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Metabolism
Cellular metabolism comprises a set of thousands of different biochemical reactions and

transport processes that can break down or synthesize organic compounds and at the

same time maximize returns from energy flows through living matter. In a broad sense,

metabolism is the engine fueling cell proliferation, tissue development and homeostasis

(Caetano-Anollés et al, 2009; Markert & Vazquez, 2015). We could contemplate that there

would not be life without metabolism. Actually, one of the hypothesis of the origin of life

called “Metabolism first” is considering metabolism as the event that enabled the

beginning of life. As other hypotheses of life origin, this one also has weakness and there

is still not a clear answer to the most fundamental question of evolution biologists: How

life begun? However, we can certainly claim that metabolism was a driving force of the

evolution forming life.

Billions of years ago, Earth consisted of an environment that favored those organisms

which became capable of synthesizing molecules important for life as we know it

nowadays (amino acids, nucleotides etc.). The rise of metabolic pathways allowed

primitive organisms to become increasingly less-dependent on limiting exogenous

sources and therefore could survive exhaustion of the prebiotic compounds (Fani &

Fondi, 2009; Cooper, 2000a). It is likely that in the early stages of evolution metabolism

would rely only on a limited number of enzymes. These enzymes were probably

characterized by low effectiveness and broad specificity. Under natural selection, enzymes

became specialized and more effective. Also new enzymes appeared in the metabolic

network (by DNA duplication, DNA elongation etc.) and they were subject to increased

rates of metabolic evolution (Alves et al, 2002; Fani & Fondi, 2009).

Biochemical pathways of modern organisms or their parts were probably present already

at the very beginning of evolution in LUCA (Last Universal Common Ancestor), an

organism from which descended all living organisms of the three known domains (Archea,

Bacteria and Eukarya) (Castresana & Saraste, 1995). To characterize LUCA, common

traits of organisms representing all domains have been analyzed. By comparing
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metabolism, proteome and genes across all three domains, common characteristics to a

broad range of organisms can be found. Those common traits are likely to have been

present also in LUCA. Using these methods, several studies tried to define the metabolic

capacity of LUCA. Goldman et al. outlines that LUCA possibly used amino acids,

phospholipids, CoA, and carbohydrate metabolites, however not in the same range as we

know it nowadays (Goldman et al, 2012). Some studies also claim that partial/reductive

TCA cycle and aerobic respiration were present in this organism (Maden, 1995; Huynen

et al, 1999; Castresana & Saraste, 1995). Therefore, we can assume that central carbon

metabolism was present in LUCA in a simpler version and that it was the cornerstone of

central carbon metabolism as we know it today. Classic textbooks represent central

carbon metabolism as the pathways of glycolysis, pentose phosphate pathway, citric acid

cycle and carbon fixation (present in plants and prokaryotic organisms) (Sudarsan et al,

2014; Fell, 2010). Nielsen states, that “as a result of evolution, the function of the central

carbon metabolism has been fine-tuned to exactly meet the needs for building blocks and

Gibbs free energy in conjunction with cell growth” (Nielsen, 2003).

Central carbon metabolism is present in all unicellular and multicellular organisms,

however metabolic activity of single pathways is highly affected by the evolutionary

pressure and their specific niche. Unicellular organisms are forced by evolution to

compete and reproduce quickly in nutrition rich conditions or to adapt their metabolism

in unpleasant conditions to survive starvation periods. Cells of multicellular organisms

are forced to collaborate and they are exposed to unlimited sources of nutrients.

Furthermore, evolution of multicellular organisms required the development of

mechanism to control cell division in multicellular organism in order to avoid aberrant

proliferation (Vander Heiden et al, 2009; Alberts et al, 2002).
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1.1 Metabolic diversity of proliferating and non-proliferating cells

The difference in the proliferation state of cells affects prioritization of different pathways.

The main metabolic task of non-proliferating cells is to provide energy in the form of ATP

to maintain basic cellular processes (e.g. ion gradients, transcription, translation and

tissue specific biological roles) (Figure I-1) (Mattaini et al, 2016; Finley & Thompson,

2014). Catabolic metabolism of non-proliferating cells is associated with preferential use

of mitochondrial TCA cycle and oxidative phosphorylation (OXPHOS) (Fritz & Fajas,

2010). On the other hand, proliferating cells face distinct metabolic challenges, where

they need to replicate all their biomass to produce daughter cells (Figure I-1). In a

simplistic view, it has become commonplace to describe proliferating cells as dependent

on fermentation or aerobic glycolysis for energy and building block production (Vander

Heiden et al, 2009; Lunt & Vander Heiden, 2011).

Figure I-1: Simple scheme of metabolic strategies of proliferating and non-proliferating cells
(adapted from Vander Heiden et al., 2011).

Even though proliferating and non-proliferating cells use different metabolic strategies to

meet their metabolic needs, glycolysis and TCA cycle are at the center of their metabolic

networks.
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Glycolysis and the Warburg effect
Glucose is a simple carbohydrate and the major source of energy and carbon for new

building blocks in most living organisms (Lunt & Vander Heiden, 2011). Glucose can be

metabolized to pyruvate by glycolysis, a pathway present in almost all living cells, even

though, some prokaryotic organisms utilize other pathways to metabolize glucose, such

as the Entner-Duodoroff or hexose monophosphate pathways (Jurtshuk, 1996).

Glycolysis is carried out by a cascade of ten reactions that take place in the cytosol (Figure

I-2). The end products of glycolysis are two molecules of pyruvate. The net energy yield

being two molecules of ATP and two molecules of NADH. Pyruvate can later enter the TCA

cycle and can be oxidized to CO2 and H2O while producing a fair amount of ATP through

oxidative phosphorylation (Lunt & Vander Heiden, 2011). In this pathway, NADH is

recycled by donating electrons to the electron transport chain (ETC). Organisms growing

in hypoxic or anoxic conditions or cells lacking mitochondria have to cope with the

absence of oxygen and find alternative ways to oxidize pyruvate and recycle NADH. One

of these adaptations is fermentation, which is present in prokaryotes, yeasts and some

other eukaryotic organisms and cells (e.g. Giardia, Entamoeba, Carassius carassius,

muscle cells, erythrocytes) (Müller et al, 2012). In this scenario, pyruvate is converted to

an acid or an alcohol (Jurtshuk, 1996). During fermentation, NADH produced in

glycolysis is oxidized by donating electrons to a terminal acceptor that is excreted as the

end product (e.g. ethanol, lactate, acetate). Interestingly, some eukaryotic organisms live

in fully oxic habitats but do not use oxygen for oxidative phosphorylation (Müller et al,

2012). For example, some species of yeasts (e.g. Saccharomyces, Shizosaccharomyces,

and Torulopsis) developed schemes that allow fermentation also in the presence of oxygen.

Yeast fermentation occurring under aerobic conditions is called the Crabtree effect

(Volker, 2001; Dashko et al, 2014). The Crabtree effect is advantageous for yeasts within

the microbial community by allowing them to consume more sugar, in a faster manner,

than other species and use the produced ethanol or acetate as a growth inhibitor for other

species. Moreover, some of the Crabtree-positive yeast are able to switch from sugar

consumption to ethanol or acetate consumption once the sugars are depleted (Dashko et

al, 2014; Rozpędowska et al, 2011).
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Figure I-2: Glycolysis. During glycolysis, a six carbon molecule of glucose is oxidized to two
molecules of pyruvate. Net yield of glycolysis are two molecules of ATP and two molecules of
NADH (picture from Marbet, 2009).

The metabolic signature that allows fermentation of glucose into lactate in aerobic

conditions have been also described in higher organisms, both in cancer and several

normal proliferating cells (Lunt & Vander Heiden, 2011; Shyh-Chang & Daley, 2015).

This process is referred to as aerobic glycolysis or Warburg effect (Warburg, 1956). In

normal proliferating cells, aerobic glycolysis has been observed in dividing lymphocytes

(Hedeskov, 1968), thymocytes (Brand & Hermfisse, 1997) and fast dividing pluripotent

stem cells (Folmes et al, 2012; Zhang et al, 2012). Aerobic glycolysis has been also

observed in activated macrophages that are coping with increased biosynthesis upon

activation (Kelly & O’Neill, 2015). It is widely accepted that transformed and proliferating

cells have high rates of glycolysis (Warburg, 1956; DeBerardinis et al, 2008) and

frequently overexpress LDH, responsible for the conversion of pyruvate into lactate, and

the recycling of NADH (Locasale & Cantley, 2011).

The presence of the Warburg effect in cancer cells and proliferating cells is suggestive of

an advantage for cell growth. As mentioned before, one of the reasons that Crabtree-

positive yeasts are over competing other microorganisms is their faster consumption of
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carbon sources. Most of the proliferating mammalian cells are exposed to practically

unlimited sources of nutrients and therefore should not be in need for competition with

other cells (Vander Heiden et al, 2009). However, some studies show that increased

glycolysis of cancer cells can outcompete tumor-infiltrating lymphocytes which require

sufficient glucose for their effector functions (Chang et al, 2015; Ho et al, 2015). Moreover,

cancer cells can be exposed to a niche with limited sources of nutrients, where their

ability to compete would give them a higher chance to survive in inhospitable conditions

(Kasinskas et al, 2014; Le et al, 2012b).

Obviously, proliferating cells need to provide sufficient ATP and biosynthetic blocks to

build daughter cells. It has been shown that aerobic glycolysis (net production of 2

molecules of ATP) can be more efficient than OXPHOS (net production of up to 36

molecules of ATP) due to the faster rate of energy production (Pfeiffer et al, 2001).

However, some authors hypothesize that ATP is not a limiting factor for cell growth due

to several observations (Lunt & Vander Heiden, 2011; Locasale & Cantley, 2011; Liberti

& Locasale, 2016). First, calculations suggest that ATP needs for mammalian division can

be far lower than ATP needs for basal maintenance (Kilburn et al, 1969; Keibler et al,

2016). Second, in some cancer cells OXPHOS still contribute to ATP production (Zu &

Guppy, 2004) and moreover metabolites from origins other than glucose have been shown

to be oxidized in OXPHOS (DeBerardinis et al, 2008; Le et al, 2012a; Nieman et al, 2011).

Another advantage of aerobic glycolysis for proliferating cells can be its capacity to

support biosynthesis by providing common intermediates. These intermediates can feed

several biosynthetic pathways to synthesize amino acids, nucleotides and lipids (Lunt &

Vander Heiden, 2011). Liberti et al. proposed that the Warburg effect is an adaptation

mechanism to support the biosynthetic requirements of uncontrolled proliferation,

although, conversion of glucose into two lactate molecules leaves no room for biomass

production (Liberti & Locasale, 2016). However, it has been shown that proliferating cells

use less than 10% of glucose carbons to feed biosynthesis (DeBerardinis et al, 2007),

leaving 90% of glucose to be processed in aerobic glycolysis.

Biosynthesis of new macromolecules is not based only on the availability of carbons and

ATP. It is well known that NADPH is essential in anabolic reactions of fatty acids, amino
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acids and nucleotide synthesis. An important source of NADPH in cells is the pentose

phosphate pathway (PPP), which produces ribose-5-phosphate for the synthesis of

nucleotides (Patra & Hay, 2014; Jiang et al, 2014). Increased glycolysis rate could

therefore feed the needs of proliferating cells for NADPH.

Even though glycolysis is able to supply cells with energy and building blocks, it is not

able to work independently of the other central carbon pathways. It is widely accepted

that the TCA cycle is an important contributor to biosynthesis and NADPH production in

proliferating cells (DeBerardinis et al, 2007; Liberti & Locasale, 2016; Gaglio et al, 2011).

Interestingly, the TCA cycle in proliferating cells has been shown to use alternative

substrates to glucose, for example glutamine (DeBerardinis et al, 2008; Le et al, 2012a;

Nieman et al, 2011).

TCA cycle and OXPHOS
The tri-carboxylic acid (TCA) cycle, also known as citric acid cycle or Krebs cycle, is a

series of eight reactions that oxidize acetyl-CoA derived mainly from fatty acids,

carbohydrates and amino acids into two molecules of CO2 and H2O (Rustin et al, 1997)

(Figure I-3). The TCA cycle is a great generator of energy in form of ATP or GTP, and

reduced coenzymes (NADH and FADH2) that are fed into oxidative phosphorylation

pathway (OXPHOS) to produce ATP (Akram, 2014; White, 2006). Apart from the oxidation

of acetyl-CoA, the TCA cycle is linked to other pathways by anaplerotic and cataplerotic

reactions (Owen et al, 2002). Due to its ability to connect almost all individual metabolic

pathways, the TCA cycle is considered to be a metabolic hub for the cell (Akram, 2014).

The tri-carboxylic acid cycle has been found to take place in cytosol of prokaryotes and

mitochondria of eukaryotes. Despite its generalized presence, not all species are encoding

for all enzymes to provide a complete cycle turn (Huynen et al, 1999). Variations of the

TCA cycle are mainly found in prokaryotes. Some bacteria are missing α-ketoglutarate

dehydrogenase, obligate aerobes are oxidizing L-malate directly by molecular O2

(Jurtshuk, 1996), and a truncated, reverse TCA cycle was found in some autotrophic

bacteria and archaea (Huynen et al, 1999; Becerra et al, 2014). Another variation of the

TCA cycle, known as glyoxylate cycle is present not only in bacteria but also in some
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eukaryotes including plants, protozoa and fungi (Lorenz & Fink, 2001; White, 2006). The

presence of this metabolic pathway in animals is controversial (Dunn et al, 2009).

Here we will focus on the TCA cycle occurring in mammals. As mentioned before, TCA

cycle oxidatively decarboxylate acetyl-CoA resulting from glycolysis or from fatty acid and

amino acid degradation (Rustin et al, 1997). The TCA cycle produces in one turn 1 GTP

(or ATP), 3 molecules of NADH and 1 molecule of FADH2. NADH and FADH2 can donate

their electrons to O2 and reduce it to H2O. This process is known as oxidative

phosphorylation (OXPHOS) (Figure I-4). Electrons are transferred to oxygen via ETC,

allowing free energy to be released in small increments. ETC is located on the inner

mitochondrial membrane. During the transfer of electrons, protons are pumped out of

the mitochondrial matrix through the membrane and an electrochemical proton gradient

is formed. This gradient is then coupled to ATP synthesis by flow of protons moving back

to the mitochondrial matrix through the ATP synthase (Lodish et al, 2000; Nelson & Cox,

2000).
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Figure I-3: TCA cycle: Four-carbon oxaloacetate condensate with two-carbon acetyl-CoA and citrate is
formed. Citrate is isomerized to isocitrate, which undergo oxidative decarboxylation and alpha-
ketoglutarate is formed. At this step, first NADH is formed. Alpha-ketoglutarate is oxidatively
decarboxylated to succinyl-CoA and NADH is produced. Succinyl-CoA give rise to succinate and the
energy formed by cleavage of the thioester bond is coupled to GTP formation. Succinate is subsequently
converted into oxaloacetate in three reactions: oxidation, hydration and oxidation. Fumarate production
is coupled with FADH2 production, which donate electrons to ubiquinone (Q) and reduce it to QH2.
Another molecule of NADH is formed by oxidation of malate to oxaloacetate. After oxaloacetate formation,
the cycle can start again (Nelson & Cox, 2000) (picture from Narayanese et al., 2008).
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Figure I-4: Oxidative phosphorylation: NADH and FADH2 molecules produced in TCA cycle flow are
oxidized and transfer their electrons through series of membrane proteins. Electrons are passed from
higher to lower energy level and release energy, which is used to pump H+ ions to intermembrane space
and protein gradient is formed. Final acceptor of electrons is oxygen and H2O is produced. Protein
gradient formed across the membrane is flowed through ATP synthase and ATP is produced (Nelson &
Cox, 2000) (picture from Yusoff et al., 2015).

Besides its role in oxidative catabolism of carbohydrates, fatty acids and amino acids, the

TCA cycle also functions as a provider of precursors for many biosynthetic (anabolic)

pathways. Intermediates leave the cycle to be used in biosynthetic processes to produce

glucose, fatty acids or non-essential amino acids. The process of removal of intermediates

from the TCA cycle is called cataplerosis, however it is not always linked to biosynthetic

processes. There are several cataplerotic pathways, mainly driven by PEPCK, aspartate

aminotransferase, and glutamate dehydrogenase (Owen et al, 2002; Nelson & Cox, 2000).

This mechanism serves to avoid the accumulation of anions in the mitochondrial matrix

and to maintain its steady state flux. As the intermediates leave the TCA cycle, they have

to be replenished by anaplerotic reactions to ensure continued function of the cycle.

Pyruvate carboxylation and glutaminolysis are well known anaplerotic reactions (Owen

et al, 2002; Nelson & Cox, 2000). In mammalian cells, glutamine is an important

contributor to the TCA cycle (Deberardinis & Cheng, 2010). The role of glutamine in

proliferating cells is mostly in ATP synthesis. In addition, glutamine is an important

biosynthetic precursor (DeBerardinis et al, 2007; Neermann & Wagner, 1996; Locasale &
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Cantley, 2011) and can be metabolized in oxidative or reductive direction.

According to several authors (DeBerardinis et al, 2008; Mattaini et al, 2016; Fritz & Fajas,

2010), anabolism and catabolism in the TCA cycle are defined by the cell proliferating

state. The traditional view of metabolism of non-proliferating cells is to maintain

homeostasis that heavily rely on ATP. Therefore the TCA cycle role in non-proliferating

cells is to produce the maximum yield of ATP by full oxidation of substrates. Proliferating

cells have a necessity to duplicate all macromolecular components when dividing.

Therefore, they tend to use the TCA cycle for biosynthesis rather that ATP production

(DeBerardinis et al, 2008; Mattaini et al, 2016; Fritz & Fajas, 2010). Due to the anabolic

and catabolic activities, the TCA cycle  is characterized also as an amphibolic pathway

(Owen et al, 2002; Nelson & Cox, 2000).
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Cancer
Evolution of multicellular organisms required parallel evolution of controlling systems to

avoid aberrant proliferation and to maintain their organization and functionality (Alberts

et al, 2002). Adult multicellular organisms contain proliferating cells (e.g. pluripotent

stem cells, skin fibroblasts, epithelial cells), which proliferation is tightly controlled

(Cooper, 2000b). However, cancer cells do not respect the regulation by the multicellular

organism. We could say that cancer cells evolved from a multicellular organism back to

the unicellular state since their only goal is to reproduce quickly. Cancer cells do not

respond to control mechanisms of proliferation and their growth rate can only be limited

by environmental conditions (availability of nutrients, oxygen, etc.) (Trosko & Kang, 2012;

Casás-Selves & Degregori, 2011; Mattaini et al, 2016). Most cancers originate from a

single cell acquiring mutations that allow it to overcome growth factor dependence and

give it a growth advantage. Progressively, cancer cells accumulate more mutations

(Alberts et al, 2002; Vander Heiden et al, 2009). There is growing evidence, that oncogenic

mutations are affecting uptake and metabolism of nutrients. Reprogramed metabolism

provides malignant properties to cancer cells and promotes cell survival and growth

(Vander Heiden et al, 2009; DeBerardinis & Chandel, 2016).  Interestingly, metabolic

changes occurring in cancer lead to a certain dependence on various nutrients such as

glucose or glutamine. Both of them can sustain biosynthesis, energy production and

antioxidant defense (De Vitto et al, 2016).

The study of cancer metabolism is devoted to the identification of metabolic pathways

that are critical or selective for tumor growth and survival. Discovery of those pathways

has helped to reveal new therapeutic targets (Keibler et al, 2016) and to understand the

complex interplay of cancer and the organism.
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2.1 Cancer metabolism

The Warburg effect
Several hallmarks of cancer metabolism has been identified to date. Probably the best

known metabolic hallmark is aerobic glycolysis, also termed the Warburg effect (Warburg,

1956; Pavlova & Thompson, 2016). The Warburg effect is basically a metabolic behavior

whereby the rate of glucose uptake is dramatically increased, and glucose tends to be

oxidized to lactate even in the presence of oxygen (Warburg, 1956). The advantages of the

Warburg effect in proliferating cells have been described in chapter Glycolysis and the

Warburg effect. Particularly, increased flux through glycolysis meet higher demands of

cancer cells for ATP and biosynthetic precursors. Knowledge that cancer cells consume

more glucose than non-proliferating cells was successfully used in diagnostic techniques

such as 18F-deoxyglucose positron emission tomography to localize tumor sites in human

body (Hsu & Sabatini, 2008; Jones & Thompson, 2009).

Several drivers of the Warburg effect have been identified, being some of them activated

by specific conditions of the microenvironment. For example, hypoxia-inducible factor 1α

(HIF1a), which induces transcription of glucose transporter, glycolytic enzymes and LDH-

A. HIF1a is stabilized under hypoxic conditions (Jaakkola et al, 2001). However its

stability is a common feature of several cancers even under normoxia, for example due to

effect of succinate on HIF1a prolyl hydroxylase inhibition (Selak et al, 2005; Lussey-

Lepoutre et al, 2015). Likewise, oncogene c-MYC can enhance glycolysis by

transactivating several glycolytic genes (Osthus et al, 2000) and LDH-A (Shim et al, 1997).

Other regulators of the Warburg effect are the PI3K/AKT/mTOR pathway, RAS and p53.

Activated AKT increases glycolysis and lactate production. Moreover, AKT activation in

non-transformed cells is sufficient to induce the Warburg effect (Elstrom et al, 2004;

Rathmell et al, 2003) by regulation gene expression of glycolytic enzymes, for example

GLUT1 (Barthel et al, 1999). Hyperactive RAS has been linked with increased glucose

consumption and activation of PFK-1 in transformed cells (Chiaradonna et al, 2006; Tong

et al, 2009). Many cancers contain mutated p53. This mutation leads to the regulation of

TIGAR (TP53-induced glycolysis and apoptotic regulator) and subsequent activation of
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glycolysis (Jose et al, 2011).

Initially, fermentation of glucose to lactate in cancer cells was thought to result from

damaged respiration (Warburg, 1956). Further investigation in the past two decades

revealed that mitochondria and respiration is intact in most cancers and that most cancer

cells use aerobic respiration for ATP production (Zu & Guppy, 2004; Zheng, 2012;

Sullivan et al, 2015). Besides energy production, mitochondria functions as a factory of

anabolic building blocks through the TCA cycle. Constant withdrawal of intermediates

from the TCA cycle for biosynthetic purposes require anaplerosis, a process of carbon

replenishment.

Metabolism of glutamine
The major anaplerotic sources of carbon are pyruvate (from glycolysis) and glutamine,

metabolized by pyruvate carboxylase (PC) and glutaminase (GLS), respectively (Sellers et

al, 2015). There is growing evidence of the importance of glutamine in cancer, although

limited information exists regarding pyruvate carboxylation (Phannasil et al, 2015).

Recently, non-small lung cancer cells were shown to depend on pyruvate carboxylation

for their growth (Sellers et al, 2015). Additionally, some cancer cells that can survive in

the absence of glutamine were shown to use PC mediated anaplerosis (Cheng et al, 2011;

Phannasil et al, 2015). However, glutamine has been suggested as the most significant

anaplerotic precursor in cancer cells. Besides biosynthesis, whether providing nitrogen

or anabolic carbons, glutamine contributes to metabolism of cancer cells by supporting

cell defenses against ROS and by participating in ATP production (Deberardinis & Cheng,

2010; De Vitto et al, 2016).

It is well known that glutamine is the most abundant free amino acid in human blood

and also in different culture media (Zong et al, 2016; Yang & Xiong, 2012). Several reports

show that cancer cell lines display avid glutamine consumption (Le et al, 2012a; Cetinbas

et al, 2016; Bode et al, 2002) and that glutamine might turn essential for these cells

(Reitzer & Wice, 1979; DeBerardinis et al, 2007; Fan et al, 2013). Wise et al. observed

that critical need of glutamine for cancer cells is to support anaplerosis (Wise et al, 2008).

“Addiction” of cancer cells to glutamine has been linked to c-MYC, which is a commonly
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activated oncogene in a variety of tumors. Activation of c-MYC drives glutamine uptake,

and c-MYC is implicated in up-regulating GLS expression (Wise et al, 2008; Gao et al,

2009). Moreover, glutamine starvation leads to apoptosis preferentially in cells with

activated c-MYC (Yuneva et al, 2007).

The importance of glutamine for cancer cells was supported by experiments targeting

glutamine metabolism. Inhibition of GLS caused growth suppression and suppression of

transformation (Yang et al, 2009c, 2014b; Wang et al, 2010; Sellers et al, 2015).

Additionally, similar effects were observed in vivo, where inhibition of GLS decreased

tumor growth (Lobo et al. 2000; Le et al. 2012). Targeting glutamine metabolism as an

antitumor strategy moved already to clinic. CB-839, a derivate of the GLS inhibitor

BPTES, is currently in phase I clinical trials for solid tumors, lymphoid and myeloid

malignancies (Jin et al, 2016). All this suggest an important role of glutamine in cancer

metabolism.

Glutamine can undergo two fates when entering the TCA cycle. It can be oxidized in a

forward direction (glutaminolysis) or it can feed reductive carboxylation (Figure I-5).

Glutaminolysis can support an anaplerotic function, ATP fueling and NADPH production

through malic enzyme (Vander Heiden et al, 2011). Glutamine metabolism via reductive

carboxylation pathway forms citrate, which is transported to cytosol and serve as a source

of acetyl-CoA and oxaloacetate (Zhang et al, 2014; Vander Heiden et al, 2011). Acetyl-CoA

is an essential unit for lipid synthesis, which is occurring in proliferating cells and is

activated by PI3K signaling (DeBerardinis et al, 2006). Even though glucose represents a

major source of acetyl-CoA in cells (DeBerardinis et al., 2007; C. Yang et al., 2014), it has

been observed that glutamine is an important source of lipogenic acetyl-CoA pool in some

cancer cells by using reductive carboxylation (Yang et al, 2014a; Fendt et al, 2013;

DeBerardinis et al, 2007; Metallo et al, 2012). Interestingly, reductive carboxylation of

glutamine and acetyl-CoA production in cancer cells was shown to increase under

hypoxia (Wise et al, 2011; Metallo et al, 2012). Besides glutamine and glucose, cytosolic

acetyl-CoA was shown to be acquired also by activation of the metabolism of acetate

(Schug et al, 2015).
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Figure I-5: TCA cycle with indicated two directions of carbon flow from glutamine. Oxidation of
glutamine in forward direction is called also glutaminolysis. Reverse direction is referred to as
reductive carboxylation (picture from Zhang et al, 2014)

Serine synthesis pathway
As mentioned before, the main reason for metabolic changes occurring in cancer cells is

the need to support cell growth and proliferation. Recently, attention of several

investigators has centered on the anabolic pathway of serine synthesis. Serine synthesis

was identified as an important pathway in various cancers (Mattaini et al, 2016). Even

though serine can be obtained from extracellular sources, amplification of PHGDH, the

first enzyme for its de novo synthesis, was observed mainly in breast carcinoma and

melanoma (Possemato et al, 2011; Locasale et al, 2011; Mullarky et al, 2011). Moreover,

inhibition of PHGDH in cancer cells with high PHGDH activity causes cell death even in

the presence of extracellular serine (Pacold et al, 2016; Possemato et al, 2011). Different

studies confirmed the importance of PHGDH for cancer cell growth as well as in vivo

(Possemato et al, 2011). Serine fulfil various roles in metabolism. It is an important

precursor for other non-essential amino acids like glycine and cysteine, and participate

in the production of sphingolipids, phospholipids and phosphatidylserine. Glycine can be
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later used for nucleotide synthesis and the synthesis of glutathione (Mattaini et al, 2016;

Amelio et al, 2014). Interestingly, experiments performed with cells requiring extracellular

serine have shown that glycine is not able to rescue cells growing in the absence of serine.

Furthermore, glycine absence in media had no effect on cell proliferation (Labuschagne

et al, 2014). The metabolic advantage of serine over glycine is therefore based on its

greater anabolic capacity, since conversion of serine to glycine provides carbons that feed

one-carbon metabolism pathway. One-carbon metabolism is centered around the

transformation of folate and provide components for the synthesis of macromolecules

used in cellular growth and proliferation (Amelio et al, 2014). The serine synthesis

pathway members can be induced by several factors, like c-MYC, NRF2 and ATF4 (Yang

& Vousden, 2016).

According to the important role of serine in cancer metabolism, it has been observed that

it can serve as an allosteric activator of the M2 isoform of pyruvate kinase (PKM2). This

isoform is expressed in proliferating and cancer cells (Yang & Vousden, 2016; Christofk

et al, 2008). Chaneton et al. observed, that serine can allosterically regulate PKM2, and

a drop in serine levels caused decreased PKM2 activity (Chaneton et al, 2012). Decreased

conversion of PEP to pyruvate favors the accumulation of glycolytic intermediates which

can be redirected to anabolic pathways (e.g. serine synthesis and PPP) (Yang & Vousden,

2016), thus providing a feedback loop.

Microenvironment and cancer metabolism
Commonly, solid tumors present significant heterogeneity of nutrients and oxygen

availability. Cancer cells are able to cope with unfavorable conditions thanks to the great

metabolic plasticity which is characteristic to them (Zheng, 2012; DeBerardinis &

Chandel, 2016).

Among the adaptations to hypoxic conditions, the ability of cancer cells to diminish ATP

dependent processes to maintain ATP/ADP ratio is of high importance (DeBerardinis &

Chandel, 2016). Additionally, some hypoxic cancer cells are able to partially use oxidative

phosphorylation to provide ATP from glutamine and maintain the TCA cycle (Le et al,

2012a, 2014).
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As a result of poor vascularization and high rates of nutrient consumption, cancer cells

are often exposed to conditions of nutrient limitation (Pavlova & Thompson, 2016). Under

these conditions, cancer cells have access to various catabolic pathways to provide

necessary pools of metabolic intermediates (e.g. protein degradation to produce amino

acids) (DeBerardinis & Chandel, 2016). Macromolecule recycling autophagy is used by

cancer cells in a regulated process in which macromolecules and organelles are degraded

in the lysosome. These strategies are not able to provide new biomass but allow cells to

survive prolonged periods of nutrient deprivation (DeBerardinis & Chandel, 2016; Pavlova

& Thompson, 2016).

The microenvironment of cancer cells can be shaped also by the waste products of cancer

metabolism. Glycolysis produces lactate which is extracellularly released. Increasing

lactate levels has a positive effect on angiogenesis, for example through the activation of

NF-κB and PI3K signaling (Végran et al, 2011; Ruan & Kazlauskas, 2013). Lactate

transport from cells through MCT transporters is coupled with H+ flux, which is

responsible for acidification of the microenvironment. Acidity is suggested to contribute

to tumor invasiveness through its negative effect on normal tissue (Estrella et al, 2013).

In the context of the novel hypothesis of the reverse Warburg effect pathway in tumors,

stromal cells with increased glycolysis would release lactate to the extracellular

microenvironment, where cancer cells may consume it as a bioenergetic substrate to

support cell growth and proliferation (Pavlides et al, 2009; Witkiewicz et al, 2012).

Study of cancer metabolism revealed several metabolic specificities that can be used in

developing new targeting strategies in cancer therapy. However, difficulty lies in the great

flexibility of the metabolic network and the ability of cancer cells to adapt to challenging

conditions. Therefore, complete understanding of cancer metabolism is necessary to

develop the chemotherapeutical strategies that are broad enough to cover multiple

approaches. There are still many pathways and metabolites that should be investigated

in the context of cancer. One of the pathways that is waiting for its rediscovery is the

reverse glycolytic pathway that is initiated by the conversion of oxaloacetate to PEP by

PEPCK enzyme. This reaction is the first step of gluconeogenic pathway in the liver and

kidney and bypasses the thermodynamically irreversible conversion of pyruvate to PEP.
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Metabolism of undifferentiated cells; the case of neuronal
progenitors

Every cell in the mammalian body originate its existence from embryonal stem cells

(ESCs). ESCs have self-renewal capacity and form mature cells through the process

known as differentiation (Reya et al, 2001). In this process, ESCs give rise to other

populations of organ specific stem cells and progenitors. It is interesting to mention that

stem cells share several characteristics with cancer cells. They both have self-renewal

capacity and common pathways might be implicated in the regulation of this process

(Reya et al, 2001). Additionally, stem cells and cancer cells, both proliferating cells, might

use similar metabolic strategies to fulfill energetic and anabolic requirements of

proliferation (Shyh-Chang et al, 2013; Varum et al, 2011). Moreover, both cancer and

stem cells are metabolically plastic (flexible) (Folmes et al, 2012; Ramanujan, 2015).

Metabolic plasticity seems to be important for stem and progenitor cells when coping with

changing energetic and biosynthetic demands during differentiation (Folmes et al, 2012;

Agathocleous et al, 2012), and when adapting to specific niches with varied availability of

nutrients (Simsek et al, 2010).

It is well known that mammals can produce lactate in placenta and transfer it to the fetus

(Jones, 1976; Villee, 1953; Battaglia & Meschia, 1978). Moreover, lactate is considered to

be an important substrate for oxidative fetal and neonatal metabolism (Beard &

Nathanielsz, 1984; Platt & Deshpande, 2005; Bartelds et al, 1999; Char & Creasy, 1976)

and has been studied as a potential energy and carbon substrate for the developing brain

for decades. In this context, neurons and neuronal stem cells are able to survive in

glucose-free medium containing lactate as their only energy source (Wohnsland et al,

2010). In addition, various studies bring evidence of its presence in normally developing

brain (Bolaños & Medina, 1993; Medina et al, 1996; Lust et al, 2003).
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3.1 Brain metabolism during development

The concentration of lactate in rat brain is changing with developmental stage. Lactate

concentration in fetal brain is higher when compared to postnatal day 7 and adult brain

(Lust et al, 2003). Similarly, decreasing brain lactate concentration with increasing age

was observed in human neonates, together with higher lactate concentration in the

neonatal periods comparing to 1-2 months of age (Tomiyasu et al, 2016). Consistently,

an increased rate of lactate transport through the blood brain barrier was found in fetal

rats and guinea-pigs. This transport declined with advancing age (Bissonnete et al, 1991;

Cremer et al, 1976). The importance of lactate as an energy substrate was demonstrated

in late gestation in rats by Bolaños and Medina. Moreover, they observed the utilization

of lactate as a substrate for lipogenesis (Bolaños & Medina, 1993). Interestingly,

lipogenesis seems to be important for neurogenesis of stem and progenitor cells also in

the adult brain (Knobloch et al, 2013).

The metabolic profile of neural progenitors has been described to involve aerobic

glycolysis, whereas neurons relay on oxidative phosphorylation (Zheng et al, 2016;

Agathocleous et al, 2012; Candelario et al, 2013). Similarly, low oxidative phosphorylation

was identified also in progenitors of other origins, like hematopoietic progenitors (Simsek

et al, 2010). Dependency for glycolysis in neural stem cells seems to be more relevant in

the context of metabolic intermediate production (e.g. PPP) rather than ATP production,

as cell viability is affected only partially by change of glucose to galactose that yields no

ATP during its metabolism (Candelario et al, 2013). It is important to mention, that

studies claiming high aerobic glycolysis in neural progenitors and stem cells do ignore

the fact that lactate or ketone bodies are present as metabolic substrates in developing

brain and use glucose and glutamine as the only energy and carbon sources.
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Figure I-6: Developing of neurons in neocortex. All cells of the nervous system are originating
from neuroepithelial cells (NECs) which during embryogenesis act as a neural stem cells (Götz
& Barde 2005; Yamashita 2013). NECs start neocortex formation and they divide
symmetrically to expand pool and later transform to radial glia cells (RGs). RGs is providing
several precursors for neuron formation and helps newborn neurons to migrate toward
marginal zone (MZ). The best known function of RGs is its ability to guide radial migration of
newborn neurons thanks to the radial extension of their cell body through subventricular
zone and cortex layers to the marginal zone (Campbell & Götz 2002). RGs divide symmetrically
(to expand pool) or asymmetrically, where neuronal progenitor (NP)/ neuron and RGs are
produced (Noctor et al. 2004; Homem et al. 2015). RGs can give rise also to short neuronal
precursor and outer radial glia. Neuronal progenitors in subventricular zone (SVZ) undergo
one or two symmetrical divisions where at the end 2 or 4 neurons are produced, respectively
(Kowalczyk et al. 2009; Pontious et al. 2007; Wu et al. 2005; Franco & Müller 2013). NPs can
be distinguished from RGs by its reduced expression of Pax6 and increased expression of the
progenitor marker TBR2.Ventricular zone (VZ), Subventricular zone (SVZ), Lower layers (LL)
V-VI, Upper layers (UL) II-IV, Marginal zone (MZ) –layer I (adapted from Franco and Müller,
2013).

Shortly after birth, neonates undergo important extrauterine metabolic adaptations.

Blood glucose concentration drops after birth and get stabilized approximately after three

hours (Platt & Deshpande, 2005), when hepatic gluconeogenesis is already sufficiently

effective (Kalhan et al, 1980). An increased lactate consumption was observed during the

first two hours after birth, which suggest the importance of lactate in this challenging

period (Cuezva et al, 1980). Interestingly, it has been suggested that fasted neonates can

supply only 80% of the brain energy needs through glucose oxidation, emphasizing the

need for alternative substrates (e.g. lactate and ketone bodies) (Denne & Kalhan, 1986).
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All this suggest that lactate or ketone bodies might play a relevant role as a metabolic

fuel of immature developing brain in fetal, early newborn and suckling mammals.

However it is important to mention that ketone bodies are more relevant to lipogenesis

(Paton et al, 1989) or amino acid synthesis (DeVivo et al, 1975) rather than its oxidation

during the development in mammals.

3.2 Brain metabolism in the adulthood

Neurogenesis does not take place solely during embryogenesis and during early

development, but a population of neural stem cells is maintained also in adult brain in

the subventricular zone of the lateral ventricle and subgranular zone of the hippocampal

dentate gyrus (Seaberg & Van Der Kooy, 2003; Tonchev et al, 2003). It has been suggested

that the population of stem cells in adult brain proceed from a type of progenitor cell

called radial glia (Candelario et al, 2013; Malatesta et al, 2008).

The presence and functionality of lactate in adult brain has been subject of discussion

for a long time. Traditionally, the adult brain is considered a high energy demanding

organ with glucose as a major substrate (Agostini et al, 2016) that provides necessary

ATP for the maintenance of physiological brain functions, cell maintenance and

neurotransmitter synthesis (Mergenthaler et al, 2013). However, several in vitro studies

have shown that cultured brain cells or brain slices are able to metabolize other

substrates, for example lactate (Bouzier-Sore et al, 2003; Wohnsland et al, 2010; Qu et

al, 2000; Gallagher et al, 2009a). In 1994, Pellerin & Magistretti developed the hypothesis

of “astrocyte to neuron lactate shuttle” (ANLS). They observed that glutamate released

from synapses stimulates glucose uptake and lactate production in astrocytes (Pellerin &

Magistretti, 1994). Similarly, other studies observed lactate production by glial cells in

vitro (Dringen et al, 1993; Poitry-Yamate et al, 1995). ANLS hypothesis suggest that

lactate produced by astrocytes is used as a primary energy substrate by neurons (Pellerin

& Magistretti, 1994; Pellerin et al, 1998). It is worth to mention that lactate can inhibit

glucose consumption in neurons. This effect was observed in primary cultures of

neurons, in the presence of elevated concentration of lactate (Tabernero et al, 1996; Bliss
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& Sapolsky, 2001). However, several studies argue that neurons are able of efficient

glucose consumption that can also support oxidative phosphorylation (Dienel, 2012;

Simpson et al, 2007). The debate on lactate function in adult brain reached a consensus

as stated lately by Tang et al.: “astrocytes can release L-lactate upon various stimuli and

that L-lactate may affect neuronal function, but the mechanism of L-lactate action

remains unclear” (Tang et al, 2014).

Another context where lactate is important for brain metabolism seems to be certain

pathological conditions. Lactate has been shown as a preferred substrate in the brain

after traumatic brain injury (Glenn et al, 2015) or after exposure to hypoxia (Bliss &

Sapolsky, 2001). Interestingly, several materials proposed for regenerative medicine for

damaged brain contain lactic acid as a component (Alvarez et al, 2013; Lampe et al, 2009;

Orive et al, 2009). This type of biomaterials containing lactic acid polymers are able to

support neural stem cell niche and sustain neurogenesis (Alvarez et al, 2013). This points

to the importance of lactate not only in the developing brain but also the adult brain

undergoing reparation.

3.3 Lactate metabolism

Lactate is a hydroxycarboxylic acid that is chiral and in mammals we can find both

stereoisomers L-(+)-lactate and D-(-)-lactate (Ewaschuk et al, 2005; Adeva-Andany et al,

2014). Lactate is formed from pyruvate and for a long time was considered as a waste

product that is mainly generated by glycolysis under various physiological or pathological

conditions (Gladden, 2004). However, lactate can serve also as an energy substrate and

can be metabolized to pyruvate. Reversible conversion of pyruvate to L-lactate is catalyzed

by lactate dehydrogenase (LDH) and requires NAD+ which is reduced to NADH. In the

case of D-lactate metabolism, D-lactate dehydrogenase (D-LDH) is used (Ling et al, 2012).

L-lactate forms the majority of lactate in mammalians, whereas D-lactate is present at

very low concentrations (Ewaschuk et al, 2005; Maessen et al, 2014).

Lactate is transported through the cytoplasmic membrane by proton-linked

monocarboxylate transporters MCT1, MCT2, MCT3 and MCT4. Besides lactate, these
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MCT transporters are able to transfer other substrates, such as pyruvate and ketone

bodies (Pérez-Escuredo et al, 2016; Halestrap & Wilson, 2012). Amongst all MCTs, MCT4

shows the lowest affinity for lactate. MCT1 and MCT3 shows intermediate affinity, and

MCT2 the highest. In the brain, MCT1, MCT2 and MCT4 expression has been detected.

MCT1 and MCT2 were found to be expressed both in neurons and astrocytes, with

prominent expression of MCT2 in neurons. The expression of MCT4 seems to be restricted

to astrocytes (Debernardi et al, 2003; Pierre & Pellerin, 2005).

MCT1 and MCT2 transporters were also found in mitochondria of neurons, located on

the inner membrane (Hashimoto et al, 2008). Similarly, the mitochondrial localization of

MCT1 was found in cardiac and skeletal muscle (Brooks et al, 1999a). Lactate transported

to the mitochondria can be converted to pyruvate by mitochondrial LDH that was found

in neurons, cardiac muscle and some cancer cells (Hashimoto et al, 2008; Chen et al,

2016; Brooks et al, 1999b). Lactate, independently of its localization (cytosolic or

mitochondrial) can be further metabolized through pyruvate in the TCA cycle or in the

gluconeogenic pathway, as it is observed in the liver (Nelson & Cox, 2000).

In addition to its metabolic role, lactate can affect cAMP levels through the G-protein

coupled receptor GPR81 (HCAR1) receptor (Ahmed et al, 2010). Lactate binding to GPR81

decreases cAMP production and therefore can regulate the activity of several pathways.

It has been found, that GPR81 is widely distributed in the brain tissue, mainly in neurons

(Bergersen & Gjedde, 2012).
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PEPCK and gluconeogenesis
Gluconeogenesis is a metabolic pathway that produces glucose from non-carbohydrate

precursors. The physiological role of gluconeogenesis is to maintain blood glucose levels

during fasting (Chandramouli et al, 1997) and exercise (Petersen et al, 2004). The primary

gluconeogenic organ is the liver (Rui, 2014). This pathway has several steps in common

with glycolysis, but three irreversible reactions catalyzed by hexokinase,

phosphofructokinase and pyruvate kinase are bypassed by new reactions catalyzed by

glucose 6-phosphatase, fructose 1,6-bisphosphatase and phosphoenolpyruvate

carboxykinase (PEPCK), respectively (Figure I-7). This pathway can feed several metabolic

pathways besides glucose production. One of them is implicated in the synthesis of

glycerol, backbone of triacylglycerol in a pathway known as glyceroneogenesis (Hanson

et al, 2006). Glyceroneogenesis is an abbreviated version of gluconeogenesis, in which

dihydroxyacetone phosphate is reduced by glycerol-3-phosphate dehydrogenase into

glycerol. This pathway has been shown to function in adipose tissue and liver upon

fasting and plays a role in triglyceride turnover (Kalhan et al, 2001; Ballard et al, 1967;

Nye et al, 2008). Free fatty acids released during lipolysis upon fasting are re-esterified to

triglycerides in the liver and adipose tissue and deposited back in the adipose tissue

(Hanson et al, 2006).

PEPCK catalyzes the first step in the gluconeogenic pathway (Nelson & Cox, 2000). This

enzyme allows the synthesis of intermediates that can be fed through the glycolytic pool

into glycerol, and possibly to serine and one-carbon metabolites, among others, as well.
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Figure I-7: Comparison of gluconeogenic and glycolytic pathways. These two pathways differ in
three steps that are catabolized by hexokinase, phosphofructokinase-1 and pyruvate kinase.
These three reaction are energetically unfavorable in the reverse direction and cannot occur.
Therefore, gluconeogenesis overcome these reactions by using glucose 6-phosphatase,
fructose 1,6-bisphosphatase and phosphoenolpyruvate carboxykinase (PEPCK). Oxaloacetate,
the substrate of PEPCK is synthesized by pyruvate carboxylase from pyruvate (picture from
Dwong527, 2013).

4.1 PEPCK

Phosphoenolpyruvate carboxykinase (PEPCK) is an enzyme that catalyzes the nucleotide

dependent reversible decarboxylation of oxaloacetate (OAA) to phosphoenolpyruvate (PEP)

with the concomitant transfer of a phosphate group from nucleoside triphosphate, mainly

GTP (Figure I-8). The reaction also requires bivalent metal ions as magnesium and

manganese (Lee et al, 1981). By using PEPCK, the cell can bypass the thermodynamically

unfavorable conversion of pyruvate to phosphoenolpyruvate (PEP). It is important to note

that the PEPCK reaction is the only pathway that is able to communicate TCA cycle
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intermediates with the glycolytic intermediary pool above pyruvate.

Figure I-8: Conversion of oxaloacetate to phosphoenolpyruvate catalyzed by PEPCK. PEPCK
catalyze metal-nucleotide coupled decarboxylation of OAA to PEP.

PEPCK is present in all known groups of living organisms. Higher eukaryotes, most of

archaea and some bacteria contains GTP (ITP) dependent PEPCK. Whereas ATP

dependent PEPCK is present in fungi, plants and most bacteria (Aich & Delbaere, 2007;

Valle et al, 2017; Fukuda et al, 2004). Amino acid sequences of PEPCKs show

considerable homology (Hanson & Reshef, 1997; Delbaere et al, 2004; Fukuda et al,

2004). Aich et al. performed extensive amino acid sequence alignment which shows that

the active, metal binding and catalytic domains are almost, but not completely, conserved

in PEPCK of different origins. Nucleotide binding sites are also almost conserved within

each category (GTP and ATP dependent PEPCKs) (Aich & Delbaere, 2007).

The reaction catalyzed by PEPCK is reversible, however in vivo in mammals this

conversion is unfavorable due to higher Km for PEP and GDP when compared to its

physiological concentrations, whereas Km for oxaloacetate and GTP is within their

physiological concentration range (Nowotny & Yang, 2009; Hanson & Garber, 1972;

Ballard, 1970). This suggests that the direction of PEPCK reaction in mammals is towards

PEP production. This is not the rule in other species, where the reverse reaction has been

observed, such as in bacteria (Riedel et al, 2001), helminth parasites and nematodes

(Kumar Verma et al, 2013). In these species PEPCK shows anaplerotic activity by

synthesizing oxaloacetate. Interestingly, Latorre et al. recently found a mutant of PEPCK-

C in pigs with amino acid Met139Leu substitution occurring far away from the active

center. PEPCK-C 139Leu showed increased activity in the anaplerotic direction compered
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to 139Met PEPCK-C (Latorre et al, 2016).

It is well known that PEPCK activity in the majority of eukaryotes is distributed between

two different proteins; a cytosolic (PEPCK-C) and a mitochondrial (PEPCK-M) isoform.

Both are coded for by distinct nuclear genes; PCK1 and PCK2, respectively. Molecular

masses of both isoforms are virtually identical (about 74,000 kDa) (Croniger et al, 2002a;

Ballard & Hanson, 1969) and both enzymes have similar kinetic properties (Hanson &

Patel, 1994). Yang et al. suggest that genes for PEPCK-C and PEPCK-M diverge from a

common bacterial enzyme by duplication and gene rearrangement (Yang et al, 2009b).

Despite PEPCK-C and PEPCK-M are catalyzing chemically identical reactions with very

similar kinetics, the regulation of both enzymes is completely different (Ballard & Hanson,

1969; Hanson & Garber, 1972; Méndez-Lucas et al, 2014). The expression of PEPCK-C is

regulated by diet and hormones. Fasting has been shown to increase cytosolic enzyme

activity at least 3 fold in different tissues (Reshef et al, 1969), via transactivation of the

PEPCK-C promoter in response to cAMP, glucocorticoids and thyroid hormone, whereas

insulin inhibits the synthesis of PEPCK-C mRNA (Hanson & Reshef, 1997). In contrast,

PEPCK-M is constitutive in nature and is not controlled by fed/fasting cycles (Croniger et

al, 2002b; Modaressi et al, 1998). However, transcriptional regulation by ATF4 under

endoplasmic reticulum (ER) stress has been described recently in our laboratory (Méndez-

Lucas et al, 2014) for this gene. Until now, no allosteric modifications of PEPCK enzymes

have been described (Balan et al, 2015; Yang et al, 2009b). Therefore, the activity of

PEPCKs in cells is determined by the balance between its synthesis and degradation.

Half-life of PEPCK-C protein in the fed liver is about 6-8h (Hopgood & Ballard, 1973) and

its mRNA half-life is 30-60 min (Tilghman et al, 1974), allowing immediate control of

PEPCK-C gene expression levels by transcription factors . On the other hand, PEPCK-M

protein shows longer half-life (>50h) (Hanson & Patel, 1994).

Quantitative distribution of both PEPCK isoforms varies in different species. Most species

studied to date (humans, dogs, cats, cows, sheep) show about equal activity of both

isoforms in the liver. PEPCK activity in the liver of rat, hamster and mouse is mostly

accounted for by the cytosolic isoform (90 - 99% of total activity), whereas in rabbit liver

PEPCK-C accounts only for 10% of total activity. Some species of birds (e.g. pigeon and
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chicken) express solely PEPCK-M in their livers after hatching (Croniger et al, 2002b;

Söling et al, 1973; Nordlie & Lardy, 1963).

As mentioned above, PEPCK is catalyzing the formation of PEP from OAA. This is the first

committed step of gluconeogenesis and glyceroneogenesis. PEPCK-C in mammals fulfil a

gluconeogenic function in the liver and kidney (Croniger et al, 2002b; Hanson & Reshef,

1997), and a glyceroneogenic one in the liver and adipose tissue (Kalhan et al, 2001;

Reshef et al, 2003). Interestingly, glyceroneogenesis in adipose tissue has been shown to

be of relevance for the formation of glyceride-glycerol even in the presence of glucose (Nye

et al, 2008). Besides PEPCK-C presence in gluconeogenic/glyceroneogenic tissues, its

expression was observed also in other tissues such as small intestine, mammary gland

during lactation, brain, lung and muscle (Hanson & Reshef, 1997; Zimmer & Magnuson,

1990). Even though the role of the enzyme in these tissues has not been clearly

established, some studies shed light on this problematic and identified the possible role

of PEPCK-C in some of the tissues. PEPCK-C expression in small intestine is significantly

higher in suckling, starved and diabetic rats when compared to the fed adults (Watford

& Alicia, 1989; Mithieux et al, 2004). Several studies claim the presence of active

gluconeogenesis in the small intestine (Mithieux et al, 2005; Troy et al, 2008). However,

a critical review by Previs et al. points to various problems in the estimation of

gluconeogenesis in the small intestine, concluding that there is no credible evidence of

glucose synthesis in the small intestine (Previs et al, 2009). The suggested role of PEPCK-

C in the adipocytes of mammary glands during lactation is the contribution to triglyceride

synthesis through glyceroneogenesis (Hsieh et al, 2009; Jiménez et al, 1987), as the lipids

are the main component of the milk (Bobrovnikova-Marjon et al, 2008). The implication

of PEPCK-C in glyceroneogenesis was also reported in skeletal muscle by Nye et al, where

glyceroneogenesis was the main contributor to triglycerides production in fed or fasted

state (Nye et al, 2008). Interestingly, overexpression of PEPCK-C in skeletal muscle of

mice has a great impact on their physical activity. These mice are 7-10 times more active

than control mice and are able to run for long distances at high speed without stopping.

Muscles of these mice showed five-times higher storage of triglycerides that may reflect

elevated TCA cycle dynamics (Hanson & Hakimi, 2008).
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The role of PEPCK-C in cataplerosis (removing carbons from TCA cycle) to support the

TCA cycle has been recently shown (Hakimi et al, 2005; Burgess et al, 2004). Suggestions

that PEPCK-C may interact with energy generation in the TCA cycle was based on

observed impairment of hepatic energy metabolism in liver specific (Burgess et al, 2004)

and whole-body PEPCK-C knock-out models (Hakimi et al, 2005; Semakova et al, 2017).

It has been shown that TCA cycle flux and the flux through PEPCK-C are linearly

proportional (Burgess et al, 2007). Lack of PEPCK-C expression in the liver lead to the

accumulation of TCA cycle intermediates and a blockage of gluconeogenesis. Additionally,

the inhibition of the TCA cycle in the liver also affect fatty acid oxidation, one of the

anaplerotic pathways, and lead to the accumulation of lipids in the liver (Burgess et al,

2004). Similar consequences were observed as well in the whole-body knock-out model

(Semakova et al, 2017; Hakimi et al, 2005). Interestingly, the inhibition of PEPCK-C in

the liver was shown to diminish ROS production, which is formed in the liver under some

pathological or dietary conditions as a consequence of increased TCA cycle flux and

oxidative metabolism of fatty acids (Satapati et al, 2015).

4.2 The metabolic role of PEPCK-M

The study of the metabolic role of PEPCK-M was in the shade of its cytosolic counterpart

for a long time. As Hakimi accurately said, “this neglect is ironic, since Utter and

Kurahashi discovered PEPCK-M in the livers of chickens and used it to delineate the

pathway of gluconeogenesis” (Hakimi et al, 2005). PEPCK-M is strongly expressed in liver,

kidney, small intestine, fibroblasts and pancreas (beta cells) and weakly expressed in

brain, heart and placenta in humans (Modaressi et al, 1998; Stark et al, 2009).

Interestingly, PEPCK-M shows high expression in cancer cell lines of different origins

(Méndez-Lucas et al, 2014) and neural progenitors (Álvarez et al, 2014). Interestingly,

mice express almost exclusively the cytosolic isoform in the liver, however during fetal

development the mitochondrial isoform is preferentially expressed (Hanson & Reshef,

1997).

It can be speculated that human PEPCK-M provides gluconeogenesis from lactate as it
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has been observed in birds (Hanson & Reshef, 1997). However at this time, there is no

direct proof of the role of PEPCK-M in gluconeogenesis in mammals, and this enzyme

continues to be poorly understood. Interestingly, Stark et al. speculate that the PEPCK-

M pathway is theoretically the most direct pathway for PEP production from lactate since

it offers metabolic advantages over PEPCK-C pathway (Stark et al, 2014), and therefore

could be more important in gluconeogenesis than was originally thought. Preferential use

of lactate as a gluconeogenic substrate for PEPCK-M might be explained by the fact that

lactate conversion to pyruvate does provide reducing equivalents and there is no need to

shift them from mitochondria to cytosol. On the other hand, cytosolic PEPCK require

shuffling of NADH and oxaloacetate from mitochondria to cytosol in the form of malate

(Modaressi et al, 1998). In our laboratory, Méndez et al. studied the ability of PEPCK-M

to rescue the liver specific PCK1 KO mice. We demonstrated that PEPCK-M can contribute

to hepatic glucose production from PEP, however is not able to fully recover the ability of

the cytosolic isoform to restore cataplerosis and fully support gluconeogenesis.

Interestingly, simultaneous expression of PEPCK-M and PEPCK-C in mouse hepatocytes

amplify total gluconeogenic capacity. PEPCK-M in the presence of cytosolic isoform

facilitate flux with lactate as a substrate, although in the absence of PEPCK-C there was

no substrate preference (Méndez-Lucas et al, 2013).

Apart from gluconeogenesis/glyceroneogenesis, other possible implications of PEPCK

(mitochondrial or cytosolic) in metabolism has been suggested; amino acid synthesis,

cataplerosis/anaplerosis and PEP/pyruvate cycling (Hanson & Patel, 1994). PEP cycling

involving PEPCK-M was suggested in two independent models. Firstly, in brown adipose

tissue of hamster and rat, where PEP cycling would allow to export energy produced in

mitochondria (Drahota et al, 1983), since GTP or GDP transport from mitochondria to

cytosol has not been identified in higher eukaryotes (Stark & Kibbey, 2014), except hearth

tissue where slow transport of GTP/GDP was observed (McKee et al, 2000). PEPCK-M,

pyruvate kinase (PK) and pyruvate carboxylase (PC) have been proposed to contribute to

this cycle. Secondly, a similar activity was suggested by Stark et al. to be implicated in

the regulation of insulin secretion in beta cells of pancreas (Stark et al, 2009). The same

group identified that mitochondrial GTP produced by succinyl-CoA synthetase in the TCA
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cycle is an indicator of TCA flux that is important for glucose stimulated insulin secretion

(GSIS) (Kibbey et al, 2007). PEPCK-M would be, in this context, an important recycler of

GTP in mitochondria. Moreover PEP cycle links PC flux and TCA cycle flux to stimulate

insulin release and may act to prevent inappropriate insulin secretion (Stark et al, 2009).

4.3 Regulation of PEPCK-M

Acetylation of cytosolic PEPCK as a mechanism of regulation was observed recently (Zhao

et al, 2010; Lin et al, 2009). Acetylation of PEPCK-C was connected with observed

decrease in protein level (Zhao et al, 2010), which was assigned to degradation by

increased ubiquitination upon acetylation (Jiang et al, 2011). Interestingly, acetylation

was also observed in the case of mitochondrial isoform of PEPCK in human liver (Zhao et

al, 2010). Obviously, there is still need of further investigation to examine whether

PEPCK-M responds to acetylation in the same manner.

Regarding regulation by hormones, it has been described that PEPCK-M does not respond

to changes in levels of hormones known to regulate cytosolic isoform (Modaressi et al,

1998; Croniger et al, 2002a). PEPCK-M is considered to be expressed constitutively

(Modaressi et al, 1998; Croniger et al, 2002b).

However, in our laboratory we have observed that cancer cells respond to ER stress and

amino acid deprivation by increasing PEPCK-M expression. We described that the

proximal promoter of PCK2 contains two amino acid response element (AARE) consensus

sites also known as C/EBP-ATF composite site. AARE is a binding site for ATF4, ATF3

and C/EBP. PEPCK-M was shown to be regulated only by ATF4 through the AARE1 site.

This regulation was shown to be occurring under ER stress and also amino acid

deprivation and suggests an important role of PEPCK-M in the response to these types of

stress (Méndez-Lucas et al, 2014).
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Aims
The main aim of this thesis is to study the implication of PEPCK-M in metabolic

adaptations of undifferentiated cells, specifically neuronal progenitors and cancer cells.

Specific aims
 To analyze the effect of glucose and lactate on the differentiation phenotype of

embryonic neuronal cultures.

 To evaluate the role of PEPCK-M in neuronal progenitors maintenance.

 To test the viability, growth and metabolic adaptations dependent on PEPCK-M in
cancer cell lines using knocked-down, basal and overexpressed PEPCK-M models.

 To evaluate the effects of changes in PEPCK-M activity on TCA cycle and PEPCK-
M dependent pathways using metabolomics.

 To evaluate the growth rates and angiogenic capacity of HCT116 and MCF7
xenografts with wild-type and knocked-down PEPCK-M levels in mice.
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Neuronal progenitor maintenance requires lactate
metabolism and PEPCK-M directed cataplerosis

Glucose is still considered the major fuel for adult brain, even though lactate signaling or

utilization by neurons has been commonly observed both in vitro and in vivo (Gallagher

et al, 2009a; Bouzier-Sore et al, 2003; Wohnsland et al, 2010). This is especially the case

in the developing brain, where lactate is an important substrate for oxidative metabolism

in addition to being utilized as an anabolic source for cell proliferation and differentiation

(Bolaños & Medina, 1993; Nehlig & Pereira de Vasconcelos, 1993; Medina et al, 1996;

Vicario & Medina, 1992).

The effect of two different carbon substrates (glucose and L-lactate) on glial and neuronal

cell phenotype, was studied in collaboration with the laboratory of Dr. Alcántara (Alvarez

et al, 2013).

We initially observed, that embryonic neuronal and glial cell culture development in vitro

is affected by the availability of glucose and lactate. Glial cells were not able to survive in

the presence of lactate as main source of carbons and results strongly suggested that

glial cells use glucose as the primary energy substrate. On the other hand, neuronal

cultures were able to survive in medium containing lactate as well as in medium

containing glucose. Moreover, lactate medium seemed to affect differentiation state of

neurons (Alvarez et al, 2013).
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1.1 Effect of lactate on neuronal progenitor survival and
differentiation

Our initial data led us to study in more detail the role of lactate in differentiation of

neuronal cultures. The results presented in this part of the thesis were obtained in

equal contribution with Dr. Zaida Álvarez Pinto from the laboratory of Dr. Alcántara,

University of Barcelona.

All experiments were performed with primary neuronal cultures that were extracted

from the cortex of mice at embryonic day E16. Primary neuronal cultures were grown

for desired length of time in three different serum free Neurobasal® media containing

combination of glucose and lactate (Table R-1).

Denomination of media Glucose and lactate concentration

glucose 25 mM glucose, 0 mM L-lactic acid
glucose + lactate 25 mM glucose, 4 mM L-lactic acid

lactate 0 mM glucose, 4 mM L-lactic acid

Table R-1: Types of media used in experiments with indicated concentration of glucose and
lactate.

The state of differentiation of primary neuronal cultures was analyzed by western blot

analysis using differentiation markers (Figure R-1). Neuronal cultures can contain a

proportion of glial cells that survive purification of neuronal cultures. Therefore, the

expression of glial markers was also analyzed. Neuronal cultures grown in glucose and

glucose + lactate media equally expressed radial glia marker nestin (intermediate filament

protein) and mature astroglial marker GFAP (glial fibrillary acidic protein) indicating the

presence of glial cells. In lactate condition, expression of these markers has dramatically

dropped indicating a reduction of the glial cell population in this condition. These results

were consistent with the observation that glial cells are not able to survive in lactate

media (Alvarez et al, 2013). Differentiation state of neuron population was detected by

mature neurons markers (PSD95 and TUJ-1) and neuronal restricted progenitor marker

TBR2 (T-box brain protein 2). Glucose media favored the presence of neurons expressing
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PSD95 (postsynaptic density protein 95) and TUJ-1 (class III beta tubulin), while

progenitor marker TBR2 was expressed weakly. This expression pattern indicates that

the culture is formed mainly by mature neurons. In lactate condition, a drop of PSD95

and TUJ-1 expression, and increased TBR2 expression were observed, suggesting that

the population of cells is less differentiated and enriched of neuronal restricted

progenitors. Treatment with medium containing both glucose and lactate also showed

increased TBR2 and slightly decreased TUJ-1 expression, when compared to glucose

condition. PSD95 expression was maintained at the same level. This indicates the

presence of a mixed population formed by neuronal restricted progenitors together with

more differentiated neurons.

Bipotential radial glia-like cell marker PAX6 (paired-box protein) and neural stem cell

marker SOX2 (SRY-box 2 protein) were not expressed in any condition (data not shown).

Absence of expression of these two markers in lactate conditions indicate that present

progenitors are mostly TBR2 positive neuronal restricted progenitors.

Figure R-1: Expression of the differentiation
markers in neuronal cell culture. Western blot of
nestin (radial glial marker), GFAP (mature astroglial
marker), PSD95 (post-synaptic density neuronal
marker), TBR2 (intermediate progenitor marker) and
TUJ-1 (post-mitotic neuronal marker) in neuronal
cultures grown in glucose, glucose + lactate and lactate
media for 5 days. Actin was used as loading control.
Expression of SOX2 and PAX6 were not detected. Actin
was used as a loading control.

To evaluate the  differentiation progress and self-renewal in neuronal progenitors,

neuronal cultures were grown for 1 and 5 days in glucose, glucose + lactate and lactate

medium (Figure R-2). Under these conditions, the number of cells and progenitors was

evaluated. Total number of cells was obtained by counting TO-PRO-3 positive cells and

number of cycling neuronal progenitors was assessed by counting Ki67 positive cells. The

absence of SOX2 positive progenitors and astrocytes in lactate culture (Figure R-1)

indicates that the Ki67 positive progenitors were mostly TBR2 positive neuronal

progenitors.
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Figure R-2: Effect of lactate on primary neuronal cultures. Confocal images of embryonic neuronal
cell cultures grown in glucose, glucose + lactate and lactate medium for 1 and 5 days. Neurons were
stained with TUJ-1 (red), nuclei with TO-PRO-3 (blue) and nuclei of cycling progenitors with Ki67 (green).
Scale bar = 50 μm. Graphics represent quantification of the total number of cells (TO-PRO-3 positive)
and cycling progenitors (Ki67 positive) after 1 and 5 days of incubation in glucose, glucose + lactate, or
lactate medium. Data are plotted as mean ± SD, *P<0.05 and **P<0.01, day 1 versus day 5 within the
same condition. #P<0.05, ##P<0.01 versus cells grown in glucose.

At the first time point (1 day), neuronal cultures consisted of a similar number of cells

and cycling progenitors. At day 5, neuronal cultures showed signs of differentiation.

Neurons identified by staining with the neuronal marker TUJ-1 exhibited well-developed

neurites, particularly in glucose medium. Also the total number of cells growing in glucose

and glucose + lactate medium was significantly higher when compared to day 1 time

point. In contrast, cells growing in lactate medium maintained the same total number of

cells from day 1 to day 5 (Figure R-2).

All neuronal cultures at day 1 showed a similar number of Ki67 positive progenitors. At

the end of the experiment, the amount of cycling progenitors dramatically dropped in

glucose condition. However, no change was observed in glucose + lactate condition, and

a significant increase in the proportion of Ki67 positive cycling progenitors was observed
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in neuronal cultures growing for 5 days in lactate media (Figure R-2).

The data above suggest that the presence of glucose promotes the differentiation of

neuronal progenitors while lactate is required for maintenance and division of neuronal

progenitors.

The following experiment was designed to confirm these effects of glucose and lactate on

neuronal cultures. Cells grown for 5 days in lactate medium were changed to either

glucose medium or lactate medium and grown for 2 more days. At the end of the

experiment the total number of cells (TO-PRO-3 positive) and the number of Ki67 positive

progenitors was determined (Figure R-3). Neuronal cells growing in lactate for 5 days

contained a population of Ki67 positive progenitors (Figure R-2) that were lost when

lactate was switched to glucose for 2 more days. When the cells were maintained for the

whole experiment in lactate, the population of Ki67 positive cells remained (Figure R-3

A). At the end of the experiment, the total number of cells was higher in the condition

with additional 2 days treatment in glucose medium (Figure R-3 B). These results

suggested that glucose medium induced one terminal division of Ki67 positive progenitors

that led to differentiation. When the opposite experiment was performed, and neuronal

cultures were grown in glucose medium for 5 days and then for 2 more days either in the

same medium or in lactate medium, no differences in cell numbers were observed (Figure

R-3 C,D). Therefore, we conclude that lactate is not able to reprogram terminal

differentiation of neuronal cells in our model.
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Figure R-3: Study of differential and self-renewal capacity of neuronal primary cultures grown in
the presence of glucose and lactate. (A) Confocal images showing neurons (TUJ-1, red), nuclei (TO-
PRO-3, blue), and cycling progenitor cells (Ki67, green) in neuronal cultures grown in lactate medium
for 5 days followed by 2 more days either in glucose medium or in lactate medium. Scale bar = 50 μm
(B) Quantification of Ki67positive (proliferative cells) and TO-PRO-3 positive (total number of cells) under
the same conditions as in A. (C) Confocal images showing neurons (TUJ-1, red), nuclei (TO-PRO-3, blue),
and cycling progenitor cells (Ki67, green) in neuronal cultures grown in glucose medium for 5 days
followed by 2 more days either in lactate medium or in glucose medium. Scale bar = 50 μm (D)
Quantification of Ki67positive (proliferative cells) and TO-PRO-3 positive (total number of cells) under
the same conditions as in C. (B,D) Data are plotted as mean ± SD, **P<0.01, ***P<0.001 indicate
significant treatment effect of lactate.

As we had hypothesized, the difference in total number of cells growing in glucose versus

lactate media (Figure R-2, Figure R-3 B) can be brought about by terminal division of

Ki67 positive progenitors (in glucose medium) and asymmetric/symmetric division of

progenitors (in medium containing lactate). However, differences in cell numbers could

also be caused by cell death. Therefore we examined the presence of apoptosis and

oxidative stress in neuronal primary cultures (Figure R-4). Cells were grown in lactate

medium for 5 days and later changed to either glucose or lactate medium for 1h or 48h.

Staining of caspase-3 was analyzed in order to detect the presence of apoptotic cells in

neuronal cultures. The percentage of caspase-3 positive cells was very low in both

conditions. However, after 1h, there was a slightly higher number of caspase-3 positive
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cells in lactate media (1.74 ± 2.56 in glucose condition and 5.45 ± 3.36 in lactate

condition, Figure R-4 B). This difference disappeared, when cells were analyzed after 2

days. Even though there is significant difference in the percentage of apoptotic cells at 1h

time point, it does not explain the differences in total number of cells grown in glucose

versus lactate condition. Therefore, we can conclude that differences in cell number are

not caused by cell death and a more probable cause is cell division (terminal,

asymmetric/symmetric) of Ki67 positive progenitors.

To detect oxidative stress, cells were incubated with CellROX, which when oxidized by

ROS yields a stable fluorochrome. CellROX fluorescence was slightly higher in neuronal

cultures treated for one hour with glucose media when compared to lactate media. This

increase in ROS concentration might be explained as an immediate reaction to the main

carbon source change as after 2 days no difference was observed between glucose and

lactate treated cells (Figure R-4 A).

Figure R-4: Apoptosis and oxidative stress induction in primary neuronal cultures. (A) Percentage
of caspase-3 positive cells and (B) quantification of CellROX fluorescent intensity in cultures that were
grown in lactate medium for 5 days followed by incubation either 1 h or 2 days in glucose medium or in
lactate medium. Data are plotted as mean ± SD. *P<0.05, **P<0.01 indicate significant treatment effect
of lactate, and #P<0.05 indicate significant differences between 1h and 2d within the same treatment.

All in all, these data confirmed that lactate is able to redirect the fate of neuronal culture

and support less differentiated state of neuronal cultures by preserving a significant pool

of neuronal restricted progenitors.
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1.2 Metabolic profile of neuronal progenitors

As mentioned earlier, maintenance of neuronal restricted progenitors is dependent on the

presence of lactate in medium. More detailed information about lactate fate in neuronal

cultures was obtained by measuring levels of lactate in neuronal culture media (Figure

R-5 A).  Cells were treated with glucose, glucose + lactate and lactate media for 5 days

and the final concentration of lactate in media was analyzed. Cells growing in lactate

media expectedly consumed lactate as it was their main source of carbons. On the other

hand, cells growing in glucose and glucose + lactate medium were producing lactate likely

as the result of glycolysis. However, we were not able to analyze turnover of lactate in

glucose + lactate medium because of the mixed population of more differentiated neurons

and progenitors, where one population might produce lactate and the other consume it.

Figure R-5: Lactate consumption/production and expression of the lactate metabolic machinery
in neuronal cultures. (A) Amount of consumed/produced lactate in neuronal cultures grown for 5 days
in glucose, glucose + lactate and lactate media. Lactate concentration in glucose + lactate and lactate
condition was normalized by ratio of number of cells in these conditions to number of cells in glucose
condition. Data are plotted as mean ± SD. Statistical analysis was not conducted. (B) Western blot
analysis shows changes in the expression of the neuronal restricted progenitor marker TBR2, and the
lactate metabolic machinery proteins MCT2, and GPR81 in neuronal cultures cultured as in A. Actin
and AKT were used as loading controls.

The presence of lactate in the media can influence cells in two different ways; (i) as a

metabolite, which is transported to neurons through MCT2 transporter, or (ii) by

activation of G-protein-coupled lactate receptor (GPR81), which regulates cAMP levels in

cells.
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MCT2 and GPR81 analysis showed higher expression levels in the neuronal primary

cultures grown in lactate media (Figure R-5 B). Therefore, to distinguish mechanism

responsible for maintenance of neuronal restricted progenitors, we treated cells with an

agonist of GPR81 (3,5-dihydroxybenzoic acid (3,5-DHBA), 1 mM) or an inhibitor of

MCT1/2 (AR-C155858, 100 nM) (Figure R-6). The agonist of GPR81 (3,5-DHBA) was

added to glucose medium or to glucose and lactate free medium at day 1, and cells were

grown for 5 more days. 3,5-DHBA as an agonist of GPR81 was intended to mimic lactate

in media through the activation of GPR81 receptor. However, 3,5-DHBA was not able to

support the neuronal restricted progenitors in glucose medium. Moreover, it was not able

to promote cell survival of cells in glucose and lactate free medium. Cell death in this

condition was most likely caused by insufficient availability of carbon source, as the

media contained only 0.5 mM glutamine. However, the total number of cells in glucose

medium was not altered in cells treated with agonist (glucose: 255 ± 46, glucose + 3,5-

DHBA: 216 ± 79).

On the other hand, the presence of MCT1/2 inhibitor (AR-C155858) in glucose + lactate

medium condition for 5 days caused a depletion of Ki67 positive progenitors from primary

neuronal cultures (Figure R-6). The presence of AR-C155858 did not affect the total

number of cells in glucose + lactate medium (without inhibitor 211 ± 51 and with inhibitor

240 ± 24). In lactate media, the presence of MCT1/2 inhibitor caused massive cell death

probably caused by limiting the main source of carbons in this condition.
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Figure R-6: Consequences of inhibition of lactate machinery on cycling progenitor cells. Cells
were grown for 5 days in glucose or in glucose/lactate free medium in the presence or absence of 3,5-
DHBA (1 mM) or in glucose + lactate medium or in lactate medium in the presence or absence of lactate
transporters MCT1/2 inhibitor AR-C155858 (100 nM). In confocal images cells were stained with TUJ-
1 (red), nuclei with TO-PRO-3 (blue) and cycling progenitors with Ki67 (green).

These data indicate that the effect of lactate on maintenance of neuronal progenitors

require transport of lactate into the cell through MCT2 transporter and its subsequent

metabolism.

Next, the metabolic profile of neuronal cultures was performed in order to evaluate the

resulting metabolic changes. Several metabolic markers were analyzed to assign specific

metabolic profiles to each condition. Mitochondria were visualized by epifluorescence

using MitoTracker, a cell-permeable active mitochondrial fluorochrome (Figure R-7 A).

Neuronal cultures grown for 5 days in glucose, glucose + lactate or lactate medium

displayed more intense mitochondrial labeling in immature neurons and progenitors

(TUJ-1 negative) than mature neurons (TUJ-1 positive). Consistent with progenitor

enrichment, mitochondrial staining was highest in lactate medium and indicate higher

mitochondrial membrane potential of these cells that might be fed by lactate oxidation
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through the TCA cycle. No differences in cellular ATP levels were observed in either

condition (Figure R-7 B).

Figure R-7: Metabolic profile of neuronal cultures. (A) Confocal images of neuronal cell cultures
grown in glucose, glucose + lactate and lactate medium for 5 days. Cells were stained with TUJ-1
(neurons, green), MitoTracker (mitochondria, red) and TO-PRO-3 (nuclei, blue). (B) Quantification of ATP
in cells cultured as in (A). Data are plotted as mean ± SD. ATP amount in cell extracts was normalized
by the total protein concentration.

To better evaluate the metabolic profile of neuronal progenitors the level of expression of

different metabolic markers was analyzed in neuronal primary cultures grown for 5 days

in the presence of either substrate (Figure R-8). NAD-dependent deacetylase sirtuin-1

(SIRT), a protein that is activated by NAD+ was decreased when lactate was present as

only carbon source. Consistently with increased mitochondrial activity in lactate

containing cultures, the degree of phosphorylation of AMPK (a sensor of the cell energy

state) was very low as compared to glucose and glucose + lactate media. Finally we were

interested in evaluating the regulator of pyruvate flux into mitochondria by examining

the phosphorylation state of PDH, which is inactivated by PDKs via its phosphorylation

at E1-alpha subunit. Again, the data showed that PDH phosphorylation was low

suggesting higher pyruvate oxidation in the mitochondria under conditions where lactate

is the only carbon source. Interestingly, no differences were observed between glucose

and glucose + lactate treatments relative to these sensors of energy change, pyruvate

metabolism and redox potential. These data are consistent with a dramatic shift to
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oxidative metabolism of lactate which becomes the main source of energy and carbons in

the cell growing in lactate condition.

Figure R-8: Level of activity of metabolic sensors in
neuronal cultures. Western blot of SIRT1 (NAD-
dependent deacetylase sirtuin-1), AMPK-P (adenosine
monophosphate-activated protein kinase), and
phosphorylated PDH-E1a (pyruvate dehydrogenase E1
alpha) in neuronal cultures grown for 5 days in glucose,
glucose + lactate and lactate media. AKT and actin were
used as loading controls.

1.3 PEPCK-M activity is essential for maintenance of neuronal
progenitors

Cells growing in lactate media find themselves in a situation where they must cope with

the absence of intermediates coming from the upper part of glycolysis that are essential

for cell growth and survival. Therefore, we hypothesize that under these metabolic

conditions cells might utilize alternative pathways to provide essential intermediates. The

enzyme PEPCK has the capability to provide these intermediates, by catalyzing the first

step of gluconeogenesis by converting oxaloacetate to phosphoenolpyruvate. It is the only

enzyme to enable glycolytic intermediates synthesis from lactate and TCA cycle

intermediates. Therefore we were interested if PEPCK is expressed in these neuronal

cultures, and whether expression was linked to the metabolic shift observed in cultures

growing on lactate. Expression of PEPCK was examined in neuronal cultures grown for 5

days in various media. Primary cultures expressed mitochondrial isoform of PEPCK

(PEPCK-M) in all conditions (Figure R-9 A, C, D). The cytosolic isoform was not expressed

in either one of the conditions (Figure R-9 B). Cells growing in glucose + lactate media

shown 1.3- fold increase in PEPCK-M expression, though cells growing in lactate medium

5-fold higher expression of PEPCK-M when compared to control (Figure R-9).
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Figure R-9: PEPCK-M and PEPCK-C expression in neuronal cultures. (A) Western blot of TBR2
(marker of neuronal restricted progenitor) and PEPCK-M in neuronal cultures grown for 5 days in
glucose, glucose + lactate and lactate condition. AKT and actin were used as loading controls. (B)
Western blot of PEPCK-C in neuronal cultures grown for 5 days in glucose and lactate media. As a
positive control of PEPCK-C expression was used extract of fasted mouse liver and Fao cells (rat
hepatoma). (C) Quantification of PEPCK-M expression detected by western blot from three different
experiments. *P<0.05, ***P<0.001 versus glucose. (C) Confocal images of cultures grown for 5 days in
glucose, glucose + lactate and lactate medium that were stained for PEPCK-M (green) and TUJ-1 (red).

To examine the importance of carbons shuttling from lactate into various metabolic pools

via PEPCK-M on neuronal culture differentiation state, cells were treated with 3-

mercaptopicolinic acid (3MPA). 3MPA is a well-known inhibitor of PEPCK activity (Balan

et al, 2015). In this experiment, cells were grown in glucose, glucose + lactate and lactate

medium in the presence of 100 µM 3MPA or DMSO (control). After 5 days, nuclei were

stained with TO-PRO-3 and cycling progenitors were labeled using Ki67 antibody. Total

number of cells (TO-PRO-3 positive) and the number of Ki67 positive progenitors was

then determined (Figure R-10). We observed that inhibition of PEPCK-M had no effect on

the number of cells or progenitors in glucose media. However, the inhibition of PEPCK-M

activity in glucose + lactate or lactate media caused a complete depletion of Ki67 positive
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cells, indicating that PEPCK-M activity is important for maintenance of cycling neuronal

progenitors (Figure R-10 A,C). Besides, the total number of cells was significantly reduced

in these media when PEPCK-M was inhibited (Figure R-10 B).

When lactate concentration in lactate medium was analyzed in the presence of 3MPA,

higher levels of lactate were detected after 5 days (Figure R-10 D), suggesting that when

PEPCK-M was inhibited neurons consumed less lactate. However, a decrease in lactate

consumption could also be caused by decreased cell number in this condition (Figure R-

10 B).

Figure R-10: Effect of PEPCK-M inhibition on neuronal progenitors. Neuronal primary cultures
grown in glucose, glucose + lactate and lactate medium were treated with PEPCK-M inhibitor 3MPA (100
µM) or DMSO (control) for 5 days. (A) Neurons were stained with TUJ-1 (red) and proliferative progenitors
with Ki67 (green). Nuclei were stained with TO-PRO-3 (blue). Scale bar = 75 µm. (B) Graphic displays
quantification of the total number of cells (TO-PRO-3 positive) and (C) quantification of Ki67 positive
proliferative progenitors. (D) Fold change of lactate concentration in lactate media obtained from cells
cultured for 5 days in lactate media in the presence or absence of 3MPA (100 µM). Data are plotted as
mean ± SD. *P<0.05, **P<0.01 indicate significant treatment effect.
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One of the possible contributions of PEPCK-M on the metabolism of neuronal cultures

growing in lactate could be favoring biosynthesis and glycosylation of extracellular matrix

proteins (ECM). Laminin, a key component of ECM proteins (Lathia et al, 2007), is

glycoprotein and its expression is associated mainly with progenitor cells (Kazanis et al,

2010). Consistently, laminin expression was higher in the cells grown in lactate

containing media by western blot (Figure R-11).

We hypothesized that neuronal progenitors growing in lactate media would require

PEPCK-M expression to maintain laminin biosynthesis and glycosylation. In this context,

PEPCK-M is the only pathway that can export carbons from lactate and other TCA cycle

intermediates (i.e., glutamine) into the triose and hexose pools, through PEP synthesis

(Méndez-Lucas et al, 2013). Therefore we evaluated implication of PEPCK-M activity on

laminin levels (Figure R-11). Cells were grown for 5 days in lactate medium and last 24h

were treated with 3MPA or DMSO. Inhibition of PEPCK-M resulted in a substantial

decrease in laminin content in cell culture. When expression of TBR2 (neuronal restricted

progenitor marker) was evaluated, a decrease of its expression was also present in

cultures treated with 3MPA (Figure R-11). This is in line with the observed depletion of

Ki67 positive progenitors (Figure R-10).

Figure R-11: Laminin expression in neuronal cultures. Western blot of laminin (basal lamina marker)
in neuronal cultures grown for 5 days in glucose, glucose + lactate and lactate condition. AKT and actin
were used as controls. Western blot of laminin and the neuronal restricted progenitor marker TBR2 in
neuronal cultures grown for 4 days in lactate medium and treated for 1 more day with 3MPA (100 µM)
or DMSO in the same medium. AKT was used as the loading control.

These results are consistent with our hypothesis that PEPCK-M pathway is relevant as a

link of the mitochondrial and glycolytic pools of building blocks necessary to sustain

biosynthetic processes in these cellular models and provides a novel and unique
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explanation to the reprogramming of metabolism identified in neuronal progenitors by

means of alternative carbon sources.

To confirm that progenitor maintenance in the cerebral cortex was effectively mediated

by lactate and PEPCK-M catalytic activity, we performed in vivo experiments. Newborn

mice (postnatal day 0, P0) were treated with lactate (5 mM), an inhibitor of PEPCK-M

(3MPA, 100 µM) or vehicle. Two microliters of the solution were injected into the lateral

ventricle of brain. The effect of lactate and the inhibition of PEPCK-M on progenitors were

evaluated by immunofluorescent staining.

We observed that injection of lactate highly increased the expression of PEPCK-M in the

germinal VZ/SVZ. 3MPA blocks the activity of PEPK-M, but does not affect its expression.

As expected, expression levels of PEPCK-M in control and 3MPA treated mice was similar.

The number of Ki67 positive cycling cells and TBR2 positive neuronal progenitors was

determined in the ventricular/subventricular and intermediate zones (VZ/SVZ, IZ).

Lactate treatment had positive effects on numbers of TBR2 and Ki67 positive cells that

were significantly higher than in control. On the contrary, inhibition of PEPCK-M activity

caused a decrease in the number of those cells, when compared to controls.

As mentioned before, in vitro experiments have shown laminin expression to be affected

by availability of lactate and catalytic capacity of PEPCK-M (Figure R-11). Similar results

were obtained in vivo, where laminin expression in the germinal VZ/SVZ dramatically

increased in lactate-injected animals but decreased in 3MPA injected animals. Taken

together these data provide in vivo corroboration of the crucial role of PEPCK-M and

lactate metabolism in neuronal progenitors.
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Figure R-12: Effect of lactate and PEPCK-M inhibitor 3MPA on neuronal progenitors in vivo.
Coronal sections of postnatal day 3 (P3) mouse cerebral cortex injected at P0 with vehicle (control),
lactate (5 mM) and PEPCK-M inhibitor 3MPA (100 µM). Nuclei were visualized with TO-PRO-3 (blue) and
following staining of coronal sections was proceeded: (A) PEPCK-M (green), (B) Ki67 (cycling progenitors,
red), (C) TBR2 (neuronal restricted progenitors, red), and (D) laminin (basal lamina, red). (A) 1.7 x zoom
of selected section, where only PEPCK-M (green) is pictured. (A,B,C,) Scale bar = 100 µm for section. (D)
Scale bar = 500 µm. (E,F) Graphics displays quantification of the number of cells expressing Ki67 and
TBR2 in the ventricular/subventricular and intermediate zones (VZ/SVZ and IZ) of coronal sections.
Values are the average of 8–10 animals. Data are plotted as mean ± SD. **P<0.01, ***P<0.001 versus
control.
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PEPCK-M role in cancer metabolism
Expression of PEPCK-M in healthy human organism is mainly located in gluconeogenic

organs, like kidney and liver, but also in other tissues, like small intestine and beta cells

of pancreas (Modaressi et al, 1998). However, we observed that its expression pattern

changes in cells undergoing tumorigenic activation, presenting high levels of expression

in cancer cell lines and also tumors of different origins (Table R-2, Table R-4, Figure R

14). High expression of PCK2 was observed in various cancer cell lines with raw CTs

around 26.9 (24.1-34.3), whereas CT values detected for PCK1 in these cell lines were

mostly over the 35 that indicates minimal amount of mRNA (Table R-2). This points to a

preferential expression of the mitochondrial isoform in cancer cell lines.

Interestingly, analysis of several datasets from Oncomine (Rhodes et al, 2004), also shows

a tendency to increase PCK2 expression upon malignant transformation of tissues with

originally low PEPCK-M expression. Furthermore, tumors originating from tissues that

highly express PEPCK-M (e.g. kidney, liver and colon) showed decreased PCK2 expression

(Figure R-13, Table R-3). This tendency was also observed by immunohistochemical

analysis of tissue microarray consistent of multiple normal and cancer tissues. Tumors

originating from tissues such as liver, pancreas, kidney and gastrointestinal tract showed

lower expression of PEPCK-M in cancer cells as compared to their non-malignant healthy

counterparts. On the contrary, most other tissues showed increased expression of

PEPCK-M when underwent malignant transformation (Figure R 14, Table R-4, Figure R-

15 A). Increased PEPCK-M expression was observed for example in cancer of prostate,

lung, uterus, testis (Figure R 14, Table R-4) and breast (Figure R-15 A, Table R-4). Some

structures of healthy tissue of these organs (glands of prostate and uterus, and cells of

seminiferous tubules) were also positively stained with PEPCK-M antibody and these

structures are known for their high anabolic capacity.

Interestingly, values of PCK1 expression in the same Oncomine datasets used to mine

PCK2 data in Figure R-13 indicate decreased PCK1 expression in all types of tumors

regardless the levels of its original expression in healthy tissue. This points to a

preferential role of the mitochondrial isoform of PEPCK in cancer cells.



CANCER 83

PEPCK-M expression in breast cancer is increased as indicated by Oncomine datasets

analysis and also by immunohistochemical analysis. To evaluate its relevance in the

clinical outcome of patients we performed analysis of all publicly available gene

expression datasets of breast cancer patients using a Kaplan-Meier Plotter tool (Györffy

et al, 2010; Szász et al, 2016). This analysis showed that increased expression of PCK2 is

related to worsen relapse free survival in these patients Figure R-15 B).

All this led us to hypothesize that PEPCK-M could play an important role in cancer

metabolism. Therefore we decided to conduct experiments that would help us identify the

mechanism for its implication in cancer biology.

Figure R-13: PCK1 and PCK2 expression in cancer cell lines and tumors. Graphical representation
of log2 median centered ratio of PCK2 and PCK1 mRNA expression acquired from Oncomine database
(https://www.oncomine.org; Rhodes et al., 2004). References and values are listed in the Table R-3.
Missing values for PCK1 expression were not significant or were not analyzed in mentioned dataset.
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Cell line Origin
Raw
CT
PCK2

SD
Raw
CT
PCK1

SD
Raw
CT
Ctrl

SD

HeLa epithelioid cervix carcinoma
(Hs)

28.41 0.55 36.04 0.54 25.23 0.09

Jurkat T lymphocyte cells (Hs) 28.93 0.35 38.99 1.75 25.71 0.1

MCF7 breast adenocarcinoma (Hs) 27.38 0.34 36.55 2.99 26.7 0.22

SaOs-2 osteogenic sarcoma (Hs) 25.62 0.28 34.56 0.38 26.7 0.11

T98 glioblastoma (Hs) 26.53 0.40 36.80 0.07 25.55 0.25

U-2 OS osteosarcoma (Hs) 25.44 0.06 35.35 1.50 24.81 0.05

U87 glioblastoma (Hs) 26.51 0.45 35.68 1.34 25.28 0.09

SW480 colon adenocarcinoma (Hs) 25.60 0.09 32.75 0.32 24.67 0.19

MDA-MB-
231 breast adenocarcinoma (Hs) 24.49 0.45 33.80 0.18 23.63 0.2

SH-SYSY bone marrow neuroblast (Hs) 34.28 0.38
not
detected 33 0.07

3T3 L1 embryonic fibroblast (Mm) 24.09 0.19 32.39 0.19 19.68 0.06

C2C12 immortalized myoblast (Mm) 29.13 0.22 32.68 0.25 23.96 0.02

MC3T3 preosteoblast (Mm) 24.75 0.31 33.89 0.70 19.8 0.03

3T3-KRas embryonic fibroblast (Mm) 25.42 0.17 34.53 3.68 2.96 0.02

MEF embryonic fibroblast (Mm) 24.19 0.24 36.33 1.09 19.29 0.02

Table R-2: Expression levels of PCK1 and PCK2 in selected cell lines. Raw CT values of PCK1 and
PCK2 mRNA expression in various human (Hs) and murine (Mm) cancer cell lines and immortalized cell
lines were identified by quantitative real time PCR. As endogenous control (Ctrl) TBP was used for human
cell lines and β-actin for mouse cell lines, except 3T3-KRas where 18S was used.
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Tissue of origin

Log2 median
centered ratio Oncomine dataset (reference)
PCK2 PCK1

Bladder 1.864 - Sanchez-Carbayo Bladder 2 (Sanchez-Carbayo et al, 2006)

Bladder 1.927 - Dyrskjot Bladder 3 (Dyrskjøt et al, 2004)

Bladder 2.101 - Dyrskjot Bladder 3 (Dyrskjøt et al, 2004)

Bladder 3.063 - Sanchez-Carbayo Bladder 2 (Sanchez-Carbayo et al, 2006)

Blood 2.098 - Pyeon Multi-cancer (Pyeon et al, 2007)

Blood 1.501 - Zhan Myeloma 3 (Zhan et al, 2008)

Blood 1.542 - Zhan Myeloma 3 (Zhan et al, 2008)

Blood 1.914 - Brune Lymphoma (Brune et al, 2008)

Blood 2.097 - Brune Lymphoma (Brune et al, 2008)

Blood 2.641 - Piccaluga Lymphoma (Piccaluga et al, 2007)

Blood 4.610 - Andersson Leukemia (Andersson et al, 2007)

Blood 5.489 - Andersson Leukemia (Andersson et al, 2007)

Blood 5.602 - Piccaluga Lymphoma (Piccaluga et al, 2007)

Blood -3.378 -8.432 Finak Breast (Finak et al, 2008)

Breast 1.572 -2.608 Curtis Breast (Curtis et al, 2012)

Breast 1.618 -1.949 Curtis Breast (Curtis et al, 2012)

Breast 1.636 - Curtis Breast (Curtis et al, 2012)

Breast 1.685 -1.893 Curtis Breast (Curtis et al, 2012)

Breast 1.704 -1.98 Curtis Breast (Curtis et al, 2012)

Breast 1.747 -1.971 Curtis Breast (Curtis et al, 2012)

Breast 1.809 -1.982 Curtis Breast (Curtis et al, 2012)

Breast 1.884 - Ma Breast 4 (Ma et al, 2009)

Breast 2.077 -2.043 Curtis Breast (Curtis et al, 2012)

Breast 1.572 - Pyeon Multi-cancer (Pyeon et al, 2007)

FRS 2.333 - Biewenga Cervix (Biewenga et al, 2008)

FRS 3.470 - Yoshihara Ovarian (Yoshihara et al, 2009)

Table R-3: Oncomine datasets reference list. Continuing on the next page
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Gastrointestinal -4.035 - Cho Gastric (Cho et al, 2011)

Gastrointestinal -2.409 - Chen Gastric (Chen et al, 2003)

Gastrointestinal -2.162 - Skrzypczak Colorectal 2 (Skrzypczak et al, 2010)

Gastrointestinal -2.020 - Kaiser Colon (Kaiser et al, 2007)

Gastrointestinal -1.741 - Kaiser Colon (Kaiser et al, 2007)

Gastrointestinal -1.736 - Kaiser Colon (Kaiser et al, 2007)

Gastrointestinal -1.730 -11.78 Gaedcke Colorectal (Gaedcke et al, 2010)

Gastrointestinal -1.647 - Kaiser Colon (Kaiser et al, 2007)

Gastrointestinal -1.576 -10.11 Skrzypczak Colorectal 2 (Skrzypczak et al, 2010)

Gastrointestinal -1.546 -6.755 Skrzypczak Colorectal 2 (Skrzypczak et al, 2010)

Gastrointestinal -1.501 -5.458 Kaiser Colon (Kaiser et al, 2007)

Heptocellular -2.862 -5.15 Chen Liver (Zhou et al, 2002)

Heptocellular -2.862 -10.35 Roessler Liver (Roessler et al, 2010)

Hepatocellular -3.400 -7.603 Roessler Liver (Roessler et al, 2010)

Liposarcoma -3.191 - Barretina Sarcoma (Barretina et al, 2010)

Liposarcoma -2.817 - Barretina Sarcoma (Barretina et al, 2010)

Renal -10.41 -14.78 Beroukhim Renal (Beroukhim et al, 2009)

Renal -9.677 -23.35 Beroukhim Renal (Beroukhim et al, 2009)

Renal -8.552 - Lenburg Renal (Lenburg et al, 2003)

Renal -7.623 - Gumz Renal (Gumz et al, 2007)

Renal -4.330 - Jones Renal (Jones et al, 2005)

Renal -3.547 -8.938 Jones Renal (Jones et al, 2005)

Renal -3.474 -18.9 Jones Renal (Jones et al, 2005)

Table R-3: Oncomine datasets reference list. Log2 median centered ratio of PCK1 and PCK2 in
different cancers analyzed with Oncomine (https://www.oncomine.org; Rhodes et al., 2004). Analysis
type: Cancer versus Normal, threshold at p=1E-5 and top gene rank 10%. Graphical representation of
the data is in Figure R-13. Missing values for PCK1 expression were not significant or were not analyzed
in given dataset. Reference to original study is listed.
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ID Organ Histological diagnosis Differen-
tiation + scale Intensity (mean)

A1-3 Esophagus Squamous cell carcinoma Poorly +++, +, ++ 68.4, 14.8, 33.9

B1-3 Esophagus tissue (normal) +/-, +/-, +/- 10.6, 23.4, 15.3

A4 Stomach Adenocarcinoma Moderately + 28.10

A5 Fibrous tissue, smooth muscle + 35.10

A6 Mucinous adenocarcinoma Poorly +/- 11.90

B4-6 Gastric body tissue (normal) +++, +, +++ 70.3, 38.1, 63.8

A7 Colon Mucinous adenocarcinoma Poorly +/- 15.00

A8 Mucinous adenocarcinoma Moderately +++ 84.00

A9 Fibrous tissue ++ 66.5

B7-9 Colon tissue (normal) ++, +++, +/- 27.4, 55.7, 25

A10-12 Prostate Adenocarcinoma +++, +++, ++ 89.4, 87.8, 66.7

B10-12 Prostate tissue (normal) +, ++, + 19.1, 43.5, 30.4

C1, 2 Liver Hepatocellular carcinoma Moderately ++, ++ 53.6, 87,5

C3 Hepatocellular carcinoma Poorly + 30.4

D1-3 Nodular cirrhosis (normal) +++, +++, +++ 143.5, 120.4, 104.8

C4, 5 Lung Adenocarcinoma Moderately +, +/- 13.8, 9

C6 Squamous cell carcinoma Moderately + 24.1

D4-6 Lung tissue (normal) +/-, +/-, +/- 4.6, 7.4, 10

C7, 8 Kidney Clear cell carcinoma +/-, + 27.4, 42.2

C9 Nephroblastoma +/- 15.2

D7-9 Kidney tissue (normal) +, ++, ++ 26.2, 70.5, 56.8

C10, 11 Breast Infiltrating ductal carcinoma Moderately ++, ++ 23.2, 38.7

C12 Infiltrating ductal carcinoma Well + 23.4

D10-12 Breast tissue (normal) +/-, +/-, +/- 2.4, 8, 5

E1 Uterine cervix Squamous cell carcinoma Poorly + 10.8

E2, 3 Squamous cell carcinoma Moderately ++, + 38.6, 10.2

F1 Cervical canal tissue (normal) +/- 6.2

F2 Fibrous tissue (normal) +/- 7.1

F3 Cervix tissue (normal) +/- 3.9

Table R-4: Evaluation of PEPCK-M expression in 48 cores of tumors and 48 cores of normal tissue
from microarray BCN962 (US Biomax). Continuing on the next page.
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E4-6 Ovary Serous adenocarcinoma Poorly ++, +/-, +/- 20.3, 11.6, 8.1

F4-6 Ovary tissue (normal) +, +, +/- 16.9, 12.3, 12.2

E7, 9 Bladder Urothelial carcinoma Moderately +/-, ++ 4.5, 56.4

E8 Poorly +++ 19.8

F7-9 Bladder tissue (normal) +, ++, + 23.5, 33.3, 29.7

E10-12 Lymph node Large B-cell lymphoma +, +, +/- 14.1, 17, 6.6

F10-12 Stomach Lymph node tissue (normal) +, +, + 24, 17.3, 22.3

G1-2 Skin Squamous cell carcinoma Well ++, +++ 41.4, 59.7

G3 Poorly ++ 45.2

H1-3 Skin tissue (normal) +, ++, + 24.9, 24, 17.1

G4, 6 Pancreas Adenocarcinoma Poorly +/-, ++ 7.5, 32

G5 Pancreas tissue +++
61.2

H4-6 Pancreas tissue (normal) ++, +++, +++ 30.1, 66.7, 67.4

G7, 8 Testis Seminoma ++, ++ 45.9, 49.7

G9 Testis tissue + 11.7

G10 Fibrofatty tissue + 18.4

G11 Embryonic rhabdomyosarcoma +/- 4.3

H7-10 Testis tissue (normal) +, ++, ++, ++ 38.5, 40.4, 49.6, 41.2

G12 Tongue Alveoloar rhabdomyosarcoma +/- 13.1

H11-12 Placenta Placenta tissue (normal) ++, + 30.5, 33.7

Table R-4: Evaluation of PEPCK-M expression in 48 cores of tumors and 48 cores of normal tissue
from microarray BCN962 (US Biomax). The organ type, histological diagnosis, differentiation, PEPCK-
M expression status (+/- no or very weak, + weak, ++ moderate and +++ strong) and mean intensity of
PEPCK-M staining are shown for each sample. Mean intensity was evaluated with ImageJ using plugin
IHC Toolbox (Shu et al, 2013).
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Figure R 14: PEPCK-M expression in different malignant and normal tissues. Immunohistochemical
analysis of PEPCK-M expression in selected types of tumors and their matched non-neoplastic tissue
microarray BCN962 (US Biomax). Samples were stained with hematoxylin and PEPCK-M antibody. Scale
bar = 200 µm.
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Figure R-15: PEPCK-M expression in breast cancer and its impact on survival. (A)
Imunohistochemistry of PEPCK-M expression in three independent human breast cancer samples and
their non-neoplastic counterparts from tissue microarray panel BCN962 (US Biomax). Scale bar = 200
µm. (B) Relapse free survival of breast cancer patients with high and low expression levels of PEPCK-M.
Data from publically available dataset (GEO (Affymetrix microarrays only), EGA and TCGA) were
compiled and analyzed using a Kaplan-Meier plotter tool for breast cancer
(http://kmplot.com/analysis/index.php?p=service; Györffy et al., 2010; Szász et al., 2016). Number of
analyzed cases is 3955 and no restriction for breast cancer subtypes was applied.
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2.1 Model for the study of PEPCK-M role in cancer cell metabolism

For the most part, experiments have been performed on human breast cancer cells,

MCF7. Another two cell lines, NIH-3T3-KRas (transformed mouse embryonic fibroblasts

carrying a mutation at codon 12 KRasG12V, denominated 3T3-KRas) and HCT116 (human

colon cancer cell line), were used to complement the results. All cell lines used were

subjected to manipulation of PEPCK-M expression to obtain stable lines with reduced or

increased PEPCK-M levels. 3T3-KRas showed resistance to silencing with either siRNA or

shRNA lentiviral vectors. Therefore, the experiments with 3T3-KRas cells were performed

by chemical inhibition of PEPCK activity with 3MPA.

Silencing of PEPCK-M was obtained by infecting cells with lentiviral vector containing

shRNA against the mitochondrial isoform of PEPCK or scrambled shRNA. We derived two

MCF7 lines with effective knock down of PEPCK-M denominated sh1-PCK2 and sh2-

PCK2. These cells expressed roughly 35% (sh1-PCK2) and 44% (sh2-PCK2) of PEPCK-M

protein when compared to wild-type MCF7 (Figure R-16 A,B). MCF7 cells expressing

scrambled shRNA, denominated shCtrl, were used as a control and showed similar

expression of PEPCK-M as the wild type cells (Figure R-16 A,B). Analysis of PCK2 mRNA

expression showed a 74% reduction in sh1-PCK2 MCF7 cells (Figure R-16 C). Lastly, we

examined the impact of silencing on enzymatic activity. PEPCK-M activity was reduced to

50% (sh2-PCK2) and 53% (sh1-PCK2) when compared to shCtrl MCF7 cells (Figure R-16

D).

Overexpression of PEPCK-M in MCF7 cells was acquired by infecting cells with lentiviral

vector expressing human PCK2 cDNA under the CMV promoter and cells were

denominated L-PCK2. A 2.5-fold increase in PEPCK-M protein expression was obtained

as compared to MCF7 WT (Figure R-16 A,B). Analysis of PCK2 mRNA expression showed

a 29-fold induction in L-PCK2 MCF7 cells (Figure R-16 C) and enzymatic activity of

PEPCK-M was 3.3-fold higher in these cells when compared to shCtrl MCF7 (Figure R-16

D).
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Figure R-16: MCF7 model for the study of PEPCK-M role in cancer. Stable silencing and
overexpression of PEPCK-M in MCF7 cell line were obtained using lentiviral vectors containing inserts
of shRNA against PCK2 or inserts of PCK2 cDNA, respectively. (A) Western blot analysis of mitochondrial
and cytosolic PEPCK expression levels in MCF7 with altered PEPCK-M expression levels: overexpressed
(L-PCK2), basal (shCtrl and WT) and knocked down PEPCK-M (sh1-PCK2 and sh2-PCK2). As a positive
control of PEPCK-C expression, extracts from mouse liver and Fao hepatoma cells were used. (B) Western
blot quantification of PEPCK-M protein abundance in MCF7 modified lines. (C) Quantitative real-time
PCR was performed to determine PCK2 mRNA levels in MCF7 shCtrl, sh1-PCK2 and L-PCK2 cells. The
quantification of PCK2 expression was normalized to GAPDH and TBP. (D) PEPCK-M enzyme activity in
MCF7 cell lines shCtrl, sh1-PCK2, sh2-PCK2 and L-PCK2. (B) **P<0.01, ***P<0.001 versus WT (C,D)
**P<0.01, ***P<0.001 versus shCtrl.

Western blot analysis of PEPCK-M in MCF7 L-PCK2 showed two different bands with a

small difference in molecular weight (Figure R-17 A). The lower band was identified as

intrinsic PEPCK-M as it has the same size as the wild type protein. Increased molecular

weight in the upper band is probably caused by the fact that the PCK2 cDNA is inserted

before a V5 tag in lentiviral vector. Overlap of two western blot images demonstrated that

the upper band of PEPCK-M is identical to the band detected by a V5 specific antibody

(Figure R-17 A). Therefore, the upper band belongs to PEPCK-M protein produced from

the lentiviral vector and its size is increased by the V5 tag. As the size of PEPCK-M protein

in L-PCK2 is bigger, immunohistochemistry was performed to confirm that the presence
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of the V5 tag does not prevent the protein from its mitochondrial import. PEPCK-M

originating from L-PCK2 MCF7 was visualized by staining with anti-V5 antibodies. V5

staining merged with MitoTracker colabeled mitochondria, demonstrating appropriate

localization and no negative effects of the V5 tag on protein maturation and transport in

L-PCK2 cells (Figure R-17 B).

All the results of expression and enzymatic activity confirm that we obtained a successful

model to the study of PEPCK-M relevance in cancer metabolism in the MCF7 background.

Figure R-17: L-PCK2 MCF7 cell line. (A) Comparison of PEPCK-M band distribution in WT and L-PCK2
MCF7 cells. An overlap of western blot images shows band of PEPCK-M (red) and V5 (green) in MCF7
WT and L-PCK2. (B) Immunofluorescence staining of MCF7 L-PCK2 cells. Cells were stained for V5 tag
(green) and mitochondria were visualized by MitoTracker (red). Merge of V5 and MitoTracker is showed
in yellow.

Most cell lines, and among them also MCF7 breast cancer cell line, do preferentially

express mitochondrial isoform of PEPCK rather than the cytosolic one (Table R-2). We

confirmed this by western blot analysis where we observed that parental MCF7 cell line

(WT) does not express cytosolic isoform of PEPCK and that changes in PEPCK-M

expression do not have any effect on the expression of PEPCK-C, which stays undetected

in sh1-PCK2, sh2-PCK2, shCtrl and L-PCK2 (Figure R-16 A).

HCT116 cell line with knocked down PEPCK-M (shPCK2) was obtained by infecting cells

with a mix of 3 different lentiviral vectors containing shRNAs against PEPCK-M. We

obtained a stable line with 27% of the PEPCK-M protein expression levels found in shCtrl

cells (Figure R-18). Similarly to MCF7 cell lines, we did not detect PEPCK-C expression in

shCtrl, neither in shPCK2 cells (Figure R-18).
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Figure R-18: HCT116 model with silenced PEPCK-M expression. Western blot analysis of PEPCK-M
in stably silenced and control HCT116 cell lines. Silencing was obtained by infecting cells with a mixture
of lentiviral vectors containing shRNA against PEPCK-M. As a control, HCT116 cell line expressing
scrambled shRNA was used. Western blot quantification of PEPCK-M abundance is displayed in the
graphic on the right, * P<0.05.

2.2 Consequences of PEPCK-M silencing on growth and metabolism

Preferential expression of PEPCK-M detected in different tumors and cancer cell lines

encouraged our hypothesis of an important role of PEPCK-M in tumor metabolism. As a

first indicator of changes in metabolism, we decided to analyze growth induced by

changes in PEPCK-M activity in our model lines. MCF7 cells were grown in DMEM media

with 25 mM glucose and the number of cells was indirectly assessed using either MTT or

crystal violet (CV) assays (Figure R-19). MCF7 cells with knocked down PEPCK-M (sh1-

PCK2 and sh2-PCK2) showed significant decrease in cell count when compared to control.

This effect was detected using either assay: MTT (11% reduction) and CV (18% reduction)

for sh1-PCK2 and 21% (MTT) and 20% (CV) for sh2-PCK2 (Figure R-19 A,B).

Overexpression of PEPCK-M did not favor growth rates when compared to shCtrl at least

for the range of examined time, as no significant effects were detected (Figure R-19 A,B).

Similarly, a negative impact of PEPCK-M silencing on growth was observed in HCT116

cells. ShPCK2 HCT116 cells showed decreased cell number after 24h of growth in DMEM

media containing 25 mM glucose. When compared to shCtrl, cell number for shPCK2

cells was decreased by 17% when analyzed by MTT assay and by 10% when analyzed by

CV assay.

To analyze the effect of the inhibition of PEPCK-M on cell growth in 3T3-KRas cells, we
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cultured them in DMEM medium with 25 mM glucose in the presence of DMSO (control)

or 100 µM 3MPA (inhibitor of PEPCK enzymatic activity). Crystal violet assay showed that

inhibition of PEPCK-M decreased cell count by 21.5% in this cell line (Figure R-19 C).

Taken together, PEPCK-M inhibition demonstrated an impact on cell growth in MCF7,

HCT116 and 3T3-KRas cell lines. These differences in growth can be caused by slower

growth, or by induced cell death. Therefore the presence of apoptosis and necrosis was

evaluated.

Figure R-19: Cell growth rates of MCF7, 3T3-KRas and HCT116 cells with altered PEPCK-M
activity. (A,B) MCF7 cells with basal (shCtrl), reduced (sh1-PCK2, sh2-PCK2) and increased (L-PCK2)
levels of PEPCK-M were grown in DMEM media with 25 mM glucose. Cell number was analyzed at 24h
by MTT assay (A) and crystal violet assay (B). (C) 3T3-KRas cells treated with DMSO and 3MPA (100 µM)
were grown in DMEM media with 25 mM glucose and growth was evaluated using crystal violet  assay
at 24h. (D,E) ShCtrl and shPCK2 HCT116 cells were grown in DMEM media with 25 mM glucose and
cell number was analyzed at 24h with MTT (n=1) (D) and CV (n=1) (E) assay. (A,B,C,D,E) Ratio to shCtrl
was plotted. *P<0.05, ***P<0.001 versus shCtrl (A,B) or DMSO (C).
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We did not observe any morphological changes that would indicate the presence of cell

death in MCF7 and 3T3-KRas cells with decreased PEPCK-M activity grown in DMEM

with 25 mM glucose. Nevertheless, apoptosis and necrosis were analyzed by Annexin V

staining by flow cytometry. Annexin V binds preferentially to phosphatidylserine, which

is exposed in outer plasma membrane, when cell undergo apoptosis. Therefore, cells

stained with Annexin V are identified as apoptotic. Cells stained with Annexin V and

7AAD (cell impermeable DNA stain) at the same time are identified as necrotic or as cells

in late apoptosis. Annexin V staining was assessed in MCF7 shCtrl and sh1-PCK2 cells,

and 3T3-KRas cells treated with DMSO or 3MPA (100 µM). Results showed a very low

percentage of dying cells in either condition. No significant changes were found when

comparing MCF7 shCtrl and MCF7 sh1-PCK2 cells (2.6 ± 0.36% and 3.21 ± 0.62%,

respectively) (Figure R-20 A), or when comparing 3T3-KRas cells with basal (DMSO – 9.33

± 0.68%) and inhibited (3MPA – 8.07 ± 1.04%) PEPCK activity (Figure R-20 B).

Figure R-20: Cell death quantification in MCF7 and 3T3-KRas cells. Analysis of apoptotic (annexin
positive) and late apoptotic/necrotic (annexin+7AAD positive) cells by flow cytometry. (A) Percentage of
apoptotic MCF7 cells grown in DMEM media with 25 mM glucose for 24h. (B) Percentage of apoptotic
3T3-KRas cells growing in DMEM media with 25 mM glucose for 48h in the presence of DMSO or 3MPA
(100 µM).

Taken together, these data suggest that decrease in cell number in MCF7 and 3T3-KRas

cells with reduced/inhibited PEPCK-M activity is not caused by apoptosis or necrosis.

Therefore we conclude that the difference in the observed number of cells (Figure R-19)

is caused by the growth rate impairment in cells lacking a full complement of PEPCK-M

activity. At this point we examined cell cycle that could give us more detailed picture of
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changes occurring upon PEPCK-M silencing in cell growth. However, analysis of cell cycle

in shCtrl and sh1-PCK2 cells did not show any differences that would explain decreased

growth of silenced MCF7 cells (Figure R-21).

Figure R-21: Cell cycle analysis of MCF7 cells. MCF7 cells were grown in 25 mM glucose media for
24h. Cells were not synchronized and were analyzed in exponential phase of growth. Analysis of cell
cycle was done using 7AAD staining. Fluorescence was measured by flow cytometry and data were
analyzed using ModFit LT V3.3.11.

Findings that lower PEPCK-M activity has an effect on growth of cells in media with a rich

source of metabolites pointed to the importance of metabolic changes occurring under

PEPCK-M silencing. Therefore we decided to submit MCF7 cells to analysis of its

metabolic profile.

First, glycolytic metabolism was evaluated by analyzing glucose consumption and lactate

production in cells in exponential phase growing in the presence of 25 mM (high

glucose/HG) and 1 mM (low glucose/LG) glucose. Incubation in low glucose conditions

was decreased to 8h to avoid glucose exhaustion.

Silencing of PEPCK-M caused a 12% decrease in glucose consumption in HG and a 5%

decrease in LG conditions, when compared to control cell line, however analysis of lactate

production showed no differences.

Results of glucose and lactate metabolism were also used to calculate lactate/glucose

ratio, which indicate how many incoming molecules of glucose are converted to lactate.

One molecule of glucose can give rise to two molecules of lactate. Therefore, values can
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range from 0 (0% conversion) to 2 (100% conversion) without taking into account possible

flux of glutamine carbons into lactate as we did not confirmed this flux in MCF7 cells

(Figure R-32). We saw, that MCF7 sh1-PCK2 cells show higher lactate/glucose ratio (1.79

in HG; 1.83 in LG) as compared to shCtrl (1.64 in HG; 1.76 in LG) and L-PCK2 (1.64 in

HG; 1.71 in LG) (Figure R-22 C). Therefore, sh1-PCK2 cells convert 89.5% (in HG) or

91.5% (in LG) of consumed glucose molecules to lactate, whereas shCtrl converts 82% (in

HG) and 88% (in LG), and L-PCK2 82% (in HG) and 85.5% (in LG) (Figure R-22 D).

Observed differences in glucose/lactate ratio indicate possible alterations on the

destination of glucose derived pyruvate in cells. Therefore, we were interested if silencing

of PEPCK-M has any effect on mitochondrial respiratory activity by measuring oxygen

consumption rates. Analysis of oxygen consumption in shCtrl and sh1-PCK2 cells did not

reveal any changes in oxygen consumption rates (Figure R 22). Additionally, these results

were supported by western blot analysis, where we observed similar levels of pyruvate

dehydrogenase (PDH) phosphorylation (Figure R 23). PDH is the enzyme that participates

at the conversion of pyruvate into acetyl-CoA that is oxidized in the TCA cycle.

Phosphorylation is inhibiting the activity of this enzyme and can indicate regulation of

the flux of pyruvate into mitochondria. Therefore, similar levels of PDH phosphorylation

would indicate similar activity of this enzyme. No changes in respiration are also

consistent with results obtained by metabolomics studies, where glutamine consumption

was unchanged upon silencing PEPCK-M (Figure R 27).

Decreased glucose consumption observed in sh1-PCK2 cells (Figure R-22) and previously

described reduction of glycolytic rate in MCF7 cells upon PEPCK-M silencing in our

laboratory (Méndez-Lucas et al., 2014) led us to evaluate PI3K pathway implicated in the

regulation of glycolysis by analyzing AKT phosphorylation (pAKT). However, no changes

in AKT phosphorylation that would correlate with observed changes in glucose

metabolism were observed (Figure R 23). Interestingly, the phosphorylation pattern of S6

ribosomal protein (pS6) the mTOR pathway downstream of PI3K signaling was highly

affected by PEPCK-M silencing (Figure R 23). This would suggest the implication of other

pathways that activate S6, a protein connected to enhanced translation, in sh1-PCK2

cells. Overexpression of PEPCK-M had no effect on glucose consumption. However,
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decreased lactate production was observed in L-PCK2 MCF7 cells when grown in LG

conditions. L-PCK2 had lower pAKT expression but no changes were observed in S6 or

PDH phosphorylation.

Figure R-22: Glucose and lactate metabolism in MCF7 cells. (A) Fold change of glucose consumption
and lactate production (µg/mg of protein*h) in MCF7 cells grown in 25 mM glucose medium for 24h. (B)
Fold change of glucose consumption and lactate production (µg/mg of protein*h) in MCF7 cells grown
in 1 mM glucose medium for 8h. (C) Glucose to lactate ratio in cells grown in 25 mM glucose medium
for 24h. (D) Glucose to lactate ratio in cells grown in 25 mM glucose medium for 8h. *P<0.05, **P<0.01
versus shCtrl, #P<0.05 sh1-PCK2 versus L-PCK2.
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Figure R-23: Oxygen consumption rates in MCF7 cells. Oxygen consumption rates (OCR) were taken
from routine respiration using a high resolution apparatus (Oxygraph-2K). During the assay, MCF7
shCtrl and sh1-PCK2 cells were incubated in respiration media and data was taken after stabilization
for at least 10 min.

Figure R-24: Western blot analysis and relative quantification of selected proteins. Expression of
pAKT, pPDH-E1a and pS6 was detected in MCF7 cells growing for 24h in DMEM media containing (A)
25 mM glucose (HG) and (B) 1 mM glucose (LG). Quantification of western blots was performed: pAKT
(HG n=4, LG n=1), pPDH-E1a (HG n=6, LG=1), pS6 (HG n=6, LG n=3). **P<0.01, ***P<0.001 versus
shCtrl. ##P<0.01 versus sh1-PCK2.
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2.3 Effect of PEPCK-M expression levels on TCA cycle metabolism

The impact of PEPCK-M expression on glucose metabolism and the associated changes

in lactate/glucose ratio point to possible PEPCK-M dependent metabolic alterations in

the TCA cycle and its cataplerotic and anaplerotic capacities. Therefore we decided to

subject our MCF7 models to metabolomics analysis, which was performed in

collaboration with the laboratory of Dr. Shawn Burgess at UT Southwestern, Dallas, USA.

Concentration and stable isotope labeling of several amino acids and organic acids were

quantified.

To analyze TCA cycle metabolism, cells were fed with uniformly labeled glutamine

containing carbon isotope 13C ([U-13C] glutamine). As 13C from glutamine is distributed

among various metabolites, their mass increase proportionally to the number of

incorporated carbons. This increase in mass was detected by mass spectrometry. Isotope

distribution in metabolites is marked as m+x, where the m stands for natural mass of the

metabolite and the x indicate number of incorporated 13C carbons.

[U-13C] glutamine can be metabolized in the TCA cycle in forward (oxidative metabolism)

and reverse direction (reductive carboxylation) (Zhang et al, 2014), depending on the

metabolic adaptations of the tumor. 13C isotope distribution from [U-13C] glutamine into

TCA cycle and other intermediates give us important information about anaplerosis,

cataplerosis and the TCA cycle activity.

The possible carbon flow from [U-13C] glutamine into TCA cycle intermediates and other

metabolites is explained in the schemes in Figure R-25.
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Figure R-25: Schematic diagram of isotope distribution from [U-13C] glutamine. (A) Oxidative
metabolism of glutamine: [U-13C] glutamine transfer four 13C carbons to TCA cycle intermediates,
generating m+4 succinate, fumarate, malate and oxaloacetate (OAA). In the second cycle, m+2 succinate,
fumarate, malate and oxaloacetate are formed. Reductive metabolism of glutamine: [U-13C] glutamine
transfer five 13C isotopes to alpha-ketoglutarate (α-KG), which is converted to m+5 citrate. M+5 citrate
give rise to acetyl-CoA (fully labeled – m+2) and m+3 OAA, malate and fumarate in the reverse reactions.
(B) During oxidative metabolism of glutamine, PEPCK-M can convert fully labeled OAA (m+4) to fully
labeled PEP (m+3) and subsequently to fully labeled pyruvate (m+3). M+3 pyruvate can be also formed
through malic enzyme (ME) from m+4 malate. M+3 pyruvate can be later converted to m+3 lactate or
m+2 acetyl-CoA. M+2 acetyl-CoA than form m+6 citrate, when condensates with m+4 OAA. M+6 citrate
generate fully labeled intermediates of the TCA cycle. Although, if labeled acetyl-CoA is formed, it might
not rich 100% and therefore, in second cycle m+4 or m+2 four carbon intermediates can be formed. If
fully labeled PEP is formed, it can be converted to glycerol-3 phosphate, which is precursor for formation
of different glycolytic intermediates and amino acids. In the protocol we used, we detected isotopomer
distribution into serine and glycine. (A,B) 13C are represented in first cycle by black circles and in second
by grey circles. Empty circles represents 12C. Reductive carboxylation pathway is represented by orange
circles (13C).

To analyze the behavior of the TCA cycle in the presence of glucose, MCF7 cells with basal

(shCtrl), reduced (sh1-PCK2) and increased (L-PCK2) expression of PEPCK-M were grown

in DMEM medium containing 25 mM glucose. When cells reached 70-80% confluency,

medium was changed to the same type of medium containing 2mM [U-13C] glutamine

tracer. Cells were incubated for 4h and quenched. Enrichment of TCA cycle

intermediates, selected amino acids, pyruvate and lactate were detected.
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The distribution of 13C from glutamine into TCA cycle intermediates showed several

differences among MCF7 cells with modified PEPCK-M expression levels (Figure R-26).

Generally, MCF7 sh1-PCK2 showed significantly lower percentage of non-labeled (m+0)

pool in α-KG, succinate, malate and oxaloacetate, when compared to shCtrl and L-PCK2

MCF7 cells. On the contrary, a greater distribution of labeled metabolites mainly in m+4

species of succinate, malate and oxaloacetate was observed in sh1-PCK2 cells (Figure R-

27). Labeling of m+4 species originates from oxidative metabolism of glutamine (Figure

R-25). One of the potential explanations for increased labeling in sh1-PCK2 could be the

presence of higher anaplerotic flux of glutamine through the TCA cycle. Examination of

isotopomer distribution shows that 95% of glutamine in all cell lines is fully labeled (m+5).

Our isotopomer distribution data reveals small changes in m+5 glutamate and α-

ketoglutarate. However, these changes cannot explain the observed accumulation of m+4

species in sh1-PCK2 cells. Thereby, we can exclude that transport or altered anaplerotic

entry of glutamine through α-ketoglutarate into the TCA cycle are responsible for changes

in m+4 pools. Moreover, this finding is supported by the fact that glutamine consumption

in these cells showed very similar rates after 24h of incubation in DMEM media

containing 25 mM glucose (Figure R-28). Expression analysis of genes implicated in

glutamine metabolism showed expression of GLS1 isoform of glutaminase, whereas GLS2

isoform was not detectable. Expression of GLUL, glutamine synthetase was also detected.

GLS1/GLUL expression ratio is 0.77 in all; shCtrl, sh1-PCK2 and L-PCK2 cells; indicating

glutamine catabolic activities. Cells overexpressing PEPCK-M showed significant increase

of GLS1 expression.
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Figure R-26: 13C isotopomer distribution from fully labeled glutamine into TCA cycle
intermediates. MCF7 cells with different expression levels of PEPCK-M were exposed to 2mM [U-13C]
Gln in DMEM media containing 25 mM glucose and 10% dFCS. Isotopomer distribution was detected
by GC-MS. Data are plotted as mean ± SD. *P<0.05, **P<0.01, ***P<0.001 versus shCtrl. #P<0.05,
##P<0.01, ###P<0.001 versus sh1-PCK2.
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Figure R-27: Metabolism of glutamine. Abundance of m+4, m+3 and m+5 species of selected TCA
cycle intermediates from Figure R-26. *P<0.05, **P<0.01, ***P<0.001 versus shCtrl. #P<0.05, ##P<0.01
versus sh1-PCK2.

Figure R-28: Glutamine utilization by MCF7 cells. Consumption rate of glutamine in MCF7 cells
grown 24h in DMEM media with 25 mM glucose, 10% dFCS and 2mM Gln. Concentration of glutamine
in medium was analyzed by LC-MS.

Figure R-29: Expression pattern of enzymes involved in glutamine metabolism. Quantitative real
time analysis was used to analyze expression of GLS1 and GLUL (n=2) in cells grown 24h at presence of
25 mM glucose. The quantification of mRNA was normalized to TBP and GUSB. *P<0.05 versus shCtrl.
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It is noteworthy that succinate, from all the TCA cycle intermediates, shows the most

significant changes in the pool of m+4 species (Figure R-27). Sh1-PCK2 showed a 1.7-fold

increase in m+4 labeling of succinate when compared to control and a 1.6-fold increase

when compared to L-PCK2. As we mentioned, glutamine flux into the TCA cycle does not

seem to play a role in changes of m+4 species, therefore we assume that differences

observed in succinate labeling in sh1-PCK2 MCF7 versus shCtrl and L-PCK2 might be

caused by changes in the metabolism of α-KG into succinate or by alternative pathways

that could metabolize glutamine into succinate (for example the GABA shunt).

Interestingly, m+4 species of succinate form 11.4 – 19% of its pool whereas m+5 species

of α-KG (the precursor of m+4 succinate) accounted for 66-69%. This inequality can be

explained by the presence of a larger pool of unlabeled succinate in the cells which might

proceeds from other sources than the oxidative TCA cycle. Therefore we evaluated the

consumption of branched-chain amino acids that are catabolized into succinate. Valine,

leucine and isoleucine consumption stand together for 27.11% of detected consumed

amino acids in MCF7 shCtrl cells (Figure R-30). However, comparison of concentrations

of consumed valine, leucine and isoleucine did not show any significant differences

among infected MCF7 cells. In the case of isoleucine, L-PCK2 showed slightly higher

consumption of this amino acid (p = 0.066) when compared with shCtrl.
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Figure R-30: Percentage of amino acid consumption by MCF7 shCtrl cells. MCF7 shCtrl cells were
grown in high glucose media for 24h. Amino acid consumption was calculated by subtraction of
concentration in the media incubated without cells from concentration measured in the media incubated
with cells. Consumption was normalized by total protein concentration. Amino acid concentration was
detected by LC-MS. Percentage of amino acid consumption were calculated. Amino acid cysteine is not
included in calculation because was not detected.

Figure R-31: Consumption of leucine, isoleucine and valine. Amino acid consumption of cells
incubated 24h in DMEM high glucose medium. Amino acid consumption was calculated by subtraction
of concentration in the media incubated without cells from concentration measured in the media
incubated with cells. Consumption was normalized by total protein concentration. Amino acid
concentration as analyzed by LC-MS.

Evaluation of the TCA cycle reductive carboxylation is routinely done by measurement of

m+5 citrate and m+3 oxaloacetate, malate and fumarate. It is important to mention that

m+3 oxaloacetate and subsequent species can be formed also from fully labeled pyruvate
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in a reaction catalyzed by pyruvate carboxylase (PC). However, negligible levels of fully

labeled pyruvate (m+3 = 0.51-0.65%) and lactate (m+3 = 0.15-0.17%) were observed

(Figure R-32). Therefore we consider reductive carboxylation of glutamine as the only

source of m+3 oxaloacetate, malate and fumarate labelling pattern. Based on the fact that

sh1-PCK2 cells showed lower abundance of these isotopomers, we suggest they exhibit

decreased reductive carboxylation. L-PCK2 cells similarly showed lower incorporation of

labeled carbons into the products of reductive TCA cycle when compared to shCtrl.

Figure R-32: 13C isotopomer distribution from glutamine to pyruvate and lactate. MCF7 cells with
different levels of PEPCK-M expression were exposed to 2 mM [U-13C] Gln for 4h in DMEM media
containing 25 mM glucose and 10% dFCS. Isotopomer distribution was analyzed by GC-MS.

Estimation of oxidative or reductive metabolism can be done as well by calculating relative

proportion between certain fractions of TCA cycle intermediates. The ratio between fully

labeled glutamate (m+5) and m+5 citrate indicates reductive metabolism, and the ratio

between fully labeled glutamate (m+5) and m+4 citrate indicates oxidative glutamine

metabolism (Meiser et al, 2016a; Battello et al, 2016; Meiser et al, 2016b). No significant

changes were observed in oxidative metabolism of MCF7 cells with different levels of

PEPCK-M expression. However, calculation of the rate of reductive metabolism confirmed

that reductive glutamine metabolism in L-PCK2 was lower (Figure R-33), consistent with

the labeling patterns shown in Figure R-27.
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Figure R-33: Estimation of glutamine metabolism. Estimation of oxidative (m+4 citrate/m+5 Glu)
and reductive (m+5 citrate/m+5 Glu) glutamine metabolism of MCF7 cells incubated 4h in DMEM
medium containing 25 mM glucose, 10% FCS and 2 mM [U-13C] glutamine. **P<0.01 compared with
shCtrl.

Metabolomics analysis of well fed (HG) MCF7 cells with different PEPCK-M expression

levels showed that cells with decreased expression of PEPCK-M undergo several metabolic

changes. To allow additional requirements for PEPCK-M role to surface in our model, we

exposed cells to nutritional stress generated by glucose deprivation. Glucose deprivation

has been shown to activate a stress response related to endoplasmic reticulum (ER) stress

(Ding et al, 2016). ER stress leads to the activation of several transcription factors, among

them ATF4. We have previously shown that ATF4 activates PEPCK-M expression by

binding to its proximal promoter (Méndez-Lucas et al, 2014). In accordance, we observed

increased expression of ATF4 (3-fold at 12h) and PCK2 (4.5-fold at 12h and 7.6-fold at

24h) in shCtrl MCF7 cells exposed to DMEM media lacking glucose (Figure R-34 A,B).

Although PCK2 expression was increased 7.6 times at 24h, sh1-PCK2 maintained its

silencing capacity, and showed only 17% of PCK2 mRNA expression levels when

compared to shCtrl (Figure R-34 C).
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Figure R-34: Effect of glucose deprivation on ATF4 and PCK2 expression. Quantitative real time
PCR was used to determine (A) ATF4 and (B) PCK2 expression in MCF7 shCtrl cells grown in DMEM
medium without glucose up to 24h. (A,B) mRNA quantification was normalized to TBP and GUSB and
fold induction was related to 0h time point. **P<0.01, ***P<0.001 significant difference versus time point
0h. (C) Comparison of PCK2 expression levels in shCtrl and sh1-PCK2 cells after 24h of glucose
deprivation. mRNA quantification was normalized to TBP and GUSB, ***P<0.001.

Induction of PEPCK-M expression under glucose deprivation suggest its importance for

coping with metabolic changes occurring under these conditions. Therefore we expected

that the effects of altered PEPCK-M expression will be more significant after glucose

withdrawal.

For this condition MCF7 cells were first seeded in high glucose DMEM medium and

medium was changed to DMEM without glucose supplemented with 2mM glutamine and

10% dFCS after reaching 60-70% confluency. Three hours later, medium was replenished

with the same medium containing 2mM [U-13C] glutamine tracer. Cells were incubated

for four more hours and quenched. Enrichment of selected amino acids, TCA cycle

intermediates, pyruvate and lactate were detected and quantified.
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Figure R-35: 13C isotopomer distribution from fully labeled glutamine into TCA cycle
intermediates. MCF7 cells with different expression levels of PEPCK-M were exposed to 2mM [U-13C]
Gln for 4h in DMEM medium containing 0 mM glucose and 10% dFCS. Cells were pretreated for 3h with
DMEM medium lacking glucose, 10% dFCS and 2mM Gln. Isotopomer distribution was analyzed by GC-
MS. Data are plotted as mean ± SD. *P<0.05, **P<0.01, ***P<0.001 versus shCtrl. #P<0.05, ##P<0.01,
###P<0.001 versus sh1-PCK2.
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A general overview of TCA cycle labeling patterns showed an overall increase in labeling

of fully labeled species when compared to high glucose conditions (Figure R-36),

indicating increased glutamine oxidation in TCA cycle under glucose deprivation

conditions. Expression levels of GLS1 were not significantly increased after exposure to 0

mM glucose, when compared to control (0h).

Figure R-36: Labeling pattern of selected TCA cycle intermediates in high glucose and glucose
deprivation conditions. MCF7 shCtrl cells were exposed to 2mM [U-13C] Gln for 4h in DMEM medium
containing 25 mM glucose (high glucose) or 0 mM glucose (glucose deprivation) and 10% dFCS.
Isotopomer distribution was analyzed by GC-MS. *P<0.05, ***P<0.001. Numbers indicate fold increase.

Figure R-37: Expression pattern of glutaminase (GLS1) under glucose deprivation. Quantitative
real time PCR was used to determine GLS1 expression in MCF7 cells grown in DMEM media with 1 mM
glucose (glucose exhaustion conditions) for 24h. Fold change to 0h time point (dotted line) was calculated
for each group. mRNA expression levels were normalized to TBP and GUSB.

As mentioned before, oxidation of glutamine in high glucose conditions results in

formation of m+5 citrate mainly because of the absence of fully labeled acetyl-CoA.
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However, glucose deprivation increased the pool of m+6 citrate species, which is formed

by condensation of fully labeled oxaloacetate (m+4) and fully labeled acetyl-CoA (m+2)

that can be generated by PDH from pyruvate m+3 (Figure R-25) that was formed in these

conditions (Figure R-38).

In contrast with high glucose conditions (Figure R-32), MCF7 cells grown under glucose

deprivation displayed significant production of fully labeled pyruvate (Figure R-38). We

suggested that m+3 pyruvate was produced from malate by malic enzyme as no PEPCK-

M dependent changes in labeling were observed. The process of recycling carbons to

maintain TCA cycle flux is called pyruvate cycling. Labeling pattern of pyruvate was not

in equilibrium with lactate labeling (Figure R-38), as much lower percentage of fully

labeled lactate and increased m+3 lactate in sh1-PCK2 cells were observed. Increase in

m+3 lactate formation in sh1-PCK2 cells can be caused by a slightly lower incorporation

of m+3 pyruvate into the TCA cycle (m+6 citrate) (Figure R-35), however this reduction is

not significant. The inhibition of the cataplerotic pathways catalyzed by PEPCK-M might

also take a part in mentioned labeling outcome.

Figure R-38: 13C isotopomer distribution from glutamine to pyruvate and lactate. MCF7 cells with
different levels of PEPCK-M expression were exposed to 2mM [U-13C] Gln for 4h in the DMEM media
containing 0 mM glucose and 10% dFCS. Isotopomer distribution was analyzed by GC-MS. *P<0.05
versus shCtrl.

Comparison of concentration of lactate, pyruvate and TCA cycle intermediates in MCF7

cells shows decreased concentration of fumarate, citrate, malate, lactate and pyruvate

under glucose exhaustion. Concentration of oxaloacetate was very low overall, and was

not changed. The only metabolite that increased its concentration under glucose
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exhaustion was succinate and we observed its significant increase in all MCF7 lines

independently on PEPCK-M expression.

Figure R-39: Heatmap representing concentration changes in organic acids in high glucose and
glucose exhaustion conditions. Concentration of organic acids in cell extracts of MCF7 cells grown
24h in high glucose conditions (25 mM glucose) and glucose exhaustion conditions (1 mM glucose).
Values of selected metabolites are displayed as concentration (ng/µg of protein). Values were processed
and visualized by using ClustVis tool with Pareto scaling (Metsalu & Vilo, 2015). Samples are compared
within the rows and median clustering method for rows was used. Values are expressed as mean ±SEM.
**P<0.01, ***P<0.001 versus shCtrl within the same conditions; #P<0.05, ##P<0.01, ###P<0.001
compared sh1-PCK2 versus L-PCK2 in the same conditions; $P<0.05, $$P<0.01, $$$P<0.001 compared
high glucose versus glucose exhaustion conditions.

Analysis of isotopomer distribution from [U-13C] glutamine in sh1-PCK2, shCtrl and L-

PCK2 cells grown in the absence of glucose showed similar labeling in various TCA cycle

intermediates indicating no changes in oxidative metabolism of glutamine (Figure R-40).

Variances were observed only in succinate enrichment. Comparably to the labeling
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pattern in high glucose conditions (Figure R-27), knock-down of PEPCK-M showed

increased m+4 pool of succinate (1.2-fold) under glucose deprivation (Figure R-40).

Interestingly, overexpression of PEPCK-M brought down the pool of m+4 succinate by

36.4% when compared to control (Figure R-40). Similar pattern was also observed in m+2

succinate, which is representing the second turn of the cycle if m+4 labeled oxaloacetate

condensate with unlabeled acetyl-CoA (Figure R-25).

Figure R-40: Metabolism of glutamine. Abundance of m+4, m+3, m+5 and m+6 species in selected
TCA cycle intermediates from Figure R-35. *P<0.05, **P<0.01, ***P<0.001 versus shCtrl. #P<0.05,
##P<0.01, ###P<0.001 versus sh1-PCK2.

We would hypothesize that even though m+3 labeled pyruvate is present, it is improbable

that it would be used to produce m+3 oxaloacetate through the PC complex. This

carboxylation reaction would waste 1 molecule of ATP and would cause accumulation of

oxaloacetate that would decrease flux of TCA cycle in conditions of glucose deprivation.

Therefore, we identified m+5 species of citrate and m+3 species of oxaloacetate, malate

and fumarate as products of reductive carboxylation. Analysis of those species showed

significantly decreased enrichment of reductive TCA cycle species in sh1-PCK2 when

compared to control (m+5 citrate and m+3 malate) or to L-PCK2 (m+5 citrate and m+3

OAA, malate and fumarate) (Figure R-40).

Changes in oxidative and reductive metabolism of glutamine were analyzed also by ratio

calculation (Figure R-41). Oxidative metabolism was calculated by the ratio m+5

glutamate and m+4 citrate. As we also obtained a relevant proportion of m+6 citrate from

condensation of m+4 oxaloacetate and m+2 acetyl-CoA, we calculated the ratio of m+5
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glutamate and m+6 citrate. Reductive metabolism was indicated by the ratio of m+5

citrate to m+5 glutamate. No significant changes in oxidative metabolism were detected.

Decreased reductive metabolism was quantified in sh1-PCK2 and L-PCK2, consistent

with labeling patterns shown in Figure R-35. However, L-PCK2 effects on reductive

metabolism of glutamine shown in citrate were not maintained in the rest of metabolites.

Figure R-41: Estimation of glutamine metabolism. Estimation of oxidative (m+4 citrate/m+5
Glutamate (Glu); m+6 citrate/m+5 Glu) and reductive (m+5 citrate/m+5 Glu) glutamine metabolism of
MCF7 cells with different expression levels of PEPCK-M in high glucose conditions. *P<0.05, **P<0.01
versus shCtrl.

2.4 Succinate and oxidative stress

As mentioned before, the most significant changes of isotopomer distribution of 13C from

fully labeled glutamine were observed in succinate. Label distribution in succinate was

indicating PEPCK-M dependence, and a similar outcome was present in both conditions,

high glucose (Figure R-26) and glucose deprivation (Figure R-35). To further investigate

changes of succinate metabolism, we measured the total levels of this metabolite in cell

extracts (Figure R-42). Concentration was evaluated after 24h of growth in high glucose

and glucose exhaustion conditions. Glucose exhaustion was performed by growing cells

for a longer period of time (24h) in DMEM medium supplemented with 1 mM glucose.

Glucose became consumed during the first 15-18 hours and cells were exposed to no

glucose for the rest of the incubation. Succinate levels had a tendency to be slightly

increased in sh1-PCK2 cells, however this increase was not significant (p=0.45 in high

glucose; p=0.09 under glucose exhaustion) (Figure R-42). Increased levels of PEPCK-M

had the opposite effect on succinate levels; succinate concentration was reduced by
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44.4% in high glucose conditions and by 35.5% in glucose exhaustion conditions. Sh1-

PCK2 cells showed twice as much succinate levels as L-PCK2 cells in either case.

Figure R-42: Succinate concentration. Concentration of succinate in cell extracts of MCF7 cells grown
24h in (A) high glucose conditions (25 mM glucose) and (B) glucose exhaustion conditions (1 mM
glucose). Concentration was evaluated using GC-MS. **P<0.01, ***P<0.001 versus shCtrl. #P<0.05,
##P<0.01 versus sh1-PCK2.

Changes in succinate levels are often linked to changes in oxidative respiration and ROS

production. Analysis of mitochondrial superoxide was performed in cells grown in high

glucose and low glucose DMEM media. Analysis of mitochondrial superoxide revealed

increased levels in cells with silenced PEPCK-M (1.2-fold in both conditions) when

compared with control (Figure R-43). On the contrary, L-PCK2 cells showed lower levels

of superoxide (approximately 20% decrease in both conditions) than shCtrl.

Figure R-43: Production of mitochondrial superoxide. MCF7 cells were treated for 3h in (A) 25 mM
glucose conditions and in (B) 1 mM glucose conditions. Superoxide was quantified using MitoSOX
fluorescent marker and intensity was measured by flow cytometry. *P<0.05, **P<0.01, ***P<0.001 versus
shCtrl.
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The presence of oxidative stress in cells can affect the expression of several genes, like

p53 and SOD2. P53, a sensor of oxidative stress, regulates cell cycle through p21

inhibition of cyclins, and it can be activated in the presence of oxidative stress in the cell.

However, we detected that sh1-PCK2 cells that display increased ROS production does

not show any changes in p53 levels. Interestingly, levels of p21 were higher in these cells

in high glucose (1.3-fold increase) and glucose exhaustion (1.5-fold increase) conditions.

MCF7 cells overexpressing PEPCK-M did show decreased levels of p53 in high glucose

conditions that were not maintained in conditions of glucose exhaustion.

SOD2, a mitochondrial superoxide dismutase, plays an important role in ROS

homeostasis. Consistently with increased ROS concentration, significant increase in

SOD2 expression was observed in sh1-PCK2 cells growing in both conditions (1.83 times

higher in high glucose conditions and 1.66 times higher in glucose exhaustion).

Figure R-44: Western blot analysis and relative quantification of oxidative stress related proteins.
Expression of p53, p21 and SOD2 was detected in MCF7 cells grown in (A) 25 mM glucose conditions
(HG for 24h) and (B) conditions of glucose exhaustion (LG for 24h). Relative quantification of western
blots was performed: p53 (HG n=1, LG n=1), p21 (HG n=3, LG=2), SOD2 (HG n=3, LG n=2. *P<0.05,
***P<0.001 versus shCtrl. #P<0.05, ##P<0.01 versus sh1-PCK2.
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Production of ROS can be linked to metabolism of different metabolites. As we mentioned,

one of them might be succinate. Another metabolite which metabolism might contribute

to ROS production is proline (Figure R-45). Therefore we analyzed whether there are

changes related to PEPCK-M expression in its metabolism.

Proline concentration was detected in MCF7 cells grown in high glucose conditions and

conditions of glucose exhaustion (1 mM glucose for 24h). It is important to mention that

cells were grown in both conditions in the absence of proline, as it is not supplemented

in DMEM media. MCF7 cells with different PEPCK-M expression levels showed similar

proline concentration under high glucose conditions. Slightly lower levels were observed

in sh1-PCK2 cells (48.4±1.02 nmol/µg of protein) when compared to shCtrl (57.78±5.02

nmol/µg of protein) and L-PCK2 (58.46±1.69 nmol/µg of protein) (Figure R-46).

Differences in proline levels in cells were more marked under glucose exhaustion. Cells

overexpressing PEPCK-M showed significantly higher levels of proline (70.25±4.33

nmol/µg of protein) when compared to shCtrl (21.13±0.93 nmol/µg of protein). Levels of

proline in silenced MCF7 cell line (5.79±0.56 nmol/µg of protein were significantly lower

when compared to shCtrl (Figure R-46). These observations show that proline

concentration in MCF7 cells grown under glucose exhaustion correlate with PEPCK-M

expression levels.

We can assume that the concentration levels of proline detected in high glucose

conditions are representing basal levels of this amino acid in our model as they are

routinely grown in media with the same composition. Therefore, observed changes in

proline content upon glucose exhaustion in shCtrl and sh1-PCK2 cells suggest that these

cells under glucose exhaustion conditions do decrease proline content by enhancing its

degradation. In these condition proline can be metabolized to glutamate and feed the TCA

cycle or it can be used in biosynthesis. It is interesting to mention that mRNA expression

levels of PYCR1 and POX, two enzymes involved in the metabolism of proline, were

significantly increased in sh1-PCK2 cells grown under glucose exhaustion when

compared to high glucose conditions (Figure R-48). This might indicate increased proline

metabolism in these cells.
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Figure R-45: Schematic of proline metabolism. Synthesis of proline is connected with glutamine
metabolism, TCA cycle and urea cycle. Enzymes involved in proline synthesis are pyrroline-5-
carboxylate synthase (P5CS) and pyrroline-5-carboxylate reductase (PYCR), which catalyzes the
NAD(P)H dependent conversion of pyrroline-5-carboxylate to proline. Oxidation of proline to pyrroline-
5-carboxylate by POX (PRODH) enzyme is associated with the release of electrons, which can be
transferred to either electron transfer systems or to molecular oxygen and form ROS.

Figure R-46: Concentration of proline in cell extracts. Concentration of proline was measured in
MCF7 cells grown for 24h in DMEM media containing 25 mM and 1 mM glucose. Amount of proline was
normalized per ng of protein. Concentration was analyzed by LC-MS. ***P <0.001 versus shCtrl within
the same treatment, ###P<0.001 compare sh1-PCK2 versus L-PCK2 within the same treatment,
$$P<0.01, $$$P<0.001 indicate significance of treatment effect.

During proline degradation by proline dehydrogenase (PRODH/POX), an electron is

passed into the electron transport chain (ETC) to generate ROS (Figure R-45). Analysis of

mRNA expression showed increased expression of POX in sh1-PCK2 cells in high glucose

and glucose exhaustion conditions (Figure R-47) when compared to shCtrl or L-PCK2,
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indicating higher degradation of proline and therefore possible impact on ROS

production.

It is worth mentioning that average raw CT value for POX expression in MCF7 cells was

31.7 and 23.62 for PYCR1 meaning that MCF7 cells show higher expression levels of

enzymes involved in the synthesis of proline.

Expression levels of PYCR1 did not show significant differences among MCF7 cells with

different expression levels of PEPCK-M except when L-PCK2 cells were grown in high

glucose conditions. In this case, its expression was 1.89 times higher when compared

with control cells and 1.57 times higher when compared with sh1-PCK2 cells. This is

consistent with observed proline secretion in these conditions. L-PCK2 cells showed

significantly higher levels of proline in media after 24h incubation in the presence of high

glucose. As mentioned before, media does not contain proline and therefore it can be

synthetized only by the cells.

Figure R-47: Expression pattern of proline dehydrogenase (POX) and pyrroline-5-carboxylate
reductase (PYCR). Quantitative real time PCR was used to determine POX and PYCR1 expression in
MCF7 shCtrl, sh1-PCK2 and L-PCK2 cells grown in DMEM media with 25 mM glucose (left, n=3) and 1
mM glucose (glucose exhaustion conditions, right, n=1) for 24h. mRNA expression levels were normalized
to TBP. * P < 0.05, *** P < 0.001 versus shCtrl. ## P <0.01 versus sh1-PCK2.
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Figure R-48: Changes in expression of proline dehydrogenase (POX) and pyrroline-5-carboxylate
reductase (PYCR) when undergoing glucose exhaustion. Quantitative real time PCR was used to
determine POX and PYCR1 expression in MCF7 cells grown in DMEM media with 1 mM glucose for 24h.
Fold change of mRNA expression in 1 mM glucose condition related to 25 mM glucose condition is
plotted. mRNA expression was normalized to TBP. N=1, *P<0.05 indicate significant treatment effect of
glucose exhaustion.

Figure R-49: Secretion rate of proline. Concentration of proline in DMEM media containing 25 mM
was measured after 24h of incubation. Secretion of proline was measured as subtraction of proline
concentration in media incubated without cells from concentration of proline in media incubated in the
presence of cells. Concentration was analyzed by LC-MS. **P<0.01 versus shCtrl, ##P<0.01 compared
sh1-PCK2 versus L-PCK2.

2.5 Study of pathways involved in succinate synthesis

Different succinate labeling from glutamine correlating with PEPCK-M expression levels

was one of the highest impact changes occurring in MCF7 cells (Figure R-27 and Figure

R-40). Variations in expression of succinate dehydrogenase (SDH) complex were

suspected as one of the possible causes. This was not confirmed, as western blot analysis

did not reveal any significant variations in SDH complex expression (Figure R-50).

Therefore, we suggest that decreased oxidation of succinate to fumarate is not responsible

for the observed changes in succinate labeling from [U-13C] glutamine.
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Figure R-50: Western blot analysis and relative quantification of SDH complex expression.
Expression of SDH complex in MCF7 cells was evaluated. Cells were grown in basal conditions (25 mM
glucose for 24h) or conditions of nutritional stress (glucose deprivation for 3h at 0 mM
glucose/exhaustion for 24h at 1 mM glucose 24h. In basal conditions, the difference between SDH
complex expression in sh1-PCK2 and L-PCK2 was close to significance with P=0.053.

Another pathway that can contribute to the synthesis of labeled succinate from [U-13C]

glutamine is the gamma-aminobutyric acid (GABA) pathway (Figure R-51).

Figure R-51: Gamma-aminobutyric acid pathway: GABA is synthesized from glutamate by glutamic
acid decarboxylase (GAD). Source of glutamate is glutamine/α-KG. GABA is later transaminated by
gamma aminobutyrate transaminase (GABA-T) to succinic semialdehyde. Finally succinate is formed by
conversion of succinic semialdehyde by succinic semialdehyde dehydrogenase (SSADH).

To evaluate the importance of the GABA pathway in our model, we analyzed the

expression of two key enzymes of GABA metabolism: GABA-T and SSADH (Figure R-52).

Both enzymes exhibit the same level of mRNA expression in shCtrl and sh1-PCK2.

Although, MCF7 cells overexpressing PEPCK-M showed a 45% reduction of mRNA
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expression of GABA-T and a 1.6 times increased expression of SSADH. The average raw

CT values of shCtrl cells was 33.3 for GABA-T and 29 for SSADH.

Figure R-52: Expression pattern of enzymes involved in GABA metabolism. Quantitative real time
analysis was used to analyze expression of GABA-T and SSADH in cells grown 24h at presence of 25 mM
glucose. The quantification of mRNA was normalized to TBP and GUSB. **P<0.01, ***P<0.001 versus
shCtrl. #P<0.05, ###P<0.001 compared sh1-PCK2 versus L-PCK2.

Nevertheless, expression analysis of enzymes involved in GABA synthesis did not show

any changes associated to PEPCK-M silencing. Therefore, we used another approach to

analyze the importance of this pathway in these cells by inhibiting GABA-T enzyme with

aminooxyacetic acid (AOA), an aminotransferase inhibitor. We observed that

administration of AOA had a negative impact on growth of MCF7 cells. AOA

administration to shCtrl cells showed a 48% inhibition on growth at 24h when compared

to cells without treatment (Figure R-53 A). The impact on growth was even more

significant in the cells with silenced PEPCK-M. Increased sensitivity of sh1-PCK2 cells to

AOA inhibitor was observed both in high glucose conditions and conditions of glucose

exhaustion. Sh1-PCK2 showed a reduction of cell growth by 46.6% (at 24h) and by 40.8%

(at 48h) in high glucose conditions, and reduction of growth by 36.6% (at 24h) and by

41.8% (at 48h) in conditions of glucose exhaustion when compared to shCtrl (Figure R-

53 B,C). Considering that AOA is also affecting the activity of other types of

aminotransferases and the absence of more robust data, these results have to be taken

as preliminary and more experiments are needed to shed light on the possible importance

of the GABA pathway in succinate production.
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Figure R-53: Impact of AOA inhibitor on cell growth of MCF7 cells. (A) MCF7 shCtrl cell were grown
48h in 25 mM glucose medium with addition or absence of 0.2 mM AOA. (B,C) MCF7 shCtrl and sh1-
PCK2 cells were treated for 48h in conditions of high glucose (25 mM glucose; B) and glucose exhaustion
(1 mM glucose; C). Cell growth was analyzed by crystal violet assay and normalized by 0h time point
(n=1). (A) *P<0.05 indicate significant treatment effect. (B,C) *P<0.05, **P<0.01 versus sh1-PCK2 at the
same time point.

2.6 Effect of different PEPCK-M expression levels on metabolism of
fatty acids

Biosynthesis of new molecules is an important feature of dividing cells. As we detected

decreased growth in sh1-PCK2 MCF7 cells, we analyzed the impact of PEPCK-M silencing

and overexpression on metabolism of cells. Besides amino acid and TCA cycle

intermediates analysis, we looked for a possible impact on fatty acid synthesis.

Analysis of fatty acid synthase (FAS) expression, an enzyme implicated in synthesis of

fatty acids pointed to increased expression in MCF7 cells with overexpressed PEPCK-M

(Figure R-54). Analysis of acetyl-CoA (ACC) carboxylase by western blot showed very low

levels of its inactive form (phosphorylated AAC, pACC) in MCF7 cells grown in the

presence of high glucose (Figure R-55). This indicates that beta oxidation in this condition

is blocked and cells are synthesizing fatty acids. Upon glucose exhaustion, MCF7 cells

showed higher expression levels of pACC with no observed changes among the cells with

altered PEPCK-M levels.
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Figure R-54: FAS expression in MCF7 cells. Western blot analysis of FASN and PEPCK-M expression
in MCF7 cells grown for 24h in high glucose DMEM medium. Cells were subjected to FCS starvation
O/N prior to treatment. Pictured bands from western blot are from the same blot. Relative quantification
of FSN expression was performed and У-tubulin was used as normalizer. N=1, *P<0.05 versus shCtrl.
#compared sh1-PCK2 versus L-PCK2.

Figure R-55: Western blot analysis of pACC in MCF7 cells. Phosphorylation of ACC was evaluated in
MCF7 cells grown for 24h in DMEM media containing 25 mM and 1 mM glucose. Relative quantification
of pACC expression in 1 mM condition (n=2) was performed and expression was normalized to У-tubulin.

To evaluate de novo synthesis of fatty acids, cells were treated with D2O in the presence

of 25 mM glucose. Specific signal of incorporated deuterium into newly made fatty acids

was determined by NMR spectrometry. Obtained data allowed us to calculate the de novo

synthesis of fatty acids. In accordance with increased expression of FAS enzyme in L-

PCK2 cells, a significantly higher de novo synthesis of fatty acids was observed in these

cells (Figure R-56).
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Figure R-56: Quantification of de novo synthesis of fatty acids. De novo synthesis of fatty acids was
evaluated by NMR spectrometry by using D2O label. MCF7 cells were grown 16h in high glucose DMEM
media in presence of 30% D2O. Cholesterol concentration was used as an internal standard to calculate
the mass of fatty acids. *P<0.05 versus shCtrl. #P<0.05 compared sh1-PCK2 versus L-PCK2.
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2.7 Silencing of PEPCK-M blunts cell growth under physiological
conditions

The ability of cells to grow in an anchorage independent manner is an indicator of

tumorigenic and metastatic potential (Ke et al, 2004; Mori et al, 2009). In these

conditions, cells tend to grow in the form of spheres. Typically, the farther a cell is situated

from the surface the less oxygen and nutrients are available. Growth in spheres is

therefore mimicking the tumor, which is also characterized by diminished nutrient

availability and increased microenvironment stress.

To evaluate the effect of PEPCK-M silencing on the ability of MCF7 cells to grow in

anchorage independent manner, we subjected cells to growth in semisolid media. MCF7

cells independently on PEPCK-M expression were able to form colonies visible to the

naked eye (Figure R-57), yet cells with silenced PEPCK-M (sh1-PCK2 and sh2-PCK2)

showed reduced capacity of anchorage independent growth. Sphere formation in sh1-

PCK2 cells was diminished by 70% (sh2-PCK2 by 43%), when compared to shCtrl (Figure

R-58 A). Similarly, when we treated MCF7 WT cells with PEPCK-M inhibitor (inh#2), a C-

8 modification of 3-alkyl-1,8-dibenzylxanthin synthetized in the laboratory of Dr. Carmen

Escolano (University of Barcelona), an inhibition of spheres formation by 83% was

observed (Figure R-58 B). These results were later confirmed in 3T3-KRas cell line, upon

inhibition of PEPCK-M by 3MPA (reduced sphere formation by 48%) (Figure R-58 C).

Overexpression of PEPCK-M in MCF7 cells (L-PCK2) slightly increased the number of

spheres, however this increase was not significant.
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Figure R-57: Image of MCF7 spheres grown in soft agar. MCF7 cells were seeded in semisolid agar
prepared with DMEM high glucose media 1:1 in a 6 well plate. Cells were grown for four weeks. Medium
was replenished every 3 or 4 days. Spheres were visualized by MTT staining at the end of the incubation.

Figure R-58: Quantification of anchorage independent growth of MCF7 and 3T3-KRas cells: (A,B,C)
MCF7 cells and 3T3-KRas cells were seeded in semisolid agar prepared with DMEM high glucose media
1:1. Cells were grown for four weeks. Medium was replenished every 3-4 days. At the end of incubation,
cells were stained with MTT and number of spheres was counted. *P<0.05, **P<0.01 versus shCtrl. (B)
MCF7 WT cells were additionally treated with DMSO and PEPCK-M inhibitor inh#2 (8.68 µM). Treatment
was refreshed every 3-4 days. (C) 3T3-KRas cells were additionally treated with DMSO and 3MPA (100
µM). Treatment was refreshed every 3-4 days. *P<0.05, **P<0.01 versus DMSO.

After reaching a specific size, spheres have to cope with decreased diffusion of nutrients

and oxygen. We observed that nutrient depletion  has a negative impact on survival of

cells with knocked-down PEPCK-M (Figure R-66 B; Méndez-Lucas et al., 2014). Similarly,

cells with knocked-down PEPCK-M showed impairment of growth when exposed to

hypoxic conditions. At 24h, silencing of PEPCK-M caused inhibition of growth by 20% in

sh2-PCK2 and by 32.5% in sh1-PCK2 cells, respectively (Figure R-59 A). Additionally, an

evaluation of cell death using Annexin V and 7ADD showed a higher number of dead cells
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in sh1-PCK2 cells (14.4%) when compared to shCtrl (10.5%) (Figure R-59 B). This increase

in cell death does not explain the significant differences observed by MTT assay (Figure

R-59 A). Moreover, increased number of apoptotic/necrotic cells was not confirmed in a

second PEPCK-M silenced cell line, sh2-PCK2 (Figure R-59 B).

Figure R-59: Evaluation of MCF7 cell growth and survival under hypoxia. (A) MCF7 cells were grown
for 24h in high glucose DMEM media at the presence of 2% oxygen. Cell growth was evaluated at 8 and
24 hours by MTT assay and absorbance values were normalized to 0h time point. N=2, *P<0.05,
***P<0.001 versus sh1-PCK2. #P<0.05 versus sh2-PCK2. (B) MCF7 cells were grown for 8h in high
glucose DMEM media at the presence of 2% oxygen. Presence of apoptotic (annexin positive) and late
apoptotic/necrotic (annexin+7AAD positive) cells was analyzed by flow cytometer FACSCanto™. N=1,
*P<0.05 versus shCtrl, ##P<0.01 sh1-PCK2 versus sh2-PCK2.
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2.8 MCF7 cells produce serine and glycine from glutamine in a
PEPCK-M dependent manner

As previously mentioned, glucose deprivation activates expression of transcription factor

ATF4 and its target gene PCK2 (Figure R-34). Other targets of ATF4 were upregulated in

MCF7 cells grown in the absence of glucose, such as PHGDH and PSAT1. These two

enzymes are involved in the synthesis of serine and glycine (Figure R-61). PHGDH mRNA

expression was increased 1.7 times after 24h exposure to DMEM medium lacking

glucose. Likewise, expression of PSAT1 was increased 1.6 times in these conditions

(Figure R-60). This suggests an important role of cataplerosis in serine and glycine

synthesis under glucose deprivation in MCF7 cells.

Figure R-60: Effect of glucose deprivation on expression of enzymes of serine and glycine
synthesis pathway. MCF7 shCtrl cells were grown in DMEM medium without glucose for 24h.
Expression levels pf PHGDH and PSAT1 were identified by quantitative real time PCR. Quantification of
mRNA expression was normalized to TBP and GUSB. *P<0.05, ***P<0.001.

Serine, the precursor of glycine, is synthetized from 3-phosphoglycerate (3-PG) which is

an intermediate in the glycolytic pathway. Under glucose deprivation, glycolytic

intermediates could be synthesized by cataplerosis from OAA in a pathway where PEPCK-

M plays an irreplaceable role. PEPCK-M catalyzes decarboxylation of oxaloacetate to PEP.

PEP can be converted to 3-PG, which can give rise to serine, and later glycine (Figure R-

61).
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Figure R-61: Serine and glycine synthesis pathway. Phosphoglycerate dehydrogenase catalyzes
conversion of 3-phosphoglycerate (3PG) to 3-phosphohydroxypyruvate. Phosphoserine aminotransferase
(PSAT) catalyzes reversible conversion of 3-phosphohydroxypyruvate to 3-phosphoserine. Serine is later
formed by phosphoserine phosphatase (PSP). Serine is precursor of glycine, which is formed in reaction
catalyzed by serine hydroxymethyl transferase (SHMT).

To evaluate PEPCK-M functional activity in serine/glycine synthesis we quantified the

incorporation of labeled carbons from [U-13C] glutamine into serine and glycine

metabolites. Analysis was performed in MCF7 cells expressing different levels of PEPCK-

M (sh1-PCK2, shCtrl and L-PCK2) and grown in two different conditions (high glucose

and glucose deprivation). It is important to mention that DMEM media routinely contain

serine and glycine.

Isotopomer analysis of serine and glycine in high glucose conditions showed solely the

presence of unlabeled species (Figure R-62), meaning that no labeled carbons from

oxaloacetate (proceeding from [U-13C] glutamine) were contributing to serine and glycine

synthesis. However, null detection of incorporation of 13C into serine and glycine can be

also caused by a high dilution of labeled serine and glycine by their unlabeled

counterparts synthesized from glucose or absorbed from medium.
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Figure R-62: 13C isotopomer distribution from glutamine into serine and glycine. MCF7 cells with
different levels of PEPCK-M expression were exposed to 2mM [U-13C] Gln for 4h in the DMEM media
containing 25 mM glucose and 10% dFCS. Incorporation of 13C was analyzed using GC-MS.

Under conditions of glucose deprivation, incorporation of labeled carbons into serine and

glycine from [U-13C] glutamine was observed. Four hours of labeling were sufficient to

produce 2.2 % of fully labeled serine (m+3) and 0.5% of each m+2 and m+1 serine in

MCF7 shCtrl cells (Figure R-63). Moreover, serine labeling was dependent on PEPCK-M

expression levels. Silencing of PEPCK-M in sh1-PCK2 cells diminished the pool of fully

labeled serine by 83%. Lower enrichment was observed also in other species of serine

m+1 (decreased by 82.7%) and m+2 (decreased by 63.9%). On the other hand,

overexpression of PEPCK-M significantly increased the pool of labeled species of serine.

Labeled species m+3 and m+1 were increased 1.6 times and m+2 was increased 1.5 times

(Figure R-63). Pathways participating in production of m+2 and m+1 species of serine are

probably the backward reaction from fully labeled glycine to serine (m+2) and serine

synthesis from unlabeled glycine and one labeled carbon lost in conversion of serine to

glycine (m+1).

Similar PEPCK-M dependent distribution of label was present as well in glycine, which is

synthetized from serine in a reaction catalyzed by serine hydroxymethyl transferase

(SHMT) (Figure R-61). Occurrence of fully labeled glycine in control conditions was 0.9%

and silencing of PEPCK-M decreased labeling of glycine by 73.7%. On the other hand,

overexpression of PEPCK-M increased m+2 glycine 1.5 times (Figure R-63).

The overall low percentage of 13C incorporation into serine and glycine can be caused by

the presence of extracellular sources of serine and glycine in the media.
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Figure R-63: 13C isotopomer distribution from glutamine into serine and glycine. Sh1-PCK2, shCtrl
and L-PCK2 cells were exposed to 2mM [U-13C] Gln for 4h in the DMEM media containing 10% dFCS
and 0 mM glucose. *P<0.05, ***P<0.001 versus shCtrl. Incorporation of 13C was analyzed using GC-MS.

Besides isotopomer distribution, the concentration of amino acids in cellular extracts was

evaluated and it was represented as molar fraction of amino acids. Molar fraction

determines the relative concentration of amino acids in the solution and it is calculated

as nmol of amino acid divided by nmol of all amino acids. Interestingly, we have seen a

PEPCK-M related tendency to change the ratio of amino acids connected to the glycolytic

pathway. Molar fraction of amino acids was evaluated in conditions of high glucose and

glucose exhaustion (Figure R-64). Serine, glycine and tyrosine had increased molar

fraction with increasing PEPCK-M expression in either conditions. In contrast, alanine

shows an opposite behavior. Serine, glycine and tyrosine are present in DMEM medium

in both conditions at concentration of 0.4 mM. Therefore, not only the synthesis but also

its consumption can produce a higher molar fraction of these amino acids. However, when

we analyzed amino acid consumption in high glucose medium, we did not detect any

difference in glycine and tyrosine consumption (Figure R-65). Moreover, overall

consumption of glycine and tyrosine is low. At 24h, cells consumed 2-6% of glycine and

7-8% of tyrosine. As tyrosine can be in cells synthetized from phenylalanine (0.4 mM in

medium), we also evaluated the consumption of this amino acid, but no changes were

measured (Figure R-65). Regarding serine, cells consumed 30-45% of serine at 24h.

Moreover, serine consumption rate was significantly different between shCtrl and L-

PCK2, being 1.15 times higher in L-PCK2 (Figure R-65). Interestingly, we did not detect

a significant change between sh1-PCK2 and L-PCK2. It is worth to mention that synthesis
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of amino acids with increased molar fraction in L-PCK2 (serine, glycine and tyrosine)

under glucose exhaustion conditions is dependent on PEPCK-M in contrast to alanine.

This could be one of the explanations for increased molar fraction of these amino acids

in L-PCK2 cells. Additionally, we have shown that serine and glycine synthesis is PEPCK-

M dependent under glucose deprivation (Figure R-63).

Figure R-64: Heatmap of amino acid distribution. Relative AA concentration was determined in the
cell extracts of MCF7 cells grown for 24h in DMEM media containing 25 mM glucose (A) and in media
containing 1 mM glucose (B, glucose exhaustion conditions). Values of molar fraction of selected amino
acids were processed and visualized by using ClustVis tool with Pareto scaling (Metsalu & Vilo, 2015).
Comparison of samples is realized within the rows.

Figure R-65: Consumption of tyrosine, phenylalanine, glycine and serine. AA consumption in MCF7
cells incubated 24h in DMEM high glucose medium. AA consumption was calculated by subtraction of
concentration in the media incubated with cells from concentration in the media incubated without
cells. Consumption was normalized by total protein concentration. Concentration of AA was analyzed
using LC-MS. *P<0.05 compared with shCtrl.
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Above results of isotopomer distribution into serine and glycine demonstrated the

importance of PEPCK-M in the synthesis of these amino acids under glucose deprivation,

even in the presence of extracellular sources of these amino acids. This led us to evaluate

the importance of this pathway under stress, using media MEM lacking glucose, serine

and glycine. Absence of serine and glycine increased PEPCK-M expression in shCtrl cells

(Figure R-66 A). Exposure of MCF7 cells with modified PEPCK-M expression to MEM

media lacking glucose, serine and glycine resulted in decreased cell number over time.

As expected, MCF7 cells with impaired PEPCK-M were more susceptible to stress induced

by nutrient deprivation. At the time 72h, MCF7 sh1-PCK2 showed a decreased number

of cells by 43.5% versus control and by 51.2% versus L-PCK2. Supplementation of MEM

medium with serine and glycine eliminated any significant differences in cell number

between sh1-PCK2 and shCtrl. L-PCK2 cells grown in MEM medium with serine and

glycine still showed a significantly higher number of cells at 72h, although the difference

between L-PCK2 and sh1-PCK2 cells was decreased by 45.4% when compared to MEM

medium without serine and glycine (Figure R-66 B).

Figure R-66: Survival under nutrient deprivation. (A) Quantitative real time PCR was used to detect
PCK2 expression levels of shCtrl MCF7 grown in 0 mM glucose MEM media with or without serine and
glycine (SG). Values were normalized to time 0h. 0h=1 and is marked with dotted line. PCK2 expression
levels were normalized to TBP. N=1, ***P<0.001 –SG versus +SG at the same time point. (B) MCF7 cells
were treated for 72h in the glucose deprived MEM medium with (right) or without (left) serine and glycine
(SG). Survival of cells was detected with MTT and CV assay. *P<0.05, **P<0.01.
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As shown before (Figure R-22 on page 99), sh1-PCK2 cells consumed less glucose and

produced less lactate in conditions of 1 mM or 25 mM glucose when compared to control.

Deprivation of serine and glycine in MEM media containing 1 mM glucose caused a

significant decrease in glucose consumption and lactate production in shCtrl and L-PCK2

cells. Interestingly, this effect of serine and glycine deprivation was not observed in MCF7

cells with knocked-down PEPCK-M (Figure R-67).

Figure R-67: Glucose and lactate metabolism of MCF7 cells under serine and glycine deprivation.
MCF7 cells were grown in 1 mM MEM containing or lacking serine and glycine (SG) for 8h. Measured
metabolites were normalized by protein. Graphics represent relative glucose consumption (left) and
lactate production (right) and values were calculated as a fold change of -SG to +SG conditions separately
for each type of infected MCF7 cells. **P<0.01, ***P<0.001 indicate significant difference between +SG
and –SG treatment.
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2.9 Effect of PEPCK-M inhibition in tumor xenografts

All previous results reinforced our hypothesis that PEPCK-M is an important enzyme for

tumor growth in vivo. We decided to perform in vivo xenograft experiments, where HCT116

and MCF7 cell lines with reduced and endogenous expression of PEPCK-M were used.

These cells were transplanted into immunocompromised mice and tumor growth was

evaluated.

HCT116 xenograft model
HCT116 cells were used due to its advantage of their growth in the absence of hormonal

treatment. HCT116 cells with silenced (shPCK2) and endogenous expression (shCtrl) of

PEPCK-M were injected subcutaneously into flanks. 10 injections were performed with

each shCtrl and shPCK2. Two weeks after we started to measure the volume of tumors

for up to eight days when tumors were dissected. From ten tumor inoculations we

observed growth of seven tumors in the case of sh1-PCK2 and five in the case of shCtrl.

Growth of shPCK2 and shCtrl tumors did not show any differences (Figure R-68).

Interestingly, analysis of PEPCK-M expression in tumors revealed loss of PEPCK-M

silencing in tumors originating from shPCK2 cells (Figure R-69). HCT116 shPCK2 cells

before injection showed an 83% decrease in PEPCK-M expression (Figure R-18, page 94).

Western blot analysis of shCtrl and shPCK2 tumors revealed that the efficiency of

silencing dropped from 83% to 23% at the end of the experiment, suggesting that HCT116

tend to lose PEPCK-M silencing when injected into mice and therefore the growth of

shPCK2 tumors is unaffected. Next, we decided to perform another in vivo tumor growth

study using the MCF7 cell model with different expression levels of PEPCK-M.
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Figure R-68: Effect of PEPCK-M on tumor growth. HCT116 shCtrl and shPCK2 cells were injected
into flanks (2.106 cells per flank). Two weeks later, size of tumors was measured every 2-3 days. Tumor
volume was calculated as (length+width2)/2 (left) Mean of measured volumes is plotted (left). Distribution
of tumor volumes at eighth day of dissection is showed (right).

Figure R-69: PEPCK-M expression in tumor xenografts of HCT116 cells. Expression of PEPCK-M
was analyzed by western blot. Western blot image on the left shows PEPCK-M levels in three shCtrl and
three shPCK2 tumors. On the right is showed graphic with quantification of western blot.

MCF7 xenograft model
MCF7 cells require hormonal treatment of host. Therefore prior to injection we implanted

to mice estradiol pellets that were placed under the skin, where they consistently released

estradiol. Mice were injected orthotopically with MCF7 cells with three different

expression levels of PEPCK-M: shCtrl with endogenous expression of PEPCK-M (18

injections), and sh1-PCK2 and sh2-PCK2 with reduced PEPCK-M expression (16

injections each). After two weeks, we started to measure tumor size for 11 days. We have

evaluated the growth of 15 tumors in the case of sh1-Ctrl and 14 tumors in the case of

sh2-PCK2 and shCtrl. Analysis of tumor volume did not show any differences in tumor

growth between control cell line and PEPCK-M silenced cell lines. Moreover, the weight of

the tumors after dissection was similar in all cases (Figure R-70).
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Figure R-70: Effect of PEPCK-M on tumor growth. MCF7 shCtrl, sh1-PCK2 and sh2-PCK2 were
injected orthotopically into mammary fat pad in nude mice. Tumor growth was analyzed by measuring
its size every two or three days. Tumor volume was calculated as (length+width2)/2 (left). Mice were
sacrificed after 11 days and tumor weight was measured (right).

Similarly to HCT116 cells, we investigated whether the levels of PEPCK-M in sh1-PCK2

and sh2-PCK2 cells were maintained during the experiment. Western blot analysis

revealed loss of silencing in the case of both sh1-PCK2 and sh2-PCK2 (.

Figure R-71).

Even we did not detect any inhibition of tumor growth in either of used xenograft model,

we are not able to form any conclusion, because of the loss of silencing in both cell lines

in vivo.

Figure R-71: PEPCK-M expression in tumor xenografts of MCF7 cells. Western blot analysis was
used to measure PEPCK-M expression in tumors originating from injection of shCtrl, sh1-PCK2 and
sh2-PCK2. On the right is graphic of western blot quantification. *P<0.05 versus shCtrl.
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In 1954 Utter and Kurahashi isolated and identified an oxalacetic carboxylase enzyme

from avian liver (Utter & Kurahashi, 1954a, 1954b). Nowadays we know that the

oxalacetic carboxylase enzyme was actually the PEPCK enzyme. More precisely, the

mitochondrial isoform of PEPCK that is the only isoform present in the liver of pigeon and

chicken after hatching (Söling et al, 1973; Croniger et al, 2002b). More than 60 years

have passed from this finding that opened the door to other great discoveries on the

implication of PEPCK in metabolism. The laboratory of Richard Hanson and collaborators

brought an important insight in this field by shedding light on the role of PEPCK in

gluconeogenesis and glyceroneogenesis (Hanson et al, 2006), and its regulation by dietary

and hormonal signals (Hanson & Reshef, 1997). However, during these years, more

emphasis was given to the cytosolic isoform rather than the mitochondrial one. This was

mostly due to a couple of facts. Firstly, commonly used animal models (mice and rats)

express very low levels of PEPCK-M in their livers, where it accounts only for about 5-

10% of total PEPCK activity (Croniger et al, 2002b; Söling et al, 1973). Secondly, PEPCK-

M was often underestimated because of its expression not being regulated by

gluconeogenic cues as it is the case of PEPCK-C (Croniger et al, 2002a). In spite of that,

recent discoveries brought PEPCK-M back in to the game.

It is widely accepted that the mitochondrial isoform accounts for about 50% of total

PEPCK activity in the liver of most mammals including humans (Croniger et al, 2002b).

The gluconeogenic capacity of PEPCK-M has been demonstrated only recently (Méndez-

Lucas et al, 2013). Additionally, the role of PEPCK-M in glucose homeostasis through PEP

cycling and GTP recycling has been linked to GSIS in pancreatic beta cells (Stark et al,

2009; Kibbey et al, 2007). Mitochondrial localization of PEPCK-M suggested its weaker

rapid transcriptional regulation (Stark & Kibbey, 2014). However, our laboratory observed

induction of PEPCK-M expression under several stress conditions. We demonstrated that

amino acid limitation and ER stress increase expression of ATF4 which mediates

transcriptional up-regulation of PCK2 (Méndez-Lucas et al, 2014).

One of the characteristic features of PEPCK-M is its expression in non-gluconeogenic

tissues and cells in undifferentiated state, like cancer cell lines (Méndez-Lucas et al,

2014), induced pluripotent cells (Varum et al, 2011) and others. In the present work we
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also show PEPCK-M expression in developing brain and neuronal restricted progenitor

cultures in addition to a number of cancer cell lines and tumors.

The case of neuronal progenitors
Our findings show that cycling neuronal progenitors are metabolically dependent on

lactate, which is favoring maintenance of their undifferentiated state. Lactate can feed

anabolic pathways and sustain ATP production by its oxidation in the TCA cycle.

However, essential pathways like PPP, glycerol synthesis or one carbon metabolism

pathways would require carbons to feed the glycolytic intermediate pool. Therefore, the

discovery of PEPCK-M expression in neuronal progenitors points to a relevant role of this

pathway in the fulfillment of metabolic requirements of neuronal progenitors.

In the past, lactate was referred to as metabolic waste product. The knowledge about

lactate has changed and now is considered to be an important intermediate in numerous

metabolic processes (Gladden, 2004). Lactate, under physiological conditions or during

exercise, can be metabolized in various organs like the heart (Gertz et al, 1988; Neglia et

al, 2007), skeletal muscle (Brooks et al, 1999b), brain (Qu et al, 2000) and the liver (Exton

& Park, 1967). The importance of lactate is also exemplified by its role in cell to cell

shuttle. In brain, the ANLS hypothesis that claim that astrocytes produce lactate which

is taken up and oxidized by neurons was proposed (Pellerin & Magistretti, 1994). A similar

principle was suggested for the “reverse Warburg effect” where lactate production from

glycolytic stromal cells would feed oxidative metabolism of cancer cells (Pavlides et al,

2009).

The ANLS hypothesis was supported by several studies that observed oxidative

metabolism of lactate by neurons even in the presence of glucose (Bouzier-Sore et al,

2003; Tabernero et al, 1996; Gallagher et al, 2009b; Itoh et al, 2003). Criticism was raised

against of some of these studies that prove oxidative metabolism of lactate using isotope

labels. It has been pointed that these studies lack consideration for the reversible

equilibrium of LDH reaction which exist regardless of its net direction and this might

affect labeling patterns (Chih & Roberts Jr, 2003; Roberts Jr, 2009). However, these

criticisms ignore the fact that neurons express preferably the LDH1 isoform that has been
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argued to favor the reaction in the direction from lactate to pyruvate (Pellerin et al, 1998;

Bittar et al, 1996), and MCT2 transporter (Pierre & Pellerin, 2005; Debernardi et al, 2003)

which shows high affinity to lactate (Pérez-Escuredo et al, 2016).

Lactate supports the presence of undifferentiated state of primary neuronal
culture
Regardless of the criticisms to the ANLS hypothesis, the utilization of lactate by neurons

in adult brain is an accepted concept, although lactate is not considered as their main

substrate (Roberts Jr, 2009). In developing brain however, several studies brought

evidence of a critical role of lactate in its metabolism (Bolaños & Medina, 1993; Rinholm

et al, 2011). Additionally, lactate importance is supported by the fact that there are

significantly higher concentrations of lactate in the developing brain than in adult brain

(Lust et al, 2003; Tomiyasu et al, 2016). In accordance with these observations we tested

and fully demonstrated that lactate supports and maintain undifferentiated neuronal

restricted progenitors.

Undifferentiated state of neuronal culture growing in lactate media was demonstrated by

decreased elongation of neurites and by the expression pattern of specific markers. High

expression of TBR2, a marker of neuronal restricted progenitors (intermediate

progenitors) and low expression of markers of more immature progenitors (like SOX2 and

PAX6) is restricted to cultures formed mostly by neuronal restricted progenitors (Englund

et al, 2005; Sessa et al, 2008). However, expression of TBR2 might be maintained also in

early post-mitotic neurons (Englund et al, 2005). Therefore as a marker of neuronal

progenitors we also used Ki67, a well known marker of cycling cells. In our neuronal

culture, Ki67 would stain only progenitors as the post-mitotic neurons do not undergo

proliferation. However, it is important to mention that not all progenitor cells are actively

proliferating and therefore, Ki67 staining might underestimate the overall population of

neuronal progenitors in our model.

Lactate was also efficient in maintaining neuronal progenitors in the media containing

glucose. In these conditions, a mixed population of more and less differentiated neurons

was present as these cells expressed markers of neuronal restricted progenitors and also
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post-mitotic neurons.

Importantly, neuronal cultures grown exclusively in glucose medium showed signs of

more differentiated cells. Neurons grown in glucose had elongated neurites and expressed

markers of post-mitotic neurons and spared TBR2 expression. Glucose supported a more

differentiated state of neurons in consistence with the observations made by Agostini et

al. that have shown the importance of the glycolytic pathway for differentiation of neurons

(Agostini et al, 2016).

Neuronal restricted progenitors have limited proliferative potential and can undergo 1-3

divisions. Division of neuronal progenitors can be symmetric or asymmetric giving rise to

2 more progenitors or 2 neurons, or 1 progenitor and one neuron, respectively (Noctor et

al, 2004; Wu et al, 2005; Huttner & Kosodo, 2005). Analysis of cell number during the

growth of neuronal culture in glucose media showed increase in total number of cells that

can be explained by the division of preexisting Ki67 positive progenitors at day 1.

Therefore, the increase in cell number and the depletion of progenitors after 5 days in

glucose medium is compatible with 2 rounds of progenitor division; first an asymmetric

division giving rise to a progenitor and a differentiated cell, and then a symmetric division

of the progenitor giving 2 differentiated cells. The observation in glucose + lactate medium

of an increased number of cells together with progenitor maintenance is compatible with

one round of asymmetric progenitor division giving rise to a self-renewing progenitor and

a differentiated cell; and finally, the increase in progenitors but not in the total cell

number in lactate medium suggests self-renewing symmetric divisions and an

enrichment in progenitor cells compared with the initial pool of terminally differentiated

cells.

Active transport of lactate into cell is required for neuronal progenitor
maintenance
In accordance with our results, a positive effect of lactate on the maintenance of less

differentiated cells in neuronal cultures was observed also by Lampe et al. (Lampe et al,

2009). They proposed that this shift might be caused by the action of lactate as a

scavenger of ROS, although no direct evidence was presented (Lampe et al, 2009). ROS
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was shown to be present in lower concentration in neuronal progenitors than in neurons

(Tsatmali et al, 2006). However, in our study, neuronal cultures with different state of

differentiation do not display any alterations in ROS quantity and therefore we suggest

that lactate does not act in our cultures differentiation process through the regulation of

ROS levels.

It is common knowledge that lactate is capable of entering cells through the MCT

transporters or act as a signaling molecule through the activation of the GPR81 receptor

(Cai et al, 2008; Bergersen & Gjedde, 2012). In the context of brain, expression of GPR81

was detected in different cerebral structures, mostly in neurons (Lauritzen et al, 2014),

and its expression in vivo was shown to be induced by administration of lactate (Castillo

et al, 2015). GPR81 activation, as was shown in adipose tissue, can inhibit lipolysis

through the inhibition of cAMP signaling (Liu et al, 2009). Interestingly, it has been shown

that increased cAMP levels induce neuronal differentiation (Lepski et al, 2013). Lepski et

al. showed that higher cAMP levels increase Ca2+ influx and they suggest that these two

factors might induce differentiation through the activation of CREB, an important

transcription factor in neuronal development (Lepski et al, 2013; Merz et al, 2011).

Therefore we investigated the possibility that activation of GPR81 and subsequent

inhibition of cAMP might play a role in the maintenance of neuronal progenitors in

neuronal cultures exposed to lactate. Our findings demonstrate that activation of GPR81

by an agonist is not sufficient to reprogram the differentiation process of neuronal culture

in the manner by which population of neuronal progenitors would be maintained.

The same conclusion was obtained by another approach: Neuronal culture was exposed

to lactate in the presence of a MCT1/2 inhibitor to impede lactate metabolism. In this

condition, lactate interaction with GPR81 remains unaltered. Consistently with previous

results, GPR81 was not able to reprogram the differentiation process, in the absence of

lactate transport. Importantly, this experiment provided a first demonstration that

transport of lactate into the cell is required for maintenance of neuronal progenitors.

Lactate entry to cells was corroborated by measuring its consumption from the media.

Lactate consumption was demonstrated in neuronal cultures enriched in neuronal

progenitors grown in lactate media. However, we did not observe the same effect in the
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cells growing in glucose + lactate media. Since neuronal culture in glucose + lactate media

is a mixed population of neurons in different states of development, we assume that this

heterogeneity mask the metabolic activity of neuronal progenitors. More differentiated

neurons in this culture are presumably producing lactate from glucose as it was observed

in glucose only conditions. The importance of lactate metabolism for the maintenance of

neuronal progenitors in glucose + lactate conditions is supported by the fact that the

MCT2 inhibition led to their disappearance.

Various studies claim a prevalence of glycolytic metabolism in neural stem cells (NSCs)

that shifts toward increased use of oxidative phosphorylation during differentiation of

neurons (Zheng et al, 2016; Agathocleous et al, 2012), however the exact nature of their

metabolic state was not defined for specific stages of differentiation. It is important to

mention that none of these studies took into account the complex metabolic niche of the

developing brain, where both lactate and glucose are present at the same time.

Interestingly, Jady et al. have shown the ability of NSCs to oxidatively metabolize lactate

(Jády et al, 2016). This is indicative of metabolic plasticity as described in stem cells, and

its importance to match demands during lineage specification and cell fate determination

(Folmes et al, 2012).

It is well known that lactate, upon entry to the cell, is converted to pyruvate which is

directed to mitochondria where it feeds the TCA cycle and OXPHOS as it is observed in

different tissues (for example heart and liver) (Gertz et al, 1988; Neglia et al, 2007; Exton

& Park, 1967). Consistently, we found markers of oxidative metabolism in progenitors

including increased mitochondrial membrane potential and higher PDH activity, as

shown by the absence of inactive phosphorylated PDH form in neuronal cultures grown

in lactate media. Analysis of other metabolic markers did reveal low levels of phospho-

AMPK in progenitors grown in lactate conditions. AMPK responds very quickly to changes

of energy charge in cells and is activated (phosphorylated) when there is an increased

AMP/ATP ratio. Its activation occurs typically upon glucose deprivation and leads to

stimulation of alternative pathways to compensate imbalances in energy charge

(Shirwany & Zou, 2014). Low levels of phospho-AMPK suggest adequate compensation of

lactate for ATP production in neuronal progenitors. Similarly, decreased SIRT1 expression
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indicate high bioenergetic capacity of neuronal progenitors. SIRT1, an NAD+ dependent

deacetylase, is activated by high NAD+/NADH ratio. Moreover, it has been suggested that

NADH can regulate SIRT1 expression through HIC1:CtBP complex, however this paper

was retracted recently (Zhang et al, 2007). Interestingly, SIRT1 expression was found to

be increased during NSCs differentiation (Prozorovski et al, 2008; Ma et al, 2014), and

SIRT1 knock-outs showed increased self-renewal capacity and proliferation of NSCs and

neural progenitors (Ma et al, 2014). All this indicates that neuronal progenitors grown in

lactate media use lactate as oxidative substrate to support their bioenergetic needs.

As previously mentioned we identified neuronal progenitors in our model by detection of

Ki67 expression, a marker that is strictly associated with proliferation (Scholzen &

Gerdes, 2000). Analysis of cells number in neuronal cultures grown in lactate media

suggest that Ki67+ progenitors undergo 1 symmetric division during 4 days. Lower

proliferation rates seems to be typical for some progenitors grown in vitro. For example,

long doubling time was observed in neuronal stem cells (2.6 days or more) (Hermann et

al, 2004). Additionally, differentiation is associated with lengthening of G1 phase of cell

cycle (Salomoni & Calegari, 2010; Arai et al, 2011). Despite low proliferation rates,

neuronal progenitors need to produce sufficient amount of ATP, nucleotides, amino acids,

lipoproteins, etc., to build daughter cells. Obviously, lactate cannot fill up glycolytic

metabolism to support proliferation in the absence of a pathway that moves pyruvate into

intermediary PEP, pointing that PEPCK activity is required for full functionality of

anabolic processes in these conditions. Lactate can feed the PEPCK pathway as already

observed in the liver (Méndez-Lucas et al, 2013; Exton & Park, 1967). However, the

functionality of the gluconeogenic pathway in proliferating cells was only proposed lately

in some lung cancer cell lines that were shown to consume lactate and express PEPCK-

M under glucose depletion (Leithner et al, 2015). Here we show high expression of PEPCK-

M in neuronal progenitors that are dependent on lactate metabolism. Interestingly,

PEPCK-M inhibition by 3MPA in neuronal cultures grown in the presence of lactate

(glucose + lactate and lactate only media), and enriched by proliferating neuronal

progenitors, led to depletion of these progenitors. The observation that PEPCK-M

inhibition correspond with a significant reduction in the total number of cells as well as
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the complete depletion of Ki67 positive progenitors indicates that in the presence of

lactate, PEPCK-M inhibition leads to progenitor cell death. Administration of 3MPA to

neuronal culture grown in lactate media did not only show depletion of Ki67 positive

progenitors, but also decreased expression of TBR2, a marker of NRPs.

The negative impact of PEPCK-M inhibition on maintenance of neuronal progenitors

points to its importance in providing glycolytic intermediates to ensure synthesis of

metabolites relevant to proliferating cells. However, anabolic requirements of neuronal

progenitors are not associated only with proliferation. It is well known that NSCs and

progenitors are embedded in a niche which is rich in extracellular matrix (ECM) (Ma et

al, 2008). ECM is important for proliferation and differentiation of NSCs and abundant

amounts of ECM are present during differentiation (Lathia et al, 2007; Ma et al, 2008).

One of the key components of ECM is laminin, a glycoprotein that enhance neural

progenitor expansion and differentiation (Lathia et al, 2007; Ma et al, 2008). This may

explain the high expression of laminin that we observed in neuronal cultures with less

differentiated phenotype. Synthesis of a molecule like laminin requires fully active

machinery of amino acids synthesis and glucosamine 6-phosphate production to secure

its glycosylation. Both of these processes in lactate dependent progenitors should require

PEPCK-M activity. PEPCK is the only enzyme that can move intermediates from TCA cycle

into the glycolytic pool of intermediates. This is important to maintain glycosylation, and

the synthesis of some amino acids that originates from glycolytic intermediates (e.g.

serine, glycine, cysteine and tyrosine). Moreover, Satapati et al. observed that PEPCK-C

inhibition decrease flux of the TCA cycle (Satapati et al, 2015) which might suggest also

impact on anaplerosis and amino acid synthesis.

Accordingly, inhibition of PEPCK-M had a high impact on laminin synthesis. A loss in the

capacity to synthetize sufficient amounts of laminin can be one of the causes of progenitor

depletion. However, lower laminin production might be also caused by loss of neuronal

progenitors as they are suggested to be the main site for synthesis of laminin.

Additionally, experiments performed in vivo support these conclusions. We observed that

inhibition of PEPCK-M in newborn brain using 3MPA has a strong impact on the presence

of neuronal restricted progenitors and proliferating cells, as well as laminin
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Taken together, our results provide evidence of the strict dependence of neuronal

progenitors on lactate metabolism that fulfil all biosynthetic needs of neuronal

progenitors. Moreover, our results demonstrate metabolic dependence of neuronal

progenitors on PEPCK-M activity (summarized in Figure D-1). However, more experiments

are required to uncover key pathways required by neuronal progenitors to fulfill their

functionality. Additionally, lactate might be relevant in some stages of neuronal

development as the metabolism was shown to shift from glycolysis in neural stem cells,

toward oxidative metabolism in mature neurons (Agathocleous et al, 2012; Zheng et al,

2016).

Figure D-1: Schematic representation of the proposed effect of lactate on neuronal progenitor
cells (NPs). Graphic was made using Servier Medical Art image bank (Servier Medical Art, 2016).

Our results partially disclose importance of lactate presence in the niche of the developing

brain. Knowledge of lactate restricted metabolic requirements of neuronal progenitors can

be of use in regenerative medicine where several biomaterials contain L-lactic acid that

form the supporting niche for neuronal progenitors (Alvarez et al, 2013). Interestingly,

lactate has been shown as a preferred substrate in the brain after traumatic injury (Glenn

et al, 2015) or after exposure to hypoxia (Bliss & Sapolsky, 2001).

Future challenges for the definition of the precise role of PEPCK-M in lactate metabolism
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in neuronal progenitors will require deeper characterization of its metabolic profile by

using approaches like metabolomics analysis. This will allow us to focus on more specific

pathways in further studies. Identification of key metabolic pathways will help us to better

understand the metabolic requirements of undifferentiated cells. This information might

be applied also in other cell models, like cancer cells.

The case of cancer
Cancer cells are often compared with stem or progenitor cells as they share some common

characteristics. It is important to mention that cancer cells are very heterogeneous and

this characterization is not always universal. However, it seems that more invasive or

resistant tumors are matching characteristics common to stem cells, for example self-

renewal capacity (Yamada et al, 2014; Pardal et al, 2005), undifferentiated phenotype

(Holmberg et al, 2011; Zhao et al, 2016) and metabolic plasticity (Ramanujan, 2015;

Simoes et al, 2015; Agathocleous et al, 2012). Metabolic flexibility allows stem or

progenitor cells to cope with different metabolic requirements during the differentiation

(Agathocleous et al, 2012; Folmes et al, 2011). In cancer cells, metabolic flexibility allows

cells to support their growth and adapt to conditions with reduced nutrient or oxygen

availability that are present in the tumor microenvironment (Simoes et al, 2015; Reid et

al, 2013). Cancer cells are often described as metabolically addicted to glucose.

Metabolism of glucose by cancer cells was mainly assigned to aerobic glycolysis (Warburg

effect), which is marked by increased glucose uptake and lactate production (Warburg,

1956; Pavlova & Thompson, 2016). However, often forgotten OXPHOS was show to be an

active pathway in different cancer cells (Zu & Guppy, 2004; Sanchez-Alvarez et al, 2013).

OXPHOS can be maintained by oxidation of either glucose derived pyruvate or glutamine.

Avid glutamine oxidation was observed in cancer cell lines (Bode et al, 2002; Cetinbas et

al, 2016; Le et al, 2012a) where glutamine was shown as an important source of energy

and an anaplerotic substrate (DeBerardinis et al, 2007; Fan et al, 2013; Reitzer & Wice,

1979). Several studies described the ability of cells to switch from one type of metabolism

to other based on nutrient availability. For example, cells can turn on glutamine

utilization when glucose is absent and vice versa (Lim et al, 2014; Le et al, 2012a;
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Cetinbas et al, 2016). The ability of cancer cells to activate their metabolism based on

microenvironmental conditions and bioenergetic and biosynthetic demands is providing

an effective strategy for their survival and progress. Metabolic plasticity of cancer cells

depends on their ability to change expression of key metabolic enzymes to support their

needs. For example they can regulate the rate of pyruvate oxidation through changes in

PDH activity via its phosphorylation. Decrease in PDH activity of human lung carcinoma

cells can promote reductive carboxylation (Fendt et al, 2013). Often, cancer cells also

show high expression levels of glutaminase 1 (GLS1) that is regulated by c-MYC (Gao et

al, 2009; Cheng et al, 2011). Enhanced glutamine metabolism is very important when

cells find themselves in conditions of impaired transport of pyruvate into the TCA cycle

(Yang et al, 2014a).

In accordance with changes in their metabolic profile, we found that expression of

mitochondrial phosphoenolpyruvate carboxykinase (PEPCK-M) is significantly increased

in many tumors and cancer cell lines.

PEPCK is a well-known gluconeogenic enzyme that under physiological conditions

contributes to glucose homeostasis by producing glucose in the liver and kidney. In the

context of cancer metabolism, PEPCK might be advantageous to cancer cells via several

mechanisms. First, it is important to note that the PEPCK reaction is the only pathway

that is able to communicate mitochondrial intermediates with the glycolytic intermediary

pool above PEP. This ability would add great advantages to cells growing in conditions

with limited sources of glucose that is considered the main substrate for PPP, SSP, one

carbon metabolism, glycerol synthesis, etc. Moreover, PEPCK-M was shown to play a role

in a pro-survival pathway in cancer cells undergoing ER stress and amino acid limitation,

although the exact mechanism was not described (Méndez-Lucas et al, 2014). Second,

PEPCK was shown as an important regulator of TCA cycle flux. Disruption of cataplerosis

through PEPCK-C inhibition led to the accumulation of TCA cycle intermediates in the

liver, and to a decrease of TCA cycle flux (Burgess et al, 2004). Additionally, it has been

shown that inhibition of PEPCK-C activity can decrease ROS production caused by

elevated anaplerosis/cataplerosis (Satapati et al, 2015). ROS is usually elevated in cancer

cells and it is acting as a positive factor for cancer cell development, however high levels
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of ROS can be also damaging to cancer cells (Nogueira et al., 2008). All this suggest that

PEPCK-M might be an important enzyme in cancer cells with the ability to regulate the

TCA cycle and support metabolic requirements in normal or stressed conditions.

Mitochondrial versus cytosolic PEPCK in cancer
There are two known isoforms of PEPCK, the mitochondrial and the cytosolic isozyme

that are catalyzing chemically identical reactions. Interestingly, the mitochondrial isoform

is preferentially expressed in undifferentiated cells or stem cells as observed by us

(Álvarez et al, 2014), and as shown GEO database by others (Barberi et al. 2005

GDS1288; Edgar et al. 2002; Poon et al. 2013 GDS5603, Cherqui et al., 2006 GDS1701;

Eckfeldt et al., 2005 GDS1230).

Preferential expression of PEPCK-M was also observed in mice liver during fetal

development, whereas after birth mostly the cytosolic isoform is expressed (Hanson &

Reshef, 1997; Croniger et al, 2002b). Interestingly, re-expression of fetal isoforms of some

enzymes is typical of undifferentiated cells and often observed in cancer cells. For

instance, cancer cells often express the embryonic isoform of pyruvate kinase, PKM2,

which is subject to allosteric regulation (Christofk et al, 2008). Similarly, brain-type

glycogen phosphorylase (BGP) is suggested to be the major isoform in tumor and fetal

tissues (Sato et al, 1972). Next, adult liver is known to express liver–type glutaminase 2

(GLS2). However, when undergoing malignancy, cells switch from GLS2 to glutaminase 1

(GLS1) expression, which is also present in embryonic hepatocytes (Yuneva et al, 2012;

Hu et al, 2011).

In line with these observations, in this work we show that several cancer cell lines highly

express mitochondrial PEPCK, while they show very low or no expression of PEPCK-C. As

mentioned before, mitochondrial isoform is preferentially expressed in undifferentiated

cells. Consistent with our data, several studies also observed high expression of

mitochondrial PEPCK in cancer cells (Vincent et al, 2015; Leithner et al, 2015). Moreover

we did detect higher PEPCK-M expression in several human tumors (e.g. breast cancer,

leukemia, lung cancer, prostate cancer, etc.) when compared to their non-neoplastic

counterparts. Interestingly, the tumors originating from tissues that originally express
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cytosolic and mitochondrial isoform, such as kidney and liver, maintain expression of

both of them upon malignancy. However, PEPCK-C expression heavily drop in these

tumors. In agreement with our observations, several studies report significant decrease

of PEPCK-C expression in hepatocellular carcinoma and colon cancer compared with

normal tissue (Khan et al, 2015; Ma et al, 2013b). PEPCK-M expression also tend to

decrease in these types of tumors, however the drop in expression is substantially lower.

Similarly to the striking drop of PEPCK-C expression, lower levels of glucose-6

phosphatase and fructose bisphospatase-1 are observed upon malignancy of

gluconeogenic tissues (Ma et al, 2013b; Wang et al, 2012). This indicates a deleterious

impact of cancer progression on pathways characteristic of differentiated tissues, such

as gluconeogenesis in hepatocellular carcinoma. Mechanism of downregulation of

gluconeogenic enzymes is not elucidated yet, however several studies show that

downregulation of PGC1-α transcription factor through miR-23a (Wang et al, 2012) and

inactivation of endogenous glucocorticoid signaling (Ma et al, 2013b) could play a role.

Also, FOXO1, a positive regulator of PCK1, is downregulated in hepatocellular carcinoma

and colon cancer (Khan et al, 2015). It should be noted that activation of PEPCK-C

mediated gluconeogenic pathway through activation of FOXO1 in hepatocellular

carcinoma cells was shown to negatively affect their survival (Khan et al, 2015). Similarly,

Ma et al. observed that activation of gluconeogenesis in tumors by synthetic

glucocorticoids can suppress the growth of ectopic hepatocarcinoma (Ma et al, 2013b).

The negative effect of gluconeogenesis activation could be explained by the fact that

cancer cells are forced to futile synthesis of glucose by external factors and this would

lead to waste of energy and carbon sources in the cancer cell setting. Therefore, it seems

logic that cancer cells would prefer the mitochondrial isoform which expression could be

more manageable by the needs of the cell (for example induction by ER stress or amino

acid depletion) and not PEPCK-C that is regulated by hormones and diet (Reshef et al,

1969; Hanson & Reshef, 1997).

PEPCK-M expression in cancer cells is suggesting of its importance for the metabolic state

of cancer cells that are coping with high bioenergetics and biosynthetic demands, and

nutritional stress, together with a possible contribution to metabolic plasticity. Therefore
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it is relevant to study the role of PEPCK-M in cancer metabolism to better understand

cancer biology and to discover new pathways that might be used in the development of

new strategies for cancer therapy.

PEPCK-M relevance for cancer cell growth
Metabolism and growth are tightly connected, therefore most of the metabolic studies use

cell growth analysis as a first indicator of the relevance of an enzyme or pathway for

cancer cells. We observed that silencing or inhibition of PEPCK-M cause a decrease of

growth of cancer cells in conditions of abundant glucose. A more significant impact on

the growth was observed using soft-agar assay. Soft-agar assay is used to predict

carcinogenic capacity (Borowicz et al, 2014). Cells with reduced PEPCK-M activity show

decreased ability to form colonies when grown in anchorage independent conditions.

Similar effects of PEPCK-M inhibition on cell growth were reported also by Park et al. and

Leithner et al. In agreement with our results, PEPCK-M impairment in these studies

reduced the proliferation rate and spheroid growth, respectively (Park et al, 2014;

Leithner et al, 2015). A negative impact of PEPCK inhibition on proliferation was

demonstrated also in the case of cytosolic isoform in colon cancer (Montal et al, 2015)

and melanoma (Li et al, 2015). However, it is necessary to stress that these studies

underestimated the possible role of the mitochondrial isoform in this context and they

did not show expression levels of PEPCK-M, neither silencing specificity to the cytosolic

isoform.

In this work we show that PEPCK-M overexpression has no impact on proliferation of

MCF7 cancer cells in abundant glucose conditions. We could hypothesize that

overexpression of PEPCK-M in these conditions is not facilitating cell growth due to

reached metabolic capacity of endogenous PEPCK-M. However, to increase it by activation

of its metabolism.

However, we will consider in future investigations to overexpress this enzyme in non-

tumorigenic cell line (e.g. MCF710a), which proliferation is considerably lower and have

the ability to enhance it by activation of its metabolism.

The observed negative impact of PEPCK-M silencing on cancer cell growth indicated
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relevance of the enzyme in tumor growth. Unfortunately, loss of silencing in two different

xenograft models prevented us from evaluating the importance of PEPCK-M for tumor

growth in vivo. Although, the importance of PEPCK-M for tumor growth was supported

by a recent study by Vincent et al. (Vincent et al, 2015) showing impaired growth of

PEPCK-M knocked-down lung cancer cell line xenografts. To confirm the role of PEPCK-

M for tumor growth in our models, we plan to implement a new approach by using

CRISPR gene editing. Generation of PCK2 knock-out using CRISPR/Cas9 system will

avoid the problem of reactivation of its expression.

The impact of PEPCK-M inhibition on growth was an indicator of an important metabolic

role of this enzyme in cancer cells to support their growth.

TCA cycle changes upon different PEPCK-M expression levels
As mentioned above, PEPCK-C is able to influence the TCA cycle flux and its inhibition

leads to accumulation of TCA cycle intermediates in the liver (Burgess et al, 2004).

Mitochondrial and cytosolic PEPCK catalyze the same reaction and therefore we could

expect similar effects on the behavior of the TCA cycle after PEPCK-M inhibition.

PEPCK-M reaction is GTP dependent what makes PEPCK-M a candidate for recycling of

GTP produced in the TCA cycle reaction catalyzed by succinyl-CoA synthetase. Recycling

of GTP is important since no general transporter of GTP/GDP has been identified in

higher eukaryotes (Stark & Kibbey, 2014). Even though, tissue specific guanine

nucleotides transport into mitochondria was detected in heart, but at very slow rates that

might only fulfill non-proliferating cell requirements (McKee et al, 2000). Importance of

PEPCK-M in GTP recycling is supported by the study that describe a functional

coordination between GTP synthesis and recycling by PEPCK-M in pancreatic beta cells

(Stark et al, 2009). Both these examples of PEPCK-M interaction with the TCA cycle

suggested that PEPCK-M silencing might affect TCA cycle metabolism in our cells.

We demonstrated the functionality of PEPCK-M driven cataplerosis in MCF7 cells grown

under the glucose deprivation by showing synthesis of serine and glycine from glutamine.

However, in the presence of glucose, glutamine participation in serine or glycine synthesis

was not detected. These data does not exclude the possibility that the PEPCK-M reaction
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is active, as serine synthesis in these conditions might be fully covered by glucose

metabolism. Moreover, Vincent et al. in their study showed PEP synthesis from glutamine

in cancer cells grown in the presence of 25 mM glucose, even though at very low levels

(Vincent et al, 2015). The functionality of the PEPCK-M pathway in our model might be

evaluated by its effects on isotopomer distribution of TCA cycle intermediates. Our data

show several metabolic changes occurring at the level of the TCA cycle upon modification

of PEPCK-M expression in MCF7 cells grown in abundant glucose media. Glutamine

metabolism was evaluated by measurement of isotopomer distribution from fully labeled

glutamine into various metabolites.

Silencing of PEPCK-M lead to an increase of fully labeled four carbon metabolites of the

TCA cycle, namely succinate, malate and oxaloacetate. However, no changes in

anaplerosis from glutamine were observed as suggested by similar contribution of label

from glutamine to α-ketoglutarate. This was supported by similar levels of glutamine

consumption in these cells. Consistent with previous findings, we did not observe any

changes in GLS1 mRNA expression that is a significant player in the anaplerosis of the

TCA cycle in various cancer cells (Sellers et al, 2015; Yang et al, 2014b) and changes in

its activity serve as an indicator of changes in anaplerosis of glutamine (Le et al, 2012a;

Yuneva et al, 2012). In addition, we observed equilibration of glutamate and aspartate

with their keto acids.

Based on previous observations we assume that the increased pool of labeled

intermediates in PEPCK-M deficient cells might result from impaired cataplerosis through

this enzyme. Therefore oxaloacetate would not be taken out from the TCA cycle at the

same rate as in control cells and this would lead to a larger pool of labeled oxaloacetate

in the first and also second turn. The labeling pattern of oxaloacetate is mirrored into

prior intermediates, malate and succinate. Similarly, increased levels of m+4 malate and

fumarate originating from fully labeled glutamine were observed in colon carcinoma cell

line upon inhibition of PEPCK-C (Montal et al, 2015).

Citrate does not copy the label distribution of oxaloacetate. This might be explained by

the same rate of pyruvate oxidation as the m+4 citrate is equal in silenced and control

cells. This is supported by the similar levels of phosphorylated pyruvate dehydrogenase
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(PDH). PDH phosphorylation, caused by pyruvate dehydrogenase kinases (PDK1-4),

inactivates the enzyme. Based on similar levels of PDH phosphorylation, we speculate

that pyruvate oxidation in the TCA cycle is not changed upon PEPCK-M inhibition. In

addition, routine oxygen consumption rates of MCF7 cells with basal and decreased

PEPCK-M expression was unchanged, supporting the fact that pyruvate oxidation is not

affected.

Even though oxidation of pyruvate seems unchanged, PEPCK-M impairment decreased

glucose consumption. At the same time, lactate production was not significantly changed.

Similar effect of PEPCK silencing on glucose consumption was also observed in melanoma

(Li et al, 2015) and HeLa cells (Méndez-Lucas et al, 2014). Based on the calculations of

lactate to glucose ratio we might assume that PEPCK-M inhibition appears to increase

conversion of glucose to lactate, having in mind that glutamine does not participate in

lactate production as negligible label distribution from [U-13C] glutamine into lactate was

observed in our model.

Overexpression of PEPCK-M showed slightly decreased anaplerosis of glutamine into the

TCA cycle in glucose abundant conditions as suggested by lower incorporation of

glutamine into m+5 α-ketoglutarate. However, this was not confirmed by analysis of

glutamine consumption or GLS1 expression.

Moreover, the labeling pattern of α-ketoglutarate was not mirrored in other TCA cycle

intermediates. Therefore we assume that differences in glutamine to α-ketoglutarate

conversion are negligible.

Interestingly, PEPCK-M overexpression led to an increase in fully labeled four carbon TCA

cycle intermediates made from uniformly labeled glutamine, but at the same time the

amount of isotopologues produced by reductive carboxylation of glutamine (m+5 citrate

and m+3 oxaloacetate, malate and fumarate) was decreased. This might indicate that

more carbons from glutamine are moved into the oxidative pathway, rather than through

reductive carboxylation. Concurrently, no changes were observed in the glycolytic

pathway as overexpression of PEPCK-M did not affect glucose consumption or lactate

production.

Cancer cells as proliferating cells need to support several biosynthetic pathways. It is
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know, that fatty acid synthesis is active pathway in cancer cells (Medes et al, 1953;

Kuhajda et al, 1994) and inhibition of this pathway was shown to impair growth of cancer

cells (Nishi et al, 2016; Wilmanski et al, 2016). Cancer cells also show increased

expression levels of fatty acid synthase (FAS), and high levels of FAS synthesis are often

linked with worsen prognosis (Visca et al, 2004; Sebastiani et al, 2004; Gansler et al,

1997). Our data show, that PEPCK-M overexpression is able to metabolically support

fatty acid synthesis since cells with overexpressed PEPCK-M displayed increased their de

novo synthesis. This observation is paralleled by increased expression of fatty acid

synthase (FAS). Previously, PEPCK-C overexpression in colon cancer cells showed a

similar effect on fatty acid synthesis (Montal et al, 2015). Fatty acid synthesis is relevant

for cells to support biosynthesis of membranes and signaling molecules (Currie et al,

2013). Therefore, increased capacity of cells to synthetize fatty acids might support

growth of cells. However, PEPCK-M overexpression did not show any positive impact on

MCF7 cell line growth that would suggest this type of advantage in our model.

Metabolic changes in MCF7 cells under glucose deprivation
Tumor cells find themselves surrounded by a microenvironment, which is mostly defined

by nutrient and oxygen concentration gradient. Microenvironment is heterogeneous and

change within the tumor. Vascularization might not be always sufficient to supply

metabolites and oxygen to all parts of the tumor and the cells located farther from the

surface are exposed to lower concentration of oxygen and nutrients (Serganova et al,

2011). This is mostly caused by decreased diffusion towards the tumor center and by the

fact that cells at the surface might consume a major part of available nutrients

(Lavrentovich et al, 2013; Greenspan, 1972; Gatenby & Gillies, 2008). Tumor cells use

various metabolic adaptations to cope with this precarious microenvironment (Baldini et

al, 2016; Simoes et al, 2015). For example, many cancer cells exposed to glucose

deprivation are able to switch in glutamine utilization to ensure survival and growth (Yang

et al, 2009a; Le et al, 2012a).

Functioning of the TCA cycle under glucose deprivation was identified by the production

of labeled TCA cycle intermediates from [U-13C] glutamine. Moreover, withdrawal of
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glucose from media was followed by an increased proportion of glutamine derived TCA

cycle intermediates when compared to high glucose media. These observations point to

increased flux of glutamine into the TCA cycle under glucose deprivation in MCF7 cells.

This behavior was observed also in other cancer cells grown in the absence of glucose like

lymphoma, where higher anaplerosis of glutamine into TCA cycle was correlated with

expression of c-MYC (Le et al, 2012a), an oncogene that is highly expressed in MCF7 cell

line (Liu et al, 2012a).

Maintenance of the TCA cycle flux under glucose deprivation is conditioned by supply of

acetyl-CoA. We found that glucose deprivation induces acetyl-CoA formation from

glutamine as we observed incorporation of m+2 acetyl-CoA in the formation of fully

labeled citrate. We assume that the main source of labeled acetyl-CoA in MCF7 cells is

pyruvate which was synthetized under glucose deprivation from glutamine. M+6 citrate

was barely detectable under high glucose conditions, indicating activation of this pathway

upon glucose withdrawal. Synthesis of acetyl-CoA from glutamine through reductive

carboxylation and its usage in the synthesis of citrate was discarded. Acetyl-CoA formed

in this reaction would bare one labeled carbon and therefore would form m+5 or m+1

citrate. As there were no changes in m+5 or m+1 citrate levels upon glucose withdrawal

and moreover isotopologues indicating reductive carboxylation were decreased, we

assume that reductive carboxylation does not play important role in maintenance of

functional TCA cycle.

Participation of glutamine carbons in pyruvate formation can be mediated through malic

enzyme, which decarboxylates malate to pyruvate, or mitochondrial

phosphoenolpyruvate carboxykinase, which converts oxaloacetate to PEP. Labeling

patterns of pyruvate suggest that PEPCK-M does not participate in its production, since

isotopomer distribution does not show PEPCK-M dependent contribution from carbons

from [U-13C] glutamine, in contrast to what we observed in serine and glycine. Therefore,

we suggest that fully labeled pyruvate is produced by malic enzyme from m+4 malate.

Moreover, participation of mitochondrial isoforms of malic enzyme on pyruvate

production under glucose deprivation was observed in other models (Yang et al, 2014a).

Labeling pattern of lactate suggests that pyruvate formed from glutamine derived TCA
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cycle intermediates is driven mostly to citrate. However, some pyruvate was moved into

lactate and m+3 lactate was formed. Interestingly, MCF7 cells with silenced PEPCK-M

showed higher levels of m+3 lactate, suggesting its increased formation. Even though

these changes are not reflected in pyruvate, this might be caused by reduced PEPCK-M

driven cataplerosis as seen by lower serine and glycine enrichment in PEPCK-M depleted

cells.

Regarding anaplerosis, α-ketoglutarate labeling and GLS1 expression levels suggest that

this pathway is not significantly affected by silencing nor by overexpression of PEPCK-M.

As will be discussed later, we observed PEPCK-M dependent cataplerosis in MCF7 cells

deprived of glucose. Interestingly, changes in cataplerosis through PEPCK-M were not

mirrored in the labeling of TCA cycle intermediates. M+4 oxaloacetate and malate levels

proceeding from glutamine showed equal labeling, independent on PEPCK-M expression

levels. The only intermediate that copied label distribution similar to high glucose

condition was succinate. On the other hand, species indicating reductive carboxylation

were formed to a lesser extent in cells with silenced PEPCK-M and this might indicate

decreased reductive carboxylation in these cells under glucose deprivation.

PEPCK-M role in serine and glycine synthesis
As mentioned before, tumors might be exposed to microenvironment with limiting

nutrients or oxygen (Serganova et al, 2011), and they might escape the negative impact

of these conditions by various metabolic adaptations (Baldini et al, 2016; Simoes et al,

2015).

Some cancer cell lines, for example non-small cell lung cancer (NSCLC) cells, are able to

resist glucose deprivation and even proliferate in the presence of other carbon source,

glutamine (Vincent et al, 2015). MCF7 cells are not able to withstand the severe stress

induced by total glucose depletion as they stop to grow and decrease total cell number

over time. However, MCF7 cells with overexpressed PEPCK-M are more resistant to these

stress conditions than silenced ones. It has been shown that glucose deprivation activate

a stress response related to ER stress and activate transcription factor ATF4 (Ye et al,

2010; Ding et al, 2016), which is known to positively regulate PCK2 expression as was
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described in our laboratory (Méndez-Lucas et al, 2014). Decreased resistance to ER stress

initiated by glucose deprivation in MCF7 cells with silenced PEPCK-M is in agreement

with the participation of PEPCK-M in the survival program initiated upon ER stress and

amino acid depletion (Méndez-Lucas et al, 2014). PEPCK-M dependent survival under ER

stress might include various pathways, yet unidentified. One of the metabolic

implications of PEPCK-M is to feed glucose side-branch metabolism as it is the only

enzyme that can connect TCA cycle intermediates with glycolytic pool above PEP.

Presumably, this role becomes more relevant under glucose deprivation. Some enzymes

of glucose side-branch pathways, like the ones for serine synthesis were shown to be

overexpressed in different cancer cells growing under glucose deprivation even in the

presence of exogenous serine and glycine (Ma et al, 2013a; Sun et al, 2015), and were

shown to be regulated by ATF4 transcription factor similarly to PCK2 (Ye et al, 2012;

DeNicola et al, 2015). In accordance with this, we observed that MCF7 cells treated with

media lacking glucose do express higher levels of PHGDH and PSAT1, enzymes implicated

in SSP. The importance of functional serine synthesis pathway (SSP) for growth of cancer

cells in vitro and in vivo has been confirmed by several studies (Mattaini et al, 2015;

Pacold et al, 2016; Possemato et al, 2011). Interestingly, the inability of exogenous serine

to rescue cancer cells with impaired SSP suggests that flux through the SSP might be

important for cell metabolism beyond providing serine (Possemato et al, 2011; Mattaini

et al, 2015). Serine and glycine synthesis is relevant for production of glutathione,

nucleotides, methylation of homocysteine (Nelson & Cox, 2000) or the support of

anaplerosis of glutamate into α-ketoglutarate (Possemato et al, 2011). Blunt of this

pathway can therefore affect synthesis of molecules relevant for growth and survival.

It was observed that inhibition of serine synthesis pathway under glucose deprivation in

the presence of serine and glycine accelerated cell death (Sun et al, 2015; Ma et al, 2013a).

Based on the fact that both, PEPCK-M and SSP enzymes, are responding to the same

transcriptional factor and the fact that PECPK-M is the only known enzyme that can

support SSP under glucose deprivation led us to speculate that PEPCK-M is relevant for

the maintenance of functional SSP under initiated ER stress induced by glucose

deprivation. This was confirmed and we observed increased cell death in cells with
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decreased PEPCK-M expression. Moreover withdrawal of serine and glycine in the

absence of glucose had an even more significant impact on the survival of cells with

reduced levels of PEPCK-M. On the other hand, cells overexpressing PEPCK-M showed

increased resistance to stress caused by nutrient withdrawal.

To confirm the functional relevance of PEPCK-M for SSP, a metabolomics study was

designed, whereby MCF7 cells treated with uniformly labeled glutamine under glucose

deprivation. Cataplerosis through the PEPCK-M enzyme towards SSP was hence

demonstrated for the first time, as we have shown that flux of carbons from glutamine

into serine and glycine is directly dependent on PEPCK-M activity under these conditions.

Later, Vincent et al. also observed that PEPCK-M drive carbons from TCA cycle to serine

under glucose deprivation (Vincent et al, 2015). Additionally, cells with overexpressed

PEPCK-M contain higher molar fraction of amino acids which synthesis is starting from

PEP (tyrosine) or 3PG (serine and glycine) supporting the relevance of PEPCK-M

expression in the metabolism of these amino acids. Even though AA levels in cell extract

might be influenced by their uptake from medium, no changes in consumption of those

AA in glucose abundant medium were detected, except for serine, where PEPCK-M

overexpressing cells showed higher serine consumption than control cells. Consistent

with serine being metabolically more potent amino acid (Mattaini et al, 2016), MCF7 cells

consumed preferentially serine over glycine.

Recently, Ma et al. described the induction of glutamine utilization for serine and glycine

synthesis under nutrient deprivation in protein kinase C (PKC) zeta deficient SW480 cells.

In this model, metabolic reprogramming under PKC zeta deficiency supports cell growth

in the absence of glucose (Ma et al, 2013a). Based on our results, we believe that in this

model, PEPCK-M is an important player that is necessary to support successful metabolic

reprogramming by fluxing carbons from glutamine into SSP and to enhance the ability of

cells to adapt and better respond to nutritional stress. Relevance of PKC zeta suppression

in tumor growth is supported by several studies that detect a negative impact of PKC zeta

overexpression on tumor growth (Mustafi et al, 2006; Nazarenko et al, 2010).

The abundance of labeled serine and glycine in our study is low, however this is

consistent with the study of Vincent et al. (Vincent et al, 2015) which analyzed serine
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synthesis in very similar conditions. A low percentage of labeled serine and glycine might

be caused by the short time of labeling that we performed in order to avoid changes due

to more profound stress conditions during glucose deprivation that could affect

metabolomics studies. It is important to mention that labeling studies were performed in

the presence of exogenous serine and glycine. This may lead to an underestimation of

isotope labeling experiments due to equilibration between labeled intracellular and

unlabeled exogenous sources as pointed out by DeNicola et al. (DeNicola et al, 2015).

Flux of carbons from glutamine into serine and glycine was abolished when glucose was

present in culture media. This might be caused by the predominant participation of

unlabeled glucose in SSP. However, to definitely discard the possible implication of

PEPCK-M in SSP in the presence of glucose, an additional experimental condition with

increased labeling time needs to be performed. Seemingly improbable bidirectional

functioning of glycolysis and gluconeogenesis is supported by the phenomenon occurring

in adipocytes, where glyceroneogenesis is the main source of triglycerides even in the

presence of glucose (Nye et al, 2008). It is important to mention that glucose is generally

considered the main substrate for serine and glycine de novo synthesis (Maddocks et al,

2013; Locasale et al, 2011). However, it is interesting that Maddocks et al. detected

formation of unlabeled serine in HCT116 cells grown in the presence of fully labeled

glucose and in the absence of exogenous serine and glycine (Maddocks et al, 2013). This

points to implication of other pathway in serine synthesis, which might be PEPCK-M

dependent.

All in all, PEPCK-M under glucose deprivation drive carbons from glutamine into

glycolytic intermediates above PEP and support synthesis of intracellular serine to the

levels that might be necessary to support growth and survival.

PEPCK-M dependent succinate labeling pattern
Analysis of isotopomer distribution from fully labeled glutamine into TCA cycle

intermediates revealed that succinate labeling pattern was inversely correlated with

PEPCK-M expression. This was observed in both, glucose abundant and glucose deprived

conditions, with more profound effects under glucose deprivation. Moreover, the
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concentration of succinate is copying the same behavior and we found increased

concentration of succinate in MCF7 cells with knocked-down PEPCK-M. Production of

succinate is commonly the result of oxidative metabolism of glutamine (Fan et al, 2013;

Meiser et al, 2016a) or conversion of fumarate to succinate by reverse reaction of SDH

(Chouchani et al, 2014) or by reduction of fumarate through NADH-fumarate reductase

(Tomitsuka et al, 2009). Barely detectable m+3 succinate which only source is m+3

fumarate suggest absence of reverse carbon flow from fumarate to succinate. Therefore,

labeled succinate originates only from oxidative metabolism of glutamine. Accumulation

of m+4 succinate is often ascribed to impaired SDH enzyme (Lussey-Lepoutre et al, 2015).

In our cells this reaction seems to be unaffected as fumarate labeling was not impaired.

Moreover, SDH expression upon PEPCK-M silencing or overexpression was unchanged.

This supports the fact that succinate labeling is not affected by changes in SDH reaction.

Labeling pattern of succinate highly differ from other related intermediates. This led us

to speculate that other pathways originating from glutamine might participate in

succinate formation, for example the GABA shunt pathway. GABA is well known as the

inhibitory neurotransmitter in mammalian brain, yet its presence was found also in

various types of cancers (Azuma et al, 2003; Mazurkiewicz et al, 1999).

GABA conversion to succinate is processed through two reactions catalyzed by GABA-T

and SSADH enzyme. However, mRNA expression of these enzymes was not increased in

PEPCK-M silenced MCF7 cells.

GABA pathway can be inhibited by aminooxyacetic acid that is used to inhibit GABA-T

enzyme (Löscher & Hörstermann, 1994). However, this inhibitor is not specific and is

often used also to inhibit various aminotransferases, like GOT and AST (Montal et al,

2015; LaMonte et al, 2013). Therefore, significant impact of aminooxyacetic acid on

growth of PEPCK-M deficient cells might be caused by unselected targets. Moreover, a

recent study showed that inhibition of aminotransferases by aminooxyacetic acid leads

to depletion of various amino acids, and can induce ER stress (Korangath et al, 2015;

Qing et al, 2012), causing inhibition of breast cancer cells growth (Korangath et al, 2015).

This would be a straightforward explanation for the observed PEPCK-M dependent growth

response to aminooxyacetic acid as we know that PEPCK-M is important for the activation
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of a survival pathway under ER stress (Méndez-Lucas et al, 2014).

Besides significant changes in carbon distribution from glutamine to succinate, we

observed that the proportion of unlabeled succinate is higher when compared with other

TCA cycle intermediates. Unlabeled succinate can be supplemented by catabolism of

branched chained amino acids (BCAAs) (Meiser et al, 2016b). Interestingly, BCAAs belong

to the group of most consumed amino acids in high glucose media. Therefore we would

hypothesize that they participate in the production of the high unlabeled pool of

succinate. Concentration of succinate was higher in PEPCK-M knocked-down cells and

lower in cells overexpressing PEPCK-M. However, consumption of BCAAs was not

significantly different upon silencing or overexpression and therefore we assume that

consumption of BCAAs is not responsible for the differences in succinate concentrations.

Pattern of different succinate concentrations were maintained also under glucose

exhaustion. Moreover, glucose exhaustion caused overall increase in succinate

concentration.

The connection between the succinate pathway and PEPCK-M is also supported by the

observation that loss of SDH enzyme activity causes accumulation of succinate and leads

to PCK2 overexpression (Lussey-Lepoutre et al, 2015). More experiments are necessary

to understand the exact mechanism of how PEPCK-M affect succinate concentration and

synthesis from glutamine.

Proline metabolism is stimulated by PEPCK-M
Our data suggest that PEPCK-M in neuronal progenitors affects the capacity of these cells

to form laminin, part of the extracellular matrix microenvironment. Extracellular matrix

(ECM) is similarly forming the microenvironment of tumors. Extracellular matrix is

composed of different molecules, including proteins, glycoproteins, polysaccharides and

proteo-glycans, and form a niche with specific biochemical and physical properties (Lu et

al, 2012). Additionally, signaling molecules and growth factor are also present in ECM

that support tumor growth. All this point to essential role of ECM microenvironment for

cancer evolution and spread (Balkwill et al, 2012). Production of ECM is mostly assigned

to cancer associated fibroblasts (Sounni & Noel, 2013), however it has been shown that



DISCUSSION 170

breast cancer cells can also take part in its production (Xiong et al, 2014; Lü et al, 2014).

Synthesis of ECM require active machinery of protein synthesis, polysaccharide synthesis

and glycosylation. Based on the results obtained in neuronal progenitors, we believe that

PEPCK-M might be necessary to support the synthesis of ECM molecules. Obviously, this

role might be more needful in cells grown under glucose deprivation, where PEPCK-M is

the only connection between the TCA cycle and glycolytic intermediates. This connection

is essential for the synthesis of some amino acids (e.g. serine and glycine) and

glycosylation. However, PEPCK-M could also affect the synthesis of other amino acids

through its effect on the TCA cycle.

One of the amino acids that is richly present in ECM, more specifically in collagen, is

proline (Phang et al, 2015). Proline is a non-essential amino acid that is not routinely

supplied in DMEM medium. Therefore cells needs to synthetize it.

Several studies provide evidence of the importance of proline biosynthesis for cancer

growth (Liu et al, 2015; Kardos et al, 2015). Moreover, increased synthesis of proline was

activated by c-MYC (Liu et al, 2012b).

MCF7 cells grown in high glucose media showed active synthesis of proline as we detected

its secretion into media. Interestingly, proline secretion was significantly increased in

MCF7 cell with overexpressed PEPCK-M. Increased secretion of proline correlates with

higher expression of PYCR enzyme that converts pyrroline-5-carboxylate to proline. This

indicates that PEPCK-M is supporting biosynthesis of proline. It is interesting to mention,

that increased proline secretion was associated with higher invasiveness of ovarian

cancer cells (Yang et al, 2014b). Besides participation of proline in protein synthesis,

recently Liu at al. suggested that proline cycling, instead of synthesis, supports cell

growth. This cycling between proline and pyrroline-5-carboxylate support recycling of

NAD(P)H to NAD(P)+. Moreover, the conversion of glutamate to pyrroline-5-carboxylate

also oxidizes NADPH to NADP+ (Liu et al, 2015).

The capacity of MCF7 cells with increased PEPCK-M expression to synthetize more proline

was confirmed also by analysis of intracellular levels of proline. More significant

differences were observed under glucose exhaustion. In these conditions we also observed

significantly lower proline concentration upon PEPCK-M silencing.
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Proline levels in cells treated in high glucose media and in glucose exhaustion media

show significant differences. As the cells are routinely grown in high glucose media we

can assume that the concentration observed in high glucose conditions is the starting

concentration of proline in cells treated in glucose exhaustion media. Therefore we

assume that a drop of proline concentration in control and silenced cells is mostly caused

by proline consumption. On the other hand, MCF7 cells with overexpressed PEPCK-M

show no differences in proline concentration in high glucose and glucose exhaustion

media.

Proline consumption upon glucose withdrawal in PEPCK-M silenced and control cells

under glucose deprivation might feed the TCA cycle or the ornithine cycle (Phang et al,

2012) to support their functionality.

Analysis of enzymes implicated in synthesis and degradation of proline showed higher

expression of POX, an enzyme involved in catabolism of proline, in MCF7 silenced cells

that showed lower proline concentration. This behavior was observed both in high glucose

and glucose deprivation conditions. This might point to increased proline turnover or

consumption in these cells.

It is well-known that during the conversion of proline into pyrroline-5-carboxylate by

POX, ROS is produced by donating electrons to FAD. Increased POX expression might be

related to the observed mitochondrial ROS increase in MCF7 cells with silenced PEPCK-

M. Besides proline, other metabolites are often related to ROS production, for example

changes in succinate levels. Macrophages that accumulate succinate to a greater extent

are shown to produce more ROS (Mills et al, 2016). Similarly, Chouchani et al. also shows

that high succinate levels are linked to ROS production (Chouchani et al, 2014). However,

studies connecting ROS and succinate levels are showing much higher changes of

succinate levels (Chouchani et al, 2014) than those observed in our studies.

The presence of increased ROS correlates with overexpression of ROS scavenging enzyme

SOD2 and induction of p21 expression. The activation of p21 expression under oxidative

stress has been observed (El Alami et al, 2014; Qiu et al, 1996) in accordance with our

observations. Activation of p21 is also related to growth arrest (Abbas & Dutta, 2009)

which correlates with shown growth in PEPCK-M  silenced MCF7 cells, although an effect
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on cell cycle could not be demonstrated.

We have shown the importance of PEPCK-M in ensuring metabolic flexibility in

biosynthetic processes relevant to cancer and neuronal progenitor cells. PEPCK-M role in

these pathways is also supported by coexpression enrichment analysis (Figure D-2).

Analysis of breast cancer cells and stem cells showed that PCK2 enzyme coexpressor

genes are involved in amino acid synthesis pathways (e.g. proline, serine and glycine),

glycosylation, once carbon metabolism, etc.

Additionally, the top KEGG pathway enrichment of genes that most significantly

coexpress with PCK2 linked them to five pathways that were present in both, cancer and

stem cells, suggesting that PCK2 might participate in processes that metabolically

support both these two systems (Figure D-2).

All in all, our work described mechanisms for metabolic flexibility in undifferentiated and

cancer cells that are dependent on PEPCK-M activity and shall grant further investigation

of its role in cancer biology, and support development of new therapeutic strategies that

further validates this enzyme as a target in this pathology. This information will serve as

set point for continuing our studies on PEPCK and related pathways in our laboratory.
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Figure D-2: Coexpression enrichment analysis. PCK2 coexpression in human breast cancer and stem
cells datasets was analyzed using SEEK, a query-based search engine developed by the Department of
Computer Science of Princeton University (http://seek.princeton.edu; Zhu et al, 2015). We analyzed top
200 genes and coexpressed genes were organized by KEGG pathway functional database. Significant
results with minimal p value 1.11E-02 were included. Following metabolic pathways were included:
Aminoacyl tRNA biosynthesis, Alanine aspartate and glutamate metabolism (Ala, Asp, Glu), Fructose
and mannose metabolism, Amino sugar and nucleotide sugar metabolism (Glycosylation), Arginine and
proline metabolism (Arg and Pro), Cysteine and methionine metabolism (Cys and Met), One carbon pool
by folate (One carbon), Glyoxylate and dicarboxylate metabolism, Glutathione metabolism, Pentose
phosphate pathway (PPP), Glycine serine and threonine metabolism (Gly, Ser, Thr) and Selenocompound
metabolism (selenocomp.). Five pathways common to SC (stem cells) and CC (cancer cells) are visualized
by Venn diagram and common coexpressed genes with PCK2 are placed within the intersection.
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 TBR2 positive neuronal progenitor maintenance and growth is promoted by L-lactate

in primary neuronal cultures and developing brain.

 Differentiation state of neuronal progenitors is dependent on lactate metabolism;

signaling of lactate through the GPR81 receptor is not sufficient to reprogram cell

fate of primary neuronal cultures.

 Mitochondrial PEPCK activity is essential for preservation of neuronal progenitors

and their anabolic requirements in L-lactate fed primary neuronal cultures and

developing brain.

 Mitochondrial PEPCK is preferentially expressed in less differentiated cells and

cancer cells.

 Higher levels of PEPCK-M expression are associated with worsen prognosis (relapse

free survival) in breast cancer patients.

 PEPCK-M silencing impacts cell growth, but not apoptosis, in well-fed cancer cells

cultured in 2D, and reduces colony formation in anchorage-independent conditions.

 Under glucose abundance, no apparent changes in anaplerosis from glutamine are

found in PEPCK-M silenced MCF7 cells.

 Increase in fully labeled TCA cycle intermediate pools from uniformly labeled

glutamine in well-fed MCF7 cells with silenced PEPCK-M suggests reduced label

dilution.

 PEPCK-M overexpression metabolically supports de novo synthesis of fatty acids in

well-fed MCF7 cells.

 Cellular content of proline correlates with PEPCK-M expression levels suggesting the

implication of PEPCK-M in proline metabolism under glucose abundant and glucose

exhaustion conditions, where the effect was more pronounced.

 Total and fully labeled succinate pools are inversely proportional to PEPCK-M

expression levels in a manner that does not mimic other TCA cycle intermediates,

suggesting PEPCK-M effects on alternative pathways contributing to, or originating

from, succinate.

 Higher proportion of fully labeled TCA cycle intermediates from [U-13C] glutamine

points to elevated glutamine influx into the TCA cycle in MCF7 cells under glucose
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deprivation.

 MCF7 cells produce pyruvate from glutamine derived intermediates to support

TCA cycling under glucose deprivation. Similar enrichment of pyruvate amongst

MCF7 lines suggests implication of malic enzyme rather than PEPCK-M in this

pathway.

 Carbon labeling at serine and glycine originating from [U-13C] glutamine is directly

dependent on PEPCK-M activity; therefore PEPCK-M cataplerosis supports

glycolysis branched pathway of serine and glycine synthesis under glucose

deprivation.
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Cell culture

1.1 MCF7, HCT116, NIH 3T3-KRas G12V

Cell lines used throughout were of different origin. MCF7 is a human breast

adenocarcinoma cell line expressing estrogen receptor. MCF7 cells possess luminal

epithelial phenotype and are characterized as a low invasive cancer cell line. HCT116

have origin in human colon carcinoma and has epithelial morphology. NIH-3T3-KRas

G12V (3T3-KRas) is a mouse embryonic fibroblast cell line carrying a knock-in mutation

at codon 12 of KRAS gene, which causes expression of a mutant oncogene KRAS.

Cells were maintained at 37°C in humidified atmosphere with 5% CO2 in complete DMEM

medium (Biological Industries, # 01-055-1A) with following composition: 25 mM glucose,

2mM Gln, 10ml/l Pen-strep solution (penicillin G sodium salt 10,000 units/mL,

streptomycin sulfate 10 mg/l) (P/S) and 10% fetal calf serum (FCS) (all purchased from

Biological Industries). Cells were passed every 2-3 days.

Cell lines were purchased from ATCC, except for 3T3-KRas cells that were a kind gift from

Dr. Francesc Viñals, IDIBELL.

During experiments, cells were treated with DMEM (Biological Industries, #01-055-1A,

#01-057-1A) with and MEM (Biological Industries, #01-025-1A) media with different

concentration of glucose (0 mM, 1 mM and 25 mM). MEM medium with 0 mM glucose is

not commercially available and therefore was prepared in the laboratory using the same

composition, except glucose, as commercially obtained MEM medium (Biological

Industries, #01-025-1A).

1.2 Stable MCF7 and HCT116 cell lines

Principle: Lentiviral vectors are able to infect non-dividing cell and have a tendency to

integrate into high transcription level sites. Lentivirus is an RNA virus. After infection of

the cell, RNA is transcribed into DNA and inserted into the genome. In this stage, the
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virus is called provirus. Provirus is stable and is passed to progeny. For safety reasons,

lentiviral vectors are not able to replicate and produce new viral particles.

Silencing
Silencing of PCK2 in MCF7 and HCT116 cell lines was completed with GIPZ™ Leniviral

shRNA (Thermo Scientific, # V3LMM_427490 and V3LHS_328126, denominated sh1-

PCK2 and sh2-PCK2, respectively). In the case of HCT116 a mixture of both lentiviral

particles was used and silenced cell line was denominated sh-PCK2.

As a negative control, a GIPZ™ non-silencing lentiviral shRNA (Thermo Scientific, #RHS-

4348) was used. Negative control was denominated shCtrl. Product GIPZ™ Lentiviral

shRNA is now commercialized by GE Healthcare under the same catalog numbers.

Transduction was preformed following the protocol supplied by the manufacturer. GIPZ™

Lentiviral shRNA vectors contain puromycin resistance gene which was used for selection

of infected cells. MCF7 cells were treated for 1 week with 1 µg/ml of puromycin (Gibco,

#A11138-03) and HCT116 cell line for 1 week with 2 µg/ml. Puromycin was refreshed

every second day. GIPZ™ Lentiviral shRNA vectors contain gene for turboGFP and degree

of transduction was confirmed by fluorescent microscopy.

Overexpression
For overexpression of PCK2, a PCK2 Human ORFeome lentiviral particles (GeneCopoeia,

# LP-OL06695-LX304-0200-S) were used.  PCK2 Human ORFeome lentiviral were

denominated L-PCK2.

Transduction was performed in the same manner as transduction of GIPZ™ Lentiviral

particles. Only MCF7 cell line was transduced with PCK2 Human ORFeome lentiviral

particles.

Lentiviral vector contains blasticidin resistance gene. Selection of transduced cells was

completed by treating MCF7 cells with 2µg/ml of blasticidin (Sigma-Aldrich, #15205) for

1 week.  PCK2 ORFeome lentiviral particles do not contain GFP gene.
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1.3 Neuronal primary cultures

Neurons were obtained from E15-E16 mice neocortex. Mouse (Swiss OF1, pregnant day

15-16) was sacrificed by cervical dislocation. The uterus was removed and pups were

decapitated immediately and heads were placed in cold PBS containing 0.6% glucose and

0.3% BSA (filtered with 0.22 µm filter). Following protocol was used to dissect cortices:

 Remove the skin and skull using scissors and a pair of fine tweezers and place

dissected brain into a Petri dish containing PBS with 0.6% glucose and 0.3%

BSA in PBS (filtered with 0.22 µm filter) on ice.

 Remove midbrain, olfactory bulbs and hippocampus) and collect individual

cortices in the solution of 0.6% glucose and 0.3% BSA in PBS (filtered with 0.22

µm filter) on ice.  Do not perform dissection longer than one hour to avoid death

of the neurons.

 Place cortices gently into 6 cm culture plate containing warm trypsin-EDTA and

DNase I (1:1000) and incubate 10 min at 37°C and 5% CO2.  To avoid

degradation of DNase I, it should be added prior to use.

 Disrupt the cortices mechanically by pipetting up and down first with 1000 µl tip

and after with 200 µl tip.

 Centrifuge the suspension for 5 min at 400 g and resuspend the pellet in 2 ml of

Neurobasal™ (Gibco, #21103049) media supplemented with 5% normal horse

serum (NHS), 10 ml/l P/S, 0.5 mM Gln, 5.8 µl/ml NaHCO3 and 2% B27® (Gibco).

 Pre-plated dissociated cells in a 10-cm culture dish for 30 min at 37°C in

Neurobasal™ medium supplemented with 5% normal horse serum (NHS), 10 ml/l

P/S, 0.5 mM Gln, 5.8 µl/ml NaHCO3 and 2% B27® (Gibco). This helps to obtain

enriched neuronal cultures as the glial cells get attached and floating neuronal cells

can be recovered from the supernatant.

 Recover neurons from floating supernatant and pass them through the 100 µm

strainer. Wash the strainer with few ml of media to collect remaining cells.

 Centrifuge collected suspension with cells for 5 min at 200 g. Resuspended the

pellet with neurons in Neurobasal™ medium with following supplementation: 1%
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NHS, 10 ml/l P/S, 0.5 mM Gln, 22 μM glutamic acid, 2% B27® (Gibco) and 5.8

µl/ml NaHCO3 and following concentrations of glucose and lactate: 25 mM glucose

(glucose medium) or with 25 mM glucose and 4 mM lactic acid (glucose + lactate

medium), or Neurobasal®-A Medium (Gibco, #05-0128DJ) with 4mM lactic acid

only (glucose-free lactate medium). L-lactic acid was purchased from Sigma-

Aldrich (#27714).

 After 24h change the medium and replace it with the same but serum-free medium

without glutamate.

Cultures were incubated for 4 more days. In some experiments, lactate or glucose

medium was replaced after 5 days in vitro (5div) with glucose or lactate medium for 1h

(short incubation) or 2 days (long incubation).

All media were equilibrated in incubator for 1 h prior to use. Supplements used in media

were purchased from Sigma-Aldrich unless mentioned otherwise.  Plates for neuronal

cultures require special treatment with Poly-D-lysine for 30 min at 37°C. It is recommended

to treat the plates a day before primary cultures are processed. After poly-lysination, plates

are washed 3 times with sterile mQ water and air-dried.
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Animals

2.1 Tumor xenograft model

For in vivo studies of tumor growth, 6 week old nude mice were used (Harlan). As

xenografts, stable cell lines of MCF7 (sh1-PCK2 and shCtrl) and HCT116 (sh-PCK2 and

shCtrl) were used. Mice were housed in pathogen free animal facility and all procedures

were done in sterile conditions.

All animal housing and procedures were approved by the Institutional Animal Care and

Use Committee of our institution in accordance with Spanish and EU regulations.

HCT116 xenografts
Cell suspension preparation: HCT116 cells grown in flasks were treated with trypsin

and collected. Cells were washed and suspended in PBS at concentration 20x106 cells/ml

and stored on ice until injected.

Injection: Cells were injected subcutaneously into the left and right dorsal flank of nude

male mice. Prior to injection, skin was sterilized with iodine and alcohol. Skin was lifted

and 100 µl (2x106 cells) of cell suspension was injected with insulin syringe.Successful

injection can be confirmed by checking the swelling of the skin.

Tumor measurement: Growth of tumors was detected by palpation. The size of tumors

was regularly measured by using calipers. The longest and shortest diameter was

measured and the following formula was used to calculate tumor volume:

V=(length+width2)/2.

MCF7 xenografts
Estradiol pellets insertion: 24h prior to implantation of MCF7 cells, nude female mice

were supplemented with 17β estradiol pellets (1.7 mg/pellet, 90-day release, Innovative

research of America). Pellets were inserted subcutaneously to mice anesthetized with

isoflurane. Skin on the back side of the neck was sterilized with iodine and alcohol and

0.5 mm incision was made in the skin. 1 cm beyond incision side a pocket was made

using tweezers. Estradiol pellets were than inserted into these pockets. The wound was
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closed using surgical staple, which were removed after wound healing.

Cell suspension preparation: MCF7 cells grown in flasks were treated with trypsin and

collected. Cells were washed with DMEM media without FCS and suspended in the same

media at concentration 100x106 cells/ml. Cells were stored on ice until implanted.

Implantation: The orthotopic implantation was made surgically to fourth mammary fat

pad. Nude female mice were anesthetized with isoflurane and their abdomen was

sterilized with iodine and alcohol. Two lateral incisions were made in the skin between

the fourth nipple and the midline. The mammary fat pad was exposed.  Mammary fat

pad has white color and is easy to be observed.

Prior to injection, 100 µl of cell suspension (10x106 cells/ml) were mixed with matrigel

matrix and injected into the fat pad using an insulin syringe. Successful injection can

be confirmed by checking the swelling of the fat pad. The wounds were closed using

surgical staple. After surgery, analgesic Buprenorphine (0.05 mg/kg) was administrated

by subcutaneous injection. After wound healing, surgical staples were removed.

Tumor measurement: Growth of tumors was detected by palpation. The size of tumors

was regularly measured by using calipers. The longest and shortest diameter was

measured and following formula was used to calculate tumor volume:

V=(length+width2)/2.

Samples preparation
At the end of the experiment, mice were sacrificed by CO2 asphyxiation. Tumor tissue

was dissected measured and weighted. The parts of the tumor intended for RNA and

protein extraction were cut into small pieces and frozen in cryo-tubes immediately in LN2.

Tumor pieces for IF were embedded in OCT (Sakura) and frozen. Freezing of tissue was

made in isopropanol placed in a metal beaker on dry ice. Cryo-molds with embedded

tissue were placed in isopropanol and frozen  OCT change color from transparent to

white, when frozen. Cryo-molds with frozen tissues were stored at -80°C until sectioned

in cryostat. Tumors intended for IHC staining were first fixed O/N in 4% PFA for

subsequent paraffin embedding and sectioning
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2.2 Intraventricular brain injections in postnatal animals

For in vivo studies of neuronal progenitors, Swiss OF1 mice were used. All animal housing

and procedures were approved by the Institutional Animal Care and Use Committee of

our institution in accordance with Spanish and EU regulations.

Newborn mice (postnatal day 0, P0) were injected in the lateral ventricle of brain with 2

µL of lactic acid (5 mM, Sigma-Aldrich), MCT1/2 inhibitor AR-C155858 (100 nM, Adooq,

# A11293), 3-mercaptopicolinic acid (100 µM, Toronto Research Chemicals), or vehicle

(mQ H2O). Injection was performed with glass micropipette adapted to a Hamilton syringe.

This procedure is minimally invasive and there was no associated mortality.

Mice were sacrificed at postnatal day 3 (P3) by administration of anesthetic overdose

followed by a transcardial perfusion with 4% paraformaldehyde (PFA) in 0.1 M phosphate

buffer, pH 7.3. Brain tissue was dissected and meninges were removed. The following

protocol was used to prepare gelatin blocks for IHC section preparation:

 Insert dissected brain into 50 ml tube containing 4% PFA (the volume should be

40 times or more of the tissue volume) and incubate 6h at RT or 12h at 4°C.

 Postfix brains for 8–12 h in cryopreservative solution (30% sucrose solution in

PBS) at 4°C.

 Prepare embedding gelatin solution containing 8% gelatin and 15% sucrose in

PBS. And keep it at 37°C. This solution has to be warmed in order to melt gelatin

but should not be brought to a boil.

 Add embedding gelatin solution to culture dish and place various pieces of brain

tissue so it will be completely covered with the solution. Store culture dished with

embedded tissues at 4°C.

 Once solidified, cut gelatin block of each piece of brain tissue and freeze by using

LN2. Store at -80°C until sectioned in cryostat.

Coronal sections of 40 µm thickness were collected in a cryoprotective solution and stored

at −30°C.
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Growth and cell death

3.1 MTT assay

Principle: MTT assay detects viability of cells through the activity of dehydrogenase

enzymes. Yellow solution of MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium

bromide) is reduced by metabolically active cells to purple formazan crystals, that can be

solubilized in isopropanol.

Protocol: For MTT assay, cells were plated in 12 wells plates at a density of 0.05x106

cells/well. Cells were than treated and analyzed at different time points. MTT 10x stock

solution (5mg/ml, Sigma, #M2128) was prepared in DMEM media w/o phenol red. 

Stock solution can be stored at -20°C for up to 3 months.

The following procedure was used:

 Aspirate media and add 500 µl of MTT 1x working solution (0.5mg/ml) diluted in

DMEM media without phenol red supplemented with 25 mM glucose, 2mM Gln

and 10% FCS.

 Incubate cells at 37°C with 5% CO2 in the dark for 2-4 hours and observe

formation of purple crystals.

 At the end of the assay aspirate media and add 500-1000 µl of isopropanol

(depending on the confluence of the cells) to solubilize formazan.

 Acidic isopropanol (40 mM HCl in absolute Isopropanol) might be used when

working with media containing phenol red to avoid interference of phenol red

in absorbance reading.  If floating cells containing crystals are present in the

well, they should be centrifuged and used in the assay.

 Transfer 200 µl of the liquid to 96 well plate in triplicates and read absorbance at

570nm with background subtraction at 650 nm.

Values of all time points were divided by corresponding value of 0h time point to normalize

for the number of seeded cells.
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3.2 Crystal violet assay

Principle: Crystal violet is a triarylmethane dye that binds in a non-specific manner to

protein and DNA in cells. Captured dye can be solubilized by 2% SDS and measured

spectrophotometrically.

Protocol: For CV assay, cells were plated in 12 wells plate at density 0.05x106 cells/well.

Cells were than treated and analyzed at different time points. Working solution of CV was

prepared as solution of 0.2% CV (Sigma, #C-3886) in 2% ethanol.  CV solution can be

reutilized for several times, until it loose viscous appearance or until it contains debris.

The following procedure was used:

 Aspirate media and add 400 µl of CV.

 Incubate cells at 37°C for 30 min.

 Recollect CV and wash plates 3x in tap water by immersion in a large beaker.

Change the tap water between washes.

 Let the plates dry upside down. Add 1-2 ml of 2% SDS solution to each well

(depending on the confluence of the cells) and agitate plates approximately 1h at

RT until color is uniform. All plates can be analyzed at the end of the experiment.

Although if plates are analyzed the same day as they were stained, crystal violet is

easier to dissolve.

 Transfer 200 µl of the liquid to 96 well plate in triplicates and read absorbance at

570nm.

Values of all time points were divided by the corresponding value of 0h time point  to

normalize for the number of seeded cells.

3.3 Soft agar colony formation assay

Principle: Cells are seeded in semi-solid agarose over a denser agar layer, which blocks

cells to adhere to culture plate surface. Only cells able of anchorage-independent growth

are able to grow in these conditions. Soft agar colony formation assay is commonly used

to evaluate anchorage-independent growth ability of cells, which is one of the hallmarks

of transformation (Borowicz et al, 2014; Horibata et al, 2015).
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Protocol: 6-well plates were covered with 0.5% agar layer, prepared by dilution of agar

in PBS. Agar solution was warmed up in a microwave until melted. 1 ml of agar solution

was used to cover each well in six well plate.  Add agar solution to plates while hot. To

pipette hot solution use serological pipettes as they resist to high temperature.

Seeding of the cell in the upper layer was done as described in the following protocol:

 Prepare 0.7% solution of agarose (Ecogen, #AG0120) in PBS by melting it in a

microwave. Make aliquots of 500 µl in tubes and keep them in dry bath incubator

at 37°C.

 Treat cells with trypsin and resuspend them in DMEM media (supplemented with

25 mM glucose, 20% FCS, 4 mM Gln and 20 ml/l P/S) at concentration 0.01x106

cells/ml. Make 500 µl aliquots of cell suspension and keep them in dry bath

incubator at 37°C.

 Mix 500 µl of agarose with 500 µl of cell suspension, pipette up and down and

transfer to well of 6 well plate.  Work quickly to avoid gelation before transferring

to plate.

 Let incubate 30 min and add 500 µl of complete media to each well.

 Let the cells grow for 2-3 weeks in incubator at 37°C and 5% CO2 until colonies

are formed. Change media every 3-4 days.

3.4 Annexin V/7AAD apoptosis assay

Principle: Annexin V belongs to group of calcium-dependent phospholipid-binding

proteins. Annexin V binds preferentially to phosphatidylserine, which is exposed in outer

plasma membrane, when cell undergo apoptosis. Annexin V is fluorescently labeled and

therefore can be analyzed by measuring emitted light. Fluorescent viability dyes (e.g. 7-

ADD, propidium iodide) are used in assay to help distinguish between early and late

apoptosis. In the late stage of apoptosis, the cell membrane loses integrity and viability

dye can enter the cell and bind to DNA.

Protocol: Annexin V Apoptosis Detection Kit APC (eBioscience, # 88-8007) in

combination with 7-ADD were used to analyze apoptosis. Stained cells were analyzed by
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flow cytometry. Analyzed cells were grown in 12 well plates and at the moment of analysis

were at 60-75% of confluency. As a positive control we used cells treated O/N with 1 µM

saturosporine.  It is important to have good controls for flow cytometry settings

adjustment. For general settings, apoptotic and live cells, both stained with combination of

dyes (Annexin V only, Annexin V + 7-ADD, 7-ADD only and no stain), were used. Usage of

GFP positive cell line requires also control of cells that do not express GFP.

The following procedure was used:

 Collect media from wells to tubes to recollect dead floating cells.

 Wash wells with 1 ml PBS and add it to the corresponding tubes.

 Trypsinize cells with 250 µl of trypsin. After that, stop reaction with adding 500 µl

of media and collect cells to corresponding tubes.

 Spin cells 5 min at 500 g and discard supernatant.

 Add 500 µl of binding buffer (BB, provided in the kit) to each sample and spin 5

min at 500 g. Discard the supernatant.

 Add 105 µl of Annexin V diluted in BB (100 µl of BB + 5 µl of Annexin V) to the

samples and 100 µl of BB to the samples for controls without Annexin V staining.

Incubate in dark for 15 min.

 Add 500 µl of BB to samples and spin 5 min at 500 g.

 Discard the supernatant and resuspend cells in 200 µl of BB.

 Add 105 µl of 7-ADD solution diluted in BB (100 µl of BB + 5 µl of 7-ADD) to

corresponding samples and 100 µl of BB to the samples for control without 7-ADD

staining.

 Excitation/emission (nm):7AAD = 546/647, APC = 650/660.

Samples were analyze by flow cytometry with FACSCanto™.
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Protein and RNA analysis

4.1 Western blot

Protein extraction of cancer cells and tissues for western blot was done with RIPA buffer

(Table M&M-1) containing the following protease inhibitors: PMSF (1 mM), Benzamidine

(1 mM), Aprotinin (1 µg/ml), Leupeptin (1 µg/ml) and Pepstatin (1 µg/ml). Extracts were

cleared from debris by centrifugation for 10 min at 15000 g at 4°C.

Protein extraction of neuronal cultures was done with modified RIPA buffer (Table M&M-

2). Samples were incubated on orbital shaker for 20 min at 4°C and sonicated and in this

case extracts were not centrifuged.

Protein concentration in samples was determined by commercial Pierce™ BCA protein

assay kit (Thermo Scientific, #23225) using protocol specified by provider. Samples were

diluted to required concentration, mixed with loading buffer () and boiled for 10 min at

95°C.

RIPA BUFFER Final
concentration

To prepare
200 ml

Tris/HCl pH 7.4 50 mM 10 ml (1 M)

NaCl 100 mM 6.67 ml (3 M)

Triton™ X-100 1% 2 ml

Na3VO4 1 mM 36.78 mg

NaF 50 mM 42 mg

EDTA 5 mM 2 ml (0.5 M)

Beta glycerophosphate 40 mM 1.73 g

Table M&M-1: Composition of RIPA buffer for protein extraction from cells and tissues.
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Modified RIPA buffer Final
concentration

To prepare
10 ml

Tris/HCl pH 7.4 100 mM 1 ml (1 M)

NaCl 100 mM 334 µl (3 M)

NP-40 (add as the first) 1% 100 µl

NaF 50 mM 2.1 mg

Na3VO4 1 mM 1.84 mg

Triton™ X-100 1% 100 µl

SDS 0.1% 50 µl (20%)

Beta glycerophosphate 10 mM 0.43 g
cOmplete™
(Roche, #11836170001) 1x 1.43 ml (7x)

PMSF 1mM 17.42 g

Table M&M-2: Composition of modified RIPA buffer for protein extraction from neuronal cultures.

LOADING BUFFER (4x) Final
concentration (4x)

To prepare
10 ml

Glycerol 40% 4 ml (100%)

Tris/HCl pH 6.8 240 mM 2.4 ml (1 M)

SDS 8% 0.8 g

Bromophenol blue 0.04% 4 mg

Beta-mercaptoethanol 5% 0.5 ml

Table M&M-3: Loading buffer for western blot sample preparation.

Western blot was performed as mentioned elsewhere (Mahmood & Yang, 2012). Briefly,

proteins were separated on SDS-polyacrylamide gel prepared at desired concentration (8-

15%). Standardly, 25-30 µg of protein were loaded per lane. Electrophoresis was

performed at constant voltage (120 V) in Towbin buffer (25 mM tris, 192 mM glycine, pH

8.3) with 0.1% SDS.  Transfer to PVDF membrane (pore size 0.2 µm) was performed using

two different methods. First, tank (wet) transfer, an older method that was long time used

in our laboratory. This transfer method was made using Towbin buffer (25 mM tris, 192

mM glycine, pH 8.3) with 10% methanol at constant voltage (200 mA/gel) for 2h at 4°C.
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Second, semi-dry transfer, which was established in our laboratory as a new and more

efficient method to transfer proteins. The transfer time was reduced to 30 min by using

discontinuous buffer system (Table M&M-4), where different buffers were used for

cathode and anode side of transfer stack. Transfer was performed in Trans-Blot® Turbo™

semi-dry transfer cell with program Standard SD (30 min, 25 V, 1 A).

CATHODE BUFFER Final
concentration

To prepare
500 ml

6-aminocaproic acid 40 mM 2.6 g

Methanol 20 % 100 ml

ANODE BUFFER Final
concentration

To prepare
500 ml

Tris base 0.3 M 18.16 g

Methanol 20 % 100 ml

Table M&M-4: Discontinuous buffer system for semi-dry transfer by using Trans-Blot® Turbo™
semi-dry transfer system. Adjust volume to 500 ml with distilled water.

After blotting, membranes were blocked 1h at RT with 5% non-fat powdered milk

resuspended in TBS-T 0.05%. Thereafter, incubation with primary antibodies (Table

M&M-5) was performed O/N at 4˚C followed by washes and incubation with horseradish

peroxidase conjugated secondary antibody for one hour at RT. Bands were visualized with

EZ-ECL developing kit (Biological Industries, #20-500-500) and images were captured

with CCD camera (Fujifilm LAS 3000). Relative expression of proteins was quantified by

densitometry analysis using Fuji Film Multi Gauge software. γ-tubulin and β-actin were

used as a loading control in western blots of cancer cells. Total actin and AKT were used

as loading controls for neurons.
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ANTIBODY against Size
(KDa) Host Dilution Reference

SIR2 110 Rb 1:1000 Upstate, #07-31

Phospho-AKT (Ser473) 60 Rb 1:1000 Cell Signaling, #9271

ATF4 (C-20) 40/50 Rb 1:500 Santa Cruz, #sc-200

AKT 60 Gt 1:1000 Santa Cruz, #sc-1618

ACC 257 &
280 Rb 1:1000 Upstate, #07-439

PhosphoDetect
PDH-E1α (Ser293) 44 Rb 1:1000 Calbiochem, # AP1062

Phospho-S6
(Ser235/236) 32 Rb 1:1000 Cell Signaling, #2211

HIF1a 110-120 Rb 1:1000 gift from the lab of Edurne
Berra

SOX2 34 Rb 1:500 Abcam, #ab97959

TBR2 85 Rb 1:1000
(1:500) Abcam, #ab23345

MCT2 40 Gt 1:500 Santa Cruz, #sc-14926

TUJ1 50-55 Ms 1:10 000
1:5000 Covance, #MMS-4359

Nestin 198-260 Ms 1:500
(1:200) BD Pharmingen, #556309

Laminin >200 Rb 1:500
1:250 Sigma, #L9393

SDH 70 Ms 1:1000 Invitrogen, #459200

GFAP 55 Rb 1:3000 Dako, #20334

PSD95 85 Rb 1:1000 Abcam, #18258

PAX6 47 Rb 1:500 Lsz Life Science, #CSB-
PA017492DSR2HU

VDAC 32 Rb 1:1000 Cell Signaling, #4866

phospho-AMPK 62 Rb 1:1000 Cell Signaling, #25351

GPR81 40 Gt 1:500 Abcam, #ab106942

V5-tag - Ms 1:5000 Invitrogen, #46-0705

p53 53 Ms 1:1000 Abcam, #ab26

p21 (C-19) 21 Rb 1:1000 Santa Cruz, #sc-397

Table M&M-5: list of antibodies used in western blot, IHC and IF. Continue on the next page.
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PEPCK-C 71 Sp 1:1000 gift from the lab of Granner

PEPCK-M 71 Rb 1:1000
(1:500) Abcam, #ab70359

Phospho-ACC 280 Rb 1:1000 Cell Signaling, #3661

SOD2 25 Rb 1:2000 Abcam, #13534

γ-tubulin 48 Ms 1:10 000 Sigma, #T-6557

β-actin 46 Ms 1:1000 Santa Cruz, #sc-69879

caspase-3 17,34 Rb 1:500
(1:100) Santa Cruz, #sc-98785

total actin 45 Gt 1:2 000 Santa Cruz, #sc-1616

anti-sheep secondary Rb 1:5000 Dako, #P0163

anti-mouse secondary Gt 1:20 000 Sigma, #A9917

anti-rabbit secondary Gt 1:10 000 Sigma, #A0545

anti-goat secondary Dk 1:5000 Santa Cruz, #sc-2056

anti-goat secondary Dk 1:5000 Santa Cruz, #sc-2056

Table M&M-5: List of antibodies used in western blot, IHC and IF. Primary antibodies for western
blot were diluted in 5% BSA in TBS-T. Secondary antibodies for western blot were diluted in 5% non-fat
milk TBS-T 0.05%. Dilution mentioned in parenthesis are for IF or IHC if it differed from that for western
blot. Rb – rabbit, Gt – goat, Ms – mouse, Sp – sheep, Dk – donkey,

4.2 Immunohistochemistry

Immunohistochemistry (IHC) technique was used to analyze tissues obtained from in vivo

xenograft experiments and combined cancer and normal tissue microarray panel BCN962

(US Biomax). Microarray panel BCN962 contains 17 types of common organs and 48

types of tumors with their matched or unmatched non-neoplastic tissue with single core

per case.

The following protocol of IHC was used. Protocol is divided into 3 parts: deparaffinization

and rehydratation, antigen retrieval and immunohistochemical staining by itself.

Deparaffinization and rehydration
 Place the slides in a rack and perform following washes:

 Xylene 4x10 min

 100% ethanol 3x5 min
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 96% ethanol 3x5 min

 70% ethanol 1x5 min

 Distilled water 1x5 min

Antigen retrieval
Antigen retrieval serves to reveal epitopes masked during sample processing.

 Fill press cooker with sodium citrate buffer (10 mM sodium citrate, pH 6).

 Insert slides in plastic rack and place them in press cooker. The slides has to be

completely submerged.  Avoid using the glass rack as it can be broken by high

temperature reached in the press cooker.

 Secure the pressure cooker and place it on hot plate.

 Wait 3 minutes after the pressure cooker reach full pressure and then remove

cooker from hot plate and place it in a sink.

 De-pressure the cooker by running cold water on it and open it carefully. Let the

samples to cool down in sodium citrate buffer (10mM sodium citrate, pH 6) for 20

min.

 Wash the slides 5 min in distilled water.

Immunohistochemical staining
 Deactivate endogenous peroxidases by submerging slides in 6% H2O2 for 15 min.

 Wash slides 5 min in distilled water.

 Wash slides 10 min in PBS-Triton™ X-100 0.1%.

 Incubate samples with blocking solution (20% goat serum in PBS) for 1h at RT in

humid chamber.

 Incubate samples placed in humid chamber with primary Ab diluted in PBS O/N

at 4°C.  Use 70-100 µl of primary Ab solution/slide. Cover slides with parafilm to

avoid drying.

 Next day, temper samples at RT for 30 min.

 Wash slides 3x10 min in PBS-Triton™ X-100 0.1%.

 Incubate samples with secondary Ab (EnVision, Dako) diluted in PBS for 30 min



MATERIALS AND METHODS 200

at RT and cover with parafilm.

 Wash slides 3x10 min in PBS-Triton™ X-100 0.1%.

 Develop the signal with Liquid DAB+ Substrate Chromogen System (Dako,

#K3468) following the protocol supplied by manufacturer.

 Wash the slides 1x3 min with tap water.

 Counterstain samples with hematoxylin for 1-5 min and rinse in tap water.

 Dehydrate samples by passing them through solutions of alcohol and xylene.

Incubate samples for 5 min in each solutions following this order: 3x70 % ethanol,

3x96 % ethanol, 3x100% ethanol and 2x xylene and finally 2x10 min in xylene.

 Mount samples with cover slip using DPX mountant. Let slides to dry in laminar

flow hood.

Fluorescent preparations were visualized and images were captured with Nikon Eclipse

800 light microscope (Nikon, Tokyo, Japan).

4.3 Immunofluorescence

Free floating sections of brain (obtained as described on page 189), primary cultures of

neurons and MCF7 cancer cell line were analyzed with immunofluorescence (IF). Cells

analyzed by IF were seeded on coverslips (Ø15 mm) covered with poly-L-lysine at density

0.1x106 cells/well. Poly-L-lysine coating is enhancing attachment of cells to glass surface

of coverslip. In the case of neurons, coating was performed with poly-D-lysine as

mentioned at the protocol of Neuronal primary cultures. The following protocol, divided

in 3 parts was used for IF technique.

Staining of the free floating sections of brain tissue require only third part of the protocol

(Immunofluorescent staining) and require a special treatment. In the case of free floating

section staining, 0.025% triton™ X-100 was used instead of 0.1% triton™ X-100 in all

solutions. Staining of samples was carried out in small open-ended plexiglass cylinders

with nylon mesh bottoms that fit 12 well culture plate. Manipulation of sections was

performed very carefully by using paint brush with natural bristles. Samples were

maintained during all steps on shaker at slow speed.
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Poly-L-lysine and coating
 Place coverslips (Ø15 mm) in 12 well plate and cover them with sterile solution of

poly-L-lysine (Sigma). Incubate them for 1h at RT.  Poly-L-lysine can be reused

several times.

 Rinse coverslips 3 times with sterile mQ H2O and let them dry O/N in a laminar

flow hood.

 Sterilize coverslips under UV light before seeding cells.

Fixation

 At the end of the experiment wash cells twice with warm PBS.

 Add 4% paraformaldehyde prepared in PBS and fix cells for 15 min at RT.

 Wash cells twice with cold PBS.  At this point, cells can be stored for several

weeks in PBS with 0.2% sodium azide at 4°C.

Immunofluorescent staining

 Wash samples three times for 10 min with PBS.

 Wash samples twice for 10 min with blocking buffer (PBS, 1% NHS and 0.1%

Triton™ X-100).  Triton will permeabilize cells.

 Block samples 2h at RT in blocking buffer.

 Incubate samples with primary antibody (Table M&M-5) diluted in blocking buffer

(200-500 µl/well) O/N at 4°C in humid chamber.  When working with cells, it is

convenient to place out coverslips from 12 well plate on a parafilm placed in a humid

chamber. In this case only 60 µl of primary Ab are used per coverslip. Thanks to the

hydrophobic nature of parafilm there will not occur spill of primary antibody and

drying out of sample.

 Temper samples at RT for 30 min and wash them with blocking buffer three times

for 10 min.

 Incubate samples with fluorescent secondary antibody and nuclear marker diluted

in blocking buffer for 2h at RT in the dark.  Secondary antibodies and nuclear

markers with desired fluorescence were purchased from Thermo Fisher Scientific.
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 Wash samples three times for 10 min with blocking buffer in the dark.

 Wash samples twice for 10 min with PBS in the dark.

 Mount samples with mounting media: Mowiol® 4-88 (Sigma, #81381) or

Fluoroshield™ (Sigma, #F6182). In case of free floating sections, mount samples

with Mowiol on slides covered with gelatin.

Fluorescent preparations were visualized and images were captured with either a Leica

TCS-SL Spectral confocal microscope (Leica Microsystems, Mannheim, Germany) or a

Nikon Eclipse 800 light microscope (Nikon, Tokyo, Japan). Morphometric and

quantitative analyses were performed using ImageJ software (National Institutes of

Health, USA).

4.4 RNA extraction and RT-qPCR

Principle: RT-qPCR stands for reverse transcription and quantitative PCR. A combination

of these techniques was used to analyze gene expression. The starting material analyzed

is mRNA. mRNA is transcribed to cDNA by reverse transcription. The cDNA is used as

template for qPCR and amplified. In each cycle exponentially increasing fluorescence is

measured and threshold cycle (CT) is determined. CT is intersection between threshold

line and amplification curve.

RNA extraction and reverse transcription
RNA of cell and tissue samples was extracted by using commercially available reagents

Ultraspec 10500 (Biotecx, #BL-10050) and TRIsure™ (Bioline, #BIO-38032). In both

cases, the protocol given by manufacturer was followed. Majority of RNA extractions was

done by using TRIsure™. Use of Ultraspec reagent was discontinued because of quality

problems.

After elution of extracted RNA in DEPC water (20 µl), concentration of RNA in samples

was measured using Nanodrop spectrophotometer (Thermo Scientific). High-Capacity

cDNA Reverse Transcription Kit (Applied Biosystems, #4368813) was used to reversely

transcribe mRNA to cDNA. The protocol of manufacturer was followed. 100 ng/µl of RNA
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were used in reaction of reverse transcription.

Real-time PCR (qPCR)
Routinely qPCR reaction was performed in MicroAmp® optical 384 well reaction plates

(Applied Biosystems, #4309849) using SensiFAST™ Hi-ROX Kit (Bioline, #BIO-82005).

Reaction was made at final volume 11 µl and following protocol was used:

 Mix 0.5 µl of cDNA with 4.5 µl of DEPC H2O per well (multiply by number of wells

you need and distribute using automatic pipette to wells).  Count with 3-4 extra

wells in calculation, because of dead volume of pipette.

 Mix 0.5 µl probe (Applied Biosystems) and 5.5 µl of SensiFAST per well (multiply

by number of wells you need and distribute using automatic pipette to wells). 

Count with 3-4 extra wells in calculation, because of dead volume of pipette. Do

distribution of mixture in subdued lighting, as probes and SensiFAST are susceptible

to light.

Conditions of qPCR reaction were set up as described in protocol supplied by

manufacturer. CT values were analyzed using SDS v2.2 software (Applied Biosystems).

Threshold was set up automatically.
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Fluorescent staining

5.1 Mitochondrial staining

MitoTracker® Red CMXRos (further mentioned as MitoTracker, Molecular probes,

#M7512) was used as a probe for labeling of active mitochondria. MitoTracker stains

mitochondria of live cells and is well retained during the fixation and permeabilization

(Poot et al, 1996). Therefore it can be used together with subsequent IF staining (page

200) for colocalization of proteins and mitochondria.

Principle: MitoTracker is derivate of a red-fluorescent X-rosamine and passively diffuse

across the plasma membrane and accumulate in active mitochondria. Its accumulation

is dependent upon its membrane potential. MitoTracker contains a chloromethyl moiety,

which reacts with thiols on proteins and peptides and an aldehyde-fixable conjugate is

formed (Presley et al, 2003).

Protocol: MitoTracker stock solution was prepared at concentration 1 mM in DMSO and

it was stored at -20°C protected from light. Cells were seeded on coverslips (Ø15 mm)

covered with poly-L-lysine, or poly-D-lysine in case of neurons. When stained, cells were

at confluency 50-60%. Cells were stained prior to fixation and the following protocol was

used:

 Aspirate media and cover cells with working solution of MitoTracker (0.25 µM

MitoTracker in media w/o FCS).

 Incubate cells for 30 min at 37°C protected from light.

 Wash cells three times with PBS and fix them with 4% PFA for 10 min at RT.  If

samples are not processed immediately, they can be stored O/N in PBS with 0.02%

sodium azide.

 At this step, cells can be permeabilized and processed by immunofluorescent

staining as mentioned in the protocol on page 200.

 Mount the coverslips with mounting media: Mowiol® 4-88 (Sigma, #81381) or

Fluoroshield™ (Sigma, #F6182) and let to dry.

 Excitation/emission (nm) = 579/599
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Fluorescent preparations were visualized and images were captured with Leica TCS-SL

Spectral confocal microscope (Leica Microsystems, Mannheim, Germany).

5.2 MitoSOX™ Red mitochondrial superoxide indicator

MitoSOX™ Red mitochondrial superoxide indicator (further mentioned as MitoSOX,

Molecular probes, #M36008) was used to measure the production of superoxide in

mitochondria. Stained cells were analyzed with flow cytometry.

Principle: MitoSOX is a derivate of dihydroethidium. It is live-cell permeant and is

electrophoretically driven to actively respiring mitochondria due to the cationic

triphenylphosphonium substituent (TPP). TPP cations target molecules to mitochondria.

The movement of TPP is facilitated by lipophilic phenyl groups that surround the positive

charge, which is accumulated into the mitochondrial matrix in response to the negative

membrane potential (Ross et al, 2005). Oxidation of MitoSOX in mitochondria by

superoxide leads to hydroxylation and 2-hydroxyethidium derivate is formed. This

derivate exhibits a fluorescence excitation peak that is absent in the excitation spectrum

of MitoSOX oxidized by other ROS (Zielonka et al, 2008).  Oxidized MitoSOX becomes

highly fluorescent after binding to nucleic acids.

Protocol: The stock solution of MitoSOX was prepared at concentration 5 mM in DMSO

and stored at -20°C. Cells were seeded in 12 well plates. When stained, cells were at

confluency 50-80%. As a positive control, cells were treated with 100 µM Antimycin A

(inhibitor of electron transfer at complex III that induces ROS production, Sigma, #A8674)

for 30 min prior to staining. As a negative control, cells were treated with 5 mM N-acetyl

cysteine (NAC, Sigma, #A9165) for 30 min prior to staining. The following procedure is

adapted from the protocol published by Li et al. (Li et al, 2011):

 Aspirate media and cover cells with working solution of MitoSOX. Working

solution is prepared at concentration 5 µM in HBSS/Ca/Mg.

 Incubate cells for 15 min at 37°C protected from light.

 Wash cells three times with HBSS/Ca/Mg.

 Treat cells with 250 µl of trypsin for 3 min at 37°C.
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 Add corresponding media (the same composition as they were grown in) w/o

phenol red to cells, transfer them to tubes and centrifuge 5 min at 300 g.

 Resuspend cells in corresponding media w/o phenol red.

 Analyze samples immediately by flow cytometry. Excitation/emission (nm) =

510/580  At the end of the measurement of all the samples, it is good to repeat

measurement of first two samples. It will tell us if the processing time affected

fluorescence. We saw that 30 min does not affect the levels of MitoSOX fluorescence

intensity.

Samples were analyze by flow cytometry with Gallios™ flow cytometer. Alternatively,

samples can be analyzed by microscopy. In this case, cells are seeded at on coverslips.

After staining cells are fixed with 2% PFA for 10 min at RT, washed three times with PBS

and mounted with Fluoroshield™ (Sigma, #F6182).

5.3 CellROX® Green

CellROX® green reagent (further mentioned as CellROX, Molecular probes, #C10444) was

used to measure ROS in live cells. Stained cells were analyzed by microscopy.

Principle: The cell-permeable reagent CellROX is in its reduced state weakly fluorescent.

ROS are able to oxidize CellROX which is in its oxidized state binding to DNA and exhibit

bright green fluorescence. Therefore, signal is localized mainly in the nucleus and

mitochondria.

Protocol: Concentration of the stock solution of CellROX is 2.5 mM and is stored at -

20°C. Evaluation of ROS with CellROX was used for neuron cells. Cells were seeded on

coverslips (Ø15 mm) covered with poly-D-lysine and grown in desired conditions.

The following procedure for ROS detection was used:

 Add CellROX to cells to obtain final concentration 5 µM.

 Incubate cells for 30 min at 37°C protected from light.

 Remove medium and wash cells three times with PBS.

 Fix cells with 4% paraformaldehyde 10 min at RT and wash three times with PBS.

 Mount coverslips with Fluoroshield™ (Sigma, #F6182) and let to dry.
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 Image samples the same day as stained.

 Excitation/emission (nm) = 510/580

Fluorescent preparations were visualized and images were captured with Leica TCS-SL

Spectral confocal microscope (Leica Microsystems, Mannheim, Germany). Morphometric

and quantitative analyses were performed using ImageJ software (National Institutes of

Health, USA).

5.4 Cell cycle analysis

Cell cycle analysis was made by using BD Pharmingen™ BrdU Flow Kit (BD biosciences,

#552598). Analysis of the TCA cycle was made through analysis of 7AAD (7-

aminoactinomycin D) staining as the BrdU staining was not working properly in our cell

line.

Principle: 7AAD is fluorescent dye that stains DNA. During the cell cycle, DNA is

duplicated and based on the changes in amount different phases of cycle can be

identified. Cells in S phase will have proportionally more DNA and in G2 phase they will

reach approximately double intensity of fluorescent staining.

Protocol: Cells were seeded in 6 cm culture dish at 15-20% in DMEM media with 25 mM

glucose, 10% FCS and 2 mM Gln. Cells were recollected next day at exponential phase of

the growth. The protocol of manufacturer was followed (BD biosciences, #552598).

Samples were analyzed by flow cytometry using FACSCanto™. Excitation/emission (nm)

of 7AAD = 546/647. Analysis of cell cycle was made by using ModFit LT V3.3.11 software.
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Metabolite assays
For metabolite assays two different types of samples were used. Glucose and lactate

concentrations were measured in media. Media samples were collected at different time

points and stored at – 80°C until analyzed. Cell extracts to measure intracellular

metabolites were prepared by perchloric acid, boiling water, methanol/water and

methanol/chloroform extraction as mentioned in the chapter Metabolite extraction on

page 216. Extracts were stored at -80°C until analyzed.

6.1 Glucose colorimetric determination assay

Principle: Colorimetric determination of glucose concentration is based upon two

coupled enzymatic reactions and is utilizing o-dianisidine (ODD) as a colorimetric

substrate. First, glucose oxidase catalyzes oxidation of glucose to gluconic acid and H2O2.

Second reaction is catalyzed by peroxidase, which transfer 2 e- from H2O2 to ODD, which

in its oxidized state change color from colorless to brown. The intensity of brown color is

proportional to glucose concentration.

Protocol: Peroxidase and glucose oxidase are commercially available as PGO enzymes

(Sigma, #P7119) in capsules.  Each capsule contains 500 units of glucose oxidase and

100 units of peroxidase. PGO solution was prepared by dissolving 1 capsule in 100ml of

H2O. ODD solution was prepared by dissolving 25 mg of ODD (Sigma) in 10 ml of H2O.

PGO enzyme solution can be stored up to 6 months at -20°C. ODD solution is stable at 2-

8°C for 1 week. Both solutions are sensitive to light.

The range of glucose standard (Sigma, #G6918) is 0 – 1 mg/ml, where reaction get

saturated after 0.5 mg/ml point. Therefore, it is necessary to dilute samples depending on

expected concentration.

The following procedure was used:

 In 96 well plate mix 15 μl of diluted media/standard with 200 μl of reaction mix.

Reaction mix is obtained by adding 1.6 ml of ODD to 100ml of PGO enzyme

solution.

 Incubate the plate at 37°C for 30 min.
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 Read the absorbance at 450 nm.

 Calculate glucose concentration in samples using standard curve.

Absorbance was measured using a Tecan Sunrise™ Microplate Reader.

To calculate amount of consumed glucose we subtracted concentrations obtained at final

time point from the value obtained by measuring original concentration in the medium.

Protein concentration or CV were used to normalize the concentration of consumed

glucose in samples.

6.2 Lactate assay

Principle: Concentration of lactate was determined using enzymatic reaction, which is

catalyzed by lactate dehydrogenase (LDH). LDH converts NAD+ and lactate to pyruvate

and NADH. To keep the reaction in this direction, NAD+ is added in excess. NADH exhibits

strong light absorption around 340 nm. The amount of produced NADH is proportional

to lactate concentration in the sample.

Protocol: Fluorescence or absorbance can be used to measure NADH. This depends on

the concentration of lactate in the sample. Fluorescence is recommended to detect

concentrations below 0.5 mM. Black 96 well plates with clear bottom were used if

fluorescence is measured.

Reaction mix is composed of buffer (0.3 M hydrazin sulfate and 0.87 M glycine with pH

9.5) with added 2.5 M NAD (Sigma, #10127981001) and 0.19 M EDTA (pH 8.5).

Following procedure was used:

 In 96 well plate mix 10 µl of media/standard and 200 µl of reaction mix.

 Measure absorbance at 360 nm or fluorescence with excitation at 360 nm and

emission at 460 – time T0 to detect the basal concentration of NADH.

 Add 25 µl of working solution of LDH (Roche, #10127876001). Working solution

of LDH is prepared at final concentration 344 units/ml in 0.5x buffer.

 Incubate plate 20 min at RT.

 Measure the absorbance at 360 nm or fluorescence with excitation at 360 nm and

emission at 460 – time T1.



MATERIALS AND METHODS 210

 By subtraction of T0 from T1 calculate final absorbance of NADH produced in the

reaction.

 Calculate lactate concentration in samples using standard curve.

To calculate the amount of produced lactate, we subtracted the original concentrations

of lactate in medium from the value obtained by measuring lactate concentration in

medium after culturing with cells.

Protein concentration or CV were used to normalize lactate concentration in samples.

6.3 Phosphoenolpyruvate assay

Principle: Phosphoenolpyruvate (PEP) assay is based on three coupling enzymatic

reactions. In the first reaction of assay, PEP and ADP are converted to pyruvate and ATP.

This reaction is catalyzed by pyruvate kinase enzyme (PK). Generated ATP is then used

in the next reaction to form glucose-6-phosphate (glucose-6P) from glucose. This reaction

is catalyzed by hexokinase (HK). Last reaction is catalyzed by glucose-6-phosphate

dehydrogenase (G-6-PDH). In this reaction, glucose-6-P and NADP are converted to 6-

phospho-gluconolacton (6-P-gluconolacton) and NADPH. NADPH exhibits strong light

absorption around 340 nm. Amount of produced NADPH is proportional to amount of

PEP in sample.

Protocol: Cells extracts for PEP assay were prepared by using perchloric acid as

described on page 216. As the expected concentration of PEP in cell extracts is very low,

we used at least 8x106 cells per reaction.  Fluorescence measurement is more sensitive

and more suitable to detect small amounts of produced NADPH. Therefore we measured

fluorescence and black 96 well plates with clear bottom were used.
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Composition of reaction mix per one well is:

Compound (stock concentration) volume (µl)
sample

volume (µl)
standard curve

Glycilglycine (0,4 M, pH 7,0) 25 25
KCl (2 M) 10 10
MgCl2 (0,2 M) 5 5
Glucose (0,1 M) 4 4
MgADP (20 mM) 10 10
NADP (40 mM) 10 10
mQ H20 6 96
Sample 100 -
PEP (std. curve) - 10
G-6-PDH (18,2 U/ml), Boehringer
Ingelheim #127043 10 10

HK (26,6 U/ml), Roche #1426362 10 10
PK (13,5 U/ml), Roche
#10128155001 10 10

Table M&M-6: Reaction composition for PEP assay (per well). Final volume in one well is 200 µl.

The following procedure was used:

 Add samples/PEP standard to 96 well plate. Mix rest of the compounds of reaction

mix except of enzymes and add it to wells.

 Mix HK and G-6-PDH enzymes together and add them to each well. Incubate plate

5 min at RT. Provide first measurement at 360 nm (T0), where is detected NADPH

which is generated from intermediates presented in samples.

 After that, add PK and incubate plate for 15-20 min at RT. Measure fluorescence

at 360 nm (T1).

 Final amount of produced NADPH is obtained by subtraction of T0 from T1.

 Calculate PEP concentration in samples based on standard curve, which range is

0 - 5 mM.

Protein concentration or CV were used to normalize PEP concentration in samples.
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6.4 ATP bioluminescence assay

Principle: The amount of ATP in samples was detected by luciferin-luciferase-ATP

depended reaction. In this reaction ATP is consumed and light is emitted when luciferase

catalyzes the oxidation of luciferin. Emitted light is measured using a luminometer.

Protocol: Samples for ATP assay were prepared by boiling water extraction method

described on page 217. Highly stable luciferin-luciferase reagent (rLucHS, Biovision,

#K790-1000) was used. rLucHS is light sensitive and it is recommended to perform all

steps of assay in subdued lighting. Additionally, rLucHS is very sensitive and is important

to avoid contamination with exogenous sources of ATP (bacteria, fingerprints etc.).

The following procedure was used:

 Mix 80 µM of mQ H2O with 10 µl of reconstituted rLucHS in an eppendorf tube. In

case you measure very low levels of ATP, measure first background luminescence,

before adding the sample.

 Add 10 µl of sample/standard to tube, mix and read total luminescence.

 Subtract background luminescence from total and calculate levels of ATP in

samples based on the standard curve.

Luminescence was measured using TD 20/20 luminometer (Turner designs). Protein

concentration was used to normalize ATP concentration in samples.
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High-resolution respirometry.
Principle: Oxygen, as a gas dissolved in aqueous medium, can be measured by specific

sensors. In the case of Oxygraph-2K, a polarographic oxygen sensor (Clark electrode) is

used. Polarographic oxygen sensor is isolated from the chamber containing media by a

membrane permeable to O2. Therefore, O2 can reach the cathode where it is reduced and

this reduction allows a flow of current. The potential difference is recorded.

Protocol: The consumption was measured using a high-resolution Oxygraph

respirometer (Oroboros, Innsbruck, Austria). MCF7 cells grown in high glucose DMEM

medium were washed once with PBS and detached from the culture plate by using

HyQTase (GE Healthcare, #SV30030.01). The respiration was assessed in the same

solution. First, solution was equilibrated with air at 37°C and stirred at 750 rpm until a

stable signal was obtained for calibration at air saturation. The cells were added to

chambers that were closed. Temperature and stirring were maintained. Basal respiration

levels were measured after reaching steady-state (routine respiration), which was

completed within 10 min and values were acquired using computer-driven data

acquisition system (Datlab; Oroboros). Values of basal respiration were normalized by cell

number.
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PEPCK activity
Principle: To asses PEPCK activity, the PEPCK reaction is coupled with malate

dehydrogenase (MDH) reaction. MDH oxidizes malate to oxaloacetate and NADH is

formed. After reaching the equilibrium of MDH reaction, PEPCK reaction is initiated by

adding GTP to the reaction mix. PEPCK starts to consume oxaloacetate and therefore

disturbs the established equilibrium of the MDH reaction. To counter this effect, MDH

produces more oxaloacetate from malate by reducing NAD+, resulting in the formation of

NADH. NADH exhibits strong light absorption around 340 nm. Amount of produced

NADH is proportional to PEPCK activity.

Protocol: To obtain sufficient amount of cell extract for PEPCK activity measurement,

cells were grown in 150 cm2 tissue culture dishes. The protocol is divided in two separate

parts: the preparation of homogenate and the enzymatic reaction.

Homogenate preparation
 Wash the cells with generous amount of PBS (10-15 ml per culture dish) and

trypsinize cells by adding 1.5 ml of trypsin.

 Add 20 ml of PBS to trypsin, collect cells in 50 ml tubes and centrifuge at 1200

rpm for 3 minutes at 4°C and discard the supernatant.

 Resuspend pellet in 200 μl of ice-cold homogenization buffer (100 mM HEPES-

NaOH pH 7.2, 0.1% triton™ X-100, 2.5 mM DTT) by pipetting up and down.

Transfer homogenate to eppendorf tubes and lyse cell suspension by performing

2 freeze (LN2)/thaw (37°C) cycles.  Avoid overheating the homogenates.

 Clear homogenates by centrifugation at 100.000 g for 1h at 4°C.  It is important

to well balance eppendorf tubes and adaptors of ultracentrifuge.

 Measure protein concentration of homogenates using Bradford assay (Bio-Rad

protein assay dye reagent, #5000006) as recommended by manufacturer.

Calculate how many µl of cell homogenate contain 400 µg of protein.

Enzymatic reaction
 Reactions are carried in cuvettes. For each reaction use 900 µl of reaction buffer
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(Table M&M-7), the corresponding volume of sample to obtain 400 µg of protein

and fill up to one ml with mQ water.

 Put the cuvette into the spectrophotometer and measure absorbance until it is

stable (2-15 minutes).

 Add 10 µl of 20 mM GTP to cuvette to start PEPCK reaction. In the case of controls

for the basal absorbance variation (to set the background activity) instead of GTP

add 10 µl of water.

 Follow absorbance until it stabilizes. Record the rate of absorbance change

(ΔA/min) taking into account only the lineal part of the activity assay. 

Alternatively you may record the absorbance values at different time points,

including time 0.

 For the calculation of NADH concentration (ΔC/min) use the Lambert-Beer law

A=lc, where A is absorbance at specific wavelength (in our case 340 nm),  stands

for absorption coefficient characteristic of the species at a given frequency (in our

case 6200 M.cm-1), l is thickness of the sample (in our case 1 cm) and c is the

concentration that we need to calculate.

Absorbance was measured using a Beckman Culter DU® 800 spectrophotometer. Results

were represented as nmol NADH per min-1 per mg protein-1.

REACTION BUFFER

final
concentration

to prepare 900 µl (for
one reaction)

HEPES-NaOH (pH 7.2) 100 mM 100 µL (1 M)
Malate 2.5 mM 10 µl (300 mM)
NAD (Roche, #10127981011) 3 mM 10 µl (300 mM)
MgCl2 2 mM 10 µl  (200 mM)
MnCl2 0.1 mM 20 µl (10 mM)
DTT 37 mM 37 µl  (1 M)
MDH  (Sigma, # M2634) 6 U /mL ≈ 0.5 µl

Water 712.5 µl

Table M&M-7: Composition of the reaction buffer for PEPCK activity assay.
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Metabolite extraction protocols
The objective of metabolite extraction is to dissolve metabolites and to avoid their

degradation. Therefore, fast quenching was performed before extraction. Quenching stop

all cellular enzymatic activity and prevent the degradation of metabolites. This is essential

since metabolite concentrations are very sensitive to any variation in the cell environment

(Teng et al, 2009; Villas‐Bôas et al, 2007).

9.1 Perchloric acid extraction

Perchloric acid extraction was used to obtain extracts for PEP assay.

Adherent cells were rinsed with cold PBS and immediately quenched by immersion in

liquid nitrogen (LN2). Cells were stored at -80°C until processed.

The following procedure was used to finish extraction:

 Add 200 – 300 μl of cold 1N HClO4, scrap the cells and transfer them to tube. 

Keep samples on ice always when possible.

 Vortex vigorously and spin at 10 000 g and 4˚C for 5 min. Save pellet from this

step at -20°C for protein extraction.

 Transfer the supernatant into new tube and neutralize it with 3 M KHCO3. Wait

until the neutralization is completed before confirming pH.  End of the reaction

is indicated by disappearing of CO2 bubbles, which is one of the neutralization

products. Approximately 60 μl of 3 M KHCO3 are necessary to neutralize 300 μl of

1 N HClO4. This is the most critical step of protocol as the volumes are very small to

allow pH measurement with pH meter. pH can be checked by dropping 1 µl of extract

on pH strips, however this method is less accurate.

 Spin the extracts at 10 000 g, 4˚C for 2 min to separate precipitate of KClO4.

 Transfer the supernatant into new tube and store at -80˚C.

Pellet obtained after first centrifugation was used for protein extraction and

normalization. Proteins were extracted with 0.1 M NaOH and quantified by using Bradford assay (Bio-

Rad protein assay dye reagent, #5000006) as recommended by manufacturer.
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9.2 Boiling water extraction

Extraction with boiling water was described as suitable for routine assay of cellular ATP

(Yang et al, 2002; Hiller et al, 2007).  Cells were quenched and lysed at the same time

with boiling water. Cells were cultured in 12 wells plates before analysis.

The following procedure was used:

 Aspirate medium and wash cells twice with PBS. Suspend cells in boiling water

(500 µl/well) by repeated pipetting. Pipettes with plastic tips lose accuracy, when

hot water is used. Therefore, glass Pasteur pipettes with mark of 500 µl were used

to add boiling water.

 Transfer the extracts to tubes, vortex them vigorously and spin at 12 000 g and

4°C for 5 min.

 Transfer supernatants to new tubes and store at -80°C until used.

Pellets were used for protein normalization.  Proteins were extracted with RIPA buffer

and quantified with BCA protein assay kit (Thermo Scientific, #23223).

9.3 Methanol/water extraction

Methanol (MeOH) based solutions are recommended for the extraction of polar

metabolites (Dettmer et al, 2011). Aqueous solution of MeOH (MeOH (80%)/H2O (20%)) is

suitable for combined harvesting and extraction in eukaryotic cells (Bennett et al, 2008;

Fan et al, 2013). This method was used to extract OA and AA for enrichment studies and

concentration determination by mass spectrometry. Adherent cells growing in 6 well

plates were rinsed three times with cold PBS. 200 µl of mQ H2O was added and cells were

immediately quenched by immersion in LN2. When concentration of metabolites was

analyzed, internal standards for AA and OA were added to cells before freezing them in

LN2. Cells were stored at -80°C until processed.

The following procedure was used to finish the extraction:

 Add 800 µl of 100% MeOH to each well, scrap the cell and transfer them to

eppendorf tubes.  Two wells of 6 well plate were joined for enrichment studies.

 Vortex cell extracts vigorously for 3 minutes and spin them at 14 000 g and 4°C
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for 10 min.

 Divide supernatant into two glass vial tubes for AA analysis (40%) and for OA

analysis (60%).

 Dry supernatants under air flow at RT and store them at -80°C until further

utilization.

Pellets obtained after centrifugation were used for protein extraction and normalization.

 Proteins were extracted with SDS sample buffer (Tris-HCl (50 mM, pH 6.8), SDS (2%),

glycerol (10%), β-mercaptoethanol (1%), EDTA (12.5 mM)) and quantified with BCA protein

assay kit (Thermo Scientific, #23223).

9.4 Methanol/chloroform extraction

MeOH (25%)/chloroform (75%) extraction was used for extraction of non-polar

metabolites, such as fatty acids (FA). Cells growing in 10 cm culture dish were rinsed

three times with cold PBS and cells were immediately quenched by immersion in LN2 and

following extraction protocol was performed:

 Add 1 ml of 100% MeOH to plate and scrape the cells with cell scraper. Transfer

the extract to a glass vial. Wash the plate with 1 ml of 100% MeOH and add it to

the cell extract.

 Add 6 ml of pure chloroform and keep vortexing for 30 minutes.

 Add 1.2 ml of saline solution (0.9% NaCl in water) and separate phases by

centrifugation at 4°C and 1000 rpm for 10 min.

 Transfer chloroform phase containing FA into a 5 ml volumetric flask. Let it stand

still for 4h to confirm there is no aqueous phase. If there is any rest of aqueous

phase it has to be removed.

 Fill up the samples to 5 ml with pure chloroform and take 200 µl and 400 µl for

quantification of FA levels and evaporate the rest of the sample.

 Prior to NMR analysis, samples were reconstituted in pure chloroform with

internal standard of pyrazine (4% D5-pyrazine/ 96% pyrazine, 2 mg/ml).
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Metabolomics

10.1 Gas and liquid chromatography mass spectrometry (GC/MS;
LC/MS)

This technique features gas and liquid chromatography coupled to mass spectrometry.

This powerful combination allows separation of sample components, identification of their

mass spectra and quantification.

Principle: In all chromatography, separation occurs when the sample mixture is injected

into a mobile phase. In GC, the mobile phase is formed by an inert gas and in LC is

formed by liquid solvent. In both cases, samples are transported through the column by

the flow of mobile phase. The columns contain a stationary phase, which interacts with

analyzed samples. This interaction and other factors (e.g. column length, temperature

(for GC) and properties of mobile phase) cause that different components exit the column

at different time (retention time). After that, sample components enter the mass

spectrometer and in case of LC/MS are vaporized. Sample is then ionized in ionization

chamber and positive ions are accelerated by ion-accelerating electric field. The beam of

ions pass through a magnetic field, which deflect the ions according to their mass (m)

and charge (z). Ions are then detected by ion multiplier and abundance and mass

spectrum is calculated (mass to charge ratio = m/z). Each compound has near unique

mass spectrum and can be therefore identified.

GC/MS
GC/MS was used to analyze the enrichment of amino acids and enrichment and

concentration of organic acids. For the enrichment studies, cells were treated with 2 mM

[U-13C] glutamine for 4h under different conditions.

Sample preparation and analysis: Cells were extracted as mentioned on page 217 in the

protocol of Methanol/water extraction. Metabolites were derivatized prior to analysis to

ensure better volatility. GC/MS spectrometry and analysis of the spectra using GC/MS

Agilent 5975C were performed by Dr. Xiarong FU in the laboratory of Dr. Shawn Burgess
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at University of Texas.

Mass isotopomer distribution was calculated and corrected for natural isotope

abundance. The quantification of organic acid was determined by using internal standard

that contains U-13C, U-2H labeled citrate, sodium pyruvate, sodium lactate, alpha-

ketoglutarate and succinate.

Following protocols of derivatization were used:

OA derivatization (samples for analysis of enrichment and concentration by GC/MS)

 Add 350 µl of 0.8% sulfosalicylic acid, 50 µl of 5 M hydroxylamine hydrochloride

(fresh) and 80 µl of 2M KOH to each sample.

 Sonicate for 15min and incubate 1h at 65°C.

 Add 80 µl of 2 M HCl and 220 mg NaCl and mix.

 Add 2 ml of ethyl acetate to each sample and vortex for 1min. Take the upper

phase and transfer it to conical vials. Add 2 ml of ethyl acetate to down phase and

reextract.

 Let the samples to dry under air flow at RT.

 Add 80 µl of ACN/MTBSTFA (1:1) and incubate 1h at 60°C.

 Transfer samples to eppendorf tubes and fast spin to get rid of salts and

precipitates.

 Transfer clear supernatant to vials for mass spec analysis.

AA derivatization (samples for analysis of enrichment by GC/MS)

 Add 100 µl of ACN/MTBSTFA (1:1) to each sample and incubate 40 min at 90°C.

 Transfer samples to eppendorf tubes and fast spin to get rid of salts and

precipitates.

 Transfer clear supernatant to vials for mass spec analysis
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LC/MS
LC/MS was used to determine the concentration of amino acids. For the calibration,

amino acid standard from Sigma was used (#AAS18).

Sample preparation and analysis: Cells were extracted as mentioned on page 217 in the

protocol of Methanol/water extraction. Metabolites from media were directly derivatized

and we used 50 µl of media/sample. Samples were analyzed by using mass spectrometer

API 3200 triple quadrupole LC-MS/MS (Applied Biosystems/Sciex Instruments) by Dr.

Xiarong Fu in the laboratory of Dr. Shawn Burgess at University of Texas.

Mass isotopomer distribution was calculated and corrected for natural isotope

abundance. The quantification of amino acids was determined by using internal standard

from Cambridge Isotope laboratories.

Following protocol of derivatization was used:

AA derivatization (used for analysis of concentration by LC/MS)

 Add 500 µl of 3 M BuOH.HCl to each sample and vortex for 1min.

 Let samples incubate for 15-20 min at 65°C

 Dry sample under air flow (40-50°C) and dissolve it in 50/50 ACN/H2O + 0.025%

formic acid

 Transfer 80 µl to vials for mass spec analysis

10.2 Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy is a technique that allows the determination of the structure of

molecules.

Principle: This technique is based on the fact that atomic nuclei with spinning charge

generate magnetic field. This allows atoms to behave as a magnet. When external

magnetic field is applied, atomic nuclei with magnetic properties are preferentially

orientating themselves with the magnetic field. This alignment with the field is called

alpha spin state and it is a low energy state. NMR machine emits radio frequency

radiation that provides energy to nuclei to move to a beta state (the higher energy

position). The NMR machine detects how much energy is given off to flip back from beta
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spin state to alpha spin state. This difference of energy (E) is usually given as a frequency

and is converted into the peaks. In general E is very small and therefore strong magnetic

field needs to be applied. The energy difference between alpha and beta spin state of the

same atoms can differ and this is affected by local magnetic field generated by electrons.

The peaks from NMR contain various information that is used to identify analyzed

compounds.

In our case, we measured fatty acid synthesis. Cells were treated with deuterated water

(D2O) that is incorporated into newly synthetized fatty acids. Using NMR, deuterium

enrichment value and deuterium enrichment position can be assessed.

Sample preparation: Cells were seeded in 10 cm culture dish at density 1.5x106 cells

per dish. Next day, medium was changed and cells were treated 16h with high glucose

media containing 30% D2O. Samples were extracted with MeOH/chloroform as

mentioned on page 218.The samples were later processed and analyzed by Dr. Joao

Duarte in the laboratory of Dr. Shawn Burgess by NMR spectroscopy. Spectra were

obtained with a Varian Inova 14.1 T spectrometer equipped with a standard 3 mm

broadband probe as described in study by Duarte et al. (Duarte et al, 2014).
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Statistical analysis
Graphic visualization of the data and statistical analysis was performed using GraphPad

Prism 6.0. If not stated otherwise, two-tailed t-test were conducted for data analysis. P

value ranking is specified in each figure.

Generally, experiments were repeated at least three times and plotted values are

presented as mean ± SEM, unless otherwise mentioned in the figure legend.

Metabolomics experiments were performed in triplicate wells per condition (LC-MS and

GC-MS) or 6 wells per condition (NMR).
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