transport (Weiner and Hamm, 2007). Glutamine is converted to glutamate via
glutaminase (Voet, 2011). Glutamate can then be converted to a-ketoglutarate (a-KG) by one of
several processes. Glutamate dehydrogenase directly converts glutamate to a-KG (Voet, 2011).
Alternatively, the enzyme glutamate pyruvate transferase combines glutamate and pyruvate to
form alanine and (a-KG) (Voet, 2011). Or, glutamate oxaloacetate transaminase reacts with
glutamate and oxaloacetate to form a-KG and aspartate (Voet, 2011). Glutamine is also used in a
wide array of metabolic processes by tumour cells. The importance of glutamine to tumour
metabolism is also highlighted by oncogenic mutations such as MYC, which promotes a
transcriptional program to increase glutamine uptake and glutaminolysis (Wise et al., 2008a;
Yuneva et al., 2007). It has been demonstrated that the ability of tumours to metabolize glutamine
directly correlates with tumour growth (Knox et al., 1969; Lobo et al., 2000). Glutamine can be
utilized as an anaplerotic substrate to fuel the TCA cycle, contributing to both oxidative
phosphorylation as well as lipid synthesis (DeBerardinis et al., 2007). Importantly, glutamine can
also be used in the management of oxidative stress as it can fuel glutathione synthesis (Jin et al.,
2015).

Reductive Carboxylation. Several groups observed a unique glutamine flow through the
TCA cycle in cancer cells (Metallo et al., 2012; Mullen et al., 2012; Wise et al., 2011). Canonical
glutamine entry into the TCA cycle involves the conversion to glutamate and a-ketoglutarate,
before continuing to succinate (Voet, 2011). In cancer cells that feature mitochondrial
dysfunction (Mullen et al., 2012) or under conditions of hypoxia (Metallo et al., 2012), a-
ketoglutarate was shown to undergo reductive carboxylation to isocitrate and citrate, where it is
then exported for fatty acid synthesis. In short, cancer cells were able to adapt to a high glucose-

to-lactate flux by utilizing reductive processes to drive glutamine to fuel fatty acid synthesis.
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1.2.5 TCA Cycle.

The pyruvate generated from glycolysis can also fuel the tricarboxylic acid cycle (TCA)
cycle. The TCA cycle produces NADH and FADH,, which act as electron donors in the electron
transport chain (Voet, 2011). These factors are produced as byproducts of a series of reactions
that were first identified in 1937 by Hans Krebs (Krebs and Johnson, 1937). The initiation of the
TCA cycle begins with pyruvate entry into the mitochondria by the MTC transporter. Pyruvate is
converted to acetyl-CoA by pyruvate dehydrogenase and forms citrate via combination with
oxaloacetate by citrate synthase (Voet, 2011). Citrate is an important metabolic node as it can be
exported from the mitochondria, to be metabolized back to acetyl-CoA, where it can be used for
fatty acid synthesis, or for protein/histone acetylation (Hatzivassiliou et al., 2005). Conversion of
citrate to isocitrate by aconitase commits the molecule to the TCA cycle, where it undergoes a
series of oxidation and decarboxylation reactions (Voet, 2011). First isocitrate is decarboxylated
by isocitrate dehydrogenase to form a-ketoglutarate, which is further decarboxylated to form
succinyl-CoA (Berg, 2012). Both reactions result in the production of NADH. Succinyl-CoA is
next metabolized to succinate, where it is dehydrogenated to fumarate, by succinate
dehydrogenase (complex II of the electron transport chain) (Berg, 2012). Fumarate is hydrated by
fumarate hydratase to create malate. Malate re-forms oxaloacetate through the action of malic
enzyme that results in NADH production (Berg, 2012). These series of reactions are depicted in
Figure 1.5. Glucose-derived pyruvate is not the only source of fuel for the TCA cycle.
Anaplerosis is the act of replenishing TCA cycle intermediates that have been extracted for
biosynthesis. Enzymes such as pyruvate carboxylase, which converts pyruvate directly to
oxaloacetate to be used for citrate synthesis, and the conversion of glutamine to glutamate can be

used to replenish the pools of a-ketoglutarate in the TCA cycle (DeBerardinis et al., 2007).
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Similar to glycolysis, TCA metabolites are used for anabolic processes to sustain cell
proliferation (Lunt and Vander Heiden, 2011). In addition to the previously described roles of
citrate, several non-essential amino acids necessary for nucleotide and protein synthesis can be

derived from TCA intermediates (Voet, 2011).
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Figure 1.5: Schematic of the TCA cycle. Production of reducing equivalents or ATP is shown

in red. Contributing metabolic pathways are shown in blue.

Alterations of TCA cycle activity in cancer. The role of the TCA cycle as an energetic
and biosynthetic hub makes it an important node in cancer metabolism. There is evidence that
several of the TCA cycle enzymes are mutated or inhibited in cancer, although the effects and

importance of these changes can be of differing significance based on the tumour type (Gaude
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and Frezza, 2014; Sullivan and Chandel, 2014). The strongest and most consistent phenotypes are
associated with mutations or losses of isocitrate dehydrogenase, fumarate dehydrogenase, and
succinate dehydrogenase (Ashrafian et al., 2010; Yan et al., 2009).

IDH. Novel mutations of the isocitrate dehydrogenase (IDH) genes have been observed in
leukemia and glioma (Yan et al., 2009). Importantly, these mutated IDH enzymes produced an
enantiomer of a-ketoglutarate, the (R)-hydroxyglutarate (Ye et al., 2013). This metabolite has not
been observed in great quantities in non-mutated metabolic processes and therefore may be used
as a cancer biomarker (Guo et al.,, 2011; Pope et al., 2012). Recent literature suggests that
accumulation of 2-HG acts as an oncometabolite, by competitively inhibiting enzymes and
processes that rely on a-ketoglutarate as a cofactor, including HIF-1o-mediated angiogenesis or
Jumonji-mediated histone modifications (Dang et al., 2009; Lu et al., 2012). Similarly it has been
reported that these mutations may predispose tumours to various forms of oxidative stress due to
the depletion of antioxidants (Kil et al., 2007; Lee et al., 2004).

SDH/FH. Inactivating mutations of SDH have been linked to various cancer types
including paraganglioma (Baysal et al., 2000), renal carcinoma (Ricketts et al., 2008) and breast
cancer (Kim et al.,, 2013). SDH appears to behave as a classical tumour suppressor, as the
mutated allele is inherited in heterozygous fashion, while the wild type is lost (Gimm et al.,
2000). The phenotype of SDH loss is driven by hypoxia inducible factor (HIF-1a, see Section
1.9). High levels of succinate inhibit the a-ketoglutarate-dependent enzymes that regulate HIF-1a
degradation (Selak et al., 2005). Similar processes are observed with the loss of fumarate
hydratase. FH loss leads to the stabilization of HIF-1a, as high fumarate levels also competitively

inhibit the prolyl hydroxylase reaction that regulates HIF (Isaacs et al., 2005). Given the recent
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nature of these discoveries, it stands to reason that other enzymes in the TCA may yet prove

instrumental to tumour growth in various models.

1.2.6 Beta-Oxidation.

One of the most potent energy producing processes in the cell is the oxidation of fatty
acids. The catabolism of fatty acids involves the generation of acetyl-CoA, as well as FADH, and
NADH. The oxidation of a fatty acid (i.e., palmitate) will result in 7 NADH, 7 FADH, and 8
acetyl-CoA, which can result in a net gain of 129 ATP molecules (Voet, 2011). The acetyl-CoA
generated fuels numerous processes, including the TCA cycle as well as protein and histone
acetylation. The rate-limiting step of these reactions is the transfer of fatty acids into the
mitochondria (Berg, 2012). In the cytosol, the carnitinepalmitoyl transferase 1 (CPT1) combines
acetyl-coA and carnitine to form acyl-carnitine (Berg, 2012). This molecule passes through the
outer mitochondrial membrane, where it is transported into the mitochondrial matrix by a
translocase (Berg, 2012). Upon entry into the matrix, the molecule is broken down into its
constituents, acyl-coA and carnitine by CPT2 (Berg, 2012). In the mitochondrial matrix, the fatty
acid is then broken down in a series of dehydrogenation and hydrogenation reactions, which
systematically generate two carbon units from the fatty acid chain, until the entire fatty acid has
been oxidized (Berg, 2012). Acyl-CoA dehydrogenase catalyzes the first dehydration reaction,
forming 2,3 enoyl-CoA from Acyl-CoA and creating FADH; in the process (Berg, 2012). The
resulting fatty acid is hydrated by enoyl-CoA hydratase, forming 3-hydroxyacyl-CoA, before
being acted on by B-hydroxyacyl-CoA dehydrogenase and creating NADH (Voet, 2011). The
resultant molecule, 3-ketoacyl-CoA is removed from the fatty acid chain by Acyl-CoA

acetyltransferase (Voet, 2011). The newly formed NADH and FADH, can then be used in the
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electron transport chain for ATP generation. Increased B-oxidation can occur in tumours
undergoing metabolic stress as a means to promote cell survival (Sanchez-Macedo et al., 2013;

Zaugg et al., 2011).

1.2.7 Electron Transport Chain.

A main function of the TCA cycle is the production of reducing equivalents that are
utilized by the electron transport chain (ETC). The ETC consists of a series of five protein
complexes, Complex I-IV and ATP synthase, which are embedded in the mitochondrial
membrane (Voet, 2011). The donation of electrons from NADH and FADH, drives a series of
redox reactions to create a proton gradient in the intermembrane space. The proton motive force
drives ATP synthase and provides the energy to create ATP from ADP and phosphate ions (P1)
(Mitchell, 1961; Rich and Marechal, 2010).

Complex I (NADH dehydrogenase). Upon entry into complex I, NADH dehydrogenase
removes the proton from NADH to form NAD", H" and 2¢”(Voet, 2011). The proton is pumped
out into the intermembrane space, while the electrons from NADH are transferred in a series of
reactions from flavin mononucleotide, to a Fe-S cluster, to coenzyme Q (Voet, 2011). Coenzyme
Q acts as a carrier molecule to transfer electrons to Complex III (Voet, 2011).

Complex II (succinate dehydrogenase). Complex II is unique in the electron transport
chain as it is a direct link with the TCA cycle. The conversion of succinate to fumarate by
succinate dehydrogenase results in the formation of FADH; (Voet, 2011). Electrons from FADH,
are similarly transferred to coenzyme Q, but no protons are pumped into the intermembrane

space (Voet, 2011). The product fumarate is further metabolized to malate and oxaloacetate in the
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continuation of the TCA cycle. Complex II can also accept the FADH, generated from -
oxidation, via glycerol-3-phosphate dehydrogenase (Voet, 2011).

Complex Il (coenzyme Q-cytochrome c reductase). This complex contains cytochrome b,
cytochrome c, and the rieske iron-sulfur protein (Voet, 2011). Termed the Q-cycle, this complex
transfers electrons from coenzyme Q (originating from either complex I or II) to cytochrome c,
resulting in the pumping of 4 protons into the intermembrane space (Voet, 2011).

Complex 1V (cytochrome c oxidase). Complex IV acts as the terminal complex of the
chain. This complex removes the electrons from the cytochrome c¢ and transfers them to
molecular oxygen to form water (Voet, 2011). During this process, four protons flow into the
intermembrane space. The result is the production of a proton gradient that can be utilized by
ATP synthase (Voet, 2011). ATP synthase consists of two main units, F, and F;. The F, subunit
acts as an ion channel that allows for proton flux back into the mitochondrial matrix (Voet,
2011). This flux releases energy that the F; complex uses to combine ADP and Pi to create ATP

(Voet, 2011).
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Figure 1.6: Schematic of the electron transfer and proton movement in the electron

transport chain. Proton flux through the various complexes is shown in red.

Complex I mutations are the most common electron transport chain mutation in cancer
(Chatterjee et al., 2006). Mutations in CI alter both cellular energetics and redox homeostasis.
This enhancement of ROS has been shown to increase ROS-dependent metastatic processes in
lung and breast cancer cells (Chatterjee et al., 2006; Ishikawa et al., 2008). However, the degree
of mutation and dysfunction correlates with tumorigenic potential. Cancer cells with a severe CI
deficiency were strongly inhibited in growth and survival as compared to those with mildly
mutated CI. In addition, complex I activity was essential for cell survival under metabolic stress

in certain cancers (lommarini et al., 2014).
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1.3 Reactive Oxygen Species.

Metabolism and redox status are intertwined processes, as the mitochondrial electron
transport system is the major site for generation of reactive oxygen species in the cell (Aon et al.,
2010; Cortassa et al., 2014). During respiration, superoxide (O") is produced by the incomplete
reduction of O, at the flavin mononucleotide site of complex I and the Q cycle of complex III
(Brand, 2010; Murphy, 2009). O, is dismutated to H,O, by superoxide dismutase 1 (SODI) in
the cytosol (Bordo et al., 1994), or by Mn2'-dependent superoxide dismutase (SOD2) in the
mitochondrial matrix (Oberley and Oberley, 1988). H,O, can be further reduced to water by
catalase, glutathione peroxidase (GRX) or peroxiredoxin (PRX) (Holmstrom and Finkel, 2014).
The balance of the reduced state vs. the oxidized state of a biochemical system is referred to as
redox status. This status is a result of the production rate of reactive oxygen species and the
relative capacity of the antioxidant system to neutralize ROS production (Holmstrom and Finkel,
2014). This redox balance reciprocally acts on metabolism. Many metabolic processes can be
affected by the redox state as the enzymes can either be reduced or oxidized to promote or inhibit
function (Yang et al., 2014). To maintain normal function the enzyme must be reduced or
oxidized back to its original state. Therefore, proper maintenance of redox balance is necessary

for cell function.
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Figure 1.7: ROS topology and production. Direction and amount of ROS production
throughout the electron transport chain. The major sites of ROS production are complex I and III.
Complex III is the major driver of ROS production directed outside of the mitochondria. Figure

from (Brand, 2010).

1.3.1 ROS-dependent signaling.

There is increasing appreciation for the role of ROS as a signaling molecule. The stability
and membrane diffusion capability of H,O, allows for the H,O»-induced oxidation of cysteine
residues of nearby proteins, including key signaling pathway molecules (Yang et al., 2014). This
protein oxidation generally results in a disulfide (S-S) bond, which can be reversed by GRX and
TRX (Reczek and Chandel, 2014). Growth factor-receptor binding can cause increase
intracellular ROS. This increase in ROS can inhibit the protein phosphatases that regulate growth
factor receptors, allowing for the enhancement of the growth signal (Yang et al., 2014). This
effect can be negated through redox reactions within the cell, as attenuation of ROS levels and
reactivates the phosphatase activity. As such, pro-growth effects can be correlated with increased
ROS levels. Therefore, ROS-induced signaling can play a significant, non-damaging role in

cellular processes including metabolism and growth.
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1.3.2 Antioxidants.

Proper maintenance of ROS is necessary to ensure cell viability and health. Aberrant
levels of ROS can be damaging to a variety of cell organelles (Cross et al., 1987). In order to
maintain ROS levels in a healthy range, a host of enzymes act to convert highly
reactive/damaging species of ROS into less reactive forms, including the SOD enzymes
converting superoxide to H>O,. High levels of H,O, can be dangerous depending on the location
of their production as they cause Fenton reactions with Fe*" or Cu” to form hydroxyl radicals
(Dizdaroglu and Jaruga, 2012). These hydroxyl radicals are highly reactive and will irreversibly
damage any macromolecule in the vicinity. To prevent this, H,O, production is often restricted to
compartments with antioxidants that convert H,O, to water. Antioxidants such as glutathione
peroxidase (GPX), peroxiredoxins (PRX) are spatially regulated (Cox et al., 2010; Murphy,
2012). GPX and PRX are found in a variety of locations including the cytosol, mitochondria and

endoplasmic reticulum (Wood et al., 2003).
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Figure 1.8: Fates of mitochondrial-produced ROS. Antioxidant proteins are shown in green.

22



1.4 Techniques for Measuring Metabolism.

1.4.1 Seahorse XF Analyzer.

Recent methods and techniques have expanded upon the classical biochemical assays for
measuring reaction rates of metabolic processes. These new methods have included fluorometric
assays that react with the resultant products or cofactors from an enzymatic reaction. One of the
widely used applications of this technology is the Seahorse XF analyzer. When cells are actively
exporting lactate, a release of protons into the extracellular space also occurs, resulting in a
concomitant acidification of the media. Changes in oxygen consumption by the cells can be
measured via fluorophores that react with oxygen (Gerencser et al., 2009). The XF analyzer
combines these reactions to a fluorometric probe. Cells are incubated in a buffer-free media, and
a measuring cartridge is held 200 microns above the cells. Changes in proton release/media
acidification (a proxy measurement of lactate production) and oxygen consumption are
transmitted to the Seahorse machine, allowing for real-time measurement of both processes
(Gerencser et al., 2009). This technology is coupled with drug-injection ports, which can
introduce drugs that affect mitochondrial reactions, allowing for the investigation of various
mitochondrial processes, as well as the immediate metabolic response to a variety of drugs.
Though problems such as gas exchange may occur in the plate-based system that must be taken
into account (compared to the closed chamber of a Clark electrode), the high-throughput

capability of the plate-based system remains an attractive option (Gerencser et al., 2009).
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Figure 1.9: Diagram of mitochondrial evaluation by the Seahorse XF Analyzer. States of
mitochondrial respiration can be analyzed by the addition of various drugs, including oligomycin
(ATP synthase inhibitor), FCCP (protononophore/uncoupler) and the combination of rotenone

and antimycin, A which inhibit complex I and complex III respectively.

There are several applications of this technology in the study of cancer metabolism. High
throughput analysis of basal levels in glycolytic and oxidative metabolism, as well as metabolic
responses to therapeutic drugs are a large advantage in comparison to classical single enzyme
assays (Gerencser et al., 2009). This technology can be used to explore other metabolic, oxygen
consuming pathways such as B-oxidation, though the addition of free fatty acids with and without

the drug etoxomir to block fatty acid oxidation.

1.4.2 Gas chromatography Mass spectrometry.

One of the techniques currently used in the field of cancer metabolism is using gas

chromatography/mass-spectrometry (GC-MS) to quantify relative metabolite levels. The GC-MS
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uses inert gas to push samples though a heated capillary column. This first stage resolves
molecules based on their retention time in the column (Gordon and Frigerio, 1972). Upon entry
to the mass spectrometer, the molecules undergo electron ionization by electrons emitted from a
filament. The molecules are then fragmented into various pieces with specific mass to charge
ratios (Gordon and Frigerio, 1972). The time of elution of the molecule from the column, the
mass spectra of the fragmented pieces, and the specific mass to charge ratios allow for the

specific identification of a wide various of molecules (Gordon and Frigerio, 1972).

1.4.3 Mass Isotopomer Labeling.

When a GC-MS is used for metabolic analysis, it is able to quantify metabolite
abundance. However, this quantification is not necessarily informative of enzymatic flow, carbon
transfer, or dynamic processes. In order to elucidate these aspects of metabolism the GC-MS
technology can be used in the identification of mass isotopomers. These experiments take
advantage of heavy-labeled nutrients that are metabolized to produce heavy-labeled products.
These heavy-labeled products can be differentiated from the natural pool of metabolites, allowing
for determination of metabolite flux in cells (Inbar and Lapidot, 1987; Mullen et al., 2012). For
instance, a typical experiment may use a glucose molecule in which each of the natural '>C
carbons has been replaced with non-radioactive, heavy-labeled °C carbons. Growing cells are
then cultured in a medium where entire pool of 'C-glucose has been replaced with *C-glucose.
As glucose is enzymatically processed the *C-carbons are transferred to other metabolites. Upon
measuring these metabolites on GC-MS, the extra weight of the >C vs. '*C carbon units allows
for the unique identification of the carbon fate of the labeled nutrient. Taken together, the

breakdown and flow from these ">C carbon units can be traced by GC-MS, allowing for very
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specific measurement of metabolic flow (Inbar and Lapidot, 1987; Kalderon et al., 1988; Mullen

et al., 2012).
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Figure 1.10 Mass isotopomer (MI) distribution in the TCA cycle. Representative diagram of
MI labeling of glucose breakdown to lactate and the TCA cycle. Closed circles indicate "*C
carbons. The transfer of heavy-labeled carbons from the glucose input to downstream metabolites

can be measured and quantified by GC-MS.

1.5 Mediators of Oncometabolism.

The prevailing metabolic change in tumours is the Warburg effect, which has primarily
been utilized diagnostically with '*FDG-PET scans. Several attempts have been made to target
this enhanced glucose uptake therapeutically, but this has not yielded satisfactory results.
Enhanced glucose uptake is a pro-growth metabolic phenotype shared with normal physiological

function, such as in proliferating cells within the immune system (Chang et al., 2013). Therefore
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unless cancer-specific targeting of these glycolysis-promoting enzymes can occur, targeting
metabolism could produce the same toxicity observed by current chemotherapeutic methods.
Elucidating and understanding the distinct molecular mechanisms that drive glucose uptake in
tumours compared to normal physiological cells must occur in order to advance the therapeutic
benefits of targeting cancer metabolism. Several of these mutated oncometabolic pathways are

listed below.

1.5.1 PI3K-AKT

The PI3K pathway is one of the most commonly altered signaling pathways in human
cancers, and regulates pro-growth signals as well as metabolism (Engelman et al., 2006; Thorpe
et al., 2015). Activation of this pathway can occur at several steps, such as by loss of the tumour
suppressor PTEN, activating mutations of PI3K, or activation of the cell receptors (Thorpe et al.,
2015). One of the main effectors downstream of PI3K is AKT. Activation of AKT increases the
expression and membrane translocation of glycolytic enzymes (Elstrom et al., 2004; Plas and
Thompson, 2005), and stimulates activity of the mammalian target of rapamycin, by inhibiting its
negative regulator TSC2 (Inoki et al., 2002). In short, the PI3K-AKT signaling pathway engages
a wide variety of cancer-promoting processes, including cell survival, growth and proliferation,

and metabolism (Cairns et al., 2011).

1.5.2 Mammalian Target of Rapamycin (mTOR).

mTOR exists as two distinct, large protein complexes, mTORC1 and mTORC2. mTOR
is regulated principally by the heterodimeric tuberous sclerosis complex (TSC1/2) (Inoki et al.,

2002). This complex acts as a GTPase activating protein, which negatively regulates the GTPase
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Rheb, which is required for mTORC activation (Garami et al., 2003). mTORCI1 functions as a
key metabolic checkpoint, as it integrates nutrients and growth signals into pro-growth programs
(Guertin and Sabatini, 2007). Under conditions of low energy, mTOR is negatively regulated by
the AMP-activated protein kinase (AMPK), through inhibition of Raptor and activation of the
negative regulator TSC2 (Gwinn et al., 2008). mTOR reacts to favourable levels of inputs such as
oxygen, amino acids, growth factors and energy levels by increasing macromolecular
biosynthesis, promoting cells cycle progression and increasing growth and metabolism (Laplante
and Sabatini, 2009). Specifically, mTORCI controls the translation of many cell growth
regulators, including HIF-lao and MYC, which in turn promote angiogenesis, glucose and
glutamine metabolism, and cell growth (Guertin and Sabatini, 2007; Laplante and Sabatini,

2009).

1.5.3p33.

Referred to as the ‘Guardian of the Genome’, p53 is the most widely mutated tumour
suppressor in cancer. A well-characterized transcription factor, p53 is known for its functions in
the DNA damage response and apoptosis, as well as engaging anti-proliferative pathways by
activating or repressing key effector genes (Zilfou and Lowe, 2009). With regard to metabolism
p53 has been shown to enact a cell cycle checkpoint under conditions of metabolic stress (Jones
et al, 2005). p53 is also involved in the modulation of autophagy (the process of
degrading/recycling cellular components), as it activates the damage related autophagy modulator
(DRAM) (Crighton et al., 2006). There are also varied effects on glycolysis and the pentose
phosphate pathway. p53 directly binds and inactivates glucose-6-phosphate dehydrogenase,

thereby preventing flux into the pentose phosphate pathway (Jiang et al., 2011). p53 also
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promotes oxidative phosphorylation by activating the expression of SCO2, which assembles the
cytochrome c oxidase complex and helps regulate mitochondrial respiration (Matoba et al.,
2006).

1.5.4 MYC.

MYC is a pleiotropic transcription factor that regulates a variety of processes including
cell cycle progression, apoptosis, and metabolism (Dang, 1999, 2010). The N-terminal domain of
MY C mediates transcriptional activation via direct contact with the basal transcription machinery
(Hateboer et al., 1993). MYC activation has been shown to be a potent inducer of glutamine
metabolism by increasing the transcription of glutamine transporters, and similarly, MYC over-
expression was found to sensitize cancer cells to glutamine deprivation (Wise et al., 2008b).
Anapleurotic flux of glutamine into the TCA cycle was observed to be essential in these cells
(Wise et al.,, 2008a). MYC can also promote glycolytic activity by directly activating the

transcription of glycolytic genes, such as LDHA and HKII (Kim et al., 2007; Shim et al., 1997).

1.5.5 HIF-1aq.

Cellular adaptation to O, deprivation (hypoxia) is a physiological response during normal
development as well as pathogenic conditions. The main response to these conditions is the
stabilization of the transcription factor hypoxia-inducible factor 1 (HIF-1), which drives global
responses to hypoxic gene expression (Semenza, 2004). HIF1 is a heterodimer, combining HIF-
la or HIF-2a with HIF-1f. Dimerization causes the translocation of the dimer into the nucleus to
initiate the transcriptional activity. HIF-1a drives both angiogenesis and glucose uptake as a
means of responding to energetic stress (Gordan and Simon, 2007). By transcriptionally

increasing GLUT] (increasing glucose uptake), aldolase (increasing glucose processing), LDHA
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(increased export of glucose waste products) and PDHK1 (directing pyruvate away from the
mitochondria), HIF-1a metabolically alters cells away from oxidative phosphorylation and
increases glycolysis (Semenza et al., 1994). The increased glycolysis acts as an emergency
energy mechanism until oxygen can be re-supplied. In addition, HIF-la increases the
transcription of vascular endothelial growth factor (VEGF) to re-vascularize an area with blood
supply and oxygen. As tumor cells proliferate, they outgrow the local blood supply, creating
regions of hypoxia. In response, the cancer cells adapt to limited oxygen supply by via HIF1
(Keith et al., 2012). HIF-1a remains an attractive therapeutic target as its expression is tied with

metabolism, growth, metastasis, and radiation resistance (Moeller et al., 2005).

HIF-1a is continuously transcribed, and translated in an mTORC]1-dependent fashion
(Shackelford et al., 2009; Thomas et al., 2006). Under normoxic conditions, the prolyl
hydroxylase enzyme uses oxygen and a-ketoglutarate to add hydroxyl groups onto HIF-1a at
Pro-402 and Pro-564 (Ivan et al., 2001). This reaction converts Fe*" to Fe’*, which is reduced by
ascorbate, producing CO, and succinate (Figure 1.5). The hydroxylated prolines are recognized
by the VHL complex, which acts as an E3 ubiquitin ligase that modifies HIF and commits it to
proteosomal degradation (Hon et al., 2002). The activity of HIF can also be inhibited by the
asparagine hydroxylase factor inhibiting HIF (FIH), which hydroxylates HIF at asparagine 803,
thereby preventing transactivation (Mahon et al., 2001). Under hypoxic conditions, low O, levels
inhibit the activity of PHD, allowing HIF-1a to escape degradation and accumulate to bind to
HIF-1B, which then translocate to the nucleus and promotes O,-regulated gene expression
(Semenza, 2007). HIF-1a can also be stabilized in the presence of oxygen. Loss of the VHL
tumour suppressor can result in aberrant HIF-1a signaling (Cockman et al., 2000; Maxwell et al.,

1999). Recent evidence has shown that in renal cell carcinomas featuring loss of the TCA cycle
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enzymes succinate dehydrogenase (Selak et al., 2005) or fumarate dehydrogenase (Isaacs et al.,
2005), cause stabilization of HIF-la through inhibition of PHD activity. Increased levels of
reactive oxygen species allow for the stabilization of HIF-1a, putatively through inhibition of the
PHD reaction as well. There has been considerable debate if HIF-1a stabilization can be induced
through aberrant levels of reactive oxygen species, though the majority of evidence indicates that

ROS stabilizes HIF-1a (Bell et al., 2007; Brunelle et al., 2005b; Simon, 2006).
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Figure 1.11. HIF-1a regulation and factors that can cause degradation. HIF-1a protein is
regulated by post-translational modifications, including prolyl hydroxylation by PHD. Factors

that promote or inhibit this reaction, such as fumarate, succinate, and ROS are shown.
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1.6 AMPK: Coupling Energy and Growth

All living cells must be able to couple nutrient availability to growth and proliferation. In
order to survive metabolic stress or nutrient withdrawal, cells must be able to engage alternative
metabolic pathways to maintain energetic balance. Failure to adapt to changing nutrient levels
can result in cell death. One of the major regulators of adaptation to metabolic stress is the AMP-
activated protein kinase (AMPK). AMPK is a serine/threonine kinase that acts as a cellular
energy rheostat. AMPK acts as a buffer against various stresses that result in energy depletion,
including nutrient depletion, heat shock, hypoxia, and exercise. AMPK responds to this change in
energy level by shifting metabolism towards energy generation, while concomitantly inhibiting
processes that result in energy expenditure (Hardie et al., 2012). AMPK acts as a guardian of

cellular energy levels.

1.6.1 History of AMPK.

AMPK is an evolutionarily conserved energy sensor. AMPK is a heterotrimer comprised
of a, B, and y subunits. There exist 2 a, 2 3, and 3 y subunits, with varying expression levels of
the different isoforms in different tissues. The genes for these subunits are well conserved
evolutionarily, as they are found in most eukaryotes including yeast, fungi, plants and animals
(Hardie, 2007; Hardie et al., 1998). The discovery of AMPK occurred in increments during the
1970’s and 1980’s, and involved a number of labs in a variety of disciplines. Specifically, work
in mammalian and yeast models combined to elucidate the composition, function and
evolutionary conservation of AMPK. In 1973 two groups working on HMG-CoA reductase (Beg
et al.,, 1973) and Acetyl-CoA carboxylase (ACC) (Carlson and Kim, 1973) respectively,

discovered that isolation of their protein could be inhibited by phosphorylation. It was later
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reported that this inactivation of ACC was stimulated by AMP (Yeh et al., 1980) and was also
later shown in HMG-CoA (Ferrer et al., 1985). With both ACC and HMC-CoA being substrates
of a kinase requiring AMP, the enzyme responsible for these phosphorylation’s was renamed
AMP-activated protein kinase. However the functional and physiological relevance of AMPK in
mammalian systems had yet to be defined.

In Saccharomyces cerevisiae, the sucrose non-fermenting-1 (SNF1) gene was discovered
by a screen for mutations that caused failure to grow on non-fermentable carbon sources (Carlson
et al., 1981), and was later found to encode for a protein kinase (Celenza and Carlson, 1986). For
budding yeast, glucose is the preferred carbon source. When glucose is available, the genes for
gluconeogenesis, respiration, and peroxisome biogenesis are repressed. Stimulation of these
genes is critical for survival when glucose is lacking, and is mediated by SNF1 (Simon et al.,
1992; Thompson-Jaeger et al., 1991). In 1994 it was discovered that SNF1 is the orthologue of
AMPK, when the mammalian subunits were sequenced (Mitchelhill et al., 1994; Woods et al.,
1994). The conservation of AMPK between species, and the combined biochemical and genetic
approaches to study of this enzyme by various groups converged to identify AMPK. The
overlapping functions of AMPK in various systems began to elucidate the role of AMPK as an
energetic regulator in cells.

Several non-mammalian models in addition to S. cerevisiae have proven important in
further elucidating the role(s) of AMPK. Caenorhabditis elegans is a free-living nematode that
feeds on bacteria. The generation times are 3-4 days, and a single hermaphrodite and produce
about 200 progeny (Beale, 2008). C. elegans is a metazoan which has been used as a genetic
model to dissect AMPK signaling and physiological effects, as all three AMPK subunits are

highly conserved in this worm (Beale, 2008). Using C. elegans as a model, AMPK has been
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shown to regulate life span, nutritional control and cell proliferation (Apfeld et al., 2004; Curtis et

al., 2006; Narbonne and Roy, 2009).

1.6.2 Biochemistry of AMPK.

One unique feature of AMPK is its regulation by adenylate levels in the cell (Hardie et al.,
2011). Mammalian AMPK vy has 4 cystathionine-beta-synthase (CBS) adenosine phosphate
binding sites (Bateman, 1997). All adenylate molecules (ATP, ADP, AMP) compete for binding
in CBS1 and CBS3, whereas AMP constantly occupies CBS4, regardless of nucleotide
concentration (Hardie, 2011b). AMPK activation can occur by AMP or ADP binding, implying
AMPK is regulated by adenylate energy charge rather than solely by levels of AMP (Xiao et al.,
2007; Xiao et al., 2011). Binding of AMP to the gamma subunit can promote phosphorylation of
T172 in its activation loop (T loop), and allosterically increase AMPK activity. This binding
initiates an assembly cascade to facilitate phosphorylation. AMP-binding directly triggers a
signaling loop for AMPK activation, promoting AMPK interaction with the scaffolding protein
AXIN and LKBI. This resulting complex facilitates phosphorylation of AMPK by LKB1 (Zhang
et al., 2013). Recent work has further characterized the activation process of AMPK. AMP
binding and phosphorylation of AMPK by its upstream kinases causes a partial protection against
the activity of phosphatases. Use of the direct pharmacological activator A-769662 promotes
binding between of the CBM domain of the beta subunit to the kinase domain (Sanders et al.,
2007), though an endogenous metabolite or factor that causes this effect has yet to be elucidated.
This conformational change results in an active AMPK that his highly protected from
phosphatases (Xiao et al., 2013). In addition to conformational changes, post-translational

modifications have been shown to alter AMPK activity. AMPK can be myristoylated on the B1-
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subunit, as well as phosphorylated at Ser108 residue, which is required for AMPK localization
and activity (Oakhill et al., 2010). An inhibitory phosphorylation mark on Ser485 (al) or Ser491
(a2) has been demonstrated by several kinases including AKT (Valentine et al., 2014), and p70
S6K (Dagon et al., 2012). Inactive AMPK can be bound to glycogen via the glycogen-binding
domain on the [ subunits. Furthermore, phosphorylation of T148 in response to glucose

withdrawal, allowing for changes in cellular localization (Oligschlaeger et al., 2015).

1.6.3 Kinase Activation of AMPK

STK11 encodes the liver kinase B1 (LKBI), a serine/threonine kinase that plays
multifaceted roles in cell proliferation, polarity, metabolism, and survival (Alessi et al., 2006).
The liver kinase B1 (LKB1) functions as a master regulator of growth and metabolism in cells.
LKBI1 was identified as a tumour suppressor, as mutation or loss of this gene is responsible for
causing Peutz-Jeghers Syndrome (Hemminki et al., 1998). Furthermore, LKB1 is frequently
mutated in sporadic human non-small cell carcinomas and cervical cancers (Ji et al., 2007).
AMPK is a downstream effector of LKB1 and carries out many of the key tumour suppressor
functions of LKBI. However, AMPK can be phosphorylated by additional kinases (i.e.
CAMKKZP), and therefore may act independently of LKBI1, even in LKBI-null tumours.
Conversely, LKB1 phosphorylates a number of AMPK-related kinases in addition to AMPKal
and a2 (Lizcano et al., 2004). Thus, many of the phenotypes of LKB1-deficient tumors may not
result from disrupted AMPK signaling. LKB1 acts to co-ordinate a series of signaling pathways
through phosphorylation of multiple downstream targets. When in complex with STRAD and the
scaffolding protein MO25, LKB1 phosphorylates 12 downstream kinases, termed the AMPK-

related kinases (AMPKRKSs). LKB1 phosphorylates the T-loop of most of the members of this
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subfamily to activate these kinases (Lizcano et al., 2004). Recent evidence indicates that LKB1
contributes to maintenance of genomic stability, homeostasis of stem cells, and other processes
that are independent of AMPK. NuAK1/2, and SIK1-3 have also been linked to tumor formation
and metastasis, indicating that AMPK may not be the only putative effector of the tumor
suppressor role of LKB1 (Cheng et al., 2009; Liu et al., 2012). Similarly LKB1 mediates cell
polarity through the microtubule affinity-regulating kinases (MARKSs) (independently of AMPK)
and loss of this signaling has been shown to promote melanoma invasion (Chan et al., 2014). In
C. elegans (Guo and Kemphues, 1995) and D. melanogaster (Martin and St Johnston, 2003)
genetic models, the earliest identified roles of LKB1 were in mediating cell polarity. Taken
together, although AMPK and LKBI1 are closely linked, they display distinct differences in

signaling that may account for divergent roles relating to tumourigenesis.
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Figure 1.12. Biochemical activation of AMPK. A) Phosphatases act to remove the phosphate
from AMPK-activated kinases under energetically favourable conditions. B) Energetic stress
increases AMP levels, which bind to AMPK and partially prevent the action of phosphatases. C)
Binding of A-769662 to the Bl subunit induces a further conformational change that fully

protects AMPK from phosphatases.

1.6.4 AMPK activation by reactive oxygen species

There is increasing interest in the ability of ROS to stimulate AMPK activity. ROS has
been identified as an activator of AMPK, which appears to act independent of LKB1 (Emerling et
al., 2009; Mungai et al., 2011). Cells completely lacking mitochondria, and thus unable to
produce high levels of ROS, failed to activate AMPK, but could be rescued with exogenous H,O,

(Emerling et al., 2009). It has also been demonstrated that Cys299 was at least partly responsible
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for the H,O»-induced activation of AMPK (Zmijewski et al., 2010). Activation of AMPK by
ROS may be tissue or context-dependent, as oxidation of AMPK Cys130 and Cys174 in cardiac
cells resulted in decreased activity by interfering with the interaction between AMPK and LKB1
(Shao et al., 2014). These studies have also shown ROS-induced AMPK activation under
physiological and pathological conditions may possibly be independent of changes in AMP/ATP
levels (Emerling et al., 2009; Zmijewski et al., 2010), though this is still contested (Auciello et

al., 2014).

1.6.5 Pharmacological Activation of AMPK.

Several pharmacologic agents have been used to activate AMPK. Most prevalent among
these is the use of metformin as a first-line therapy for type II diabetes (Ferrannini, 2014).
Metformin is a biguanide that acts as an inhibitor of complex I of the electron transport chain.
Inhibition of OXPHOS promotes an increase in intracellular ADP and AMP, leading to indirect
AMPK activation (Zhou et al., 2001). The major effect of metformin action has been to lower
blood glucose levels in patients by blocking gluconeogenesis (Madiraju et al., 2014). Similar to
metformin is phenformin, a more potent biguanide. Phenformin acts via the same mechanism as
metformin, but features a higher affinity and transport activity as well as longer half-life duration.
Due to these potent effects, phenformin was removed from clinical use in the treatment of
diabetes for lactic acidosis toxicity (Pernicova and Korbonits, 2014). Other AMPK agonists
include the AMP mimetic AICAR, and the synthetic activator A-769662. AICAR is transported
into the cell via adenosine transporters, is subsequently metabolized into ZMP, which can bind
the y-subunit in place of AMP (Corton et al., 1995). A-769662 is a direct AMPK activator,
capable of promoting AMPK activity independently of adenylate levels by binding to the B1

subunit (Cool et al., 2006). A-769662 requires auto-phosphorylation of Ser108 of the B subunit
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(Scott et al., 2014). The role of AMPK in the observed effects of these activators has recently
been called into question, as the observed metabolic effects of several of these activators may not
actually require AMPK (Vincent et al., 2014). Further study with direct, AMPK-specific

activators such as A-769662 and others in development will help to elucidate these discrepancies.

1.6.6 Metabolic Control by AMPK

For cancer cells to survive metabolic stress or conditions of nutrient withdrawal, they
must be able to engage alternative metabolic pathways to maintain energetic balance. As
mentioned, AMPK responds to changes in energy levels regulating both biosynthetic and energy-
consuming processes (Hardie, 2011b). Cells with a functional LKB1-AMPK pathway can survive
metabolic stress, whereas cells lacking LKB1 or AMPK undergo programmed cell death,
suggesting LKB1-AMPK signaling is critical for maintaining energetic homeostasis (Bungard et
al., 2010; Godlewski et al., 2010; Inoki et al., 2003; Kato et al., 2002; Shaw et al., 2004b). One
way AMPK promotes energy homeostasis is through the direct regulation of metabolic enzymes
by phosphorylation. AMPK inhibits fatty acid synthesis and stimulates lipid oxidation through
the phosphorylation and inactivation of ACC1 (Davies et al., 1990) and ACC2 (Merrill et al.,
1997), respectively. AMPK activation can also further stimulate lipid oxidation by increasing
carnitinepalmitoyl transferase 1c (CPTlc) Increased expression of this protein enhances -
oxidation and increases cell survival under conditions of metabolic stress (Sanchez-Macedo et al.,
2013; Zaugg et al., 2011). AMPK also regulates autophagy, a catabolic process important for the
maintenance of cellular energy and cell survival in starved cells (Lum et al., 2005). AMPK-
dependent phosphorylation of the ULK kinases directly induces autophagy in starved cells,

resulting in the removal of damaged mitochondria through specific activation of mitophagy
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(Egan et al., 2011; Kim et al.,, 2011). ULK kinases in turn can negatively regulate AMPK
signaling through phosphorylation of AMPK subunits (Loffler et al., 2011). In situations of
chronic nutrient starvation, AMPK can elicit changes in transcription through a number of
mechanisms including phosphorylation of the transcriptional co-activator PGC-1a (Jager et al.,
2007), the transcription factor FOXO3 (Greer et al., 2007), or the core histone H2B (Bungard et

al., 2010).
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Figure 1.13 Phosphorylation targets of AMPK-mediated metabolic control. Activation of
AMPK by energetic stress or A-769662 acts to decrease a variety of anabolic pathways, and

increase ATP-generating catabolic pathways.
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1.7 AMPK in Cancer

From a signal transduction perspective, AMPK is situated at the center of a tumor
suppressor network known to regulate cell growth and proliferation in response to stress. AMPK
is regulated by phosphorylation by the tumor suppressor LKB1 (Hawley et al., 2003; Shaw et al.,
2004a); likewise, the tumor suppressors TSC2 (Inoki et al., 2003) and p53 (Jones et al., 2005) are
downstream targets of AMPK activity. AMPK can also initiate cell cycle arrest through
stabilization of p53 (Imamura et al., 2001; Jones et al., 2005) and the cyclin dependent kinase
(CDK) inhibitors p21VA*" and p27°"™" (Liang et al., 2007). The proximity of AMPK to these
established tumor suppressors and inhibition of cell growth implicate AMPK as a potential tumor
suppressor. However, data from the Cancer Genome Atlas (TCGA) sequencing efforts indicate
that mutations in AMPK subunits are relatively rare in cancer. Moreover, retaining AMPK
activity and the ability to adapt to metabolic stress may function to promote tumor survival and

growth. The role of AMPK in cancer remains incompletely defined.

1.7.1 Genomic disruption of AMPK.

AMPK is rarely somatically mutated in human cancer and there is no evidence for a
germline cancer predisposition syndrome involving AMPK subunits (Liang and Mills, 2013).
This may be due in part to redundancy in AMPK isoform expression. Humans harbor two genes
for the a catalytic subunit (PRKAAI, PRKAA?2), two B subunit genes (PRKABI, PRKAB?2) and
three y subunit genes (PRKAGI, PRKAG2, PRKAG3), and expression of these subunits varies
between tissue types. Screening for AMPK mutations in a subset of TCGA datasets indicate that
AMPK is mutated at low frequency in most tumor types (Cancer Genome Atlas, 2012a, b;
Cancer Genome Atlas Research, 2012), although the functional impact of these mutations has not

been fully characterized. Expression levels of AMPKa subunits also vary between cancer
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subsets. AMPK loss alone is insufficient to initiate transformation of mouse embryonic
fibroblasts (MEFs) (Laderoute et al., 2006), and spontaneous tumor formation in AMPKa-

deficient mice has not yet been demonstrated, suggesting that AMPK loss is itself insufficient to

drive tumourigenesis.

1.7.2 AMPK Isoform Specificity.

To date, the differential expression of AMPK subunits in cancer has not been extensively
investigated. However, there is some evidence that isoform-specific changes of AMPK subunits
may occur. Phoenix et al. recently observed that AMPKa2-null, but not AMPKal-null, MEFs
display increased susceptibility to H-RasV12 transformation in vitro and tumor development as
xenografts in vivo (Phoenix et al., 2012). In primary breast cancer tissues, a2 mRNA levels can
be suppressed by oncogenic PI3K signaling, with no observable effects on ol subunit expression
(Fox et al., 2013). Similarly, forced expression of AMPK-B1 has been shown to inhibit tumor cell
growth (Li et al., 2003). These data suggest AMPK isoforms may differentially contribute to
tumor cell growth and proliferation. Conditional animal models will help elucidate the role of

individual AMPKa subunits in tumor development and progression.

1.7.3 Other pathways of AMPK regulation.

Mechanisms of AMPK regulation independent of genomic alterations may also affect its
activity in cancer. One such possible mechanism is AMPK regulation by microRNAs (miRNAs).
The miRNA miR-451 was recently linked to control of LKBI-AMPK signaling within the
context of glioma. Expression of miR-451 was shown to decrease in response to low cellular

glucose levels, leading to modulation of LKB1/AMPK signaling in response to metabolic stress
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(Godlewski et al., 2010). miR-451 targets expression of the LKB1 component MO25. Loss of
miR-451 expression under low glucose levels promotes the stabilization of MO25 levels, leading
to enhanced LKB1 expression and LKBI-dependent AMPK activation. miR-148b has been
linked to suppression of AMPKal expression, and its expression correlates with poor prognosis
in pancreatic cancer (Zhao et al., 2013). Many miRNAs can function as drivers of tumor growth,
and it is tempting to speculate that miRNAs that target LKB1-AMPK signaling may promote
dynamic transcriptional/translational regulation of this energy-sensitive pathway independent of
genomic alterations.

Phosphatases and scaffold proteins for LKB1 and AMPK kinase complexes may also
serve as regulators of AMPK kinase activity. For example, the phosphatase a-SNAP was
identified as a negative regulator of AMPK activity (Wang and Brautigan, 2013). Cells deficient
for a-SNAP expression display constitutive AMPK activation in the absence of energetic stress.
Similarly, the tumor suppressor folliculin (FLCN) and its interacting proteins FNIP1 and FNIP2
have been identified as AMPK binding proteins (Baba et al., 2006; Preston et al., 2011). Loss of
FLCN promotes constitutive AMPK activation regardless of cellular AMP levels, suggesting that
FLCN is a negative regulator of AMPK activity (Yan et al., 2014). Additional work will need to
be performed to assess the impact of these AMPK regulators on tumor progression using

established cancer models.

1.7.4 Evidence for the role of AMPK in cancer.

Decreasing AMPK activity in Cancer. Several studies have demonstrated that loss of
AMPK activity can cooperate with oncogenes to promote tumor progression. One demonstration

of AMPK inhibition in cancer is the suppression of LKB1 function by mutated B-RAF (V600E)
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in melanoma. Mutant B-RAF V600E promotes ERK and RSK-dependent phosphorylation of
LKBI1 in melanoma cells, resulting in AMPK inhibition (Zheng et al., 2009). Reversing this
block in LKBI1 signaling leads to the suppression of B-RAF V600E-mediated transformation
(Zheng et al., 2009). Recently it has been shown that AMPK can also signal back to B-RAF to
attenuate MEK-ERK signaling (Shen et al., 2013). Inhibition of AMPK has also been observed in
a PTEN-deficient model of thyroid cancer (Antico Arciuch et al., 2013) and NSCLC cells
expressing the mitochondrial HSP90 chaperone TRAP-1 (Caino et al., 2013). Finally,
transformation by certain oncogenes, notably EN and H-RasV12, can promote defects in cellular
responses to nutrient deprivation, which is characterized by decreased phospho-AMPK levels
(Leprivier et al., 2013). The ability to uncouple energy sensing by AMPK may prove beneficial
as a means to avoid growth inhibition (Caino et al., 2013) in newly transformed cells. Taken
together, it is evident that irreversible loss of AMPK increases the risk of losing metabolic
plasticity as well as the ability to adapt to stressful growth conditions.

Increasing AMPK activity in Cancer. Tumour cells grown under chronic nutrient-
restricted conditions develop resistance to metabolic stress in part by selecting for increased
AMPK activity (Leprivier et al., 2013). It remains to be determined whether increased AMPK
activity is selected for during tumour progression, such as in metastatic or drug-resistant tumour
populations. Survival in the context of stress such as hypoxia and nutrient deprivation makes
AMPK activity advantageous to cancer cells. AMPK is activated in cells in response to a broad
range of stresses (Bungard et al., 2010; Frigo et al., 2011; Park et al., 2009), and can provide cells
with the metabolic flexibility to survive periods of stress. This flexibility includes engaging non-
glucose sources of energy, such as B-oxidation. By inhibition of ACC1/2, AMPK acts to increase

fatty acid catabolism. Specifically, AMPK activity is necessary to increase levels of carnitine
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palmitoyltransferase 1C (CPTlc), a transporter of fatty acids into the mitochondria (Zaugg et al.,
2011). Enhanced levels of CPTlc resulted in increased transport of fatty acids, allowing for
enhanced B-oxidation under both basal and energetic-stress conditions. Inhibition of CPTlc
sensitized cells to energetic stresses such as glucose withdrawal, hypoxia and xenograft tumour

growth (Sanchez-Macedo et al., 2013).

1.8 Conclusions.

AMPK lies situated in a signaling node of tumor suppressors, including p53 and LKB1. The
activities of AMPK appear to be both tumour promoting (increased catabolic activity to restore
energy levels in stressed conditions) and tumour inhibiting (inhibiting anabolism and cell
growth/cell cycle to help restore energy balance). It appears as though AMPK is primed to play a

role in cancer metabolism, though this role has yet to be elucidated.
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Figure 1.14: Tumour suppressor vs tumour promoter functions of AMPK. The effects of
AMPK can be broadly grouped into two classes: inhibition of anabolic function, and promoting

catabolic pathways in order to restore energy balance.
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Thesis Hypothesis and Objectives:

“AMP-activated protein kinase is a cellular energy sensor that regulates metabolic
homeostasis. It is situated in a network of tumour suppressor genes, but its role in cancer
remains undefined.”

Specific Objectives:

1) To examine the role of AMPK in cancer metabolism.
i) To identify the putative tumour suppressive role of AMPK
1i1) To examine the contribution of LKBI1 loss to cancer metabolism

iv) To elucidate the mechanism of normoxically stabilized HIF-1a in AMPK-null cells.
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Preface to Chapter 2

During transformation, cancer cells lose their natural brakes on cell proliferation. One
consequence of this increased growth is the requirement for more energy and more resources than
normal cells. To meet this new demand for energy, cancer cells undergo fundamental changes in
their pathways of energy metabolism and nutrient uptake. One hallmark of many cancers is the
preferential use of glucose for energy production, a phenomenon known as the Warburg effect.
This change to glycolytic metabolism may confer a selective growth advantage to cancer cells,
allowing them to proliferate when under sub-optimal growth conditions.

Many of the common genes mutated in cancer cells can also influence metabolic
pathways. For example, the tumor suppressor p53 initiates cell cycle arrest and apoptosis in
response to cellular stress, but can also regulate the metabolic processes of glycolysis, lipid
oxidation, and autophagy (Buzzai et al., 2007). These observations have led us to hypothesize
that oncogene and tumor suppressor pathways are intricately linked with metabolic regulation in
cancer (Vogelstein and Kinzler, 2004). However, our understanding of how oncogene and tumor
suppressor networks regulate metabolism remains poor.

The AMP-activated protein kinase (AMPK) is a central regulator of cellular metabolism
and energy homeostasis, and functions to preserve cellular energy levels (Hardie, 2003). Our
laboratory has previously found that AMPK couples cellular energy levels to the control of cell
division, by activating a p53-dependent metabolic cell cycle checkpoint when cellular energy
levels are low, and can stimulate ATP production through lipid oxidation and autophagy (Buzzai
et al., 2007) (Jones et al., 2005). We hypothesize that AMPK is a central regulator of cellular
bioenergetics and stress adaptation, and that the regulation of its activity may affect cancer cell

metabolism.
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Role of AMPK in cancer metabolism and tumour suppression
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Summary

AMPK is a metabolic sensor that helps maintain cellular energy homeostasis. Despite
evidence linking AMPK with tumor suppressor functions, the role of AMPK in
tumorigenesis and tumor metabolism is unknown. Here we show that AMPK negatively
regulates aerobic glycolysis (the Warburg effect) in cancer cells, and suppresses tumor
growth in vivo. Genetic ablation of the al catalytic subunit of AMPK accelerates Myc-
induced lymphomagenesis. Inactivation of AMPKo in both transformed and non-
transformed cells promotes a metabolic shift to aerobic glycolysis, increased allocation of
glucose carbon into lipids, and biomass accumulation. These metabolic effects require
normoxic stabilization of the hypoxia-inducible factor-1o. (HIF-1a), as silencing HIF-1a
reverses the shift to aerobic glycolysis and the biosynthetic and proliferative advantages
conferred by reduced AMPKoa signaling. Together our findings suggest that AMPK activity
opposes tumor development, and its loss fosters tumor progression in part by regulating

cellular metabolic pathways that support cell growth and proliferation.

Highlights
* Loss of AMPKal cooperates with the Myc oncogene to accelerate lymphomagenesis
*  AMPKa dysfunction enhances aerobic glycolysis (Warburg effect)
* Inhibiting HIF-1a reverses the metabolic effects of AMPKa loss

* HIF-la mediates the growth advantage of tumors with reduced AMPK signaling
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Introduction

Genetic lesions that drive cancer progression affect key biological control points including cell
cycle entry, DNA damage checkpoints, and apoptosis. However, the initiation of uncontrolled
proliferation also presents a significant bioenergetic challenge to cancer cells; they must generate
enough energy and acquire or synthesize biomolecules at a sufficient rate to meet the demands of
proliferation. It is now appreciated that many of the predominant mutations observed in cancer
also control tumor cell metabolism (Levine and Puzio-Kuter, 2010), suggesting that oncogene
and tumor suppressor networks influence metabolism as part of their mode of action. One of the
primary metabolic changes observed in proliferating cells is increased catabolic glucose
metabolism. Many tumor cells adopt a metabolic phenotype characterized by high rates of
glucose uptake and lactate production regardless of oxygen concentration, a phenomenon
commonly referred to as the “Warburg Effect” (Vander Heiden et al., 2009). While the energetic
yield per molecule of glucose is much lower for aerobic glycolysis compared to oxidative
phosphorylation (OXPHOS), the metabolic shift towards the Warburg effect appears to confer
both bioenergetic and biosynthetic advantages to proliferating cells by promoting increased non-
oxidative ATP production and generating metabolic intermediates from glucose that are
important for cell growth (DeBerardinis et al., 2008a).

Appreciation of the generality of the Warburg effect in cancer has stimulated the broader
concept that a “metabolic transformation” accompanies tumorigenesis (Jones and Thompson,
2009). However, the metabolic control points and signal transduction pathways that regulate the
Warburg Effect during tumorigenesis and their importance to tumor progression iz vivo remain
poorly defined. The AMP-activated protein kinase (AMPK) is a highly conserved Ser/Thr protein

kinase complex that plays a central role in the regulation of cellular energy homeostasis. AMPK
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is activated in response to declining fuel supply, and functions in the decision to allocate nutrients
towards catabolic/energy-producing or anabolic/growth-promoting metabolic pathways (Hardie,
2011a). From a metabolic standpoint, AMPK promotes ATP conservation under conditions of
metabolic stress by activating pathways of catabolic metabolism such as autophagy (Egan et al.,
2011; Kim et al., 2011) and inhibiting anabolic processes including lipid biosynthesis (Davies et
al., 1990), TORC1-dependent protein biosynthesis (Gwinn et al., 2008; Inoki et al., 2003), and
cell proliferation (Imamura et al., 2001; Jones et al., 2005). AMPK activity has been recently
linked to stress resistance and survival in tumor cells (Jeon et al., 2012; Liu et al., 2012).

Due to its involvement in cellular stress resistance, AMPK has been linked to the
regulation of tumorigenesis (Shackelford and Shaw, 2009). The upstream AMPK-activating
kinase LKBI is a tumor suppressor gene inactivated in patients with Peutz-Jegher’s syndrome
(Alessi et al., 2006), a condition that predisposes patients to gastrointestinal polyps and malignant
tumors (Giardiello et al., 1987; Hearle et al., 2006b). Cells lacking LKB1 display defective
energy-dependent AMPK activation (Hawley et al., 2003; Shaw et al., 2004b). Additional
evidence supporting a tumor suppressor function for AMPK is derived from experiments with the
glucose-lowering drug metformin, which acts in part by activating AMPK (Zhou et al., 2001).
Treatment of animals harboring tumor xenografts or naturally arising lymphomas with metformin
can delay tumor progression (Buzzai et al., 2007; Huang et al., 2008). However, to date the role
of AMPK in tumorigenesis and tumor metabolism has remained unclear.

In this work we demonstrate that loss of AMPK signaling cooperates with Myc to
accelerate tumorigenesis. Moreover, silencing AMPKa in both transformed and non-transformed
cells results in a switch to aerobic glycolysis (Warburg effect) in the absence of energetic crisis.

This metabolic shift is characterized by increased glucose uptake, redirection of carbon flow
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towards lactate, increased flux of glycolytic intermediates towards lipid biosynthesis, and an
increase in net biomass (size). Induction of this metabolic shift is dependent on HIF-1a, as
silencing of HIF-la by shRNA ablates the effects of AMPKa loss on aerobic glycolysis,
biosynthesis, and tumor growth in vivo. Our findings indicate that AMPK is a metabolic sensor
essential for the coordination of metabolic activities that support cell growth and proliferation in
cancer cells, and that disruption of AMPK signaling promotes metabolic reprogramming of
cancer cells to drive the Warburg effect and influence tumor development and progression in

Vivo.

Results
Loss of AMPKa.1 accelerates Myc-driven lymphomagenesis

AMPK lies downstream (Hawley et al., 2003; Shaw et al., 2004b) and upstream (Inoki et
al., 2003) of known tumor suppressors (LKBI1 and TSC2, respectively), but its role in
tumorigenesis has remained unclear. To address this question we generated Ep-Myc transgenic
mice (Adams et al., 1985) harboring a mutation in the gene that encodes AMPKal (prkaal),
which is the sole catalytic subunit expressed in B lymphocytes (Fig. S1A). Latency to tumor
development was monitored by palpation, and both tumor-free survival and overall lifespan were
monitored. Compared to Eu-Myc control mice, Eu-Myc animals lacking AMPKal displayed
accelerated lymphomagenesis with a median tumor onset of 7 weeks (Fig. 1A) and a maximum
overall survival rate of 20 weeks (Fig. S1B). Eu-Myc mice heterozygous for AMPKal displayed
an intermediate phenotype, with a median tumor onset of 10 weeks (Fig. 1A). Lymph node
tumors isolated from Eu-Myc/al “* and Eu-Myc/al " mice displayed prominent B220/CD45R

staining, indicating that tumors arising in these animals were of B cell origin (Fig. S1C);
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however, all AMPKo.l-deficient B220" lymphomas examined lacked surface immunoglobulin
(sIg) expression, suggesting that these tumors were pre-B cell tumors, rather than mature B cell
tumors (Fig. S1C).

To assess whether the accelerated tumor onset observed in Eu-Myc/al” animals was due
to a cell intrinsic effect of AMPKal-deficiency in B cells, we generated chimeric mice using Eu-
Myc/al 7 or Eu-Myc/al " hematopoietic stem cells (HSCs) to reconstitute lethally-irradiated
wild-type mice (C57BL/6 background). All animals reconstituted with Eu-Myc/al”" HSCs
developed palpable lymphomas within 9 weeks of reconstitution, while only 20% of animals
receiving Eu-Myc/al ™" HSCs developed tumors 12 weeks post reconstitution (Fig. 1B). These
data establish that specific loss of AMPKal in B cells can promote accelerated Myc-driven
lymphomagenesis.

While lymph node tumors from both genotypes looked histologically similar by H&E
staining (Fig. S1D), Eu-Myc/al” lymphomas displayed increased proliferation marker Ki-67
staining in situ (Fig. 1C). Immunohistochemical (IHC) analysis revealed no major differences in
tumor vascularization (measured by CD31 staining) or apoptosis (IHC for cleaved caspase-3)
between AMPKal-deficient and control Eu-Myc tumors (Fig. SIE). We next silenced AMPKal
in primary Ep-Myc lymphoma cells using shRNA (Fig. S1F), and measured the impact of
AMPKal levels on cell proliferation using an in vitro competition assay. Primary Ep-Myc
lymphoma cells were transduced with retroviral vectors co-expressing GFP and control or
AMPKa.1-specific shRNAs, and the percentage of GFP" cells remaining after six days of culture
was determined by flow cytometry. AMPKal shRNA-expressing cells displayed a competitive

growth advantage in vitro over cells expressing control shRNA (Fig. 1D).
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Activation of AMPK promotes cell survival in response to metabolic stress (Bungard et
al., 2010; Buzzai et al., 2007; Jeon et al., 2012). To determine whether loss of AMPK renders Ep-
Myc tumors sensitive to metabolic stress, Epu-Myc lymphoma cells expressing control or
AMPKal shRNAs were treated with the glycolytic inhibitor 2-deoxyglucose (2-DG) and cell
viability measured after 24 hours. AMPKal shRNA-expressing lymphomas displayed normal
viability under standard growth conditions but increased cell death in the presence of 2-DG (Fig.
1E). Together these data suggest that loss of AMPKal can enhance tumor development driven
by oncogenic Myc in vivo, but is required to maintain tumor cell viability.

We next explored putative altered signaling events in AMPKal-deficient lymphomas by
IHC analysis of tumor sections. AMPKa, phospho-AMPKoa and phospho-ACC (pACC)
expression in tumor-bearing lymph nodes confirmed a complete loss of AMPK signaling in Eu-
Myc/al” tumors (Fig. S1G). Similar to that observed in LkbI™" tissues (Shackelford et al., 2009;
Shaw et al., 2004a), tumor tissue from Eu-Myc/a/ “ mice displayed increased staining for S6 and
4E-BP1 phosphorylation (Fig. 1F), suggesting an increase in basal TORC1 signaling in AMPKa-
null lymphomas in vivo. Similar data were observed via immunoblotting of primary lymphoma
cells isolated immediately ex vivo from tumor-bearing lymph nodes. Both TORC1 and AMPK
activity (as determined by ACC phosphorylation) were elevated in Ep-Myc lymphoma cells
compared to normal B cells (Fig. 1G). When comparing Eu-Myc/al™" and Ep-Myc/al™”
lymphomas directly, pACC levels were ablated in a/” tumors, while TORC1 activity was
increased in a/”" tumors with some variability in levels of both S6 and 4E-BP1 phosphorylation

between a/”” tumor samples (Fig. 1G).
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Loss of AMPKoa signaling enhances the Warburg effect in cancer cells

AMPK sits at a central node in the regulation of catabolic and anabolic metabolism (Hardie et al.,
2012). To address the role of AMPK in regulating the metabolism of lymphoma cells we
conducted a targeted metabolomic analysis of Eyn-Myc lymphoma cells using NMR spectrometry.
Employing a stringent statistical cutoff (p<0.0I) and metabolites displaying a 2-fold change in
abundance, we identified 13 metabolites showing differential abundance in shAMPKal
lymphoma cells (Fig. 2A). By these criteria glucose was the only metabolite significantly
decreased in shAMPKoal lymphoma cells, while lactate displayed the greatest increase (Fig. 2A).
Lymphomas expressing AMPKal shRNA displayed an elevated extracellular acidification rate
(ECAR, Fig. 2B), an index of lactate production (Wu et al., 2007), but displayed no significant
difference in their oxygen consumption rate (OCR, Figs. 2C and S2A). AMPKal shRNA-
expressing Ep-Myc lymphoma cells also displayed increased glucose consumption (Fig. 2D) and
lactate production (Fig. 2E) relative to control lymphoma cells, a metabolic signature consistent
with the Warburg effect.

To assess whether reducing AMPK activity is sufficient to enhance the Warburg effect in
cancer cells we silenced AMPK in two independent cell lines, H1299 (non-small cell lung
carcinoma) and HCT116 (colon carcinoma). Expression of shRNAs targeting both the al and a2
subunits of AMPK reduced total AMPKa protein expression in these cell lines (Fig. 2F-G), and
AMPKa silencing promoted a significant increase in the basal ECAR of both H1299 (Fig. 2H)
and HCT116 cells (Fig. 2I). Lactate production was also elevated in H1299 and HCT116 cells
expressing AMPKa shRNA (Fig. S2B-C). Taken together with our observations using AMPKal
shRNA-expressing Ep-Myc lymphoma cells, these data suggest that downregulation of AMPK

signaling is sufficient to enhance the Warburg effect in transformed cells.
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Loss of AMPK signaling promotes increased ATP levels and anabolic metabolism

Given the increased metabolic demands of cell proliferation, we hypothesized that an intact
AMPK signaling pathway may function to coordinate metabolism and biosynthesis in actively
dividing cells. To address this we generated non-transformed mouse embryonic fibroblasts
(MEFs) deficient for AMPKa. Using MEFs deficient for prkaal and harboring a conditional
mutation for prkaa2 (denoted hereafter as al”, a2™"), we generated paired isogenic cell lines
that possess or completely lack AMPK catalytic activity depending on expression of Cre
recombinase (Fig. S3A). MEFs lacking AMPKa (Cret) displayed increased glucose
consumption (Fig. S3B), lactate production (Fig. S3C), and ECAR (Fig. 3A) relative to control
(Cre-) cells. We next traced the metabolic fate of *C-glucose in these cells, and found that
AMPKa-deficient cells displayed a progressive increase in the m+3 isotopologue of lactate (**Cs-
lactate) derived from glucose over time (Fig. 3B), corresponding to a 6-fold increase in the
glucose-to-lactate conversion rate.

One possibility for the increased ECAR in cells lacking AMPK activity could be a
compensatory response to low cellular energy triggered by AMPK loss. To address this we
measured the adenylate energy charge in unstressed, actively growing MEFs by HPLC.
Remarkably, cellular ATP levels were elevated in AMPKa-deficient MEFs relative to controls
(Fig. 3C). In contrast, the AMP:ATP ratio was not significantly affected by the loss of AMPK
activity in proliferating cells (Fig. 3D), suggesting no significant change in basal cellular energy
charge when AMPKa is absent.

The metabolic shift to the Warburg effect facilitates the redirection of glucose-derived

carbon towards biosynthetic pathways to generate biomass (Vander Heiden et al., 2009),
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including extrusion of glucose-derived citrate from the citric acid cycle (CAC) for lipid
biosynthesis (Hatzivassiliou et al., 2005). Consistent with this, total citrate levels were elevated in
AMPKoa-deficient cells relative to control cells as determined by gas chromatography-mass
spectrometry (GC-MS) (Fig. 3E). We next measured glucose-dependent lipid biosynthesis by
culturing MEFs with D-[6-"*C]-glucose, and found that AMPKa-deficient cells displayed
increased '*C-labelling in lipids (Fig. 3F). Decreased ACC phosphorylation in AMPKa-null cells
is predicted to contribute to lipid synthesis, but may also decrease fatty acid oxidation. Baseline
palmitate oxidation remained low in proliferating cells grown under full glucose conditions
regardless of AMPK expression (Fig. 3G). However, cells expressing AMPKa shRNA displayed
a reduced ability to oxidize lipid upon complete removal of glucose (Fig. 3G), suggesting that
AMPK is required to trigger catabolic lipid metabolism specifically under nutrient poor
conditions.

Consistent with shunting of glucose-derived carbon towards biosynthesis in proliferating
cells, AMPKa-null MEFs displayed a 20% increase in median cell size as determined by forward
scatter (FSC) using flow cytometry (Fig. 3H). TORCI1 is a central regulator of cell size (Laplante
and Sabatini, 2009), and AMPK can negatively regulate TORCI activity under energy stress
(Inoki et al., 2003; Shaw et al., 2004a). Consistent with this, the AMPK agonist AICAR
suppressed TORC1 activity (as determined by reduced pS6 and p4E-BP levels) only in cells with
wild type AMPKa (Fig. S3D). Notably, growth factor-dependent TORC1 activity in cells was
similar regardless of AMPKa status (Fig. S3E), suggesting the existence of TORC1-independent

pathways of biomass regulation in AMPKa-deficient cells.
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Loss of AMPKo promotes a glycolytic signature and increased HIF-1a expression

We next investigated potential mechanisms governing the glycolytic phenotype associated with
AMPKoa-deficient cells. We first used quantitative PCR (qPCR) to examine the relative levels of
mRNA transcripts encoding for proteins involved in glycolytic regulation. AMPKa-null MEFs
displayed a glycolytic gene signature marked by increased mRNA expression of Aldolase A
(aldoa), Lactate dehydrogenase A (ldha), and pyruvate dehydrogenase kinase 1 (pdkl) (Figs. 4A
and S4A), a pattern of gene expression also displayed by shAMPKal lymphoma cells (Fig.
S4B). Elevated Aldolase, LDHA and PDKI1 protein levels were also detected in AMPKoa-
deficient MEFs (Fig. 4B) and shAMPKal lymphoma cells (Fig. 4C).

PDKI1 curbs pyruvate flux to Acetyl-CoA and entry into the TCA cycle by antagonizing
the action of the pyruvate dehydrogenase (PDH) complex (Kim et al., 2006; Papandreou et al.,
2006). Thus, elevated PDKI1 levels observed in AMPKa-deficient cells may be predicted to
affect glucose flux to citrate. To measure this we cultured control or AMPKa-null MEFs in
medium containing uniformly labeled ["*C]-glucose and measured "°C enrichment in citrate by
gas chromatography-mass spectrometry (GC-MS). Glucose-derived pyruvate is converted to Ac-
CoA by PDH. Subsequent condensation of [1,2-">C]-Ac-CoA with oxaloacetate (OAA) yields
citrate with 2 additional mass units (m+2), while an additional turn through the TCA cycle
produces citrate (m+4). We observed modest increases in levels of unlabeled citrate in AMPKot-
null MEFs relative to control cells, as well as reduced citrate(m+4) labeling from [°C]-glucose
(Fig. S4C). °C enrichment in citrate was similar between control and AMPKa-null MEFs when
[*C]-glutamine was used as carbon source (Fig. S4D).

Several of the enzymes elevated in AMPKa-deficient cells are known targets of the
transcription factor HIF-1a, one of the central regulators of glycolysis induced by hypoxia (Keith
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et al.,, 2012; Semenza, 2011a). We observed elevated HIF-1a protein levels under normoxia
following acute AMPKa deletion in our isogenic cell lines (Fig. 4D), consistent with previous
work demonstrating elevated HIF-lo protein expression in cells with chronic depletion of
AMPKa (Shackelford et al., 2009). Moreover, shRNA-mediated knockdown of AMPKal in Ep-
Myc lymphomas (Fig. 4E) or HCT116 cells (Fig. 4F) promoted normoxic HIF-la protein
stabilization. Levels of hifla mRNA were unchanged in AMPKa-null MEFs relative to controls
(Fig. 4G), suggesting that reducing AMPK activity is sufficient to increase HIF-1a protein levels
in cancer cells under normoxic conditions independent of mRNA levels.

TORCI signaling has been linked to control of HIF-1aw expression through differential
regulation of its translation (Choo et al., 2008). To examine the contribution of TORCI signaling
to HIF-la stabilization in AMPKa-deficient cells, we silenced the TORC1 binding partner
Raptor using siRNA. Treatment with Raptor siRNA significantly reduced 4if7a mRNA levels in
both control and AMPKa-deficient MEFs, with the latter demonstrating a large drop in Aifla
mRNA expression upon Raptor depletion (Fig. 4H). Moreover, transient knockdown of Raptor in
AMPKoa-deficient MEFs reduced HIF-1a protein levels (Fig. 41), and reduced the expression of

the HIF-1a targets aldoa (Fig. S4E) and /dha (Fig. S4F).

AMPKo-dependent effects on glycolysis are mediated by HIF-1a

To determine the contribution of HIF-1a to the glycolytic phenotype observed in AMPKao-null
cells, we stably silenced HIF-1a in control (Cre-) or AMPKa-deficient (Cre+) MEFs using
RNAi. Expression of HIF-1ao shRNA ablated HIF-1a protein expression in AMPKoa-deficient

MEFs under normoxia (Fig. 5A), and blocked CoCl,-dependent induction of HIF-1a protein in
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both AMPKa-deficient and control cells (Fig. SSA). Expression of HIF-1a shRNA reduced pdkl
mRNA in AMPKa-null cells to control levels, demonstrating that expression of this shRNA
could block HIF-la-dependent transcription (Fig. 5B). We next determined whether silencing
HIF-1a could reverse the Warburg effect triggered by loss of AMPKa activity. While HIF-1a
shRNA had little effect on the ECAR of control cells, silencing HIF-1a. in AMPKo-deficient
cells lowered the ECAR below control levels (Fig. 5C). GC-MS analysis revealed dramatic
reductions in intracellular pyruvate and lactate in AMPKa-deficient cells expressing HIF-1a
shRNA relative to control shRNA (Fig. 5D). Moreover, silencing HIF-1a ablated the enhanced
levels of glucose consumption (Fig. SE) and lactate production (Fig. 5F) displayed by AMPKa-
deficient cells. Similar reductions in glucose consumption and lactate production were observed
in AMPKa-deficient MEFs transfected with HIF-1a siRNA (Fig. S5B-D). Silencing Raptor in
AMPKoa-deficient MEFs, which partially reduced HIF-1a protein levels (Fig. 41), led to slight

reductions in lactate production (Fig. S5E) and ECAR (Fig. S5F).

HIF-1a drives increased biosynthesis in AMPKo.-null cells

Next we determined the impact of HIF-1a expression on cellular biosynthesis and proliferation
induced by AMPKa loss. Silencing HIF-1a reduced intracellular citrate in AMPKo-deficient
cells by approximately 70% (Fig. 6A), restoring citrate levels to that observed in control cells.
Moreover, suppression of HIF-la dramatically reduced glucose-dependent lipogenesis in
AMPKa-deficient MEFs (Fig. 6B). Suppression of HIF-1a had little effect on glucose-dependent
lipogenesis in control cells (Fig. 6B), consistent with the fact that HIF-1a protein is maintained at

low levels in these cells under normoxia.

61



Given that aberrant HIF-1a expression drives both enhanced glycolysis and glucose-
derived lipogenesis, we reasoned that the increased size of AMPKa-deficient cells may be
attributed to HIF-la-dependent changes in anabolic metabolism. While loss of AMPKa
promotes increased cell size, silencing HIF-1a restored the size of AMPKa-deficient MEFs to
that of control cells (Fig. 6C). Notably, rapamycin treatment also reduced the size of AMPKa-
deficient MEFs (Fig. S6A). However, this treatment also reduced hifla mRNA levels in cells
regardless of AMPKa expression (Fig. S6B), suggesting rapamycin may exert its effects in part
through regulation of HIF-loo mRNA. Finally, suppression of HIF-la signaling in AMPKa-
deficient cells reduced their overall rate of proliferation (Fig. 6D). Collectively the data suggest
that AMPK negatively regulates the metabolic (Warburg effect) and biosynthetic programs of

proliferating cells through the inhibition of HIF-1o function.

HIF-1a is required for the progression of AMPKa 1-deficient lymphomas

Our earlier results (Fig. 2) indicate that reduced AMPK signaling synergizes with Myc to
promote the Warburg effect in lymphoma. To determine the contribution of HIF-la to the
glycolytic phenotype of Eu-Myc lymphoma cells we stably expressed HIF-1a-specific sShRNAs
in Ep-Myc lymphoma cells with silenced AMPKal. Silencing HIF-1o in AMPKal shRNA-
expressing cells reduced HIF-1a protein expression to control levels (Fig. 7A). Protein levels of
the HIF-1a targets Aldolase and LDHA expression also decreased when HIF-1a was silenced in
AMPKal shRNA-expressing lymphomas (Fig. 7A). We next examined metabolic activity in
these lymphomas. Expression of AMPKal shRNA increased cellular ECAR as expected, while

silencing HIF-1a reduced this enhanced ECAR response by 60% (Fig. 7B). Finally, lymphoma
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cells expressing both AMPKal and HIF-1a shRNA showed decreased proliferation relative to
cells expressing AMPKol shRNA alone (Fig. 7C).

We next tested the requirement for HIF-1a for tumor progression in vivo. Primary control
or AMPKa-deficient Eu-Myc lymphoma cells were transduced with retroviral vectors expressing
GFP and either control or HIF-la. shRNAs, and the percentage of GFP™ lymphoma cells
(expressing the shRNA of interest) was determined by flow cytometry prior to transplantation
into recipient mice and following lymphoma formation (Fig. 7D). Expression of control shRNA
did not dramatically alter the fraction of GFP" Eu-Myc lymphoma cells regardless of genotype
(Fig. 7E,F). Interestingly, silencing HIF-1a in Eu-Myc lymphomas promoted a general increase
in the number of GFP" tumor cells, although this did not reach statistical significance (Fig. 7F).
However, lymphoma cells expressing HIF-1a shRNA were selectively depleted in AMPKa-null
tumors (Fig. 7E,F). Collectively these data suggest that loss of AMPK signaling promotes a
metabolic and growth advantage in lymphoma cells, and that HIF-1a is required for the growth

of AMPKal-null tumors in vivo.

Discussion

AMPK is a cellular energy sensor that coordinates metabolic activities in many tissues. Under
conditions of energetic stress, AMPK activation suppresses cell growth and proliferation, leading
to speculation that AMPK may function as part of a tumor suppressor pathway (Hardie, 2011a;
Shackelford and Shaw, 2009). Here we provide the first genetic evidence that AMPKa displays
tumor suppressor activity in vivo. Loss of AMPK signaling cooperates with oncogenic Myc to
enhance tumorigenesis in a mouse model of lymphomagenesis, suggesting that AMPK may

function as a tumor suppressor (Fig. 1). Moreover, we demonstrate that AMPK is a negative
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regulator of both aerobic glycolysis and cellular biosynthesis in cancer cells. Cells deficient for
the catalytic alpha subunit(s) of AMPK display increased aerobic glycolysis marked by increased
lactate production from glucose (Figs. 2 and 3), and downregulation of AMPK activity is
sufficient to induce the Warburg Effect in cancer cells (Fig. 2). We find that HIF-1a is a key
mediator of AMPK-dependent effects on cellular metabolism. Reducing AMPKa levels in cells
leads to increased HIF-la protein levels under normoxia in both transformed and non-
transformed cells (Fig. 4), and HIF-1a is required to drive both the Warburg effect and the
growth of AMPKal-deficient lymphomas in vivo (Fig. 5-7). The results presented here suggest
that the downregulation of AMPK activity eliminates a key metabolic checkpoint that normally
antagonizes anabolic pro-growth cellular metabolism. Thus, AMPK may act in cancer cells as a
metabolic gatekeeper that functions to establish metabolic checkpoints that limit cell division,
and its loss of function can enhance both tumorigenesis and tumor progression.

All cells must manage their energetic resources to survive. We and others have
established that AMPK is the central mediator of a metabolic cell cycle checkpoint activated in
response to nutrient limitation in mammalian cells (Gwinn et al., 2008; Inoki et al., 2003; Jones et
al., 2005). However, programs of ATP production and macromolecular synthesis must also be
coordinated in proliferating cells to ensure proper cell division. The data presented here suggest
that AMPK functions to regulate metabolic homeostasis in proliferating cells in the absence of
acute energetic stress. Isogenic MEFs or cancer cells lacking AMPKa activity display a
metabolic shift towards aerobic glycolysis, thus allowing cancer cells to engage aerobic
glycolysis for ATP production and divert glucose-derived CAC intermediates towards lipid
biosynthesis to support increased cell growth. AMPK may also influence lipid biosynthesis

through regulation of ACC and other lipogenic enzymes, possibly through its effects on SREBP-
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1 (Li et al., 2011). Thus, defective AMPKa signaling promotes the re-wiring of metabolic
pathways to favor cell growth pathways.

Interestingly our data provide evidence that AMPKa-deficient tumors display increased
activation of the TORCI1 targets S6 and 4E-BP1, suggesting that AMPK, as opposed to other
AMPK-related kinases, may be the key TORCI regulator downstream of LKBI1 in tumors.
Consistent with past work (Inoki et al., 2003; Liu et al., 2006; Shaw et al., 2004a), we find that
AMPK functions to downregulate TORCI activity specifically under conditions of energetic
stress, when it is desirable to suppress ATP-consuming processes such as mRNA translation.
This may provide a metabolic advantage to proliferating cells, where the loss of AMPK signaling
promotes increased ATP production and resource accumulation without affecting the mitogenic
properties of TORCI1. By concurrently silencing AMPK while maintaining TORCI signaling,
cells may effectively bypass endogenous brakes on cellular metabolism, supporting increased
tumor cell growth and proliferation.

Our work here establishes HIF-1a as a key mediator of the metabolic transformation
triggered by reduced AMPKa activity in cancer cells. We show that downregulation of AMPK
signaling is sufficient to induce normoxic HIF-1a stabilization and enhance the Warburg effect.
TORCI activity appears to contribute in part to this process, as silencing the mTORC]1 binding
partner Raptor reduces levels of hifla mRNA in AMPKa-deficient cells. However, silencing
Raptor moderately reduces HIF-1a protein levels and has a minimal effect on the glycolytic
phenotype of AMPKa-deficient cells, suggesting that AMPK may regulate HIF-1a-dependent
Warburg metabolism through additional mechanisms. Interestingly, TORC1 inhibition reduces
hifla mRNA and reduces glycolysis in cell regardless of AMPK expression, suggesting that

TORC1 may function on a more global level as a positive regulator of glycolysis beyond specific
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effects on HIF-1a expression (Duvel et al., 2010). Given that TORCI1 signaling is elevated in
AMPKal-deficient lymphomas, this may have implications for tumor metabolism in vivo. HIF-
loo mRNA levels are unaffected by AMPK expression; thus, AMPK may affect normoxic HIF-
la protein expression either through decreased protein turnover or differential translation of HIF-
lao mRNA (Choo et al., 2008). Overall we propose that AMPK functions to coordinate glycolytic
and oxidative metabolism in proliferating cells by restricting HIF-1a function.

One consequence of AMPK loss in cells is enhanced flux of glucose-derived carbon to
citrate for lipid biosynthesis, promoting biomass accumulation and increased cell size. This may
appear counterintuitive, as HIF-1a-dependent upregulation of PDK1 under hypoxia is proposed
to direct glucose-derived carbon away from the CAC (Kim et al., 2006; Papandreou et al., 2006).
However, glucose-to-citrate flux is not blocked in AMPKa-null cells despite elevated PDK1
levels. Rather, the reduced levels of citrate (m+4) in AMPKao-null cells may result from
increased use of glucose-derived citrate (m+2) for lipid biosynthesis. Reducing AMPK levels
significantly decreases ACCI inhibition in both tumor cells and tumor tissue, which would
permit maximal activity of ACCI for lipid biosynthesis. Thus, AMPK may regulate lipid
biosynthesis and biomass accumulation on multiple levels: substrate availability (HIF-1la-
dependent glucose-derived citrate) and ACC activity.

We propose that AMPK may function as a metabolic tumor suppressor, limiting the
growth of cancer cells by regulating key bioenergetic and biosynthetic pathways required to
support unchecked proliferation. Thus, selection against AMPK activity may represent an
important regulatory step for tumor initiation and progression, allowing tumor cells to gain a
metabolic growth advantage. Reduced AMPK activity has been detected in primary human breast

cancer (Hadad et al., 2009), and reduced expression of prkaa2, the gene that encodes for
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AMPKoa2, has been linked to human breast, ovarian, and gastric cancer (Hallstrom et al., 2008;
Kim et al., 2012). It is also well documented that LKBI-deficiency (Shackelford and Shaw,
2009) or genetic events that target LKB1 activity (Godlewski et al., 2010; Zheng et al., 2009)
lead to reduced AMPK signaling in tumor cells. Thus, there may be several routes by which
AMPK function is suppressed in tumors to provide a selective metabolic growth advantage.
While selection for loss of AMPK function may favor the Warburg effect in tumor cells,
it may also eliminate metabolic checkpoints essential for cellular adaptation to stress. AMPK
normally plays a protective role to block cell growth in response to poor nutrient conditions, and
as such its loss or suppression during tumorigenesis may sensitize tumor cells to apoptosis under
hypoxic or nutrient depleted environments (Svensson and Shaw, 2012). Consistent with this,

silencing AMPKal in Eu-Myc lymphomas conferred sensitivity to apoptosis induced by the

glycolytic inhibitor 2-DG. The increased levels of ACC phosphorylation observed in Eu-Myc
tumors (Fig. 1) infer that lymphomas experience metabolic stress and AMPK activation in vivo.
Thus, while ablation of AMPK signaling may enhance tumorigenesis, inhibition of this central
energy-sensing pathway may offer unique a therapeutic window for the treatment of tumors with
metabolic inhibitors. Our data provide a mechanistic rationale in support of the use of AMPK
agonists such as metformin for cancer therapy (Buzzai et al., 2007; Evans et al., 2005), as the
efficacy of these agents against tumor growth may lie in their ability to engage AMPK-dependent
metabolic checkpoints to restrict anabolic growth. Understanding the reprogramming of cellular
metabolic networks by AMPK in cancer may aid in the development of novel approaches for

cancer therapy.
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Experimental Procedures

Cell Lines, DNA Constructs, and Cell Culture

Primary mouse embryonic fibroblasts (MEFs) deficient for prkaal (al ) and conditional for
prkaa2 (2" were generated by timed mating as previously described (Jones et al., 2005), and
immortalized with SV40 Large T Antigen. HCT116 cells were obtained from ATCC. Primary
Eu-Myc lymphoma cells were provided by Jerry Pelletier (Robert et al., 2009). DNA plasmids
MiCD8t, pKD-HIF-1ahp, and LMP-based shRNAs against mouse and human AMPKa/ and o2
have been described previously (Bungard et al., 2010; Jones et al., 2005; Lum et al., 2007).
AMPKa-deficient MEFs were generated by transducing /™, a2™" MEFs with Cre-expressing
retrovirus to delete a2-floxed alleles. For siRNA transfections, cells were subjected to two
rounds of reverse transfection with pooled siRNAs against HIF-lo. (Dharmacon) using
Lipofectamine RNAimax (Hatzivassiliou et al., 2005). AMPK activity was assessed in cell lines
following stimulation with AICAR (1 mM, Toronto Research Chemicals) or metformin (5 mM,
Sigma) for 1 hour. To induce HIF-1a protein expression, cells were treated with CoCl, (100uM)
for 1 hour. For mass isotopomer analysis, cells were incubated in glucose- or glutamine-free
medium containing 10% dialyzed FBS and either uniformly labeled [’C]-glucose or [°C]-

glutamine, respectively (Cambridge Isotope Laboratories).

Mice
Mice deficient for AMPKal (Mayer et al., 2008), floxed for AMPKa2 (Jorgensen et al., 2004),
and Eu-Myc transgenic mice (Adams et al., 1985) have been described previously. Eu-Myc/al ™

mice (and littermate controls) were generated by breeding AMPKal-deficient and Eu-Myc
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transgenic mouse strains. Mice were bred and maintained under specific pathogen-free conditions

at McGill University under approved protocols.

Determination of Cell Proliferation, Competition Assays, and Cell Size

Cell proliferation curves for all cell lines was determined by cell counting using trypan blue
exclusion, and a TC10 Automated Cell Counter (BioRad). For in vitro competition assays,
primary Epu-Myc lymphoma cells were transduced with retroviral vectors co-expressing GFP and
AMPKal-specific shRNA or control shRNA, and the percentage of GFP-positive cells
remaining after six days of culture was determined by flow cytometry. Cell size of viable cells
was quantified as the mean fluorescence intensity for FSC using flow cytometry. All flow
cytometry was conducted using BD FACSCalibur (BD Biosciences) or Gallios (Beckman

Coulter) flow cytometers and analyzed with FlowJo software (Tree Star).

Immunoblotting

Cells were lysed in modified CHAPS buffer (10mM Tris-HCl, I1mM MgCl,, ImM EGTA,
0.5mM CHAPS, 10% glycerol, SmM NaF) or AMPK lysis buffer (Maclver et al., 2011)
supplemented with protease and phosphatase inhibitors (Roche), DTT (1 pg/ml), and
benzamidine (1 pg/ml). Cleared lysates were resolved by SDS-PAGE, transferred to
nitrocellulose, and incubated with primary antibodies. Primary antibodies to AMPK (pT172-
specific and total), AMPKa2, ACC (pS79 and total), p70 S6-kinase (pT389-specific and total),
S6 ribosomal protein (pS235/236-specific and total), 4E-BP1 (pT37/46-specific and total),
LDHA, PDK1, Aldolase, and actin were obtained from Cell Signaling Technology. Anti-HIF-1a

antibodies were from Cayman Biomedical.
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Quantitative Real-Time PCR

Total mRNA was isolated from cells using Trizol and cDNA was synthesized from 100ng of total
RNA using the Superscript VILO ¢cDNA Synthesis Kit (Invitrogen). Quantitative PCR was
performed using SYBR Green qPCR SuperMix (Invitrogen) and an Mx3005 qPCR machine
(Agilent Technologies) using primers against aldoA, ldha, pdkl, hifla, and actin. All samples

were normalized to f-actin mRNA levels. Primer sequences are listed in Table S1.

Metabolic Assays

Respirometry (oxygen consumption rate, OCR) and the extracellular acidification rate (ECAR) of
cells were measured using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience). In brief,
cells were plated at 5x10%well in 625ul non-buffered DMEM containing 25mM glucose and
2mM glutamine. Cells were incubated in a CO,-free incubator at 37°C for 1 hr to allow for
temperature and pH equilibration prior to loading into the XF24 apparatus. XF assays consisted
of sequential mix (3 min), pause (3 min), and measurement (5 min) cycles, allowing for
determination of OCR/ECAR every 10 minutes.

Glucose consumption and lactate production were determined using enzymatic assays
described previously (Buzzai et al., 2007). Glucose-derived lipid biosynthesis was determined by
culturing cells in medium containing '*C-glucose for 3 days, and extracted lipids using a 1:1:1
Water/Methanol/Chloroform extraction procedure (Mullen et al., 2012). Following extraction, the
organic layer was isolated, dried via N, stream, re-suspended in methanol, and incorporated

radioactivity measured using a MicroBeta Liquid Scintillation Counter (Perkin Elmer).
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Analysis of Metabolites by NMR and GC-MS

Metabolites from tissue culture cells were extracted as described previously (Xu et al., 2011b).
Briefly, cells (2 — 5 x 10%10 cm dish) were washed three times with ice cold 0.9% saline
solution. Cells were lysed using ice-cold 80% methanol followed by sonication (Diagenode
Bioruptor), and extracts dried by vacuum centrifugation. For NMR analysis, cell extracts were re-
suspended in 220 mL *H,O containing 0.2mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS),
0.ImM difluorotrimethylsilanylphosphonic acid (DFTMP), and 0.01 mM sodium azide. NMR
data collection was performed at the Québec/Eastern Canada High Field NMR Facility on a 500
MHz Inova NMR system (Agilent Technologies) equipped with an HCN cryogenically cooled
probe operating at 25 K. Metabolite chemical shift assignments were confirmed by total
correlation spectroscopy, and targeted metabolites profiled using a 500 MHz metabolite library
from Chenomx.

For GC-MS analysis, dried samples were re-suspended in 30 pL anhydrous pyridine and
added to GC-MS autoinjector vials containing 70 pL N-(tert-butyldimethylsilyl)-N-
methyltrifluoroacetamide (MTBSTFA) derivatization reagent. The samples were incubated at
70°C for 1 hr, following which aliquots of 1 uL were injected for analysis. GC-MS data were
collected on an Agilent 5975C series GC/MSD system (Agilent Technologies) operating in
election ionization mode (70 eV) and selected ion monitoring. Quantified metabolites were

normalized relative to protein content (ug).

Statistical Analysis
Statistics were determined using paired Student’s t test, ANOVA, or Log-rank (Mantel-Cox) test

using Prism software (GraphPad). Data are calculated as the mean + SEM unless otherwise
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indicated. Statistical significance is represented in figures by: *, p<0.05; **, p<0.01; ***,

p<0.001; ****_p<0.0001.
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Figure 1. AMPKal cooperates with Myc to promote lymphomagenesis. A) Kaplan-Meier
curves showing latency to tumor development in Eu-Myc transgenic mice deficient (a/”", red),
heterozygous (al ** blue) or wild-type (al “* black) for AMPKal. B) Kaplan-Meier curves
showing latency to tumor development in chimeric mice reconstituted with Eu-Myc/a™* (el ™,
black) or Eu-Myc/al” (al”, red) HSCs (n=5 per group). C) Representative histological sections
of Eu-Myc/a”" and Eu-Myc/al”" lymphomas stained for the proliferation marker Ki-67. D)
Competition assay of Eu-Myc lymphoma cells expressing GFP and control (Ctrl) or AMPKal-
specific (al) shRNAs. Data are expressed as the fold enrichment in GFP* to GFP” cells after 6
days of growth. E) Viability of control (Ctrl) or AMPKal shRNA-expressing Eu-Myc
lymphomas cells after 24h treatment with 2-deoxyglucose (2-DG, 15 mM). F)
Immunohistochemical analysis of representative Eu-Myc/a+/ " and Eu-Myc/al‘/ "~ lymphomas
stained with antibodies to detect TORCI activity (total and phospho-ribosomal S6 (pS6,
S240/244), or total and phospho-4EBP1 (p4EBP1, S37/46)). G) Immunoblot analysis of primary
EM-Myc/(f/+ or Eu-Myc/ al” lymphomas. Whole cell lysates prepared from sorted primary
lymphoma cells were analyzed by immunoblot using the indicated antibodies. Each lane
represents an independent tumor. Lysates from non-transformed B cells isolated from Eu-Myc-

negative mice are shown. **, p<0.01; ***, p<0.001.
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Fig. 2
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Figure 2. Loss of AMPK signaling enhances the Warburg Effect in cancer cells. A) NMR
metabolite profile of AMPKa-deficient lymphomas. Data are expressed as relative metabolite
levels for shAMPKal- versus shCtrl-expressing cells (p<0.0I) for samples in quintuplicate.
Open bars, decreased metabolites; closed bars, increased metabolites. B-C) Extracellular
acidification rate (ECAR) (B) and oxygen consumption rate (OCR, C) for proliferating shControl
(Ctrl) or shAMPKal (al) Eu-Myc lymphoma cells. Data represent the mean + SEM for
quadruplicate samples. D-E) Glucose consumption (D) and lactate production (E) of shControl
(Ctrl) or shAMPKal (al) Eu-Myc lymphoma cells grown as in (B-C). (F) Immunoblot of
AMPKa T172 phosphorylation and total AMPKa levels in H1299 cell clones expressing control
(shCtrl) or AMPKal/a2-specific sShRNAs following treatment with Metformin (5 mM, 1 hour).
G) Knockdown of AMPKal and a2 in HCT116 cells. (H-I) ECAR of H1299 (H) or HCT116 (I)
cell clones expressing control (shCtrl) or AMPKa-specific (al/a2) shRNAs grown under

standard conditions. *, p<0.05; *** p<0.001.
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Figure 3. Loss of AMPK signaling promotes increased biosynthesis. A) ECAR of control
(Cre-, open bar) or AMPKa-null (Cret+, closed bar) MEFs cultured under standard growth
conditions. Values shown are the mean + SEM for samples in quadruplicate. B) Glucose-to-
lactate conversion in control (Cre-) or AMPKoao-deficient (Cre+) MEFs. Cells were cultured with
medium containing uniformly labeled *C-glucose, and enrichment of "*C-lactate (m+3) in the
extracellular medium was measured at the indicated time points. C) ATP content of control (Cre-
) or AMPKa-null (Cre+) MEFs as measured by HPLC. D) AMP:ATP ratios for cells in (C). E)
Intracellular citrate levels of control (Cre-) or AMPKa-null (Cre+) MEFs as determined by GC-
MS. F) Glucose-derived lipid biosynthesis in control (Cre-) or AMPKa-null (Cre+) MEFs. Cells
were incubated with uniformly labeled '*C-glucose for 72 hours, and radioactive counts in
extracted lipids measured. G) Palmitate oxidation by MEFs expressing control (Ctrl) or
AMPKal/a2 shRNAs. MEFs were grown in the presence (+) or absence (-) of glucose for 24
hours, followed by culture with [9,10->H]-palmitic acid and 200 uM etomoxir. Tritiated water
produced from palmitate oxidation was measured. H) Forward scatter (FSC) of control (Cre-,
grey histogram) or AMPKa-deficient (Cre+, open histogram) MEFs. *, p<0.05; *** p<0.001;

wEk | < (.0001.
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Figure 4. Loss of AMPK promotes a glycolytic signature and increased HIF-1a expression.
A) Relative expression of aldoa, ldha, and pdkl mRNA in control (Cre-, open bar) or AMPKoa-
null (Cre+, closed bar) MEFs as determined by qPCR. Transcript levels were determined relative
to actin mRNA levels, and normalized relative to control (Cre-) cells. B-C) Immunoblot analysis
of Aldolase, LDHA, and PDKI1 protein levels in whole cell lysates from control (Cre-) and
AMPKoao-null (Cre+) MEFs (B) or shControl (Ctrl) and shAMPKal (al)-expressing Eu-Myc
lymphoma cells (C). D-F) Immunoblot of HIF-1a protein levels in whole cell lysates from
control (Cre-) and AMPKo-null (Cre+) MEFs (D), shControl (shCtrl) and shAMPKal-
expressing Eu-Myc lymphoma cells (E), or HCT116 cell clones expressing control (shCtrl) or
AMPKa-specific (shAMPKa1/2) shRNAs (F). All cells were grown under 20% O,. G) Relative
hifla mRNA expression in control (Cre-) or AMPKa-null (Cre+) MEFs as determined by qPCR.
H-I) Expression of Aif-lo mRNA (H) and protein levels (I) for control (Cre-) or AMPKa-null
(Cret) MEFs transfected with siRNAs targeting Raptor. Protein lysates were also analyzed for
pS6 and p4EBP levels by immunoblot. Raptor, AMPKa, and actin levels are shown as controls.

% p<(.01.
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Figure 5. HIF-1oo mediates the effects of AMPK loss on aerobic glycolysis. A) HIF-1a
protein expression in control (Cre-) or AMPKoa-deficient (Cre+) MEFs also expressing control or
HIF-1a-specific shRNAs. Cells were grown under normoxic conditions (20% O,). AMPKa and
actin protein levels are shown. B) Relative expression of pdk/ mRNA in control (Cre-) or
AMPKoa-deficient (Cre+) MEFs expressing control (Ctrl) or HIF-la-specific shRNAs. C-F)
AMPK-dependent changes in the Warburg Effect are dependent on HIF-1a.. C) ECAR of control
(Cre-) or AMPKa-deficient (Cre+) MEFs expressing control (Ctrl) or HIF-1a-specific shRNAs
grown under normoxic conditions (20% O;). Relative intracellular pyruvate (closed bars) and

lactate (open bars) levels (D), glucose consumption (E), and lactate production (F) for cells

grown as in (C). **, p<0.01; *** p<0.001.
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Figure 6. HIF-1a drives increased biosynthesis and proliferation of AMPKa-null cells. A)
Relative citrate abundance in metabolite extracts from AMPKa-deficient (aKO) MEFs
expressing control (Ctrl) or HIF-la-specific shRNAs as determined by GC-MS. B) Lipid
biosynthesis in AMPKa-deficient MEFs with HIF-1a knockdown. Control (Cre-) or AMPKoi-
deficient (Cre+) MEFs expressing control (Ctrl) or HIF-1a-specific sShRNAs were incubated with
uniformly labeled '*C-glucose for 72 hours, and radioactive counts in extracted lipids were
measured. C) Cell size of control (grey histogram), AMPKa-null (open histogram), and
AMPKo-null MEFs expressing HIF-loo shRNA (dashed histogram) as measured by FSC
intensity. D) Growth curves of AMPKa-null MEFs expressing control (shCtrl) or HIF-la-
specific (shHIF-1a) shRNAs grown under 20% O,. Growth curves were determined using a 3T3

growth protocol and cell counts measured by trypan blue exclusion. *** p<(0.001.
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Figure 7. HIF-10. mediates the metabolic and tumorigenic effects induced by AMPKa 1
loss. A) Immunoblots of whole cell lysates from Eu-Myc lymphoma cells expressing AMPKal
and HIF-1a shRNAs. Cells were cultured under standard conditions (25 mM glucose, 20% O,).
Blots were probed with antibodies to the indicated proteins. B) ECAR of Eu-Myc lymphoma
cells expressing control (Ctrl), AMPKal (al), or both AMPKal and HIF-la (al/HIF-1a)
shRNAs and grown under standard conditions. C) Competition assay of Eu-Myc lymphoma cells
infected with retrovirus expressing GFP and control, AMPKal (al), or both AMPKal and HIF-
lo. (ol/HIF-1a) shRNAs. The data are expressed as the relative increase in GFP' to GFP™ cells
after 6 days of culture. D) Schematic of in vivo lymphoma competition assay. E) Representative
histograms of GFP expression for AMPKal”" Eu-Myc lymphoma cells prior to injection into
recipient mice (Pre-injection, black) or isolated from lymph node tumors (Tumor, red). Numbers
indicate the percentage of GFP" cells. F) Percent recovery of GFP" tumor cells from individual
Eu-Myc/al ™" (black) or Eu-Myc/al” (white) tumors expressing the indicated shRNAs. *,

p<0.05.
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Supplemental Information for:

AMPK is a negative regulator of the Warburg Effect and suppresses tumor
growth in vivo

Brandon Faubert, Gino Boily, Said Izreig, Takla Griss, Bozena Samborska, Zhifeng Dong, Fanny
Dupuy, Christopher Chambers, Benjamin J. Fuerth, Benoit Viollet, Orval A. Mamer, Daina

Avizonis, Ralph J. DeBerardinis, Peter M. Siegel, and Russell G. Jones.

Supplemental information Inventory
Figure S1 (Related to Figure 1): Characterization of AMPKa1-deficient lymphomas.

Figure S2 (Related to Figure 2): Silencing AMPKa1 in Eu-Myc lymphoma cells promotes
increased glucose consumption and lactate production.

Figure S3 (Related to Figure 3): AMPKoa-deficient cells display enhanced glycolytic
metabolism and sustained mTORCT1 activity.

Figure S4 (Related to Figure 4): Glycolytic gene expression and carbon flux analysis of
AMPKao -deficient cells.

Figure S5 (Related to Figure 5): HIF-1ao knockdown in AMPKa-deficient MEFs promotes
increased aerobic glycolysis.

Figure S6 (Related to Figure 6): Rapamycin reduces cell size and hifla mRNA levels in
AMPKoa-deficient MEFs.

Table S1 (Related to Figure 3): List of qPCR primers used in this study.
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Figure S1. Characterization of AMPKal-deficient Ep-Myc lymphomas. A) Whole cell
lysates from mouse B cells (+/- Eu-Myc expression) and 293T cells were analyzed by
immunoblot using antibodies against AMPKal, AMPKo2 or actin. B) Kaplan-Meier curve
showing overall survival of Eu-Myc mice deficient (a/ 7 ", red, n=16), heterozygous (al 7 ", blue,

+/+

n=62) or wild type (al ', black, n=39) for AMPKal. C) Flow cytometry analysis of isolated
lymph node tumors from Eu-Myc/a”* and Eu-Myc/al”" mice. (Top) Representative dot plots of
CD3 versus B220 staining of lymph node cells isolated from Eu-Myc/a”" and Ep-Myc/al™
animals. (Bottom) Representative slg” (IgM and IgD) surface staining on B220" cells. These data
are representative of tumors from 4 Eu-Myc/a”" and 5 Eu-Myc/al”” mice. D) H&E staining of
Eu-Myc/a”* and Eu-Myc/al” lymphoma sections. E) Representative histological sections of
Eu-Myc/a”" and Eu-Myc/al”” lymphomas stained for CD31 and cleaved Caspase-3. F) Eu-Myc
lymphoma cells expressing control (shCtrl) or AMPKal-specific (shAMPKal) shRNAs were
treated with 2-deoxyglucose (2-DG, 10 mM) or AICAR (AL, 1 mM) for 1 hour, and whole cell
lysates analyzed for total and phospho-T172-AMPKa by immunoblot. G) Histological analysis

+
™ and

of cell signaling in Eu-Myc/al” lymphomas. Representative sections from Eu-Myc/a
Eu-Myc/al ” lymphomas were stained with antibodies detect AMPK activity (phosphorylated

(pPAMPKa, T172) and total AMPKa., and phospho-ACC1 (S79).
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Figure S2. Silencing AMPKal in Ep-Myc lymphoma cells promotes increased glucose
consumption and lactate production. A) Eu-Myc lymphoma cells expressing control (Ctrl,
open circle) or AMPKal-specific (al, closed circle) shRNAs were analyzed for oxygen
consumption using the Seahorse XF-24 analyzer. A representative oxygen consumption trace is
shown following treatment with oligomycin (ATP synthase inhibitor), FCCP (uncoupling agent),
or Rotenone and Antimycin-A (Complex I and III inhibitors, respectively). B) H1299 cells
expressing control (open bar) or AMPKal/a2 (closed bar) shRNAs were cultured for 48 hours,
and extracellular lactate produced was determined by enzymatic assay (n= 3 per sample). C)
HCT116 cells expressing control (open bar) or AMPKal/a2 (closed bar) shRNAs were cultured
for 48 hours and extracellular lactate produced was determined by enzymatic assay (n= 3 per

sample).
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Figure S3. AMPKa-deficient cells display enhanced glycolytic metabolism and sustained
mTORCI1 activity. A) Immunoblot of whole cell lysates from control (Cre-) or AMPKa-
deficient (Cre+) MEFs cultured in glucose-free medium for 24 hours using antibodies against
phospho-T172 and total AMPKa, phospho-S79 and total ACC, and actin. B-C) Control (Cre-,
open bar) or AMPKoa-deficient (Cre+, closed bar) MEFs were analyzed for glucose consumption
(B) and lactate production (C). Data are expressed as the mean = SD (n=3 per sample). D)
Control (Cre-) or AMPKa-deficient (Cre+) MEFs were treated with ImM AICAR for 1 hour,
and whole cell lysates analyzed by immunoblot using antibodies against total and phospho-
ribosomal S6 (pS6, S240/244), total and phospho-4EBP1 (p4EBP1, S37/46), and actin. E)
Serum-starved control (Cre-) or AMPKa-deficient (Cret+) MEFs were treated with 25nM
rapamycin (25nM, 2hours), followed by re-addition of media containing 0% or 10% FCS for

15min. Immunoblot of whole cell lysates was conducted as in (a). **, p<0.01; ***, p<0.001.
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Figure S4. Glycolytic gene expression and carbon flux analysis of AMPKoa-deficient cells.
A) Relative expression of glutl, glut3, hkl, hk2, pfkl, pfkm and pfkp mRNA by AMPKa-deficient
MEFs. Expression of mRNA transcripts was determined relative to actin mRNA levels, and
normalized relative to isogenic controls (Cre-). B) Relative expression of glutl, aldoa, ldha, and
pdkl mRNA by Eu-Myc lymphoma cells expressing control (shCtrl) or AMPKal-specific
(shRNA). Expression of mRNA transcripts was determined relative to actin mRNA levels, and
normalized relative to parental lymphoma cells. C) Control (Cre-, open bars) or AMPKoa-
deficient (Cre+, closed bars) MEFs were cultured for 2 hours with medium containing uniformly
labeled *C-glucose, metabolites extracted from cells, and enrichment of intracellular citrate was
measured by GC-MS. Heavy-labeled mass isotopomers (m+) of citrate are indicated. D) Cells as
in (C) were cultured for 2 hours with medium containing uniformly labeled *C-glutamine, and
enrichment of glutamine-derived mass isotopomers in intracellular citrate was measured by GC-
MS. E-F) Control (Cre-) or AMPKa-null (Cret+) MEFs were transfected with siRNA targeting
Raptor (20 nM), and cells harvested for analysis 72 hours later. Relative expression of aldoa

mRNA (E) and ldha mRNA (F) were determined by qPCR for triplicate samples. *, p<0.05.
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Figure S5. HIF-1o. knockdown in AMPKa-deficient MEFs promotes increased aerobic
glycolysis. A) Cells were treated with CoCl, (150 uM, 30 min) and whole cell lysates analyzed
by immunoblot using HIF-1a and actin antibodies. B) siRNA-mediated knockdown of HIF-1a in
AMPK " MEFs. MEFs lacking AMPKal and a2 (DKO) were transfected with siRNA targeting
HIF-1a (100nM), and cells harvested for analysis after 72 hours. Whole cell lysates were
analyzed for HIF-la and actin expression by immunoblot. C-D) AMPKca~ MEFs display
enhanced aerobic glycolysis. Wild-type (WT, open bars) or AMPKa/ 7 a2’ (DKO, closed bar)
MEFs were grown for 72 hours, and medium samples were analyzed for glucose (C) and lactate
(D) levels by enzymatic assay. Data are expressed as the mean + SD of total glucose consumed or
lactate produced. E-F) siRNA-mediated knockdown of Raptor in AMPKa”~ MEFs. MEFs
lacking AMPKal and a2 were transfected with siRNA targeting HIF-1o (20nM), and medium

samples were analyzed for lactate levels by enzymatic assay (E). F) ECAR was measured for

cells treated as in E).
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Figure S6. Rapamycin reduces cell size and /#ifla mRNA levels in AMPKa-deficient MEFs.
A) Representative forward scatter (FSC) of control (Cre-) or AMPKa-deficient (Cre+) MEFs
cultured with or without 25nM rapamycin for 16 hours. B) Relative expression of hifia mRNA
by wild-type (WT) or AMPKa-deficient (ol 7 a2”) MEFs cultured with or without 25nM
rapamycin for 24 hours. Expression of mRNA transcripts was determined relative to actin mRNA

levels, and normalized relative to wild type cells without rapamycin.
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Table S1. List of qPCR primers used in this study.

Gene Direction Sequence

actb Forward atgctcccegggcetgtat
Reverse cataggagtccttctgacccattc

Aldoa Forward gtgggaagaaggagaacctg
Reverse ctggagtgttgatggagcag

hifla Forward accttcatcggaaactccaaag
Reverse ctgttaggctgggaaaagttagg

ldha Forward tgtctccagcaaagactactgt
Reverse gactgtacttgacaatgttggea

pdkl Forward acaaggagagcttcggggtggatc
Reverse ccacgtcgcagtttggatttatge
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Preface to Chapter 3

The deregulated growth and proliferation of tumor cells requires increased energy and
biosynthetic intermediates. To meet these biosynthetic demands, cancer cells undergo
fundamental changes in their pathways of energy metabolism and nutrient uptake. This altered
metabolism, termed the Warburg effect, is characterized by enhanced aerobic glycolysis.
However, our understanding of how oncogene and tumor suppressor networks regulate
metabolism remains to be fully elucidated. LKB1 is a tumor suppressor that regulates several
cellular processes, including cell proliferation, polarity, and apoptosis. In Chapter 2, we
characterized the effects of AMPK loss on tumour growth and metabolism. However, AMPK can
be activated by kinases other than LKB1, including CamKKf and TAK1. Furthermore, AMPK is
one of several proteins activated by LKB1. Despite being characterized as a tumour suppressor,
and featuring various roles in mediating cellular metabolism, the role of LKB1 in the metabolic

phenotype of cancer remains unknown.
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Abstract

One of the major metabolic changes associated with cellular transformation is enhanced nutrient
utilization, which supports tumor progression by fueling both energy production and providing
biosynthetic intermediates for growth. The Liver kinase B1 (LKB1) is a serine/threonine kinase
and tumor suppressor that couples bioenergetics to cell growth control through regulation of
mTOR activity; however, the influence of LKB1 on tumor metabolism is not well defined. Here
we show that loss of LKB1 induces a pro-growth metabolic program in proliferating cells. Cells
lacking LKB1 display increased glucose and glutamine uptake and utilization, which support
both cellular ATP levels and increased macromolecular biosynthesis. This LKB1-dependent
reprogramming of cell metabolism is dependent on the hypoxia-inducible factor-lo (HIF-1at),
which accumulates under normoxia in LKB1-deficient cells and is antagonized by inhibition of
mTORCI1 signaling. Silencing HIF-1a reverses the metabolic advantages conferred by reduced
LKBI signaling, and impairs the growth and survival of LKB1-deficient tumor cells under low
nutrient conditions. Together our data implicate the tumor suppressor LKB1 as a central regulator
of tumor metabolism and growth control through the regulation of HIF-1a-dependent metabolic

reprogramming.
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Significance Statement

LKBI is a serine/threonine kinase often inactivated in human cancer. We demonstrate here that
loss of LKBI1 expression in cancer cells promotes a pro-growth metabolic profile that enables
increased cell growth and proliferation. Loss of LKB1 promotes increased tumor cell metabolism
through mTORCI1- and ROS-dependent increases in HIF-1a. LKB1-null cells are dependent on
HIF-1lo to maintain cellular ATP and viability under poor nutrient conditions, raising the
possibility of targeting HIF-1a for synthetic lethality in LKB1-deficient tumors. Together our
data reveal that regulation of cellular metabolism is a key function of LKB1 that may contribute

to its tumor suppressor function in human cancer.
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Introduction

While unchecked cell proliferation and aberrant survival are hallmark features of cancer, tumor
cells must also engage pathways of cellular metabolism to generate the energy and biosynthetic
intermediates required to support increased cell division (DeBerardinis et al., 2008a). To meet
increased energetic and biosynthetic demand, cancer cells often display fundamental changes in
their cellular metabolism including a switch to aerobic glycolysis, a phenomenon known as the
“Warburg effect” (Vander Heiden et al., 2009). Increased use of glutamine (“glutaminolysis”) for
mitochondrial-dependent ATP production and cellular biosynthesis is also a key feature of many
tumor cells (Deberardinis et al., 2008b).

Many of the predominant driver mutations observed in cancer alter tumor cell metabolism
as part of their mode of action (Jones and Thompson, 2009). For example, loss of the tumour
suppressor PTEN can promote increased glucose uptake though elevated PI3K/Akt/mTOR
signaling (Pan and Mak, 2007), while loss of the Von-Hippel-Lindau (VHL) tumor suppressor
promotes a similar metabolic phenotype through stabilization of the hypoxia inducible factor
(HIF)-1la (Semenza, 2011a). HIF-1a and HIF-2a are transcription factors whose activity is
regulated by oxygen availability. HIF-1a and HIF-2a protein expression is normally stabilized
only under hypoxic conditions; however, the HIFs are commonly expressed in human cancers
even in the absence of hypoxia (Keith et al., 2012). Importantly, elevated expression of both HIF-
la and HIF-2a has been demonstrated in many cases of non-small cell lung cancer (NSCLC)
(Giatromanolaki et al., 2001), and HIF-2a has been linked to poor prognosis in lung cancer
patients (Roy et al., 2010).

The liver kinase B1 (LKB1) is a serine/threonine kinase encoded by STK//, the tumor

suppressor gene responsible for Peutz-Jeghers Syndrome (PJS) (Avizienyte et al., 1999;
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Hemminki et al., 1998). LKB1 is a unique serine-threonine kinase in that inactivation, rather than
activation, of its kinase activity is associated with tumorigenesis. Somatic STK// mutations are
associated with a number of human cancers including lung, breast, and cervical cancer (Contreras
et al., 2008; Hearle et al., 2006a; Sanchez-Cespedes et al., 2002; Wingo et al., 2009), and genetic
ablation of LKB1 in mice promotes tumorigenesis in a variety of tissues (Shackelford and Shaw,
2009). LKBI1 is involved in a diverse array of cellular processes including cell polarity,
apoptosis, and cell growth (Boudeau et al., 2003; Shaw, 2008). All these processes play a role in
cancer initiation and progression, and as such their relative contribution to LKB1-mediated tumor
suppression remains unclear.

While LKB1 is widely accepted as a regulator of cell growth control, the impact of LKB1
on tumor metabolism has remained unclear. Benign tumors haploinsufficient for LKB1 can be
visualized using FDG-PET imaging (Shackelford et al., 2009), suggesting that loss of LKB1 can
promote increased glucose uptake by tumor cells. LKB1 may also influence ATP consumption by
limiting mTORC1-dependent mRNA translation (Corradetti et al., 2004; Shaw et al., 2004a). In
this study we have characterized the impact of LKBI1 loss on cellular metabolism in both
transformed and non-transformed cells. We find that silencing LKB1 in tumor cells increases
glucose and glutamine consumption and promotes a metabolic switch to aerobic glycolysis. We
demonstrate that HIF-1a drives the metabolic shift induced by LKB1 loss, and that ablation of
HIF-1a reverses the metabolic advantage of LKB1-deficient cells. Together our data implicate
LKBI loss as a key regulator of tumor cell metabolism and growth through regulation of HIF-1a.-

dependent metabolic reprogramming.
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Results

Loss of LKB1 promotes enhanced glucose and glutamine metabolism. To examine the
metabolic consequences of LKBI1 loss, we manipulated LKB1 expression in mouse embryonic
fibroblasts (MEFs) harboring a conditional mutation in the stk// gene (LKB 17", We used Cre
recombinase to generate isogenic MEFs expressing (Cre-) or lacking (Cre+) LKBI1 expression
(Fig. 1A), and then examined the effect of LKB1 loss on nutrient uptake. LKB1-deficient MEFs
displayed increased glucose (Fig. 1B) and glutamine consumption (Fig. 1C) relative to control
cells expressing LKB1. We next measured the basal extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR) for control or LKBI1-deficient MEFs using a flux analyzer (Xu
et al., 2011b). Cells lacking LKB1 displayed a 2-fold increase in ECAR (Fig. 1D), with no
significant change in oxygen consumption (Fig. 1E). This change in ECAR displayed by LKB1-
deficient MEFs correlated with increased lactate production by these cells (Fig. 1F).

We next cultured control or LKB1-null MEFs with uniformly labeled (U-">C) glucose or
glutamine, and examined the total °C contribution of these carbon sources to intracellular
metabolite pools. Cells lacking LKB1 (closed bar) displayed a slight increase in intracellular
lactate levels derived from glucose (Fig. 1G). The strong increase in ECAR (Fig. 1D) and
extracellular lactate (Fig. 1F) associated with LKB1 loss suggests that intracellular lactate is
rapidly exported once generated. Using “C-glutamine we observed increased glutamine
conversion to glutamate and a-ketoglutarate (Fig. 1H), suggesting an increase in glutaminolysis

in LKB1-deficient MEFs.

LKBI1-deficient tumor cells display enhanced glycolytic and TCA cycle flux. To investigate

the role of LKB1 loss on tumor cell metabolism we examined the metabolic activity of A549
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NSCLC cells, which naturally lack LKB1 expression (Fig. 2A and S1A). Re-expression of
LKB1 in A549 cells (A549/LKB1) promoted a ~20% decrease in ECAR relative to control cells
lacking LKB1 expression (A549/Vec), while OCR was unaffected (Fig. 2B). A549 cells re-
expressing LKBI1 also displayed reduced production of glutamine-derived glutamate compared to
control cells, consistent with a reduction in glutaminolysis in these cells (Fig. 2C). We observed
similar effects of LKB1 expression on glycolysis using an independent LKB1-deficient NSCLC
cell line (A427, (Shackelford et al., 2013)). A427/Vec cells lacking LKB1 displayed a ~2-fold
higher ECAR relative to A427 cells re-expressing LKB1 (Fig. S1B).

We next examined the metabolic fate of glucose and glutamine in A549 cells using *C-
labelled glucose and glutamine. A549/Vec cells lacking LKB1 displayed an increase in the total
abundance of metabolites derived from both glycolysis (lactate) and the TCA cycle (citrate,
alpha-ketoglutarate, fumarate, and malate) relative to AS549 cells re-expressing LKBI1
(A549/LKB1) (Fig. 2D). Moreover, the proportion of these metabolites containing "*C label was
also elevated in LKB1-null A549 cells. A549 cells displayed enrichment of *C-glucose carbon in
lactate (Fig. 2D, black bars), consistent with the increased glycolytic activity of these cells.
However, the relative proportion of *C-glucose-derived carbon in TCA metabolites downstream
of citrate was low for both cell lines, despite the total metabolite levels remaining higher in A549
cells lacking LKBI1. The decreased labeling from glucose in TCA cycle metabolites was
compensated for by an increase in glutamine-derived carbons entering the TCA cycle at alpha-
ketoglutarate, providing the majority of carbon pools for the TCA cycle (Fig. 2D, grey bars).
Again, LKBI-deficient A549 cells displayed increased labeling from "*C-glutamine in alpha-

ketoglutarate, fumarate, malate, and citrate (Fig. 2D, grey bars).
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While overall lactate and TCA cycle metabolite abundance, as well as flux into these
pathways from glucose or glutamine, was elevated in LKB1-null cells, the relative distribution of
mass isotopomers in the metabolite pools did not vary dramatically in A549 cells regardless of
LKBI1 status. One consistent difference was a small elevation in glutamine-dependent reductive
carboxylation in A549 cells lacking LKB1, which was apparent by the slight increase in m+5
citrate production from "*C-glutamine (Fig. S2A). Similar trends in metabolite abundance and
labeling patterns from glucose and glutamine were observed in LKB1-deficient MEFs relative to
controls (Fig. S1B). Thus, under normal growth conditions loss of LKB1 in tumor cells appears
to enhance glucose and glutamine flux, but does not dramatically alter the metabolic fate of these

carbon sources.

LKB1-null cells display enhanced growth and biosynthetic capacity. Given the observation of
increased carbon flow of glucose and glutamine in LKB1-null cells, we examined the impact of
LKBI loss on proliferation and de novo lipid biosynthesis. LKB1-deficient MEFs displayed
increased rates of proliferation (Fig. 3A) and displayed a 15% increase in cell size (Fig. 3B)
relative to control cells. Given the enhanced carbon flow from glucose and glutamine observed in
LKB1-null cells, we measured levels of glucose- and glutamine-derived lipid synthesis in these
cells. MEFs were pulsed with radioactively labeled (**C) glucose or glutamine, and '*C-labeling
in lipids was measured. LKB1-null cells displayed a twofold increase in glucose-dependent lipid
biosynthesis relative to control cells (Fig. 3C), while no appreciable difference in '*C-glutamine
incorporation to fatty acids was observed between cell lines (Fig. 3D). We next used GC-MS to
measure the total abundance of fatty acids in LKB1-deficient cells. The overall abundance of

several fatty acid species was increased when LKB1 was absent in A549 cells (Fig. 3E).
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Cumulatively these data indicate that loss of LKB1 enhances biosynthetic pathways that support

cell growth and proliferation.

LKBI1 deletion promotes HIF-1a protein expression in cancer cells under normoxia. It has
previously been shown that LKB1-deficient MEFs display enhanced HIF-1a protein levels under
normoxia (Shackelford et al., 2009). Acute deletion of LKB1 in MEFs also resulted in increased
HIF-1a protein levels under normoxic conditions (Fig. 4A). HIF-lao mRNA levels were also
elevated 5-fold in LKB1-deficient MEFs relative to isogenic controls (Fig. 4B). Similar to LKB1-
null MEFs, A549 cells lacking LKB1 displayed elevated levels of HIF-1a protein expression
under normoxia, which was reduced by re-expression of LKB1 (Fig. 4C). Similarly, HIF-1a
protein was detectable in A427 cells under normoxic conditions, and was reduced upon ectopic
expression of LKBI1 in these cells (Fig. S3A). Furthermore, reducing LKB1 expression by siRNA
treatment promoted an increase in HIF-1a protein levels in U20S cells (Fig. S2B) and HCT116
cells (Fig. S3C). We next examined the expression of several HIF-1a target genes involved in
metabolic control, assessing both mRNA (Fig. 4D) and protein (Fig. 4E) levels. The expression
levels of Aldolase A, pyruvate dehydrogenase kinase 1 (PDK1), and lactate dehydrogenase A

(LDHA) were all specifically elevated in LKB1-null MEFs (Fig. 4E).

LKB1-dependent HIF-1a. expression is regulated by mTORC1 and ROS. Aberrant mTOR
signaling has been linked to deregulated HIF-1a protein expression under normoxic conditions
(Brugarolas et al., 2003; Shackelford et al., 2009). Consistent with previous reports (Shaw et al.,
2004a), acute deletion of LKB1 in MEFs promoted heightened activation of mTORCI signaling

marked by increased rS6 phosphorylation and hyperphosphorylation of 4E-BP1 (Fig. 5SA). A549
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cells lacking LKB1 also displayed increased rS6 phosphorylation (Fig. 5B). To test whether
elevated HIF-1a protein levels in LKB1-null cells were supported by mTOR activity, we treated
cells with the mTORCI inhibitor rapamycin and measured HIF-1a protein levels in cell lysates.
Rapamycin treatment reduced HIF-la protein expression in LKB1-deficient A549 cells under
normoxic conditions (Fig. 5B). Moreover, HIF-la. mRNA levels in LKB1-null cells were
reduced in response to rapamycin treatment (Fig. 5C). Finally, we examined HIF-1a protein
expression in LKB1-deficient MEFs with specific ablation of mTORCI1 signaling by reducing
expression of the mTORCI complex component Raptor using RNAi. Similar to rapamycin,
knockdown of Raptor ablated normoxic HIF-la protein expression in LKB1-null MEFs (Fig.
5D).

Elevated levels of mitochondrial ROS have been shown to promote increased HIF-1a
activity (Brunelle et al., 2005a; Guzy et al., 2005; Horak et al., 2010; Mansfield et al., 2005).
Consistent with recent results in LKB1-null tumor cells (Shackelford et al., 2013), LKBI1-
deficient MEFs displayed a ~2-fold increase in ROS levels that could be reduced via addition of
the ROS scavenger N-acetyl-cysteine (NAC) (Fig. 5E). The addition of NAC also reduced HIF-
la protein levels in LKBI1-null MEFs back to levels observed in control MEFs (Fig. 5F).
Together, these data suggest that both mTOR signaling and cellular ROS levels contribute to

increased HIF-1a protein expression in cells lacking LKB1.

HIF-1a drives the metabolic phenotype induced by LKBI1 loss. HIF-1a has well-established
roles in redirecting metabolism in response to stress (Semenza, 2011b). To assess the
contribution of HIF-1a to the metabolic phenotypes induced by LKB1 loss, we used siRNA to
knockdown HIF-1a protein expression in LKB1-null MEFs (Fig. 6A). Knockdown of HIF-1a
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had no effect on the level of lactate production by control cells, but specifically reduced the level
of lactate produced by MEFs lacking LKB1 (Fig. 6B). Reductions in lactate production were also
observed in LKB1-null MEFs (Fig. S4A) and A549 cells (Fig. S4B) treated with rapamycin.
Reducing HIF-1a expression decreased the size of LKB1-deficient MEFs, restoring cell size to
control levels (Fig. 6C). Next we reduced HIF-1a expression in A549 cells via stable expression
of shRNA specific for HIF-1a (Fig. 6D). Knockdown of HIF-1a in A549 cells lacking LKB1
promoted a ~30% decrease in glutamine consumption by these cells (Fig. 6E). Glutaminolysis, as
measured by "C-glutamine conversion to “C-glutamate, was similarly reduced in A549 cells

when HIF-1a signaling was ablated (Fig. 6F).

HIF-1a. promotes the growth and survival of LKB1-deficient cells under conditions of
nutrient limitation. Data presented in Figures 1 through 3 indicate that loss of LKB1 promotes
increased nutrient acquisition and processing, and ultimately increased cell growth. Given the
importance of HIF-1a in directing metabolism and bioenergetics in the absence of LKBI, we
next assessed the requirement of HIF-1a in regulating the growth and survival of LKB1-deficient
tumor cells. A549 cells expressing control or HIF-1a shRNAs were grown under full (25 mM) or
low (0.04 mM) glucose conditions, and cell counts measured over 72 hours. A549 cells lacking
HIF-1a displayed a slight reduction in proliferative rate compared to control cells under full
glucose conditions (Fig. 7A, left panel). However, under low glucose conditions, the proliferative
capacity of A549 cells expressing HIF-1o. shRNA was significantly impaired (Fig. 7A, right
panel).

To further assess the dependence of A549 cells on HIF-1a for cell growth, we measured
the proliferation of A549/Vec or A549/shHIF-1a cells under low glucose conditions along with
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serum starvation and/or hypoxia (1% 0O,). A549 cells cultured under low glucose displayed
considerable blocks in cell growth when serum or oxygen were limiting (Fig. SSA). Interestingly,
A549 cells lacking HIF-la displayed increased sensitivity to combined glucose and serum
starvation, but not glucose starvation combined with hypoxia (Fig. SSA). In addition, A549 cells
expressing HIF-1a shRNA displayed reduced viability under glucose and glutamine withdrawal
relative to A549 cells expressing control shRNA (Fig. 7B). A549 cells lacking HIF-1a displayed
increased caspase-3 activation at low glucose concentrations (Fig. 7C), indicating the induction
of apoptosis in these cells.

To investigate whether the increased apoptosis of A549 cells lacking HIF-1a was due to
defects in cellular bioenergetics, we characterized the bioenergetic profile of LKBI-deficient
tumor cells lacking HIF-1a.. A549 cells with reduced HIF-1a displayed a modest increase in
oxygen consumption under low glucose conditions (Fig. S5B). However, these cells also
displayed a 50% reduction in spare respiratory capacity (SRC) (Fig. S5C), suggesting reduced
mitochondrial fitness in these cells (Nicholls, 2009). We also measured the ATP content of A549
cells with or without HIF-1a expression (Fig 7D). Under basal growth conditions (25 mM
glucose, 4 mM glutamine) silencing HIF-1a had little effect on cellular ATP levels. However,
following overnight glucose withdrawal, A549 cells expressing HIF-lo. shRNA displayed a
significant drop in cellular ATP levels relative to control tumor cells. While glutamine starvation
also stimulated a decrease in cellular ATP levels, this drop appeared to be HIF-1a-independent
(Fig. 7D). Together these data suggest that LKB1-null tumor cells require HIF-1o to maintain
mitochondrial respiratory capacity, ATP levels, and cell viability in response to nutrient

limitation.
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Discussion

In this study we provide evidence that the tumor suppressor LKB1 promotes a metabolic
checkpoint that regulates carbon utilization in proliferating cells. To date, the main link between
LKBI and tumor metabolism has been the observation of increased FDG-PET signal in vivo in
benign LKB1+/- tumors (Shackelford et al., 2009). Here we show that silencing LKB1 is
sufficient to promote both aerobic glycolysis and glutaminolysis (Figs. 1, 2), and this increase in
glucose and glutamine metabolism fuels cell growth and lipid biosynthesis in cells lacking LKB1
(Fig. 3). The pro-growth metabolic program induced by LKBI1 loss is mediated by the
transcription factor HIF-1a, which displays increased protein stabilization under normoxia when
LKBI1 is deleted (Fig. 4). We find that the metabolic and biosynthetic phenotypes of LKB1-null
cells are dependent upon HIF-1a (Fig. 6), and that targeting HIF-1lo impairs the growth and
survival of LKB1-deficient tumor cells (Fig. 7). This work highlights the existence of a metabolic
circuit regulated by HIF-la that coordinates cellular bioenergetics when LKBI1 activity is

suppressed.

Our data suggest that LKB1 loss disrupts normal metabolic homeostasis in cells, which
paradoxically has a net positive effect on cell growth and proliferation. Glucose-derived citrate is
a key intermediate in lipid biosynthesis (Hatzivassiliou et al., 2005). Flux of glucose-derived
pyruvate into citrate is enhanced by LKBI1 loss, as is glucose-dependent lipid biosynthesis and
overall lipid content. This occurs despite HIF-1a-dependent elevation of PDK1, which has been
shown to negatively regulate pyruvate entry into the mitochondrion under hypoxic conditions
(Kim et al., 2006; Papandreou et al., 2006). Interestingly, while glutaminolysis is increased in
LKBI1-deficient cells, LKB1 loss did not appear to promote increased glutamine-dependent lipid

biosynthesis or the differential use of glutamine in pathways such as reductive carboxylation of
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alpha-ketoglutarate (Metallo et al., 2012; Mullen et al., 2012; Wise et al., 2011). LKB1-null cells
appear to use glutamine as an anaplerotic substrate to support mitochondrial metabolism.

Our work here identifies HIF-lo. as a key mediator of the metabolic transformation
triggered by LKB1 loss. Using multiple cell systems we demonstrate that acute downregulation
of LKBI is sufficient to increase HIF-la protein levels under normoxic conditions. Reducing
HIF-1a levels reverses the metabolic effects triggered by LKBI1 loss in cells (Fig. 6). We show
here that targeting the mTORCI complex, either by using rapamycin or through Raptor
knockdown, reduces HIF-1a protein expression in LKB1-null cells, suggesting that deregulated
mTORCI activity links LKB1 loss to elevated HIF-1a activity. However, we also demonstrate
that elevated ROS levels may contribute to HIF-1a protein expression in LKB1-null cells. LKB1
loss has previously been reported to promote enhanced levels of intracellular ROS in A549 cells
(Shackelford et al., 2013). Here we observe a similar trend in MEFs lacking LKB1. Reducing
ROS levels with NAC abrogated the increase in HIF-1a levels in LKB1-null cells. It is unclear
whether these two systems (mMTORC1 and ROS) work separately or in concert to affect HIF-1a
protein expression. One possibility is that increased metabolic activity of LKB1-deficient cells is
driven by mTORCI, and that mitochondrial ROS generated as a consequence of this increased
metabolic activity promotes HIF-low expression, thus reinforcing the pro-growth metabolic
program induced by LKB1 deletion.

Disruption of the downstream LKB1 effectors AMPK (Faubert et al., 2013) or TSC2
(Brugarolas et al., 2003) promotes elevated mTORCI1 activity and increased HIF-lo protein
levels under normoxia. We have recently demonstrated that loss of AMPK activity is sufficient to
promote the Warburg effect in tumor cells (Faubert et al., 2013), suggesting that LKB1 may be

linked to metabolic control through its upstream regulation of AMPK (Shackelford and Shaw,
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2009). However, LKB1 and AMPK appear to influence HIF-1a protein expression through
different mechanisms. Silencing LKB1 promotes both increased transcription and translation of
HIF-1a, events which are sensitive to mTORCI inhibition. In contrast, loss of AMPK results in
increased HIF-1a protein levels with no discernable changes in mRNA levels (Faubert et al.,
2013). Moreover, mTORCI] inhibition has little effect on HIF-1a protein levels when AMPK is
silenced (Faubert et al., 2013). These data suggest the existence of both AMPK-dependent and -
independent mechanisms linking LKB1 to HIF-1a and metabolic reprogramming.

Our observation that LKB1 loss promotes a pro-growth metabolic profile in tumor cells
raises the prospect that there may be selective pressure for tumors to lose or silence LKBI1-
AMPK signaling (Hardie and Alessi, 2013), as suggested by the frequent inactivation of LKB1 in
NSCLC (Sanchez-Cespedes et al., 2002). We speculate that the metabolic effects of LKBI
inactivating mutations may also synergize with other genetic lesions, ultimately favoring the
selection of tumor cells with distinct metabolic advantage. For example, oncogenic K-ras
mutations (G12D) in pancreatic ductal carcinoma have been shown to re-direct glucose
metabolism to fuel increased pentose phosphate shunt activity and ribose biosynthesis (Ying et
al., 2012). Interestingly, co-mutation of LKB1 and K-ras is frequently observed in NSCLC
(Makowski and Hayes, 2008), and LKB1 inactivating mutations synergize with oncogenic K-ras
to accelerate tumorigenesis in mouse models of lung cancer (Ji et al., 2007). Thus, LKB1 loss
may augment the metabolic activities of other driver mutations in cancer by enhancing their
ability to promote nutrient acquisition and utilization by tumor cells. However, while loss of
LKBI reprograms cancer cell metabolism, it also confers a dependence on HIF-1a, rendering
LKB1-null tumor cells more susceptible to apoptosis under poor nutrient conditions. This raises

the possibility of targeting HIF-1a for synthetic lethality in LKB1-deficient tumors. Given that
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mTORCI1 inhibition affects both aberrant mTORCI signaling and HIF-1a expression in LKB1-

deficient cancer cells, mTORC]1-targeting compounds may be particularly effective for treating

tumors with somatic LKB1 mutations or cancers associated with PJS.

Materials and Methods

Cell Lines, DNA Constructs, and Cell Culture

Primary mouse embryonic fibroblasts (MEFs) conditional for stk/1 (LKBI S were generated by
timed mating and immortalized with SV40 Large T Antigen as previously described (Jones et al.,
2005). A549 cells have been previously described (Shackelford et al., 2013). DNA plasmids
MigCD8t, pKD-HIF-1a hp, and LMP-based shRNAs against mouse and human LKB1 have been
described previously (Bungard et al., 2010; Jones et al., 2005; Lum et al., 2007). Transduction of
cell lines with high-titre retrovirus was conducted as previously described (Jones et al., 2005).
Retrovirus-infected cells were cultured in 2 ug/ml puromycin and/or sorted 7 days post-infection

" MEFs were transduced with

by flow cytometry (for GFP or CDS8t-expressing cells). LKB
either MiCD8t for control virus or MiCD8t-Cre to delete stklI-floxed alleles. LKB " MEFs and
A549 NSCLC cells were also transduced with pKD-HIF-1ahp or control retrovirus. For siRNA

transfections, cells were subjected to two rounds of reverse transfection with pooled siRNAs

against HIF-1a (Hatzivassiliou et al., 2005).

Determination of Cell Proliferation, Apoptosis Assays, and Cell Size

Growth curves for all cell lines was determined by cell counting using trypan blue exclusion, and
a TC10 Automated Cell Counter (BioRad). Apoptosis assays were performed by washing cells
twice with PBS and incubating in glucose- or glutamine- free media, containing 10% dialyzed

FCS. Cells were incubated for times indicated, and apoptosis measurements were performed
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using propidium iodide (PI) staining, and analyzed on FACS. Size of viable cells was measured
by flow cytometry and quantified as the mean fluorescence intensity for FSC. Measurement of
reactive oxygen species (ROS) was performed by incubating cells for 30 minutes with 2°,7° —
dichlorofluorescein diacetate (DCF-DA), followed by quantification using flow cytometry.. All
flow cytometry was conducted using BD FACSCalibur (BD Biosciences, San Diego, CA) or
Gallios (Beckman Coulter, Fullerton, CA) flow cytometers and analyzed with FlowJo software

(Tree Star, Ashland, OR).

Western Blots

Cells were lysed in modified CHAPS buffer (10mM Tris-HCl, ImM MgCl,, ImM EGTA,
0.5mM CHAPS, 10% glycerol, SmM NaF) supplemented with the following protease additives:
protease and phosphatase tablets (Roche), DTT (1 pg/ml), and benzamidine (1 pg/ml). Cleared
lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and incubated with primary
antibodies. Primary antibodies to LKBI1 (total), p70 S6-kinase (pT389-specific and total), S6
ribosomal protein (pS235/236-specific and total), 4E-BP1 (pT37/46-specific and total), LDHA,
PDK1, Aldolase, and Actin, as well as HRP-conjugated anti-rabbit and anti-mouse secondary
antibodies were obtained from Cell Signaling Technology (Danvers, MA). Anti-HIF-la
antibodies were from Cayman Chemical (Baton Rouge, LO). LKB1 antibodies were from Santa

Cruz Biotechnologies (Santa Cruz, CA).

Quantitative Real-Time PCR
Total mRNA was isolated from cells using Trizol (Invitrogen), and cDNA was synthesized total

RNA using the Superscript® VILO™ cDNA Synthesis Kit (Invitrogen). Quantitative PCR was
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performed using SYBR Green qPCR SuperMix (Invitrogen) and an Mx3005 qPCR machine
(Agilent) using primers against hifla, aldoA, Idha, pdkl and actin. All samples were normalized

to B-actin mRNA levels. Primer sequences have been previously described (Faubert et al., 2013).

Seahorse XF24 Respirometry

Respirometry (oxygen consumption rate, OCR) and the extracellular acidification rate (ECAR) of
cells were measured using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica,
MA) as previously described (Faubert et al., 2013). In brief, cells were plated at 5x10°/well in
625ul non-buffered DMEM containing 25mM glucose and 2mM glutamine. Cells were incubated
in a CO,-free incubator at 37°C for 1 hr to allow for temperature and pH equilibration prior to
loading into the XF24 apparatus. XF assays consisted of sequential mix (3 min), pause (3 min),

and measurement (5 min) cycles, allowing for determination of OCR/ECAR every 10 minutes.

Metabolic Assays

Glucose, lactate, and glutamine levels in culture medium were measured using a Flex
Bioanalyzer (NOVA Biomedical, Waltham, MA). Glucose-derived lipid biosynthesis was
determined by culturing cells in medium containing '*C-glucose or '“C-glutamine (Perkin Elmer,
Waltham, MA) for 3 days, and extracted lipids using a 1:1:1 Water/Methanol/Chloroform
extraction procedure (Folch et al., 1951) Following extraction, the organic layer was isolated,
dried via N; stream, re-suspended in methanol, and incorporated radioactivity measured using a

MicroBeta Liquid Scintillation Counter (Perkin Elmer, Waltham, MA).
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GC-MS Analysis of *C Metabolites or Free Fatty Acids

For GC-MS analysis, protocols have been outlined previously (Faubert et al., 2013). Briefly, cells
(2 — 5 x 10%10 cm dish) were cultured for three days and were lysed using ice-cold 80%
methanol followed by sonication. For isotopomer labeling experiments, cells were treated with
U-"C-glucose or -glutamine (Cambridge Isotopes) (Mullen et al., 2012), and metabolites from
tissue culture cells were extracted as described previously (Xu et al., 2011a).

For free fatty acid profiles, cells were grown for 72 hours under standard growth
conditions. Triglycerides and other lipids were extracted using a modified Folch method (Folch et
al., 1951) substituting methylene chloride for chloroform. Following extraction, the organic layer
was isolated, dried in a warm N, stream and saponified in sodium hydroxide overnight at 60°C.
The free fatty acids were re-extracted and dried, derivatized as TBDMS esters and analyzed on

GC-MS.

Growth assays

For analysis of adherent cell growth, cells were seeded (8000 cells/well) in a 96 well plate in
DMEM containing 10% (v/v) FBS and penicillin/streptomycin. After 24h medium was replaced
with fresh DMEM containing 25 mM or 0.04 mM glucose. Cells were fixed with 100ul 4%
paraformaldehyde at 0, 24, 48 and 72h. Plates were incubated at 4°C for 20 min. Cells were
washed 2 x 5 min in 200 pl PBS and 100 pl of crystal violet solution (0.05% (w/v) crystal violet
and 20% (v/v) 95% ethanol) was added to each well. Plates were incubated at room temperature
for 30 min. Cells were washed 3 x 5 min in 200 ul PBS and solubilized on a plate shaker for 1 h
in 100 pl of 1% SDS in PBS. The plates were analyzed at 595nm on a Molecular Devices

Spectramax plate reader. Hypoxia experiments were conducted by incubating cells at 1% O, in a
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Hera Cell 150 incubator (Mandel).

Statistical Analysis

Statistics were determined using paired Student’s t test, ANOVA, or Log-rank (Mantel-Cox) test
using Prism software (GraphPad). Data are calculated as the mean + SEM unless otherwise
indicated. Statistical significance is represented in figures by: *, p<0.05; **, p<0.01; ***,

p<0.001
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Fig. 1. Loss of LKB1 promotes enhanced glucose and glutamine metabolism. A) LKBI1

immunoblot on lysates from LKB1/

MEFs transduced with control retrovirus (Cre -) or a
retrovirus expressing Cre recombinase (Cre +). (B-C) Glucose and glutamine consumption by
LKBI1-deficient MEFs. LKB1"/ MEFs expressing empty vector (open bar) or Cre recombinase
(closed bar) were grown for 72 hours, and glucose consumption (B) and glutamine consumption
(C) were determined by enzymatic assay. D-E) ECAR (D) and OCR (E) for LKB1"/ MEFs with
(+) or without (-) Cre expression. F) Lactate production by LKBI-deficient MEFs. Cells were
treated as in (B) and extracellular lactate in the culture medium was measured via enzymatic
assay. G-I) Metabolic processing of glucose and glutamine by LKBI-null MEFs. LKBI-null
(closed bar) or control (open bar) MEFs were pulsed with “C-glucose or *C-glutamine for 1

hour, and "C incorporation into lactate (G), glutamate (H), and a-ketoglutarate (I) was

determined by GC-MS. *, p<0.05; **, p<0.01.
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Fig. 2. LKB1-deficient tumor cells display enhanced glycolytic and TCA cycle flux. A)
LKB1 immunoblot on lysates from A549 cells transduced with empty vector (Ctl) or LKB1
cDNA. B) ECAR and OCR of A549 cells expressing empty vector (closed bar) or LKB1 cDNA
(open bar). C) Intracellular glutamate levels derived from "*C-glutamine in A549 cells expressing
empty vector (Vec, closed bar) or LKB1 (LKBI1, open bar) as measured by GC-MS. D)
Metabolic flux analysis of LKB1-deficient A549 cells. A549 cells expressing empty vector (Vec)
or LKB1 ¢DNA (LKBI1) were pulsed with *C-glucose or *C-glutamine for 1 hour, and *C
incorporation into lactate and TCA cycle metabolites were determined by GC-MS. Relative
incorporation of "*C into total metabolite pools are indicated by shaded bars for glucose (black)
and glutamine (grey). Metabolite abundance is expressed relative to basal levels in A549/LKB1

cells. *, p<0.05.
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Fig. 3. LKB1-null cells display enhanced growth and biosynthetic capacity. A) Growth curve
of LKBI" MEFs expressing empty vector (CRE-, open circle) or Cre recombinase (CRE+,
closed circle) following a 3T3 passage protocol. B) Size of control (Cre-, grey histogram) or
LKB1-deficient (Cre+, open histogram) MEFs as determined by forward scatter (FSC) of cells
via flow cytometry. C-D) Glucose- and glutamine-dependent lipid biosynthesis by LKB-null
MEFs. Control (Cre-, open bar) or LKB1-null (Cre+, closed bar) MEFs were incubated with
uniformly labeled "*C-glucose (C) or '*C-glutamine (D) for 72 hours, and radioactive counts in
extracted lipids measured. Data are expressed as CPM per 10° cells (mean = SEM) for samples in
triplicate. E) Free fatty acid (FFA) levels in LKB1-null cancer cells. FFAs in cell extracts from
A549/Vec or A549/LKBI1 cells were measured by GC-MS following 3 days of growth. Data are

expressed as the ratio of FFA species in A549/Vec to A549/LKBI cells. *, p<0.05.
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Fig. 4. LKB1 loss promotes HIF-1o protein expression under normoxic conditions. A)
Immunoblot for HIF-1a protein expression in whole cell lysates from control (Cre-) or LKBI1-
null (Cre+) MEFs grown under 20% O,. B) Relative expression of 4ifla mRNA by control (Cre-,
open bar) or LKB1-null (Cre+, closed bar) MEFs as determined by qPCR. Data were expressed
relative to actin mRNA levels for triplicate samples and normalized relative to control (Cre-)
cells. C) Immunoblot of HIF-1a protein in lysates from A549/Vec or A549/LKBI cells grown
under 20% O,. D) Relative expression of aldoa, ldha, and pdkl mRNA levels in control (Cre-,
open bar) or LKBI-null (Cre+, closed bar) MEFs as determined by qPCR. E) Immunoblot for

Aldolase, PDK1, and LDHA expression in lysates from cells as in (D).
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Fig. 5. LKB1-dependent HIF-lo expression is regulated by mTORC1 and ROS. A)
Immunoblot for LKB1, pS6, p4EBP, and actin protein levels in whole cell lysates from control
(Cre-) or LKBI-null (Cre+) MEFs. B) Immunoblot for HIF-1a protein levels in A549/Vec or
AS549/LKBI1 cells cultured with (+) or without (-) 25 nM rapamycin for 24 hours prior to cell
lysis. Levels of LKBI1, pS6, and actin are shown. (C) Relative HIF-1loo. mRNA expression in
MEFs cells from control (Cre-) or LKB1-deficient (Cre+) MEFs treated with 25 nM rapamycin
or vehicle control for 24 hours. D) Immunoblot for Raptor and HIF-1a protein levels in whole
cell lysates from control (Cre-) and LKB1-null (Cre+) MEFs treated with control (Ctl) or Raptor-
specific (Rapt) siRNA. E) Relative mean fluorescence intensity (MFI) of DFC-DA staining in
LKB V™" cells with (+) or without (-) Cre expression. Cells were treated with or without 10mM
N-acetyl cysteine (NAC) for 1 hour prior to ROS measurements. F) Representative immunoblot

of HIF-1a protein expression for cells treated as in (E).
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Fig. 6. HIF-1a promotes the metabolic program induced by LKB1 loss. A) Immunoblot of
HIF-1a protein expression in lysates from control (Cre-) or LKB1-deficient (Cre+) MEFs treated
with control or HIF-1a siRNA. LKBI1 and actin levels are shown. B) Lactate production by cells
treated as in (A) after 72 hours of growth. C) Forward scatter (FSC) of control (grey histogram),
LKBI1-deficient (open histogram) or LKB1-deficient MEFs expressing HIF-1a siRNA (hatched
histogram). D) Immunoblot of HIF-1a protein levels in lysates from A549/Vec or A549/LKB1
cells expressing control (-) or HIF-1a-specific (+) shRNAs. LKB1 and actin levels are shown. E)
Glutamine consumption by A549 cells expressing control (black bar) or HIF-1a-specific (grey
bar) shRNAs as determined by enzymatic assay. F) Glutamine-derived glutamate levels in A549
cells expressing control (-) or HIF-la-specific (+) shRNA. "°C incorporation into intracellular

glutamate following 1h of culture with °C-glutamine was determined by GC-MS. *, p<0.05.
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Fig. 7. HIF-1a is required for the growth and survival of LKB1-deficient cells in response
to nutrient limitation. A) Growth curves of A549 cells expressing control (closed circle) or
HIF-1a (grey circle) shRNA grown under full (25 mM) or low (0.4 mM) glucose conditions. B)
Viability of A549/LKB1 (white bars) or A549/Vec (black bars) cells expressing control (-) or
HIF-1a-specific (+) shRNA following culture in glucose- or glutamine-free media. Cell viability
was measured after 48 hours by propidium iodide uptake. C) Caspase-3 activation in A549 cells
expressing control (Vec, closed circles) or HIF-la-specific (grey circles) shRNA following
culture in decreasing concentrations of glucose. D) Relative ATP levels of A549 cells expressing
control (black bars) or HIF-1a-specific (grey bars) shRNA following culture in glucose- or

glutamine-free media. **, p<0.01.
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Supplemental Information for:

Loss of the tumor suppressor LKB1 promotes metabolic reprogramming of cancer cells via

HIF-1a
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Figure S1. Expression of LKB1 and metabolism of NSCLC cell lines.
A) LKB1 immunoblot on lysates from A549 cells transduced with empty vector (Vec) or LKBI
cDNA (LKB1), and H1299 cells. B) Basal extracellular acidification rate (ECAR) and oxygen

consumption rate (OCR) for A427 cells expressing empty vector (Vec) or LKB1 cDNA (LKB1).
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Figure S2. LKB1-deficient cells display enhanced glycolytic and TCA cycle flux

A) Mass isotopomer profiles of A549 tumour cells with LKB1 re-expression (open bar) or
lacking LKB1 (closed bar). Cells were pulsed with *C-labeled glucose (Glc) or glutamine (Gln)
for one hour prior to metabolite extraction. Mass isotopes for citrate and malate are indicated. B)
MEFs expressing LKB1 (Cre-) or deficient for LKB1 (Cre+) were pulsed with *C-glucose or
BC-glutamine for 1 hour, and C incorporation into lactate and TCA cycle metabolites was
determined by GC-MS as in Figure 2. The relative incorporation of C into total metabolite
pools (lactate, citrate, o-ketoglutarate, succinate and malate) is indicated by shaded bars for
glucose (black) and glutamine (grey). Metabolite abundance is expressed as the mean += SD for

triplicate samples, and expressed relative to basal levels in control (Cre-negative) cells.
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Figure S3. Expression of HIF-1a protein levels in cell models of LKB1 deficiency.

A) Immunoblot for HIF-1a in A427 cells expressing empty vector (Vec) or LKB1 ¢cDNA
(LKB1). B) Immunoblot for HIF-1aw in U20S cells transfected with 25nM scrambled (Scr)
siRNA or siRNA targeting LKB1 (LKBI). A representative immunoblot is shown. C)
Immunoblot for HIF-1a in HCT116 cells transfected with control (Scr) or LKBI-targeting

(LKB1) siRNA.
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Figure S4. Rapamycin treatment of LKB1-null cells reduces lactate production.

MEFs expressing (Cre-) or lacking (Cre+) LKB1 expression (A) or A549 cells with (LKBI) or
without (Vec) LKBI1 re-expression (B) were treated for 24 hours with 25nM rapamycin, and
lactate in the extracellular medium was measured via enzymatic assay. Lactate levels are

expressed as the mean + SD for triplicate samples.
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Figure S5: A549 cells lacking HIF-1a expression display enhanced sensitivity to glucose and
serum withdrawal. A) Growth curves of A549 cells expressing control (closed bar) or HIF-1a
(grey bar) shRNAs, and grown under full (+, 25 mM) or no glucose (-, 0 mM) conditions. Cells
were additionally cultured in the presence of absence of serum (FBS) or under normoxic (20%
0O,) or hypoxic (1% O,) conditions. B) Oxygen consumption rates of A549 cells expressing
empty vector (Vec) or HIF-1a shRNA (shHIF-1a). Cells were grown under full glucose (25mM)
or low glucose (0.4mM) conditions. C) Spare respiratory capacity (SRC) of cells treated as in

(B).
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Preface to Chapter 4

We and others (Shackelford et al., 2009) have demonstrated that cells lacking AMPK feature the
normoxic stabilization of HIF-la. However, the mechanism of stabilization had yet to be
defined. The work in Chapter 2 showed no differences in transcription or translation of HIF-1a,
and thus post-translational modifications were tested. Evidence first produced by Shackelford et
al 2013 showed that HIF-1a stabilization in LKB1-null cells could occur due to increased levels
of ROS. We were able to replicate this finding in Chapter 3 in LKBI-null cell lines. This
prompted us to explore the possibility that AMPK may also be involved in the regulation of
reactive oxygen species. Loss of AMPK would therefore result in aberrant levels of ROS,
resulting in HIF-la stabilization. In this work, we examined the role of mitochondrial ROS

contributing to HIF-1a stabilization in the absence of AMPK.
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Abstract

Reactive oxygen species (ROS) are continuously produced by mitochondria and eliminated via
antioxidant systems. Proper maintenance of this redox balance supports proper cellular function
and can facilitate adaptation to metabolic stress. The AMP-activated protein kinase (AMPK) is a
central regulator of cellular metabolism. AMPK can be activated by ROS and has previously
been linked to redox balance through control of ACC-dependent NADPH homeostasis. Here we
show that AMPK functions in a feedback loop to limit mitochondrial ROS through regulation of
mitochondrial metabolism. We demonstrate that the AMPK allosteric activator A-769662
promotes decreased mitochondrial membrane potential and suppression of State III (ADP-
stimulated) respiration in cells, leading to ROS inhibition. Similarly, AMPK activation results in
a PGC-lo-dependent increase of antioxidant genes. Conversely, loss of AMPKa in mouse
embryonic fibroblasts promotes increased production of mitochondrial ROS, leading to HIF-1a

stabilization and a metabolic shift to the Warburg effect.

149



Introduction

Reactive oxygen species (ROS) are the byproducts of aerobic metabolism. The
incomplete reduction of molecular oxygen in the electron transport chain results in ROS
production. 1-3% of O, consumed by cells is metabolized to ROS in the form of superoxides,
hydrogen peroxide and hydroxyl radicals (Valko et al., 2007). The amount of ROS can correlate
with increased metabolic activity (Wellen and Thompson, 2010), or under conditions of
metabolic stress, such as hypoxia (Bell et al., 2007). The mitochondrial production of ROS can
occur at various locations in the electron transport chain. However, only glycerol-3-phosphate
dehydrogenase and Site I[IIQo of complex III are capable of producing ROS into the
intermembrane space. Of these, complex III has a higher capacity of ROS production (Brand,
2010; St-Pierre et al., 2002). Mitochondrial-derived ROS can act as secondary messengers for
various signaling pathways, and play an important role in the physiological regulation of
proliferation and differentiation (Gough and Cotter, 2011; Reczek and Chandel, 2014). Improper
maintenance of ROS can lead to oxidative stress, resulting in damage to lipids, proteins, and
mitochondrial DNA (Rubattu et al., 2014). Homeostatic levels of ROS must be therefore be
balanced to prevent pathophysiological oxidative stress and allow for normal physiological
function. In order to achieve this balance, cells must coordinate both responses to changes in
ROS levels, and utilize antioxidant methods to scavenge potentially dangerous levels of ROS.

AMPK is an evolutionarily conserved serine/threonine kinase that acts as a guardian of
energetic balance in the cell. Under conditions of energetic stress such as glucose withdrawal
and hypoxia, AMPK is activated by changes in the AMP/ATP ratio, and initiates a number of
biological pathways aimed at preserving energy (Hardie, 2011a). Several adaptive responses to

oxidative stress are mediated by the AMP-activated protein kinase (AMPK) (Greer et al., 2007;
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Jager et al., 2007; Wu et al., 2014). There is increasing evidence that AMPK can be activated
under physiological and pathological conditions by increased levels of intracellular ROS,
possibly independently of changes in AMP/ATP levels (Emerling et al., 2009; Zmijewski et al.,
2010). AMPK activation has been observed in diseases associated with oxidative stress,
including Huntington’s disease (Fu et al., 2012) and diabetes (Mackenzie et al., 2013). In
experimental systems, mitochondria-derived ROS play an important role in AMPK activation
(Emerling et al., 2009), and pretreatment of the cells with the mitochondria-specific ROS
scavenger Mito-tempol can attenuate AMPK activation (Han et al., 2010). It has also been
demonstrated that ROS-induced activation of AMPK can induce an antioxidant cascade in
skeletal muscle cells (Irrcher et al., 2009). An important downstream target of AMPK is PGC-1a,
which acts to increase antioxidant enzymes such as superoxide dismutase (SOD) and catalase to

attenuate ROS levels (Greer et al., 2007; Jager et al., 2007; St-Pierre et al., 2006).

PGC-la is a master regulator of oxidative metabolism. As a transcriptional co-activator,
PGC-1a controls both metabolic and mitochondrial gene expression (Meirhaeghe et al., 2003).
PGC-la acts to increase the oxidative capacity of cells through increased mitochondrial
biogenesis. In response to oxidative stress, PGC-1a promotes the transcription of anti-ROS genes
including superoxide dismutases (SODs), catalase, and uncoupling proteins (UCPs) (St-Pierre et
al., 2006). SODs act to convert superoxide into hydrogen and oxygen, and H,O, is reduced to
water by catalase, glutathione peroxidases, and peroxiredoxins (Murphy, 2012). By balancing
metabolic requirements and cytotoxic protection from ROS activation, PGC-1a serves as an
adaptive set-point regulator of oxidative stress. PGC-la activity can be increased through an

increase of its expression as well as post-translational modification. AMPK phosphorylates PGC-
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loo at T177 and S538, inducing processes such as mitochondrial biogenesis (Butow and

Avadhani, 2004; Irrcher et al., 2009; Jager et al., 2007).

Cells with impaired OXPHOS activity often feature increased levels of glycolysis as an
energetic compensation. This process is mediated by the hypoxia inducible factor 1o (HIF-1a).
Under conditions of low oxygen or high ROS levels, HIF-1a transcriptionally increases several
glycolytic intermediates such as aldolase, glutl, LDHA and PDHK (Papandreou et al., 2006;
Semenza et al., 1994). The net result of this is to enhance glucose uptake and shift carbons away
from entering the mitochondria so that they may be exported as lactate. Previous work by our lab
and others has shown that loss of LKB1 or AMPK can result in enhanced HIF-1a activity in
normoxic conditions (Faubert et al., 2013; Faubert et al., 2014; Shackelford et al., 2009). In the
absence of LKBI, this HIF-lo activity was attributed to increased levels ROS, as ROS
scavenging was able to ablate the HIF-la-induced transcriptional and metabolic changes in
LKBI1-null cells (Faubert et al., 2014). HIF-1a is increased in the absence of AMPK, but the
underlying mechanism has yet to be elucidated.

In this work we utilize isogenic cell lines to examine the importance of AMPK in the
management of physiological ROS. We have found that the absence of AMPK leads to the
deregulation of mitochondrial ROS, which results in the HIF-1a-driven Warburg effect. We have
found that mitochondrial-derived ROS promote AMPK activation under stress conditions, and
that, in a feedback-loop, AMPK activation limited the amount of mitochondrial ROS produced.
These effects are attributed to PGC-1a signaling, specifically, transcriptional increases in the
superoxide dismutases. We have found that de-regulated ROS management also occurs in the

absence of PGC-1a, which confers a Warburg-like metabolism.
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Results

Mitochondrial ROS is increased in the absence of AMPK

We and others have previously demonstrated that HIF-1a protein levels are increased in the
absence of AMPK (Faubert et al., 2013; Shackelford et al., 2009). However, the mechanism
responsible for this has yet to be elucidated. A putative mechanism for HIF-1a stabilization was
found in the absence of LKBI1, wherein high levels of reactive oxygen species contributed to
HIF-1a levels and the Warburg Effect (Faubert et al., 2014; Shackelford et al., 2013). To test if
deregulated ROS occurs in the context of AMPK, we generated mouse embryonic fibroblasts
(MEFs) harboring conditional mutations for prkaal and prkaa? (denoted hereafter as
al™ a2""). We generated paired isogenic cell lines that possess or completely lack AMPK
catalytic activity depending on expression of Cre recombinase. Cells lacking AMPK (KO)
featured higher levels of mitochondrial ROS, as measured by MitoSOX and FACS (Fig 1A,
S1A). When these cells were stressed with glucose withdrawal, cells lacking AMPK (closed
circles) feature an enhanced production of ROS, which is largely prevented in cells with AMPK
(open circles) (Fig 1B). To identify the effects of AMPK activation on mitochondrial ROS levels,
we treated cells with the AMPK activator A-769662. Here, A-769662 treatment resulted in
decreased ROS levels under both basal (25mM glucose) and stressed (0mM glucose) conditions
(Figure 1C, S1B). To elucidate the potential mechanisms by which AMPK activation could
reduce ROS levels, we paneled known antioxidant genes. Overnight treatment of A-769662
increases several antioxidant transcripts in an AMPK-dependent manner, including catalase,
cytochrome ¢, SOD1 and SOD2 (Figure 1D). Taken together these data indicate that AMPK

activation plays a role in maintaining mitochondrial ROS in both basal and stress conditions.
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AMPK activation decreases OXPHOS and mitochondrial membrane potential

We observed that activation of AMPK by A-769662 can reduce ROS levels in both basal and
stressed conditions (Figure 1C). Mitochondrial ROS can be attenuated via increased transcription
of antioxidant genes, as well as by decreasing mitochondrial potential. We first sought to explore
the ability of A-769662 treatment to reduce mitochondrial potential. Acute treatment of A-
769662 results in a 40% decrease in mitochondrial potential (Figure 2A). Cells were incubated
with mitotracker green to quantify mitochondrial load, as well as mitotracker red to measure
membrane potential. The ratio of these (potential/load) is decreased with A-769662 treatment in
cells expressing AMPK. Mean fluorescence intensity of mitochondrial potential and load was
measured using the Operetta microscope (Figure 2B). Recent work from out lab has shown that
chronic treatment of A-769662 can decrease oxygen consumption (Vincent et al., 2014). To test
if the decrease in mitochondrial potential could also decrease oxygen consumption, we treated
cells as in (B), and utilized a Seahorse XF analyzer to measure oxygen consumption (Figure 2C).
Here we observed a slight decrease in oxygen consumption in cells with AMPK (open bar) upon

A-769662 stimulation, which did not occur in the absence of AMPK (closed bar).

AMPK activation decreases State 3 (ADP-stimulated) respiration

A potential consequence of decreased mitochondrial membrane potential is the inability to fully
couple oxygen transport to ATP formation. To assess this possibility, wild-type MEFs were
treated with vehicle control (open circle) or 25uM A-769662 (shaded circle) overnight.
Mitochondria were isolated, and complex activity was tested as previously described
(Andrzejewski et al., 2014). In complex I (Figure 3A) and complex II (Figure 3B) A-769662
treatment inhibited ADP-stimulated respiration, as well as decreased FCCP-stimulated proton

release. The ability of complex I and II to functionally use pyruvate/malate, and succinate,
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respectively is largely unaffected. Taken together, these results indicate that chronic treatment

with A-769662 inhibits ADP-stimulated respiration in isolated mitochondria.

Mitochondrial ROS contributes to AMPK activity

Reactive oxygen species can be a potent activator of AMPK (Park et al., 2006; Shafique et al.,
2013). The exact mechanism of this activation remains controversial (Shao et al., 2014;
Zmijewski et al., 2010), and the physiological relevance of AMPK activation by ROS under
endogenous conditions remains unexplored. Here, we show that pharmacological ROS
scavenging via trolox, a vitamin E analogue and potent antioxidant (Figure 4A), is able to reduce
AMPK activity under basal conditions (Figure 4B). To elucidate the effects of endogenous ROS
on AMPK, we inhibited a component of Complex III of the electron transport chain, the Rieske
Iron-Sulfur protein (RISP). Inhibition of RISP results in decreased production of ROS from the
mitochondria (Tormos et al., 2011). Similar results were obtained with cells lacking RISP (Figure
4C, D). We next sought to explore this phenomenon under conditions of metabolic stress. Using
Wild-type MEFs expressing either vector control or RISP shRNA, we tested AMPK
phosphorylation under basal conditions, glucose withdrawal, and hypoxia. Here we observe both
a decrease in total AMPK levels, as well as phosphorylated AMPK (Figure 4E). Under basal
conditions, RISP shRNA cells have lower mitochondrial ROS levels (Figure 4F, G). When faced
with a stress such as glucose withdrawal, mitochondrial ROS levels rose three fold in wild type
cells with RISP expressed, and this increase is inhibited with cells expressing RISP shRNA
(Figure 4F). Similarly, when exposed to hypoxia, cells feature an increase in mitochondrial ROS
levels that is completely prevented when RISP is inhibited (Figure 4G). FACS plots of

mitochondrial measurements are included in Supplemental Figure 2.
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Mitochondrial ROS drives the Warburg effect in AMPK-deficient cells

We have previously shown that cells lacking AMPK feature enhanced glucose uptake and lactate
production (Faubert et al., 2013). In AMPK-null cells featuring RISP shRNA, we see a complete
abrogation of the glucose uptake and lactate production (Figure 5A,B). Similarly, there is a
decrease of extracellular acidification (Figure 5C) and oxygen consumption (Figure 5D). To test
if increased mitochondrial ROS in AMPK-null cells was responsible for the stabilization of HIF-
la, we utilized a series of reactive oxygen species scavengers. In AMPK-null cells treated with
ImM trolox, HIF-1a levels are completely abrogated (Figure SE). MEFs lacking AMPK were
treated with a series of antioxidants for 1 hour, including ascorbate (Asc) N-acetyl cysteine
(NAC) and catalase (Cat). HIF-1a protein levels and its downstream target PDHKI1 were
assessed by immunoblotting (Fig. 5E). Using shRNA targeting RISP, we observed a decrease in
mitochondrial ROS under basal and glucose-withdrawal conditions (Fig. S2), as well as a

decrease in the stabilization HIF-1a (Figure 5F). Taken together, this data demonstrates that the

HIF-1a protein stabilization and pro-glycolytic effects in AMPK-null cells is driven by ROS.

PGC-1a mediates the AMPK-dependent effects on ROS homeostasis

AMPK activation can induce an antioxidant response though various mechanisms, including
phosphorylation the transcriptional co-activator PGC-1a (Jager et al., 2007). PGC-1a is a potent
transcriptional co-activator in the antioxidant system (St-Pierre et al., 2006), and is a defined
target of AMPK (Jager et al., 2007). Treatment of cells with A769662 caused an AMPK-
dependent increase in PGC-1ao mRNA (Figure 6A), but not PGC-1p (Figure 6B). To test ability

of PGC-la to mediate the effects of AMPK activation, we generated mouse embryonic
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fibroblasts (MEFs) harboring a conditional mutation for ppargcla (denoted hereafter as
PGC1d™). We generated paired isogenic cell lines that possess or completely lack AMPK
catalytic activity depending on expression of Cre recombinase. We tested to see if the effects if
AMPK activation were mediated by PGC-1a. We utilized PGC-1a MEFs featuring a conditional
deletion of PCG-1a via Cre recombinase. When cells with or without PGC-1a were stimulated
with A-769662 overnight, we observed that several of the AMPK-dependent increases of
antioxidant transcript were also dependent upon PGC-1a including catalase, cytochrome c, and
SOD2 (Figure 6B). Similar to the AMPK-null phenotype, cells lacking PGCla featured higher
basal levels of mitochondrial ROS (Figure 6C). Cells lacking PGC-1a (Cre +) featured elevated
HIF-1a protein levels, as well as increased protein of canonical HIF-1a targets LDHA and
aldolase, as measured by immunoblotting (Figure 6D). Furthermore, PGC-1a-null cells display a
Warburg-like metabolic phenotype, as they displayed increased glucose uptake and lactate
excretion as compared to control cells (Figure 6F). Taken together, these data suggest that PGC-

la at least partially mediates the effects of AMPK on inhibiting mitochondrial ROS.

Discussion

AMPK responds to metabolic stress by engaging appropriate cellular responses to cope with
metabolic stress. Stresses such as glucose withdrawal and hypoxia cause both energetic
imbalances such as changes in the AMP/ATP ratio and increased production of mitochondrial
reactive oxygen species. Here we provide evidence that the production of mitochondrial ROS is
important for AMPK activity, and that AMPK is involved in a negative feedback loop to limit
ROS production. AMPK-null cells feature increased amounts of mitochondrial ROS, under both

basal and stressed conditions (Fig. 1). We find that these effects are mediated by mitochondrial
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uncoupling, as AMPK activation leads to decreased membrane potential (Fig. 2), as well as
decreased state 3 respiration (Fig 3.) These chronic levels of elevated ROS are responsible for
HIF-1a protein stabilization and the Warburg effect in AMPK-null MEFs (Fig. 4). Limiting the
production of mitochondrial ROS decreases AMPK activity both under basal and stress
conditions (Fig. 5). Activation of AMPK by A-769662 increases transcript levels of PGC-1a., and
PGC-la-dependent antioxidant genes. Finally, we observed that PGC-lo-null cells display
enhanced levels of mitochondrial ROS, increased HIF-1a and increased glycolytic metabolism
(Fig. 6). Together our data suggest that mitochondrial ROS is a key component in AMPK
activation, and initiates a cascade to reduce mitochondrial ROS via PGC-1a.

Oxidative stress can induce metabolic changes within cells, and increased ROS can be a
marker of mitochondrial dysfunction. Cells can adapt to this by engaging in different forms of
metabolism such as increasing glucose uptake. This is mediated by HIF-la, which directs
glucose-derived carbon away from the mitochondria, to be excreted as lactate. Similarly, cells
can recycle damaged or dysfunctional mitochondria through mitophagy (Youle and Narendra,
2011) and create new mitochondria through PGC-lo-driven transcriptional programs. One
consequence of chronically increased mitochondrial ROS is the stabilization of HIF-la. As
mitochondrial ROS are an indicator of stress within the mitochondria, ROS-induced stabilization
of HIF-la acts as a survival mechanism by re-directing energy production away from the
mitochondria to glycolysis. When this occurs under normoxic conditions, due to AMPK loss, a
Warburg metabolic phenotype is induced due to HIF-1a increasing glucose uptake and flux.

All cells must manage levels of reactive oxygen species to prevent oxidative damage.
AMPK is regarded as an energy-sensitive kinase, though several recent studies have indicated

that AMPK activity can also be regulated by oxidative stress (Choi et al., 2001; Emerling et al.,
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2009; Zmijewski et al., 2010). The relationship of ROS and AMPK may be cell-type, or cysteine-
residue dependent. Oxidation of AMPK Cys299 in HEK293 cells resulted in increased activity
(Zmijewski et al., 2010), whereas in primary cardiomyocytes oxidation of Cys130 and Cys174
AMPK by ROS decreased its activity, by interfering with the AMPK/LKBI interaction (Shao et
al., 2014). The requirement of changes in the AMP:ATP ratio for oxidative stress-induced AMPK
activation is still debated (Auciello et al., 2014; Emerling et al., 2009). Under metabolic stress
conditions that increase mitochondrial ROS (glucose withdrawal, hypoxia), we observe an
inhibition of the phosphorylation of AMPK and its canonical target ACC, when ROS is reduced
either by trolox or the inhibition of the Rieske Iron Sulfur protein (Fig. 4). These data suggest
that mitochondrial ROS are an integral part of the AMPK stress response.

In addition to the role of AMPK in restoring energy balance, AMPK also engages
programs aimed at reducing ROS levels. Under conditions of oxidative stress, AMPK
phosphorylates targets such as PGC-1a to promote the transcription of antioxidant genes, and
proteins capable of reducing oxidative stress (Jager et al., 2007). PGC-1a plays a central role in
regulating mitochondrial content and antioxidant response. PGC-1a can be regulated by addition
of exogenous ROS and AMPK activators such as AICAR (St-Pierre et al., 2006; Suwa et al.,
2003). Our findings are consistent with previous work demonstrating that AMPK-mediated
phosphorylation of PGC-1o mediates an antioxidant response (Irrcher et al., 2009). Activation of
AMPK by A-769662 resulted in increased mRNA of PGC-1a, and several antioxidant genes,
including catalase and superoxide dismutase 2 (Figure 6).

A recent study by (Hart et al., 2015) links increased SOD2-derived H>O, with increased
AMPK activity, resulting in an enhanced glycolytic phenotype. These results are complementary

with the study by (Yan et al., 2014) wherein increased AMPK activation by FLCN loss drives a
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ROS-induced Warburg phenotype. Taken together with the data presented in this paper, we
highlight a role of AMPK of in the regulation of mitochondrial ROS. Diminished AMPK activity
results in increased levels of ROS (due to chronic lack of antioxidant response), which stabilizes
HIF-1a and promotes the Warburg effect. Chronic AMPK activation can both induce (Hart et al.,
2015) and be caused by high levels of ROS (Yan et al., 2014), and result in the Warburg effect.
At homeostatic and endogenous levels mitochondrial ROS lead to AMPK activation that
concomitantly decreases ROS levels.

This work adds to the expanding role of AMPK in mitochondrial maintenance.
Dysfunctional or stressed mitochondria display increased amounts of reactive oxygen species
(Figure 4). AMPK responds to this in various ways, including decreasing membrane potential to
decrease ROS levels (Figure 2). In addition, AMPK phosphorylates various transcription factors,
including the transcriptional co-activator PGC-la, to increase mitochondrial biogenesis and
antioxidant systems. Furthermore, AMPK can help promote the degradation of unhealthy
mitochondria by phosphorylating the mitochondrial fission factor (MFF) (Ducommun et al.,
2015), which can act to separate damaged sections of mitochondria from healthy. AMPK
continues this process by phosphorylation of ULK to increase mitophagy (Egan et al., 2011),
thereby degrading the newly separated, damaged sections of mitochondria. Taken together, our
work and others suggest that AMPK activity is a key regulator of maintaining functional

mitochondria in cells.
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Experimental Procedures

Cell Lines, DNA Constructs, and Cell Culture

Primary mouse embryonic fibroblasts (MEFs) conditional for prkaal and prkaa2 (al™ a2™),
and conditional for ppargcla (PGC1o™") were generated by timed mating as previously
described (Jones et al., 2005), and immortalized with SV40 Large T Antigen. Knockdown of
UQCRFS1 was achieved using the lentiviral sShRNA vectors from the TRC shRNA collection
(Sigma-Aldritch, St. Louis MO). The ID number for UQCRFS1 shRNA vectors use in the study
were TRCNO0000070108-10. Lentiviral supernatants were generated as described (Huang et al.,
2012). Transduction of cell lines with high-titre retrovirus was conducted as previously described
(Jones et al., 2005). Retrovirus-infected cells were cultured in 2ug/ml puromycin or sorted 7 days

post-infection by flow cytometry (for GFP or CD8t-expressing cells).

Western Blots

Cells were lysed in modified CHAPS buffer (10mM Tris-HCl, ImM MgCl,, ImM EGTA,
0.5mM CHAPS, 10% glycerol, SmM NaF), supplemented with the following protease additives:
protease and phosphatase tablets (Roche), DTT (1 pg/ml), and benzamidine (1 pg/ml). Cleared
lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and incubated with primary
antibodies. Primary antibodies to AMPK (pT172-specific and total), phospho-Acetyl-CoA-
carboxylase (pS79), LDHA, PDKI1, aldolase, and actin, as well as HRP-conjugated anti-rabbit
and anti-mouse secondary antibodies were obtained from Cell Signaling Technology (Danvers,
MA). Anti-HIF-1a antibodies were from Cayman Chemical (Baton Rouge, LO). Anti-RISP

antibody was obtained from Abcam (Cambridge, UK).
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Quantitative Real-Time PCR

Total mRNA was isolated from cells using Trizol (Invitrogen), and cDNA was synthesized from
100ng of total RNA wusing the Superscript® VILO™ c¢DNA Synthesis Kit (Invitrogen).
Quantitative PCR was performed using SYBR Green qPCR SuperMix (Invitrogen) and an
Mx3005 gPCR machine (Agilent) using primers against ant, catalase, cytochrome c, gpx1, tbp,
pgcla, pgelb, sodl, sod2, ucp2, ucp3. All samples were normalized to B-actin mRNA levels.

Primer sequences have been previously described (St-Pierre et al., 2006).

Determination of ROS and mitochondrial potential

Mitochondrial ROS was assessed by incubating cells with MitoSOX red for 15-30 minutes,
followed by FACS analysis. The amount of mitochondrial ROS was measured by flow
cytometry, and quantified as the mean florescence intensity for FL4. Mitochondrial load and
potential were determined by staining with Mitotracker green, or Mitotracker red or TMRE. Cells
were incubated with 50uM of the stain for 15-30 minutes, and analyzed on FACS. All flow
cytometry was conducted using BD FACSCalibur (BD Biosciences, San Diego, CA) or Gallios
(Beckman Coulter, Fullerton, CA) flow cytometers and analyzed with FlowJo software (Tree

Star, Ashland, OR).

Metabolic Assays
Cells were grown in standard conditions for 2-3 days. Media was removed from cells and
analyzed for glucose, lactate, and glutamine using a Flex Bioanalyzer (NOVA Biomedical,

Waltham, MA).
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SeahorseXF96 Respirometry

Respirometry (oxygen consumption rate, OCR) and the extracellular acidification rate (ECAR) of
cells were measured using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica,
MA) as previously described (Faubert et al., 2014). In brief, cells were plated at 3x10*/well in
100ul non-buffered DMEM containing 25mM glucose and 2mM glutamine. Cells were incubated
in a CO,-free incubator at 37°C for 1 hr to allow for temperature and pH equilibration prior to
loading into the XF24 apparatus. XF assays consisted of sequential mix (3 min) measurement (5

min) cycles, allowing for determination of OCR/ECAR every 8 minutes.

Mitochondrial Isolation

Wild-type cells were incubated in the presence of A-769662 or vehicle control overnight.
Isolation of mitochondria was conducted as previously described (Andrzejewski et al., 2014).
Mitochondria were re-suspended in KHEB buffer (120 mM KCl, 5 mM KH,PO,, 3 mM Hepes,
I mM EGTA, 0.2% (w/v) BSA) and spun at 10,000 g for 10 min. The resulting mitochondrial
suspension was stored on ice and used for all further experiments. Mitochondrial protein content
was determined using the Bradford assay (Bio-Rad, Mississauga, ON, Canada) in the presence of

0.2% sodium deoxycholate, using BSA as standard.

Mitochondrial Respiration

All respiration measurements were conducted using a Clarke-type electrode (Rank Brothers,
Cambridge, UK). Mitochondria were incubated at a concentration of 0.25 mg mitochondrial
protein ml”' in KHEB buffer at 37 °C. The rate of oxygen consumption was determined by

addition of substrates. State 2 respiration was determined by adding succinate (5 mM) in the
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presence of rotenone (10 uM) or pyruvate (2.5 mM) and malate (2.5 mM). State 3 respiration was
obtained by the addition of ADP (100 uM), and State 4 respiration was quantified by the addition

of oligomycin (1 pg/mg mitochondrial protein).

Statistical Analysis

Statistics were determined using paired Student’s t test, ANOVA, or Log-rank (Mantel-Cox) test
using Prism software (GraphPad). Data are calculated as the mean + SEM unless otherwise
indicated. Statistical significance is represented in figures by: *, p<0.05; **, p<0.01; ***,

p<0.001
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Figure 1. AMPK is involved in maintaining mitochondrial ROS levels under basal and
stress conditions. A) Mitochondrial ROS levels were measured in wild type or AMPK-null
MEFs in standard growth conditions. Data are expressed as mean fluorescence intensity relative
to wild type cells of n=5 experiments. B) Wild-type (open circle) and AMPK-null MEFs (closed
circle) were subjected to glucose withdrawal. At the time indicated, mitochondrial ROS was
measured. Data are expressed as mean fluorescence intensity relative to wild type cells of n= 2
experiments. A representative experiment is shown. C) Wild-type MEFs were pre-treated with
25uM A-769662 overnight. Cells were subjected to 6 hours of glucose withdrawal, and
mitochondrial ROS levels were measured by FACS. Data are expressed as average mean
fluorescence intensity = SD, and are representative of 2-3 independent experiments. D) Wild type
(WT) and AMPK-null (KO) MEFs were treated overnight with 25uM A-769662. Relative
expression of indicated mRNA by control (WT) or AMPK-null (KO) MEFs as determined by
qPCR. Data were expressed relative to actin mRNA levels for triplicate samples and normalized

relative to control (WT) cells. *, p<0.05.
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Figure 2. AMPK activation decreases mitochondrial potential. A) Treatment of wild-type
cells with a dose curve of A-769662 decreases TMRE fluorescence by 50%. A representative
FACS blot is shown on the right panel. B) Wild-type (open bar) or AMPK-null (closed bar)
MEFs were treated with 25uM A-769662 overnight. The ratio of mitochondrial potential over
mitochondrial load was measured by Operetta fluorescence microscopy. Data are expressed as
the ratio of load/potential per condition. C) Wild-type (open bar) and AMPK-null (closed bar)
cells were treated overnight with 25uM A-769662. Oxygen consumption rates were measured by

Seahorse XF assay. Data represent Mean & SD of a representative experiment (n=4).
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Figure 3. AMPK activation by A-769662 decreases state III respiration. A) Mitochondria
were isolated form cells treated with vehicle control (open circle) or A-769662 (closed circle).
Complex activity was measured by respirometry. Data are expressed as the rate of O2
consumption over time. State 2 respiration was determined by adding succinate (5 mM) in the
presence of rotenone (10 uM) or pyruvate (2.5 mM) and malate (2.5 mM). State 3 respiration was
obtained by the addition of ADP (100 uM), and State 4 respiration was quantified by the addition
of oligomycin (1 pg/mg mitochondrial protein). FCCP respiration was determined by addition of

FCCP (1 pg/mg mitochondrial protein).
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Figure 4. Mitochondrial ROS contributes to AMPK activity. A) ROS levels were measured in
wild-type MEFs with vehicle (-) or ImM Trolox (+). Values are expressed as mean fluorescent
intensity = SD. B) Cells treated as in (A) were immunoblotted for pAMPK, AMPK, pACC and
Actin. A representative immunoblot is shown. C) Mitochondrial ROS was measured in wild type
MEFs featuring control (-) or vectors expressing RISP shRNA (+). Data are expressed as mean
fluorescence intensity + SD relative to control. D) Wild-type MEFs featuring control (-) or RISP
shRNA (+) expressing vectors were immunoblotted for the proteins indicated. A representative
immunoblot is shown. E) Wild-type MEFs expressing control (-) or RISP shRNA (+) vectors
were grown in basal conditions, 0mM glucose (2 hours), 1% O2 (2 hours) or treated with 500uM
phenformin (30 minutes). Immunoblot analysis of pACC, HIF-1a, pAMPK, AMPK and Actin
from whole cell lysates of treated cells. F-G) Mitochondrial ROS was analyzed from cells treated
as in (A). Cells were incubated with MitoSOX, and mitochondrial ROS was measured on FACS.

Data are expressed as mean fluorescent intensity relative to control.
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Figure 5. Inhibition of ROS reverses the HIF-1o-induced Warburg effect in cells lacking
AMPK. A-B) Wild type (open bar) and AMPK-null (closed bars) MEFs with and without
vectors expression RISP shRNA were analyzed for glucose uptake (A), lactate production (B).
Data are expressed as Avg + SD of a representative experiment (n=2).
C-D) Cells were seeded in normal growth conditions, and basal extracellular acidification (C) and
oxygen consumption rates (D) were recorded. Data represent the mean + SD for quadruplicate
samples, and are representative of two independent runs. E) Inhibition of ROS decreases HIF-1a
levels. Immunoblot analysis of cells treated with 1mM Trolox for 1 hour. HIF-1a, AMPK, and
actin protein levels in whole cell lysates from control (WT) and AMPKa-null (KO) MEFs. F)
Multiple ROS scavengers decrease HIF-la protein levels in AMPK-null MEFs. Cells were
treated with 100uM ascorbate (Asc), ImM N-acetyl cysteine (NAC) or 1000units catalase (Cat).
Immunoblot analysis of HIF-1a, PDHKI1, LDHA and Actin levels. G) AMPK wild type and
AMPK-null cells featuring expression of Control (-) or vectors expression RISP shRNA (+).

Immunoblot analysis of HIF-1a, pAMPK, AMPK, pACC, RISP and Actin are represented.
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Figure 6. AMPK activation induces an antioxidant transcriptional program.

A-B) Wild type (WT) and AMPK-null (KO) MEFs were treated with A-769662 overnight.
Relative expression pgclo or pgclff by control (WT) or AMPK-null (KO) MEFs as determined
by qPCR. Data were expressed relative to actin mRNA levels for duplicate samples and
normalized relative to control (WT) cells. C) Wild type (WT) and PGC-1a-null (KO) MEFs were
treated with 25uM A-769662. Relative expression of indicated mRNA by control (WT) or PGC-
la-null (KO) MEFs as determined by qPCR. Data were expressed relative to actin mRNA levels
for duplicate samples and normalized relative to control (WT) cells. D) PGC-1a-null MEFs show
increased levels of mitochondrial ROS. Mitochondrial ROS was measured in wild-type (WT) and
PGC-1a-null (KO) MEFs. Data are expressed as mean fluorescence intensity = SD. E)
Immunoblot analysis of HIF-1a, LDHA, Aldolase and Actin from whole cell lysates of cells. F)
Glucose uptake and lactate production were assessed in wild type (open bar) and PGC-1a-null
MEFs (closed bar) MEFs. Data are expressed as mean + SD, and a representative of 2-3
independent experiments. G) A representative schematic of the relationship between

mitochondrial ROS and AMPK activity.
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Supplementary Figure 1. AMPK is involved in maintaining mitochondrial ROS levels. A)
Wild type (WT) and AMPK-null (KO) MEFs were incubated with MitoSox. A representative
FACS plot is shown. B) MEFs featuring control shRNA (FF) solid lines, or RISP shRNA (RISP)
dotted lines, were incubated in 25mM glucose (blank lines) or OmM glucose (grey lines) for 6

hours. A representative FACS plot is shown.
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Supplementary Figure 2. Mitochondrial ROS contribute to AMPK activity.

A) Wild type MEFs were incubated with (open) and without (shaded) ImM Trolox for 1 hour,
and DCF-DA for 15 minutes. Mean fluorescence intensity was measured via FACS. A
representative FACS plot is shown. B) Wild type MEFs expressing control (FF) or RISP shRNA
(RISP) were incubated with MitoSOX for 20 minutes. Mean fluorescence intensity was measured
via FACS. C-E) Wild type MEFs expressing control (FF) (solid line) or RISP shRNA (RISP)
(broken line) were grown under basal conditions (black line) or metabolically stressed (grey line)
with hypoxia (C) glucose withdrawal (D) or phenformin (E). Cells were incubated with

MitoSOX, and MFI was measured via FACS.
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Supplementary Figure 3. PGC-1o-null MEFs feature higher levels of mitochondrial ROS.
A) Wild type (WT) and PGC-la-null (KO) MEFs were incubated with MitoSox, and mean

fluorescence intensity was recorded. A representative FACS plot is shown.
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Chapter 5
LKB1 and AMPK negatively regulate the Warburg effect in cancer: Discussion

5.1 Novel Contributions to Literature

The LKB1-AMPK pathway has been established as a highly conserved energy-sensing
axis (Hardie, 2007). At the outset of this thesis, little had been established regarding the role of
AMPK in cancer. The metabolic role of LKB1 loss in cancer was also largely unexplored, and
the mechanism of HIF-1a stabilization in AMPK or LKB1 knockout cell lines was unknown.

In this thesis several novel aspects of the role of AMPK in cancer are described. In
Chapter 2, we observed that the loss of AMPKal cooperates with the MYC oncogene to
accelerate lymphomagenesis. In addition to the work published by other labs, we helped establish
the paradigm of AMPK being a contextual oncogene or tumour suppressor, dependent upon cell
type specificity and context. We demonstrated that AMPKa dysfunction enhances aerobic
glycolysis, which was driven by HIF-lo. We observe that inhibiting HIF-la reverses the
metabolic effects of AMPKa loss, and importantly, that HIF-1o mediates the growth advantage
of tumors with reduced AMPK signaling.

In Chapter 3, we show that loss of LKB1 expression in cancer cells promotes a pro-
growth metabolic phenotype, driven by enhanced glycolysis and glutaminolysis. Loss of LKB1
promotes increased tumor cell metabolism through mTORCI1- and ROS-dependent increases in
HIF-1a. LKB1-null cells are dependent on HIF-1a to maintain cellular ATP and viability under
poor nutrient conditions, raising the possibility of targeting HIF-1o for synthetic lethality in
LKBI1-deficient tumors. Together our data reveal that regulation of cellular metabolism is a key

function of LKB1 that may contribute to its tumor suppressor function in human cancer.
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In Chapter 4 we explored the mechanism of HIF-la stabilization in the absence of
AMPK. We also discovered the requirement of AMPK in the regulation of mitochondrial ROS
homeostasis and characterized the role of mitochondrial ROS in both basal and stress-induced
AMPK activity. We speculate the mechanism of this ROS control to be the decrease in
mitochondrial membrane potential and the PGC-1a-dependent induction of antioxidant enzymes.
Taken together, this thesis provides evidence for the contextual role of AMPK as a metabolic

tumour suppressor.

5.1 AMPK in cancer

5.2.1 AMPK function in Cancer: Is it all about context?

Given the tumour-suppressing and tumour-promoting capabilities of AMPK, assessing
the role of AMPK in tumourigenesis depends on context. A positive or negative role for AMPK
in tumour growth will depend on the degree and/or mechanism of AMPK activation, the specific
expression of AMPK isoforms, AMPK subcellular localization, the activity of other signalling
networks in the cell, and extracellular environmental conditions.

AMPK loss in cancer. Loss of LKB1-AMPK signalling can drive a proliferative and
metabolic phenotype favourable for tumour cells when resources are plentiful. In this light, loss
of LKB1-AMPK signalling can promote a pro-growth metabolic program in tumour cells (Figure
5.1). Tumour cells lacking LKB1 or AMPK can gain enhanced mTOR activity, increase HIF-1a-
driven glucose and glutamine metabolism, and bypass metabolic checkpoints that normally
restrict cell growth under low nutrient conditions (Faubert et al., 2013; Faubert et al., 2014;
Shackelford et al., 2009). Though genetic deletion in cancer is not observed with AMPK, recent

work has suggested that AMPK may be inhibited by oncogenic activation of the MAGE-A3/6-
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TRIM28E3 ligase complex. This complex can cause ubiquitination of AMPKal, targeting it for
proteasomal degradation. The activation of MAGE-A3/6 expression in several cancer types may
signify an alternative mechanism for inhibiting AMPK signalling (Pineda et al., 2015).
Furthermore, gain of function p53 mutations have been shown to bind to AMPKa. This binding
results in preventing AMPK activation, thereby promoting anabolic processes (Zhou et al., 2014).
In this context, silencing AMPK signaling via post-translational modifications and protein-
protein interactions may provide tumor cells with a selective metabolic growth advantage,
without subjecting cells to the deleterious effects of AMPK loss.

Conversely, tumor cells lacking LKB1 or AMPK undergo apoptosis at higher rates when
subjected to energetic stress (Bungard et al., 2010; Dupuy et al., 2013; Faubert et al., 2013; Shaw

et al., 2004b). Shackelford et al. recently demonstrated that phenformin can act as a single agent

to promote tumour cell apoptosis in vivo using a Kras-driven lung cancer mouse model, but only
in tumours lacking LKB1 expression (Shackelford et al., 2013). These data support the idea that
upon application of a metabolic stress, LKB1-null cells cannot activate AMPK and have a
reduced ability to survive disruption of mitochondrial function. In AMPK-null cells, we find that
compounds that cause metabolic stress (phenformin, AICAR, salicylate, and 2DG) are
considerably more effective at inducing cell death in tumor cells (Vincent et al., 2014). Thus, the
use of biguanides such as phenformin may be most effective when used in combination with
agents that inhibit, rather than activate, AMPK.

Activation of AMPK in cancer. Activation of AMPK displays conflicting roles in cancer.
Pharmacological activation of AMPK by metformin or AICAR was shown to inhibit tumour
growth in HCT116 xenografts (Buzzai et al., 2007). Furthermore, energetic stress causes an

AMPK-dependent phosphorylation of the yes-associated protein (YAP) to inhibit its
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transcriptional activity. This decreases the oncogenic activity of YAP, and promotes the tumour
suppressive activity of the HIPPO pathway (Mo et al., 2015).

In certain tumour types AMPK activity can be instrumental for tumour survival. The
various stresses that occur in the tumour microenvironment, including energetic stress (Hardie et
al., 2012), hypoxia (Emerling et al., 2009), oxidative stress (Jeon et al., 2012), matrix detachment
(Fung et al., 2008), are all potent activators of AMPK. This is best demonstrated by Jeon et al,
where AMPK-dependent regulation of NADPH levels was necessary for cells to survive
oxidative stress. The AMPK-dependent increase of CPT1c was also shown to be necessary for
tumour survival. Elevated CPTlc levels caused enhanced B-oxidation, allowing for tumour cell
survival against metabolic stress (Sanchez-Macedo et al., 2013; Zaugg et al., 2011). Similarly,
loss of FLCN promotes constitutive AMPK activation. This chronic AMPK activation promotes
glycolytic metabolism and oxidative phosphorylation and enhances cell growth (Yan et al.,
2014).

Ultimately, for AMPK to be considered a viable target for cancer treatment in a clinical
setting, understanding the roles of AMPK in cancer development and progression is essential.
Data highlighting roles for AMPK in cancer cell survival raise the concern that AMPK activation
may not be beneficial, and in some cases could be pro-tumorigenic. Given these results, we argue
that, in addition to AMPK agonists, AMPK inhibitors may have a place as anti-cancer
therapeutics. The use of AMPK inhibitors, used alone or in conjunction with compounds that
activate metabolic stress, may be effective in exploiting the altered metabolic demand of tumour

cells.
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Figure 5.1 Summary of the context-dependent nature of AMPK in cancer.

5.2.2 Pharmacologic Targeting of AMPK in Cancer

Interest in activating AMPK in tumours has flourished as more evidence has emerged
supporting an anti-tumorigenic role for the kinase. Much work has been proposed using agonists
of AMPK for cancer treatment, and the number of patents describing AMPK activators has
rapidly increased (Giordanetto and Karis, 2012). The most convincing data to support the use of
AMPK-activating compounds as anti-cancer agents has been through the use of the therapeutic
biguanides: metformin and phenformin. The growing interest in the LKB1-AMPK pathway in
cancer prompted retrospective analysis of cancer incidence in patients with Type II diabetes.
Several studies found that metformin treatment was associated with a significantly lower cancer
incidence in patients relative to those using other medications to manage their diabetes (Decensi
et al., 2010; Evans et al., 2005). Experimental evidence has also supported an anti-neoplastic

effect for metformin. Treatment of animals harboring tumor xenografts with metformin or
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phenformin has been shown to delay tumor progression (Appleyard et al., 2012; Buzzai et al.,
2007; Kuznetsov et al., 2011; Wu et al., 2011). Other AMPK agonists, such as AICAR, salicylate
and 2-Deoxyglucose have also been shown to inhibit tumour cell proliferation in vitro (Din et al.,
2012; Dong et al., 2013; El-Masry et al., 2012; Elder et al., 1996; Petti et al., 2012; Rosilio et al.,
2013; Vakana et al., 2011), providing further rationale for use of these agents in cancer therapy.

Many AMPK agonists, including the biguanides, activate AMPK through indirect
mechanisms. Thus, to truly assess the benefit of AMPK activation as a therapeutic option, direct
AMPK activators are necessary. The direct activator A-769662 is emerging as a valuable tool to
study AMPK-dependent cellular effects in vitro and in vivo. A-769662 has been shown to delay
tumour onset in PTEN+/- mice (Huang et al., 2008), suggesting that A-769662 can exert anti-
tumour effects in vivo within the context of PTEN loss (and the resultant increase in Akt and
mTORCI1 signalling). Similarly, another AMPK agonist, the PPARy active derivative OSU-53,
has been shown to inhibit the growth of triple negative breast cancer in vitro and tumour
xenografts (Lee et al., 2011).

The majority of evidence supporting the use of AMPK agonists as anti-cancer agents has
been derived using compounds that do not directly activate AMPK, but do so indirectly through
application of a metabolic stress. It stands to reason that these compounds will also elicit AMPK-
independent cellular effects. AMPK-independent effects of metformin on cell growth have
already been documented (Kalender et al., 2010). A recent studied has shown that the efficacy of
many of these agonists may be due to the fact that they induce metabolic stress in tumors, rather

than any effect on AMPK activation (Vincent et al., 2014).
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5.2.3 Evidence for Targeting the LKBI1-AMPK pathway.

Understanding the important metabolic differences between differentiated and cancer
cells have become the key to the development of potential new therapeutic applications. Research
focused on identifying the unique energy metabolism, or the unique weaknesses of altered
metabolism has allowed for a rational design of single or combinatorial-targeted therapies. Of

distinct relation to this thesis is work performed by Shackelford et al. It was previously identified

that a significant percentage of NSCLC feature LKB1 loss (Ding et al., 2008). Phenformin is a
potent activator of AMPK, but requires LKB1 (Dykens et al., 2008; El-Mir et al., 2000; Owen et

al., 2000). In the study by Shackelford et al., administration of phenformin to tumours lacking

LKBI resulted in a significant therapeutic benefit. This benefit correlated with the inability of
AMPK to trigger the ULKI signalling pathway, preventing mitophagy in response to
mitochondrial stress. Similarly in Chapter 2, we observe that cancer cells lacking AMPK activity
are susceptible to metabolic stresses, despite their metabolic advantages. In Chapter 3, we
observe that HIF-la stabilization in LKB1-null cells was critical for the maintenance of the
enhanced glycolytic and glutaminolytic phenotype. We also observed that cancer cells expressing
HIF-1a shRNA in the absence of LKB1 were unable to adequately form tumours in a xenograft
model (Data not shown). Taken together, these results provide rationale for inhibiting LKB1-
AMPK signalling in cancer cells. While loss of this pathway may provide a metabolic growth
advantage under basal (non-stressed) conditions, it may confer susceptibility to metabolic drugs
such as phenformin.

While AMPK lies directly downstream of LKBI, it is important to note that the metabolic
effects of LKB1 deficiency do not directly mirror those induced by AMPK loss. LKB1 and

AMPK influence HIF-la protein expression through slightly different mechanisms. Silencing
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LKB1 promotes both increased transcription and translation of HIF-la, events which are
sensitive to mTORCI1 inhibition (Faubert et al., 2014; Shackelford et al., 2009). In contrast, loss
of AMPK results in increased HIF-1a protein levels with no discernable changes in HIF-1la
mRNA levels, while inhibiting mTORCI has little effect on HIF-1a protein levels when AMPK
is silenced (Faubert et al., 2013). These data indicate that LKB1 exerts both AMPK-dependent
and -independent mechanisms of metabolic regulation in tumor cells, and may impact mTOR
signaling through other AMPK-related kinases such as MARK4 (Li and Guan, 2013).
Exploration of the specific roles of the various AMPK-related kinases is an ongoing project in the

AMPK field.

5.3 Regulation of AMPK by mitochondrial ROS.

The ability of ROS to increase AMPK activity has been well documented (Choi et al.,
2001; Emerling et al., 2009; Wu et al., 2014). The work presented in Chapter 4 uses
endogenously produced ROS, as well as pharmacologic and genetic inhibition of ROS production
to identify the ability of mitochondrial ROS to activate AMPK. This work adds to the current
controversy of the AMPK/ROS dynamic. This debate occurs on two topics: the ability of ROS to
activate AMPK, and if ROS-induced activation of AMPK requires changes in AMP:ATP ratios.

ROS-induced activation of AMPK may be cell-type or cysteine-residue dependent. In
HEK 293 cells the oxidation of AMPK Cys299 increased AMPK activity (Zmijewski et al.,
2010), whereas in primary cardiomyocytes, oxidation of AMPK Cys130 and Cys174 interfered
with the AMPK/LKBI1 interaction causing a decrease in AMPK activity (Shao et al., 2014). The
differences between these two studies highlights the importance of elucidating cell type

specificity and cysteine oxidation sites will be important to fully elucidate these effects.
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There is current controversy of the ROS-induced activation of AMPK requiring a change
in AMP:ATP ratio. In mouse embryonic fibroblasts hypoxia-induced ROS caused AMPK
activation occurred independently of changes in the AMP:ATP ratio (Emerling et al., 2009).
However, changes in the AMP:ATP ratio were observed when glucose oxidase (a ROS-
producing enzyme) was exogenously added to HEK 293 cells. Utilization of an AMP-
independent mutant also prevented the ROS-induced activation of AMPK. (Auciello et al., 2014;
Emerling et al., 2009). The work presented in Chapter 4 supports the evidence that ROS activates
AMPK, and does so independently of changes in the AMP:ATP ratio. Conditions of metabolic
stress (glucose withdrawal, hypoxia) increase mitochondrial ROS as well as increase
phosphorylation of AMPK and its canonical target ACC. When this stress-induced ROS is
reduced either by antioxidant scavengers or inhibition of the Rieske iron-sulfur protein, the
activation of AMPK and its downstream targets is severely attenuated. These data suggest that

mitochondrial ROS are an integral part of the AMPK stress response.

5.3.1 The role of AMPK in mitochondrial dynamics.

AMPK has been classically described as a regulator of cellular energy. In this work we
propose the ability of AMPK to act as a rheostat to oxidative stress. AMPK has previously been
shown to play a diverse role in mitochondrial maintenance, including AMPK-dependent
phosphorylation and activation of ULK to induce mitophagy (Egan et al., 2011) and PGC-1a to
induce mitogenesis (Handschin and Spiegelman, 2006; Jager et al., 2007; Wu et al., 1999).
Recent work has identified the ability of AMPK to phosphorylate the mitochondrial fission factor
(MFF) (Ducommun et al., 2015), which can act to separate damaged and healthy sections of

mitochondria. Our work helps establish another connection between these processes and
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solidifies a role for AMPK in mitochondrial dynamics. Under conditions of oxidative stress or
stimulation by A-769662, AMPK can decrease the mitochondrial membrane potential, thereby
decreasing ROS production. Similarly, through phosphorylation of the transcription factor PGC-
la AMPK acts to promote an antioxidant cascade to manage ROS levels. Taken together, we
propose an overarching hypothetical model. Energetic stress results in increased ROS production
from the mitochondria. This increased mitochondrial ROS activates AMPK which in turn can
concomitantly decrease ROS levels by decreasing mitochondrial membrane potential and causing
PGC-1la-dependent increases in antioxidants, as shown in Chapter 4. Continued energetic stress
and mitochondrial dysfunction can result in AMPK-dependent phosphorylation of MFF, which
separates functional and dysfunctional sections of mitochondria. AMPK can then commit
damaged mitochondria to mitophagy by phosphorylation of ULK, and replenish lost

mitochondria through PGC-1a-dependent mitogenesis.
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Figure 5.2 Various roles of AMPK in mitochondrial regulation in response to energetic
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stress. In response to energetic stress, AMPK signaling causes a series of mitochondria
responses, including induction of antioxidant genes, promoting mitochondrial fission, mitophagy,

and mitogenesis.

5.3.2 High and low AMPK activity lead to a ROS-induced Warburg effect

Increased AMPK activity promotes the Warburg effect. Recent work by Yan et al.
demonstrated that loss of the tumour suppressor folliculin results in constitutive activation of
AMPK. This AMPK hyper-activation promoted increased mitochondrial biogenesis, glycolysis,
and resulted in ROS-dependent HIF-1a stabilization. Similarly, a recent paper by Hart et al. has
shown that overexpression of SOD2 causes increased H,O,, which enhances AMPK activity and
promotes a shift from oxidative phosphorylation to glycolysis. Constant over-activation of
AMPK can lead to increased numbers of mitochondria and increased oxygen consumption. These
changes can in turn increase intracellular ROS levels (Yan et al., 2014). Similarly, constant ROS
production by SOD2 overexpression can chronically activate AMPK. It would be pertinent to see
if HIF-1a levels were changed in this study, as the high levels of ROS, decrease in oxygen
consumption and increased glycolysis point to canonical HIF-1a activity. Taken together, these
studies show that highly active AMPK promotes the Warburg effect.

Decreased AMPK activity promotes the Warburg effect. How then can these results be

reconciled with data displayed in Chapters 2 and 4, wherein the absence of AMPK promotes the

same glycolytic metabolism through aberrant mitochondrial ROS levels? In these chapters we
propose that AMPK acts as an oxidative stress rheostat. Activation of AMPK acts to reduce ROS
levels through various mechanisms. In the absence of AMPK, this checkpoint on ROS levels is

lost, causing consistently elevated ROS levels, which promote a HIF-1o-driven Warburg effect.
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These studies show opposite ends of the spectrum of AMPK activity and ROS
management. Taken together, these results suggest then when AMPK activity is pushed to either
extreme, the aberrant levels of mitochondrial ROS result in the stabilization of HIF-1a, which in

turn promotes the Warburg effect. This concept is summarized in Figure 5.2.
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Figure 5.3 Both hyperactive and AMPK-null cells lead to the Warburg effect. A)
Chronically active AMPK leads to the Warburg effect. Observations unique from Hart et al are
shown in red. Observations unique to Yan et al. are shown in blue. Shared traits are in black. B)
Loss of AMPK results in elevated mitochondrial ROS that promotes the Warburg effect through

HIF-1a.

5.4 Future Directions.

In our initial evaluation of the effects of AMPK loss on cancer metabolism we panelled a

wide array of intra- and extra-cellular metabolites via numerous methods, including nuclear
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magnetic resonance (NMR), GC-MS, Seahorse, and metabolic assays. This panel of analyses
provided interesting data sets that were beyond the scope of the questions examined in Chapters
2-4. Similarly, several phenotypes were observed in both the cellular and mouse models that have
either spawned new projects in the lab or remained unexplored. Several of the unexplored

observations are as follows.

5.4.1 Inhibited AMPK activity: A putative role in cachexia?

Cachexia is defined by a loss of weight and muscle atrophy that cannot be corrected by
nutritional intervention. Though the underlying mechanisms remain unknown, much of the focus
of cancer cachexia has examined impaired functionality of mTOR in these models, due to
inflammation or AMPK signaling (Manne et al., 2013; White et al., 2013). An early observation
in our work hinted at the potential of the role of AMPK in cachexia. Cells lacking AMPK display
a large intracellular decrease of a variety of amino acids (i.e., aspartate, proline), and mild
increases of extracellular amino acids. This result could putatively be correlated to a lack of
AMPK-mediated regulation on mTOR. In the absence of the negative regulation of mTOR by
AMPK there is increased mRNA translation, and a concomitant decrease of available amino
acids. A far more significant observation was reached in the AMPK-null mouse model. Mice
featuring Eu-MYC-(xl'/' lymphoma exhibited an extreme cachexia phenotype compared to Ep-
MYC al™ mice. Mice bearing Eu-MYC-al™ tumours developed cachexia regardless of the
genetic background of the mouse itself. Taken together, these data suggest that AMPK may
feature a regulatory role of amino acids (putatively through mTOR) in non-transformed cells.

This regulation may also be driving observed cachexia in the Eu-MYC-al”" model.
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5.4.2 New potential metabolic pathways regulated by AMPK.

While the work presented in this thesis has been focused on the Warburg effect, there has
been an increasing appreciation for alternative metabolic fuels in cancer. Many studies show that
cancer cells can utilize a variety of fuels in culture, which argues that in vivo cancer cell
metabolism can be heavily influenced by nutrient availability of the local microenvironment
(Mashimo et al., 2014). In our early screens of metabolic changes induced by AMPK loss,
metabolites such as acetate and choline were vastly changed in cells lacking AMPK. To date,
there exists little to no evidence for a role of AMPK in the management of these metabolites.
However, given the ability of AMPK to engage different metabolic pathways in order to ensure
cell survival, exploration of this potential may be warranted. These metabolites are of particular
interest, as they have recently been demonstrated to have significant roles in tumours. For
instance, both glioblastomas and brain metastases from different tissues of origin showed a
dependence on acetate when in the brain in both humans and mice (Comerford et al., 2014;
Mashimo et al., 2014). Similarly, prostate cancers have shown to increase choline uptake, which
is utilized both as a diagnostic marker and for PET-CT visualization. The metabolic
consequences of this uptake remain unexplored, but may be related to the creation of

phospholipids.

5.4.3 Evaluating the role of AMPK-dependent effects on metabolism in vivo.

Extensive research has focused on a better understanding of the energy metabolism of
cancer cells. It is clear that rapidly dividing cells require various metabolites that extend beyond
the need of ATP to generate the necessary macromolecules for growth and proliferation (Vander

Heiden et al., 2009). The molecular mechanisms driving these effects continue to be elucidated,
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and certain therapeutic vulnerabilities are being exploited. For the field of cancer metabolism to
progress, this same rigour of molecular and mechanistic evaluation must be utilized in in vivo
systems.

Given the central role of AMPK in the management of metabolic stress in the tumour
microenvironment, analyzing in vivo metabolism of tumours with and without AMPK expression
would be instrumental in advancing this work. One of the more diverse methods of in vivo
analysis is magnetic resonance spectroscopy (MRS). MRS is an analytical technique
complimentary to magnetic resonance imaging that can be used to determine the relative
quantitation of metabolites in vivo. Due to the complexity of metabolic systems, tracer molecules
of stable isotopes are often employed, such as 'H and °C. MRS can visualize metabolites by
specific chemical shifts, and they are identified by their unique set of peaks. The goal of this
work would be to examine the same metabolic profile of cells with and without AMPK in an in
vivo system. If AMPK activity correlates with the observed metabolic changes from our initial
screens, expanding upon this work with AMPK activators in vivo and tumour outcome would be

of great interest.

5.4.4 Therapeutic advances by targeting AMPK.

The work presented here can serve as the basis for multiple new branches of study,
including technologically and therapeutically. AMPK remains an attractive therapeutic target in
cancer, including drugs inducing activation and testing drugs capable of AMPK inhibition. To
date, the inhibitor Compound C was the only pharmacological inhibitor of AMPK. However the
drug is very promiscuous, inhibiting a wide variety of kinases. Sunitinib was recently identified

as being able to inhibit AMPK activity (Kerkela et al., 2009; Laderoute et al., 2010) and may be
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of use experimentally, though selective inhibitors of AMPK are still in development. Inhibition
of AMPK activity, as shown in our work, promotes growth and metabolism of tumours.
However, the inhibition of AMPK also removes the metabolic flexibility of tumours when faced
with energetic stress. By inhibiting this key adaptive pathway, tumours may be forced into
energetic crisis. Further understanding of the state of tumour growth and level of AMPK activity

will be instrumental in advancing these pharmacologic possibilities.

5.4.5 AMPK and metabolic adaptation.

AMPK can cause metabolic adaptation on several time intervals. Short-term adaptation
via phosphorylation and regulation of a variety of cell processes can occur on the order of hours.
Inducing transcriptional changes, whether through activation of transcription factors such as
PGC-1la, FOXO, and direct histone phosphorylation via H2B can affect long-term changes
(hours-days), such as protein levels, mitochondrial biogenesis, etc. It may be of interest to
examine the ability of AMPK to affect changes on an epigenetic level. There is increasing
appreciation between the dynamic regulation of cellular metabolism on epigenetics, including
how metabolic intermediates can influence histone modifications such as acetylation, as the
production of acetyl-coA from citrate provides a large pool of resources to be used in acetylation
marks on histones (Wellen et al., 2009).

Preliminary data from our lab indicates that AMPK may play a role in the regulation of
trimethylation marks on histones. Cells lacking AMPK featured higher levels of trimethylation
marks on histone resides associated with increased transcription. Under conditions of repeated
nutrient stress (glucose withdrawal), cells lacking AMPK were unable to decrease these

trimethylation marks. Examining these effects in a cancer model, where tumours undergo cycles
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of starvation and nutrient replete conditions, may elucidate unique levels of AMPK-dependent

regulation to metabolic stress.

5.5 Summary.

This thesis explores the role of AMPK in cancer metabolism. Here it is established that
AMPK loss promotes tumour formation and growth in MYC-driven lymphoma, and does so
through HIF-la-driven Warburg metabolism. It is observed the LKBI1 loss largely recapitulates
the phenotype of AMPK loss, with few key differences. Importantly, the metabolic phenotype
induced by LKBI1 loss was also driven by HIF-la. The mechanism of HIF-la stabilization
appears to be driven by mitochondrial ROS, which hints at an under-appreciated role of AMPK
activation by physiological levels of ROS. This work adds to the growing body of evidence that

AMPK plays a key, context-dependent role in cancer metabolism.
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