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Zusammenfassung

Tumorzellen sind infolge ihres hohen Verbrauchs und unzureichender Versorgung haufig mit
wechselnden Nahrstoffkonzentration und Mangel konfrontiert. Dadurch sind Anpassungen des
Stoffwechsels erforderlich. Gluconeogenese, in groen Teilen die Umkehrung der Glykolyse,
ist ein Stoffwechselweg der durch Mangel aktiviert wird. Das Hauptenzym, welches
Gluconeogenese initiiert, ist das Enzym Phosphoenolpyruvate-Carboxykinase (PEPCK, PCK).
Es ermdglicht die Verstoffwechselung von Oxalacetat, einem Tricarbonsdure (TCA) Zyklus
(Krebszyklus) Zwischenprodukt zu Phosphoenolpyruvat. PCK2 (PEPCK-M). Die
mitochondriale Isoform von PEPCK wird in Tumoren, unter anderem in Lungenkrebs,
exprimiert. Die Expression ist vorteilhaft fiir das Tumorwachstum in diversen in vitro und in vivo
Modellen und ermdglicht die Biosynthese von Gluconeogenesesprodukten in Krebszellen bei

Glucosemangel.

In dieser Arbeit wird gezeigt, dass in zwei verschiedenen Lungenkrebs Zelllinien unter Glucose
und Serummangel, PCK2 Hemmung zu erhéhtem Vorkommen und Umwandlung von TCA
Zyklus Produkten flihrte. Dieser Effekt wurde durch PCK2 Re-expression aufgehoben.
Glucose- und Serummangel induzierten mitochondriale Atmung welche zusatzlich durch PCK2
Hemmung erhdht war. Mitochondriale Atmung induziert oxidativen Stress. PCK2 beeinflusste
das Vorkommen von Superoxid und H202 nicht, jedoch war Glutathionoxidation durch PCK2
Hemmung vermehrt. AuRerdem flihrte PCK2 Hemmung zu verschlechterter Kolonienbildung
bei Behandlung mit Nahrstoffmangelmedium, dem konnte durch die Zugabe von Antioxidantien
entgegengewirkt werden. Diese Ergebnisse konnten durch die Zugabe des TCA Zyklus
Zwischenprodukts Dimethylmalat reproduziert werden und konnten somit mit der durch

Hemmung von PCK2 hervorgerufenen Aktivitatssteigerung des TCA Zyklus verknlpft werden.

Zusammenfassend, limitiert die kataplerotische Aktivitdt von PCK2 bei Glucose- und
Serummangel die mitochondriale Atmung und hélt das Glutathion Redox Equilibrium aufrecht.
In dieser Arbeit wird die Rolle der Gluconeogenese in der Anpassung von Tumorzellen an
Nahrstoffmangel erforscht und es wird gezeigt, dass PCK2 Expression durch Atmung

induzierten oxidativen Stress limitiert.
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Abstract

Cancer cells often face starvation and fluctuating nutrient concentration, due to inadequate
supply and high consumption, requiring metabolic adaptions. Gluconeogenesis, largely the
inverse pathway of glycolysis, is a metabolic pathway activated by starvation. The key enzyme,
initiating gluconeogenesis is phosphoenolpyruvate carboxykinase (PEPCK, PCK) which
converts the tricarboxylic acid (TCA) cycle (Krebs cycle) metabolite oxaloacetate to the
glycolytic intermediate phosphoenolpyruvate. The mitochondrial isoform of PEPCK, PCK2
(PEPCK-M), is expressed by different tumors, including lung cancer. Expression of PCK2 has
been shown to enhance tumorigenesis in diverse in vitro and in vivo models and enables the

synthesis of gluconeogenic products in glucose starved cancer cells.

In this thesis, it was identified that in two different lung cancer cell lines the amount and the
interconversion of TCA cycle metabolites were enhanced by PCK2 silencing upon treatment
with glucose and serum starvation media. This effect was reversed by PCK2 re-expression.
Upon treatment with glucose and serum starvation media, the mitochondrial respiration was
increased in comparison to nutrient replete conditions, and it was additionally augmented by
PCK2 silencing. Mitochondrial respiration induces oxidative stress. Superoxide and H,O; levels
were not affected but glutathione oxidation was increased by PCK2 inhibition. Furthermore,
PCK2 silencing significantly impaired colony formation upon starvation treatment, and was
rescued by addition of antioxidants. Importantly, these findings could be linked to the
enhancement of TCA cycle activity by PCK2 silencing, as the effects were phenocopied by
supplementing media with the TCA cycle intermediate dimethylmalate.

In summary, the cataplerotic activity of PCK2 limits mitochondrial respiration and balances the
glutathione redox equilibrium upon glucose and serum starvation. In this thesis,
gluconeogenesis, as an adaptive response of tumor cells to nutrient starvation is examined and

the role of PCK2 expression to limit respiration-induced oxidative stress is identified.
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1.  Introduction

1.1. Lung cancer

Lung cancer is the most common newly diagnosed tumor worldwide and leads to the highest
tumor-related mortality (2,3). The major cause of lung cancer is smoking, but also exposure to
radon or asbestos, air pollution or passive smoking lead to an enhanced predisposition (2,4).
Based on histology, lung cancer is classified into two different sub-types, non-small cell lung
cancer (NSCLC) and small cell lung cancer (SCLC) accounting for 85% and 15% of newly
diagnosed lung cancer cases respectively (3). Diagnosis often occurs at an advanced stage
(3,5), leading to a poor survival rate (3,6). Due to late diagnosis the five-year survival over all
patients is 15%), however for patients diagnosed with stage | NSCLC tumors five-year survival
can reach 55-77% (6).

Depending on the tumor stage, treatment consists of surgery, which is only possible if diagnosis
occurs at an early stage, and radiotherapy often in combination with chemotherapy. Since
almost two decades targeted therapies can be offered to NSCLC patients with specific
mutations. Epidermal growth factor receptor mutations or translocations of the anaplastic
lymphoma kinase gene or the tyrosine-protein kinase ROS1, occur in around 15%, 5% and 1%
of patients respectively (7). These are driver mutations that are specifically treatable and
therefore have a better prognosis, however these mutations are relatively rare (3,8). More than
half of NSCLC tumors are driven by unknown oncogenic driver mutations not allowing targeted
therapies (8). Recently developed immune therapies with checkpoint-kinase inhibitors showed
dramatic and durable responses in a subset of NSCLC patients, however this type of treatment
is limited to a small proportion of cases (7,9). As treatment options are currently limited to
patients with a certain mutational background and the overall survival rate is poor, it is
necessary to identify alternative treatment opportunities. The metabolic adaptation of NSCLC
is extensively studied, to identify potential vulnerabilities that can potentially be exploited as
alternative treatment approaches through the utilization of metabolic inhibitors (10).

13



1.2. Cancer metabolism

In the presence of oxygen (O.), differentiated cells convert glucose to pyruvate in a series of
reactions (Figure 1, left panel). This process is termed glycolysis and results in the net
production of 2 molecules adenosine 5'-triphosphate (ATP) and 2 molecules nicotinamide
adenine dinucleotide (NADH) per molecule glucose (11,12). Pyruvate is then metabolized to
acetyl-Coenzyme A (acetyl-CoA), which then condensates with oxaloacetate (OAA). This leads
to the formation of citrate and fueling of the tricarboxylic acid (TCA) cycle (citric acid cycle,
Krebs cycle). In a series of reactions, one complete round through the TCA cycle results in the
complete oxidation of acetyl-CoA and the reformation of OAA and yields CO;, H2O, and the
reducing equivalents NADH and flavin adenine dinucleotide (FADH) (11,12). During oxidative
phosphorylation (OXPHOS), NADH and FADH, are oxidized in the electron transport chain
(ETC) in the mitochondrion. O is reduced to H,O and the forward flux of electrons through the
four complexes of the electron transport chain leads to the generation of a proton gradient over
the inner mitochondrial membrane. When protons are flowing back through the fifth complex,
the ATP synthase, ATP is formed (11,12). As the process of mitochondrial respiration is highly
efficient, aerobic glycolysis accounts for a total production of up to 36 mol ATP per mol glucose,

summing up ATP derived from glycolysis and through oxidative phosphorylation (11,12).

However, if oxygen is limited, cells perform anaerobic glycolysis as they cannot rely on
mitochondrial respiration (Figure 1, middle panel) (11). They metabolize glucose to pyruvate
and instead of fueling pyruvate into the TCA cycle, lactic acid is formed. Through the formation
of lactic acid, NADH is regenerated, and glycolysis can persist. This leads to the production of
2 mol ATP per mol glucose and lactic acid secretion. As the ATP generation is low, anaerobic

glycolysis is not favorable for differentiated cells (11).
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Figure 1: Different metabolic pathways of glucose, depending on oxygen availability and between
differentiated tissue and proliferating cells. If Oz is present most differentiated cells fully oxidize
glucose. Lactic acid production is minimized, and pyruvate is metabolized to acetyl-CoA which is
completely oxidized in the TCA cycle. This results in the production of NADH and FADH2 which are
oxidized during oxidative phosphorylation yielding a high amount of ATP. If Oz availability is limited,
differentiated cells perform anaerobic glycolysis, leading to the formation of lactic acid and yielding a low
amount of ATP. In fast proliferating cells and tumor cells mainly rely on aerobic glycolysis, a phenotype
defined as “Warburg effect”. Despite the presence of Oz, glycolysis is highly enhanced and mitochondrial
respiration is relatively reduced. Glycolytic intermediates are shunted into biosynthetic pathways and
pyruvate is primarily metabolized into lactic acid.

Proliferative cells and many cancer cells almost exclusively rely on aerobic glycolysis, although
oxygen is available and the TCA cycle and OXPHOS remain functional (11,13) (Figure 1, right
panel). Metabolic reprogramming which includes altering of the energy metabolism is
considered as one hallmark of cancer cells (14). Tumors limit the entering of pyruvate derived
from glycolysis into the TCA cycle and therefore also the amount of mitochondrial respiration
(11,14). Already in the 1920s Otto H. Warburg described that cancer cells show a high glucose
consumption leading to lactic acid secretion (15), this phenomenon is called Warburg effect.
The high glucose consumption by tumors is also used for detection and staging of tumors with
8F-desoxyglucose positron emission tomography (FDG-PET) (16). Regarding ATP and

therefore energy generation, aerobic glycolysis is less efficient than oxidative phosphorylation
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(11,14). However, if cells face high glucose supply, they benefit, as they gain different crucial
building blocks such as nucleotides, lipids, and carbohydrates necessary for fast growth and
proliferation. One pathway, highly upregulated by tumor cells is the pentose phosphate
pathway (PPP) which leads to the formation of ribose and the reducing equivalent nicotinamide
adenine dinucleotide phosphate (NADPH) (11,17). However, if glucose availability is low, tumor
cells are forced to switch their energy metabolism back to mitochondrial respiration, which was

shown to be augmented upon glucose deprivation in many different cancer cell lines (18).

The Warburg effect implies that cancer cells limit entering of glucose derived acetyl-CoA into
the TCA cycle. This favors shunting of glycolytic intermediates into the formation of biosynthetic
intermediates. Cancer cells therefore alter the activity of enzymes, mediating terminal steps of
the glycolytic pathway. First, they reduce the rate of pyruvate formation from
phosphoenolpyruvate (PEP) at the step of pyruvate kinase (PK). PK exists in two splice
variants, and proliferating cells preferentially express PKM2. Upon high glucose availability
PKM2 is dimeric instead of tetrameric due to tyrosine phosphorylation and therefore has a low
activity (12). Moreover, acetylation and reactive oxygen species (ROS) induced oxidation limit
PKM2 activity (12). Additionally, the activity of pyruvate dehydrogenase (PDH), located in the
mitochondrial matrix, which mediates acetyl-CoA formation from pyruvate, is reduced (19).
PDH activity is inhibited through abundant NADH and ATP availability and it is inactivated
through phosphorylation by the enzyme pyruvate dehydrogenase kinase 1 (PDK1) (12), whose
expression is regulated by c-myc or B-catenin signaling (19). Due to inhibition of PDH, pyruvate
is converted into lactic acid and exported to the tumor microenvironment, instead of entering
the TCA cycle. Enhanced lactic acid export leads to extracellular acidification, which promotes
angiogenesis, metastasis formation and increased invasiveness (20,21). Acidosis in the tumor
microenvironment alters immune cell function, including suppression of T-cell proliferation and
cytokine production, along with effects directly mediated by lactate, such as histone lactylation
(20,22).

A constant supply with nutrients, especially glucose and oxygen are essential for cancer
growth. Therefore, tumors induce angiogenesis, the de-novo formation of vessels, at an early
stage of tumor formation (14). However, newly synthesized vessels are often leaky and
compressed and oxygen and nutrient availability is frequently not sufficient (23). Inadequate

angiogenesis in combination with high consumption of glucose, result in a nutrient poor tumor
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microenvironment and heterogeneous tumor areas with varying metabolite concentrations (23).
This results in nutrient and oxygen gradients, correlating with increasing distances to the
vessels (24) (Figure 2). Recently, in a murine pancreatic cancer model, nutrient availability was
discovered to differ between the plasma and the tumor interstitial fluid. Whereas glucose levels
in the tumor microenvironment were on average only half the levels of plasma, the glutamine

concentration was comparable (25).

Distance from t_he_\iegs_el_/-

Figure 2: Distance to the vessels influences the nutrient availability for cancer cells. An increasing
distance to the vessel correlates with reduced oxygen and glucose availability (24).

Varying nutrient compositions and starvation conditions force cancer cells to alter their
metabolism to secure survival and growth (13,26). In numerous studies it has been shown that
cancer cells thrive in different nutritional niches and interact with stroma cells, fibroblasts or
other surrounding cells resulting in a complex rewiring of metabolism to meet the cancer cells’
demands (27,28). These adaptive processes are particularly important during invasion and
metastasis. Metabolic flexibility and plasticity, meaning the flexible utilization of alternative
metabolites and processing substrates through different pathways respectively, is a critical
determinant of cancer progression and metabolic flexibility is connected to increased tumor

aggressiveness (28).

If glucose availability is limited, cancer cells show a high metabolic flexibility and utilize various
alternative metabolites for anabolism (reviewed in (29)). Surprisingly, irrespective of the
prominent role of glucose and its huge consumption by cancer cells, cellular mass is in major
parts amino acid derived (30). The most prominent fuel, beside glucose, is glutamine (31),
although its role seems to be more relevant in in vitro systems compared to in vivo models (32).

Glutamine serves as an anaplerotic metabolite as it fuels the TCA cycle through a conversion

17



to glutamate and further to a-ketoglutarate. By contributing to the TCA cycle and to pyruvate
and acetyl-CoA formation from TCA cycle anions it is also a respiratory fuel. Additionally,
glutamine serves as nitrogen donor for nucleotides and non-essential amino acids (Figure 3,
blue boxes). Further, it is involved in the cellular antioxidant defense via glutathione (GSH), a
tripeptide consisting out of glutamate, cysteine, and glycine. Glutamine is the direct precursor
of glutamate, which is not only directly contributing to GSH but also exported by the antiporter
system xCT, also referred to as SLC7A11, to import cystine, which is then processed
intracellularly to cysteine, also necessary for GSH biosynthesis (31). Another compound
serving as metabolic fuel of cancer cells is lactic acid, although it is generally considered as a
waste product, as it is often exported by cancer cells. In glucose deprived media but also in a
rat model bearing human breast cancer upon the presence of glucose, lactic acid has been
shown to be taken up and to be metabolized by tumor cells (33). Lactic acid is taken up via the
monocarboxylate transporter (MCT) and is metabolized to pyruvate and fuels the TCA cycle as
first shown in cervix squamous cell carcinoma cancer cells (34). Additionally, many other
metabolites such as pyruvate, alanine, acetate, and free fatty acids were shown to be imported

by cancer cells and to support metabolic flexibility (reviewed in (13,29,35)).

The TCA cycle is a central biosynthetic hub. It connects mitochondrial respiration, glycolysis,
and anabolic biosynthetic pathways (12). Nutrients such as glutamine or lactic acid can feed
into the TCA cycle and enter different biosynthetic pathways e.g., amino acid, nucleotide or
fatty acid synthesis (Figure 3, blue boxes). Additionally, as NADH and FADH- are yielded via
cycling of metabolites through the TCA cycle, also mitochondrial respiration is fueled. For
continued TCA cycle flux, anaplerosis, the fueling of the TCA cycle and cataplerosis, the
removal of TCA cycle metabolites, need to be balanced (36).
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1.3. Gluconeogenesis

Gluconeogenesis is in large parts the reverse pathway of glycolysis. It describes the de novo
formation of glucose or glycolytic biosynthetic intermediates from non-carbohydrate
compounds such as lactate or amino acids such as alanine or glutamine. Complete
gluconeogenesis only occurs in classical gluconeogenic tissues as liver and kidney, due to the
lack of glucose-6-phosphatase in other tissues. Most glycolytic enzymes react bidirectional, in
the direction of glycolysis and gluconeogenesis. However, the steps from glucose to glucose-
6-phosphate, fructose 6-phosphate to fructose 1,6-bisphosphate as well as from PEP to
pyruvate are irreversible. For gluconeogenesis the reverse reactions are catalyzed by glucose-
6-phosphatase, fructose-1,6-bisphosphatase (FBP) and phosphoenolpyruvate carboxykinase
(PEPCK), respectively (Figure 3, orange arrows). PEPCK not directly mediates the backward
direction but catalyzes the guanosine triphosphate (GTP) dependent reaction from OAA to
PEP. PEPCK therefore initializes gluconeogenesis and all other branching biosynthetic
pathways from small carbon substrates (Figure 3, orange boxes) e.g., nucleotides (ribose-5-
phosphate), serine, glycine and lipids (glycerol-3-phosphate). In the latter case,
gluconeogenesis does not yield glucose and this process is sometimes referred to as
“abbreviated” or “partial” gluconeogenesis. Two isoforms of PEPCK are known, the cytoplasmic
form PCK1 (PEPCK-C), is present in classical gluconeogenic tissues such as the liver, kidney,
and the intestine (reviewed in (37)) and PCK2 (PEPCK-M), the mitochondrial isoform. PCK2 is
more broadly expressed and in addition to gluconeogenic tissue it has been also found in other
tissues, including the lung (38,39).
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Figure 3: Scheme of the glycolytic and the gluconeogenic pathways and the flexible utilization of
various nutrients. Depending on the nutritional state of the cancer cell, either glucose or non-
carbohydrate compounds such as glutamine, acetate, lactic acid, alanine, or also fatty acids can be
utilized to fuel anabolism. The glycolytic pathway is mostly bidirectional. Reactions that need to be by-
passed by phosphoenolpyruvate carboxykinase (PCK1/PCK2) and by fructose-1,6-bisphosphatase
(FBP1/2) are shown with orange arrows. Upon glucose deprivation PCK1 and PCK2 mediate the
synthesis of glycolytic biosynthetic intermediates via partial gluconeogenesis (shown in orange boxes).
Biosynthetic intermediates not derived via gluconeogenesis are shown in blue boxes. PPP, pentose
phosphate pathway; PFK, phosphofructokinase; PK, pyruvate kinase; PC, pyruvate carboxylase; PDH,
pyruvate dehydrogenase; TCA, tricarboxylic acid cycle; OAA, oxaloacetate; PEP, phosphoenolpyruvate.
The figure is reproduced with modifications with permission from the authors and the publisher from (37).
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Recently, the contribution of the gluconeogenic precursors lactate, alanine, glycerol, and
glutamine to complete and partial gluconeogenesis was quantified in mice. In fasted mice, 40%
of the plasma glucose is 13-C lactic acid derived, whereas glycerol accounted for 33%, and
alanine and glutamine for 10% each, after 2.5 hours infusion (40). Interestingly,
gluconeogenesis contributed significantly to the glycolytic pools in addition to glycolysis and to
local glycogen breakdown (40). Such a partial gluconeogenesis was discovered in
gluconeogenic tissues but also in lung, heart, brain and other peripheral tissues. The biggest
contributor to gluconeogenesis derived glycolytic intermediates was lactic acid. In the lung
around 25% of the 3-phosphoglycerate (3-PG) pool was lactic acid derived after 2.5 hours of
infusion with 13-C lactic acid. The contribution of gluconeogenesis to glycolytic pools was
higher in fasting animals than in the fed state (40).

Already in 2014, Leithner et al. showed that lactic acid derived gluconeogenesis, mediated by
PCK2, is exploited by lung cancer cells grown in glucose and serum starved media and enables
cancer cell survival and proliferation upon nutrient shortage. Since then, PCK2 was shown to
be expressed and have pro-proliferative effects in different tumor models, including lung,
breast, and prostate cancer (41-46). PCK1 expression was identified to support tumor growth
in tumor models including colon cancer (47,48). In tumor repopulating cells of melanoma PCK2
expression was found to be downregulated and its overexpression impairs tumorigenicity (49),
however in the same model, the PCK1 expression was shown to be enhanced and it had pro-
proliferative effects (48). Whereas PEPCK expression has mainly tumor promoting effects in
tumors not originating from classical gluconeogenic tissues, in liver and kidney cancer, PEPCK
expression was downregulated and its expression inhibits cancer growth (reviewed in (37)).
Upon treatment with low glucose media, PCK1 or PCK2 overexpression reduced liver cancer

survival due to an induced energy crisis (50).

Multiple biosynthetic pathways, branching from glycolysis were discovered to be fueled by
partial gluconeogenesis via PCK2 or PCK1, especially under nutrient deprivation. Stable
isotope-resolved metabolomics revealed that lactic acid and glutamine serve as gluconeogenic
precursors in cancer cells (41,43,44,47,51,52). Upon glucose depletion, PCK2 was shown to
mediate the biosynthesis of serine and glycine (43,51,52). In a lung cancer cell line, around
40% of total serine levels were shown to be supplied by glutamine in a PCK2 dependent

manner after 48 hours of treatment in the absence of glucose. The same study revealed that
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additionally around 12% of the purine nucleotide ATP are glutamine derived and therefore of
gluconeogenic origin (43). In lung cancer cells upon glucose and serum starvation but not under
nutrient replete conditions, both lactic acid and glutamine were incorporated into the glycerol
backbone of phospholipids. Furthermore, it was shown that PCK2 expression maintains the
levels of the glycerophospholipid phosphatidylethanolamine (44). In PCK1 expressing colon
cancer cells, gluconeogenesis derived ribose biosynthesis was discovered, and its abundance

was enhanced upon reduced glucose supplementation (47).

To ensure a flexible response to the cellular nutritional state and resulting metabolic needs,
expression of PCK1 and PCK2 is tightly regulated. In classic gluconeogenic tissues the
presence of glucagon and glucocorticoids induces PCK1 expression whereas the presence of
insulin represses it (described and reviewed in detail in (53)). Additionally, PCK2 and partly
also PCK1 appear to be regulated by different metabolic cues and nutrient sensing pathways,
as was intensively studied in recent years in cancer cells. PCK2 expression has been shown
to be upregulated upon glucose or amino acid starvation and endoplasmatic reticulum (ER)
stress (41-44). Amino acid deprivation and ER stress, induced by the unfolded protein
response, upregulate activating transcription factor 4 (ATF4) that has a binding site in the PCK2
promotor (42). The activity of PCK2 is influenced by mitochondrial concentrations of GTP, likely
formed by succinyl-CoA synthetase (SUCLG2), a TCA cycle enzyme. SUCLG2 is upregulated
by glucose deprivation, in contrast to the ATP producing form of succinyl-CoA (SUCLA2) (43).
Silencing of the GTP producing form leads to reduced cell survival, whereas the ATP producing
isoform shows no effect (43). Under normoxia, simultaneous silencing of hypoxia inducible
factor (HIF1 and HIF2) inhibited low glucose induced PCK2 protein expression (43), however
upon hypoxia, conditions that lead to HIF stabilization, PCK2 protein levels were found to be
decreased (39). Nitric oxide, produced by the arginine-citrulline cycle, was shown to lead to S-
nitrosylation of PCK2 in cancer cells grown in glucose deprived media and this post-
translational modification increased gluconeogenesis from glutamine (51). Moreover, MondoA,
a nutrient-sensing transcription factor belonging to the MYC superfamily, was shown to induce
PCK2 expression (54). Additionally, purine element binding protein a has a binding motif in the
PCK2 promotor resulting in enhanced expression (55). Post-translational modifications of
PCK1, acetylation and sumolyation, both were shown to increase degradation of PCK1 (56,57).
Interestingly the effect of the tumor suppressor p53 and the protein complex mTOR Complex

2 (mTORC?2) that regulates cell survival and proliferation, on the expression of PCK1 and PCK2
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was shown to be depending on the tissue where the tumor arises from. Expression of p53
increased PCK2 expression in the liver cancer cell line HepG2 (58) whereas it decreased PCK1
expression in different cancer cell lines and in mouse liver (59). mTORC2 led to the
downregulation of PCK1 in cancer cells derived from classic gluconeogenic tissues but not in
tumor cells from other tissues (60).

The pro- or antitumorigenic role of PCK2 in cancer progression, appears to be highly context
dependent and is reviewed in (37). In lung cancer, PCK2 expression has pro-survival and pro-
proliferative effects under glucose starvation conditions, and its expression supports xenograft
growth in vivo (41,43,44). In addition to mediating anabolic biosynthetic functions, PCK1 or
PCK2 are directly involved in removing TCA cycle anions (cataplerosis). PCK2 expression in
tumor cells has been shown to decrease the amount of TCA cycle metabolites in tumor initiating
cells of prostate cancer and melanoma and in breast cancer cells upon hypoxia (45,49,61).
Contrary, PCK2 silencing decreased the levels of TCA cycle metabolites in HelLa cells in a re-
expression reversible manner under high glucose conditions (52). However, the role of PCK2
on the TCA cycle and on the mitochondrial respiration under starvation has not been addressed
so far.
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1.4. Reactive oxygen species

Reactive oxygen species (ROS) describe a group of molecules that are by-products from the
cellular oxygen metabolism, and that have a higher reactivity than molecular oxygen.
Intracellularly, ROS are originating from mitochondrial respiration, NADPH oxidases, or as by-
product during protein folding in the ER (12,62) (Figure 4). Low levels of ROS are reversible
and pro-tumorigenic (63). In the nucleus, ROS can induce DNA mutagenesis and tumor
initiation. In tumor progression mild ROS levels induce activation of signaling pathways and
transcription factors inducing metabolic and antioxidative adaptations that promote
tumorigenesis (13,63). However, as high ROS levels lead to damage and cell death, cancer

cells need to control their ROS levels and upregulate antioxidant defense mechanisms.

Mitochondrial respiration is the major cause of reactive oxygen species (ROS) as 1-2% of
oxygen utilized by mitochondria is converted to superoxide anion (O2-") (64,65). Superoxide is
quickly converted to hydrogen peroxide (H-O>), either by superoxide dismutase (SOD) or non-
enzymatically (Figure 4). H,O2, a membrane permeable, non-radical ROS, might also be a by-
product of protein folding in the ER (62). H.O2is membrane permeable. At low levels (up to 10
nM) it serves as an important signaling molecule (63). In the Fenton reaction, H-O-, which has
a low reactivity, reacts with metal cations (Fe?* or Cu*) and a highly reactive hydroxyl radical
(OH-) is formed. To avoid the generation of harmful OH-, cells rapidly dismutate H,O, to water
by catalase, peroxiredoxins or by glutathione peroxidases (Figure 4). Thereby in peroxiredoxins
an intersubunit dissulifde bond is generated. Glutathione peroxidases use GSH as co-factor,
which is oxidized to GSSG. Dissulfide bonds of peroxiredoxins are regenerated by thioredoxin
(TXN), a protein antioxidant. Oxidized TXN and GSSG are subsequently reduced by TXN
reductase (TXNRD) or by glutathione reductase (GSR), both reducing NADPH (63) (Figure 4).
If OH- is not scavenged it might react with polyunsaturated fatty acids and initiate lipid
peroxidation. Lipid radicals are formed, which react with further polyunsaturated fatty acids,
propagating the peroxidation process (63) (Figure 4). At high levels lipid peroxidation initiates
ferroptosis, a type of cell death that relies on iron (63). Glutathione peroxidase 4 (GPX4) buffers

lipid peroxidation and prevents ferroptosis at the expense of reduced GSH (66).
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Figure 4: The origin, interconversion, and neutralization of reactive oxygen species (ROS). Major
sources of ROS are the electron transport chain, protein folding in the ER and NADPH oxidases (NOX).
Superoxide (O27) is produced either by respiration or by NOX. The production of mitochondrial Oz can
be reduced by uncoupling protein 2 (UCP2), as the enzyme transports protons over the mitochondrial
membrane which reduces the membrane potential and therefore Oz production. Additionally, O2"is
quickly converted to hydrogen peroxide (H202) by superoxide dismutase (SOD1, SOD2) or non-
enzymatically. H2O2 may mediate mutagenesis but it is also important for cellular signaling. It is rapidly
neutralized to H20 by catalase, glutathione peroxidase (GPX), having glutathione as a co-factor or
peroxiredoxins (PRDX), with thioredoxin (TXN) as a co-factor. Oxidized glutathione and thioredoxin
might be reduced by glutathione reductase (GSR) and TXN reductase (TXNRD) at the expense of
NADPH. If H202 reacts with Fe?* a hydroxyl radical (OH-) is formed. It can react with polyunsaturated
fatty acids and start the self-perpetuating process of lipid peroxidation.
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Compared to non-proliferating cells, cancer cells have higher local ROS levels (13). Therefore,
they increase cellular antioxidative capabilities to maintain their redox equilibrium. One
transcription factor, detrimental for the upregulation of antioxidative pathways is nuclear factor
erythroid 2-related factor 2 (NRF2, encoded by NFEZ2L2). In non-cancerous cells NRF2
interacts with Kelch-like ECH-associated protein 1 (KEAP1), leading to proteasomal
degradation of NRF2 (12,13). ROS modify cysteine residues of KEAP1, which then leads to
the dissociation and therefore to the accumulation of NRF2. NRF2 upregulates the transcription
of various genes in the TXN and GSH dependent antioxidative pathways (13,63,67,68).
Increased NRF2 levels are observed in many different cancer types. They result from mutations
in KEAP1 or NRF2, increased NRF2 expression or reduced expression of KEAP1, all leading
to NRF2 accumulation (63).

Additionally, cells utilize uncoupling proteins (UCP), commonly known from brown adipose
tissue for thermogenesis, for antioxidant defense. Especially UCP2 has been described to be
hijacked by cancer cells to enable proton uncoupling, meaning that protons can cross the inner
mitochondrial membrane along the gradient to the matrix in a controlled manner, but uncoupled
to the ATP synthase (64,69) (Figure 4). By decreasing the membrane potential through proton
uncoupling, less superoxide is produced, however also the ATP yield of mitochondrial
respiration is decreased (64,69). In different cancer types, UCP2 expression was found to be
upregulated and connected to tumor progression (64). Moreover, adenine nucleotide
translocase (ANT), catalyzing ATP/ADP exchange over the mitochondrial membrane, shows

uncoupling activity, which is induced by superoxide levels (70).

To avoid cell death through elevated ROS levels, cancer cells have an enhanced demand in
NADPH and GSH. Boosted glycolysis, as discussed before, results in enhanced fueling of
glucose into the PPP to ensure adequate NADPH supply (71). GSH is highly present in tumor
tissue in different cancer types in comparison to normal tissue (68). It can be either restored
from GSSG at the expense of NADPH or de-novo synthesized from glycine, cysteine and
glutamate, as described before (68). The most limiting amino acid is cysteine, however different
cancer cells upregulate the glutamate-cystine antiporter SLC7A11, a NRF2 target (72). Cystine

imported via SLC7A11 is then reduced to cysteine in order to generate GSH.
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Especially under glucose deprivation cancer cells need accurate balancing of redox levels and
a high capability of antioxidant defense pathways. On the one hand mitochondrial respiration
is increased (18), due to energy requirements leading to enhanced production of ROS. On the
other hand, NADPH/NADP levels are reduced (73) as glucose derived NADPH production is
reduced (13). This results in enhanced cytotoxicity of glucose deprived cells due to ROS (73).
While the literature on antioxidant defense in cancer cells is growing, very few is known about
the role of antioxidant responses under starvation conditions that may be associated with

enhanced mitochondrial respiration and thus ROS burden.
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1.5. Hypothesis

Anaplerosis, the fueling of the TCA cycle, and cataplerosis, the removal of TCA cycle
metabolites, need to be balanced to maintain a continued flux (36). The abundance of OAA
and acetyl-CoA are detrimental for the regulation of the TCA cycle which is not only an
important biosynthetic hub, but additionally generates reducing equivalents necessary for
mitochondrial respiration (12,74). Under nutrient replete conditions, mediators of the TCA cycle
and mitochondrial respiration have been well studied (19). Upon glucose deprivation,
mitochondrial respiration is enhanced in different cancer cell lines (18), however, not much is

known about the regulation of the TCA cycle under starvation.

It remains to be clarified, if the expression of the cataplerotic enzyme PCK2, playing an
essential role for tumor growth in in vitro and in in vivo studies, has an impact on the regulation
of the TCA cycle upon glucose starvation. Previous studies addressed the PCK2 dependent
abundance of TCA cycle intermediates and mitochondrial respiration under nutrient replete
conditions (45,46,49,52,61). However, upon nutrient starvation, conditions often present
intratumorally that have been shown to increase PCK2 expression and activity (41-44), the
abundance of TCA cycle intermediates has not been studied yet. Altered TCA cycle flux might
subsequently influence mitochondrial respiration and therefore the cellular redox balance. This
study might help to understand the effects of PCK2 on tumor survival under nutrient starvation
conditions additionally to its role for biosynthesis of gluconeogenic intermediates.
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2. Methods

2.1. Cell lines

The human NSCLC cell lines NCI-H23 (H23) and A549 were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA) and Cell Lines Service (Eppelheim, Germany)
respectively. H23 cells were maintained in RPMI 1640 cell culture media (Gibco, Waltham, MA,
USA), A549 cells were maintained in DMEM/F-12 (Gibco). Both growth media were
complemented with glutamine and antibiotics (both Gibco) and 10% fetal calf serum (FCS,
Biowest, Nuaillé, France). For maintenance, passaging occurred twice per week. For
experiments, if not otherwise stated, 22,000 cells/cm? were seeded in growth media. Treatment
occurred 20-24 hours after plating. To this end, cells were rinsed two times with phosphate
buffered saline (PBS, PAN-Biotech, Aidenbach, Germany) and incubated either with non-
starvation (nstv) or starvation (stv) media. Treatment media were prepared by supplementing
glucose and glutamine free RPMI SILAC medium or glucose and glutamine free DMEM (both
Gibco) with 10 or 0.2 mM (non-starvation/starvation) glucose (Sigma Aldrich, Waltham, MA,
USA), 0% or 10% dialyzed FCS (Thermo Scientific, Waltham, MA, USA), 2 mM glutamine
(Sigma Aldrich) and antibiotics. RPMI SILAC treatment media additionally contained 1.15 mM
arginine and 0.27 mM lysine (both Sigma Aldrich). Mycoplasma tests were performed regularly.
Short Tandem Repeat (STR) analysis forcell line confirmation was performed using the
PowerPlex 16HS System (Promega, Madison, WI) for both cell lines by the Core Facility

Alternative Biomodels and Preclinical Imaging, Medical University of Graz.

2.2. Stable expression of PCK2 shRNA

H23 cells, stably transfected with commercially available non-silencing control shRNA (ctrl sh)
or PCK2 shRNA (Qiagen, Hilden, Germany) were previously generated, selected for two weeks
with 1 pg/puL puromycin (Sigma Aldrich) and monoclonal subcultures from PCK2 shRNA and
control shRNA were created and kindly provided by K. Leithner (44). Cells were maintained
with media containing 0.5 pg/uL puromycin which was absent throughout experiments.
Specificity of PCK2 shRNA mediated effects was confirmed by transfecting PCK2 silenced cells
with a shRNA resistant PCK2 cDNA plasmid. The shRNA binding site was mutated at three
codons (Eurofins Genomics, Ebersberg, Germany), without any alterations in the amino acid

sequence and cloned into a pCMV6-AC expression vector (Origene, Rockville, MD). As a

29



control the empty expression vector was utilized. Transfection was performed with 0.5-1 ug
cDNA/200,000 cells using the jetPRIME transfection reagent (Polyplus, llikirch, France).

2.3. PCK2 silencing by siRNA

Cells were transfected with 20 nM of non-silencing (ctrl) siRNA (Non-targeting pool,
Dharmacon, Horizon, Colorado, USA), PCK2 siRNA1 (Smart pool PCK2, Dharmacon), a pool
of 4 different siRNAs or PCK2 siRNA2, consisting of the following two sequences
GGAUGAGGUUUGACAGUGA and UGGCUACAAUCCAGAGUAA (Dharmacon).

2.4. PCK2 overexpression

In PCK2 siRNA silenced cells, PCK2 was re-expressed by transfecting cells with 1 ug DNA per
200,000 cells of a PCK2 wild-type plasmid (Origene). The empty pCMV6-AC expression vector

was used for control. Transfection occured 48 hours before the treatment.

2.5. Stable isotopic tracing

3Cs-glutamine was used to trace TCA cycle metabolite interconversion and abundance. For
treatment 2 mM '3Cs-glutamine (Sigma Aldrich) was added to glutamine free non-starvation or
starvation treatment media. Cells were treated for 24 hours. Then, cells were rinsed with saline

and instantly frozen on liquid nitrogen.

2.6. Sample extraction

A protocol for metabolite extraction and measurement was previously published (75).
Metabolite extraction occurred on a mix of dry ice and ice. Ice-cold 62.5% methanol (Sigma
Aldrich) in water, supplemented with norvaline (Sigma Aldrich) as an internal standard served
as an extraction buffer. Cells were scraped and the lysate was transferred to a microcentrifuge
tube, then ice-cold chloroform was added. Samples were either vortexed for 10 minutes at 4°C
or sonicated 3 x 5 sec on ice. To separate the phases, centrifugation of the samples occurred
at 13,000 rpm for 10 minutes at 4°C. To measure polar metabolites, the upper phase, meaning

the methanol phase, was evaporated by vacuum centrifugation.
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2.7. Gas chromatography-mass spectrometry (GC-MS)

To measure samples with GC-MS, samples were derivatized with 20 mg/mL methoxyamine in
pyridine (both Sigma Aldrich) for 90 or 60minutes at 37°C followed by N-(tert-
butyldimethylsilyl)-N-methyl-trifluoroacetamide ~ with 1% tert-Butyldimethylsilyl  ethers
(MTBSTFA + 1% TBDMS, Thermo Scientific) for 60 or 30 minutes at 60°C. Metabolite
separation was performed with an Agilent 7890A GC system or an Agilent 7890B GC system.
A DB35MS column and helium as carrier gas were used, the flow rate was 1 mL/minute. 1 uL
of the sample was injected in splitless mode, the inlet temperature was set at 270°C.
Temperature gradients for the respective devices are shown in Table 1. The GC system was
connected to an Agilent 5975C or 5977A Inert MS system. An ionization energy of 70 eV was
generated and m/z ranging from 100 to 650 atomic mass units were measured. Isotopologues
were exported and correction for natural abundance was either performed by using a MATLAB
Script (MA, USA) or IsoCor (76). Abundances were normalized to the respective protein

content.

Table 1: GC-MS temperature gradients

Agilent 7890A GC system connected to Agilent 7890B GC system connected to
Agilent 5975C Inert MS system Agilent 5977A Inert MS system
Temperature Temperature gradient Temperature | Temperature gradient
100 °C hold for 1 minute 100 °C hold for 3 minutes

to 105 °C 2.5 °C/minute to 300 °C 3.5 °C/minute

to 240 °C 3.5 °C/minute

to 320 °C 2.5 °C/minute

320 °C hold for 4 minutes

2.8. Liquid chromatography—mass spectrometry (LC-MS)

The total abundance of GSH, GSSG, NADPH and NADP* was measured with LC-MS/MS. After
vacuum centrifugation, samples were resuspended in 80% methanol (Sigma Aldrich) in water.
Metabolites were separated by a Dionex UltiMate 3000 LC System (Thermo Scientific) with a
HILIC column (iHILIC®-Fusion HILIC Column, SS, 150x2.1 mm, 1.8 ym, 100 A). The

31



instrument was operated at 28°C. The applied gradient is shown in Table 2, left panel, whereas
solvent A represented acetonitrile and solvent B was10 mM ammonium acetate, pH 9.3. The
flow rate was set to 0.2 mL/minute. For detection, a negative scan mode using a spray voltage
of 2.5 kV and a capillary temperature of 350°C, sheath gas was set at 50 and auxiliary gas at
10. To ensure specificity, for each metabolite two transitions were measured. Analysis was
performed with the following transitions (precursor ion > product ion; collision energy): GSH
(306>143; 20V), GSSG (611>306; 24V), NADPH (744>408; 40V), NADP* (742>273; 40V).
Data collection and analysis was performed with Xcalibur software (Thermo Scientific).

Table 2: LC-MS solvent gradients

Dionex UltiMate 3000 LC System Dionex UltiMate 3000 LC System
operated with a HILIC column operated with a C18 column
Time (minutes) | % A % B Time (minutes) | % A % B
0 92 8 0 100 0

2 92 8 2 100 0

7 65 35 7 63 37
16 58 42 14 59 41
26 25 75 26 0 100
28 25 75 30 0 100
30 92 8 31 100 0
38 92 8 40 100 0

Isotopologues of GSH were detected with LC-MS as published in (77). After vacuum
centrifugation polar metabolites were resuspended in H2O. Separation occurred with a Dionex
UltiMate 3000 LC System (Thermo Scientific) utilizing a C18 column (Acquity UPLC HSS T3
1.8 um 2.1 x 100 mm) at 40 °C, connected to a Q-Exactive Orbitrap (Thermo Scientific). A flow
rate of 0.25 mL/minute was applied. The gradient is shown in Table 2, right panel, whereas
solvent A is H>O containing 10 mM tributyl-amine and 15 mM acetic acid and solvent
represented methanol. For detection, a negative scan mode using a spray voltage of 4.9 kV
was used and m/z ranging from 70 to 900 atomic mass units were measured. Collection and

analysis were performed with the Xcalibur software (Thermo Scientific).
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2.9. Seahorse measurements

40,000 cells per well were seeded on XF96 cell culture plates (Seahorse Bioscience, Agilent;
CA, USA), previously coated with Cell-Tak™ (Corning, NY, USA). After 24 hours, cells were
treated for 24 hours with starvation or non-starvation media. Media was either supplemented
with 1 mM pyruvate (Sigma Aldrich) (experiment: H23 ctrl sh_v/PCK2sh_v and PCK2sh_mt
cells) or 10 mM lactate (Sigma Aldrich) (all other measurements), serving as respiratory
substrates, if not otherwise stated. A XF96 Extracellular Flux analyzer (Seahorse Bioscience)
was utilized to record the oxygen consumption rate (OCR). Respiration was measured under
basal conditions, after adding 2 uM oligomycin, 0.2 yM (H23)/0.5 uM (A549) carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone (FCCP) and 10 yM antimycin. Media was supplemented
with 40 yM etomoxir (Sigma Aldrich) if stated. Recorded OCR values were normalized to the
respective protein content.

2.10. Confocal microscopy of mitochondria

20,000 cells per well were seeded on glass bottom 8-well chamber slides (Ibidi, Gréfelfing,
Germany). After 24 hours of treatment, cells were rinsed with PBS and incubated for 30 minutes
with 100 nM Mitotracker Green in RPMI SILAC supplemented with arginine and lysine. Then,
after washing, the respective treatment media was added back. Images were taken with a
Nikon A1 confocal microscope (Vienna, Austria) and evaluated by ImagedJ (National Institutes
of Health (NIH)) by using the MiNa plugin (78).

2.11. Mitotracker analysis by flow cytometry

After 24 hours of treatment, cells were rinsed with PBS and cultured for 30 minutes with serum-
free media containing 100 nM Mitotracker Green (Thermo Scientific). Afterwards, cells were
rinsed with PBS and mitochondrial mass was analyzed in starvation media by flow cytometry
(CytoFlex, BeckmanCoulter, Krefeld, Germany) in the FITC channel. Live and single cells were

gated

2.12. Detection of ROS

Cells were treated for 24 hours with non-starvation or starvation media. To determine
mitochondrial superoxide, cells were rinsed with PBS, trypsinized (Gibco) and incubated for 20
minutes with 2.5 pM of MitoSox (Thermo Scientific). Cells were then rinsed with PBS,
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resuspended, and analyzed by flow cytometry. To detect general ROS, cells were incubated
for 30 minutes with 10 yM CM-H2DCFDA (Thermo Scientific) followed by flow cytometry. Lipid
peroxidation was analyzed in starved cancer cells with HBSS containing 2 yM Bodipy-C11 dye,
followed by flow cytometry. If indicated RSL3 (Selleck chemicals, Houston, TX, USA) was

added during treatment. Live and single cells were gated

2.13. Detection of GSH/GSSG

After 24 hours of treatment, cells were rinsed with PBS and homogenized in mammalian cell
lysis buffer (Abcam, Cambridge, UK). Samples were deproteinized before measurement by
using a TCA deproteinization kit (Abcam). The GSH/GSSG ratio of the samples was analyzed
by a commercially available kit (Abcam), according to the manufacturer’s descriptions.

2.14. Colony formation assay

Indicated numbers of cells were plated onto 6-well plates. After 24 hours, cells were rinsed two
times and starvation or non-starvation media was applied for 72 hours. During the treatment, if
stated, treatment media was supplemented with antioxidants or pro-oxidants at the
concentrations indicated. Afterwards, cells could recover in normal growth medium (2 weeks
for H23 cells, 10 days for A549 cells). Thereafter, colonies were fixed with methanol:acetic acid
(3:1 v/v). Staining was performed with a 0.4 % crystal violet solution. Then the colony area was
assessed with the ImageJ software (NIH) by using the Colony Area plugin (79).

2.15. Cell counting

75,000 (A549) or 100,000 (H23) cells/well were plated on 12-well plates. Then cells were
treated for 24 hours with starvation medium containing indicated concentrations of H.O- (Roth,
Karlsruhe, Germany). For experiments with buthionine sulfoximine (BSO), BSO (Sigma Aldrich)
was added to the the treatment media for 72 hours consistent with the treatment period of the
colony formation assay. After the treatment, cells were washed with PBS, trypsinized and
counting was performed with the Casy-TT cell counter (Roche Innovatis, Bielefeld, Germany).

2.16. Proliferation

After 24 hours of treatment with media containing 10 mM lactic acid, proliferating cells were
detected by using the EdU Click-iT kit (Thermo Scientific). 10 uM EdU was added to the cells
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and incubated for 1.5 hours. After collection, fixation and permeabilization cells were dissolved
in the Click iT reaction cocktail as described in the manufacturer’s protocol. Then cells were
measured by flow cytometry; live and single cells were gated, and EdU-positive cells were

determined.

2.17. Western blot

Cells were rinsed with PBS, lysis occurred with RIPA buffer (Thermo Scientific) containing
protease inhibitor (Thermo Scientific) at 4°C. The cell extract was homogenized by sonication
and centrifuged (maximum speed, 10 minutes, 4 °C). The concentration of the lysate was
assessed with a BCA kit (Merck, Vienna, Austria). Protein was supplemented with Laemmli
Buffer, incubated for 10 minutes at 95 °C. Then proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis by utilizing a Mini-PROTEAN® electrophoresis
device (BioRad, Hercules, CA, USA). Subsequently, proteins were transferred to a
polyvinylidene fluorid (PVDF) membrane (BioRad) or a nitrocellulose membrane (Thermo
Scientific). Then the membrane was blocked for 1 hour either with 5 % BSA or milk (both Sigma
Aldrich) dissolved in tris-buffered saline with 0.1% Tween 20 (TBST) as indicated in Table 3.
Antibodies, described in Table 3, were diluted in the indicated blocking solution, and used for
overnight incubation at 4°C. Anti-mouse and anti-rabbit secondary antibodies were used
according to the primary antibody used. B-actin served as a loading control.

Table 3: Antibodies specifications

Antibody Distributor Blocking | Concentration
PCK2 Abcam, ab187145 BSA 1:2000
OXPHOS antibody | Abcam, ab 110411 milk 1:1000
cocktail

TOM20 Cell Signaling Technology, #42406 milk 1:1000
SLC7A11 Abcam, ab175186 milk 1:1500
B-actin Santa Cruz, sc-47778; Sigma, A5441 milk 1:3000
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2.18. Quantitative real-time PCR (RT-qPCR)

RNA was extracted with the peqGOLD Total RNA kit (VWR, Vienna, Austria), according to the

manufacturer’s protocol and the RNA content was measured by spectrophotometry (NanoDrop,

Thermo Scientific). Reverse transcription of total RNA was performed by using the qScript™

cDNA Synthesis kit (Quanta, Beverly, USA) as recommended by the manufacturer. For RT-
gPCR the Blue S'Green qPCR Kit (Biozym, Vienna, Austria) was utilized on a LightCycler 480

(Roche, Vienna, Austria). Utilized primers are stated in Table 4.

Table 4: Primer sequences

Gene Forward primer (5’-3’) Reverse primer (5’-3’)
PCK2 CATCCGAAAGCTCCCCAAGTA TGGAAATCAGCTGGGGACATC
GLS1 GAGTTGCTGGGGGCATTCT TACACAGAGAAACAAGATCGTGACA
GLS2 GGCAGAGAGACGCCACA CCTTTAGTGCAGTGGTGAACTT
GLUD1 CTCCAGACATGAGCACAGGTGA CCAGTAGCAGAGATGCGTCCAT
ACLY TGCTCGATTATGCACTGGAAGT ATGAACCCCATACTCCTTCCCAG
NFE2L2 TGCCAACTACTCCCAGGTTG AAGTGACTGAAACGTAGCCGA
GSR CAGCGTCATTGTTGGTGCAG CCTTGACCTGGGAGAACTTCAG
SLC7A11 TGACTGGAGTCCCTGCGTAT TGTTCTGGTTATTTTCTCCGACATT
TXNRD1 CGATCTGCCCGTTGTGTTTG TATTGGGCTGCCTCCTTAGC
ucpP2 ACAAGACCATTGCACGAGAG ATGAGGTTGGCTTTCAGGAG
SOD2 CCTCACATCAACGCGCAGATCA ACAACCTGAACGTCACCGAGGA
GPX1 CCAAGCTCATCACCTGGTCT TCGATGTCAATGGTCTGGAA
GPX4 TACCGGGGCTTCGTGTGCAT TAGCCCGCGGCGAACTCTTT
SRXN1 CCTCGTGGACACGATCCG CAGCCCCCAAAGGAGTAGAA
GLRX AACAGAGTGGGGAACTGCTG TGAACATTTCCTATGAGATCTGTGG
GSTP GAGGGCTCACTCAAAGCCTC GTCCTTCCCATAGAGCCCAAG
ACTB ATTGCCGACAGGATGCAGGAA GCTGATCCACATCTGCTGGAA

All primers were ordered from Eurofins Genomics (Vienna, Austria). ACTB expression was not

different across all samples and thus served as reference gene. Amplification of the qPCR

products was verified by analysis of the melting curves. Cp values were obtained by using the
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2" derivative method. The relative expression (ACp) was achieved by subtracting Cp values of

the genes of interest from the Cp values of the reference gene (ACTB)

2.19. Statistics

Data compilation was performed with Microsoft Excel 2016, analysis was done with Microsoft
Excel 2016 and SPSS, version 23.0 (Chicago, IL, USA). Groups were compared as applicable
with two-sided, unpaired or paired Student’s t-tests, one-group Student’s t-tests or one-way
ANOVA with Dunnett post-hoc analysis. p-values, smaller than 0.05 were considered as

significant.
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3. Results

3.1. PCK2 removes glutamine-derived TCA cycle intermediates

First, we compared the abundance of TCA cycle metabolites and their interconversion in
NSCLC cells between nutrient replete and starvation conditions. The non-starvation media
contained 10 mM glucose and 10% dialyzed FCS (dFCS) to provide full nutrient availability to
the cells. For starvation treatment, a low concentration of glucose (0.2 mM) was used and
serum was omitted, since it provides lipids and proteins, potentially metabolized by the cells.
To trace the interconversion of TCA cycle intermediates we applied fully '*C-labeled glutamine,
as glutamine is described to be the major fuel of the TCA cycle (13,31). We treated H23 and
A549 cells with the two different nutritional media and found that the amount of the TCA cycle
metabolites fumarate or malate and citrate was decreased upon starvation treatment (Figures
5A and 6A). Under both conditions, glutamine fueled the TCA cycle and resulted in completely
3C labeled malate and fumarate (M+4) however the fraction of labeled metabolites was
enhanced by treatment with starvation media in H23 but not in A549 cells (Figures 5B, 5C, 6C
and D). Citrate M+4 (denoting citrate with four '*C atoms) results from the condensation of fully
labeled OAA with unlabeled acetyl-CoA. Completely labeled Citrate (M+6) is generated from
OAA (M+4) and labeled acetyl-CoA (M+2). Upon starvation treatment between 20 and 30 % of
total citrate was fully labeled whereas under non-starvation conditions only a very small
proportion was detectable (Figures 5B, 5C, 6C and 6D). Consistently, we also found glutamine
derived and therefore M+3 labeled pyruvate upon starvation conditions, but not with non-
starvation medium (Figures 5B, 5C, 6C, 6D). Therefore, by treating cells with starvation media,
a higher rate of pyruvate was formed from TCA cycle metabolites and was subsequently
metabolized to acetyl-CoA which has been also previously shown to occur upon glucose
depletion (80). Pyruvate was either formed by malic enzyme (ME) from malate or via PEP
formation by PEPCK and subsequent pyruvate generation by PK. Labeling patterns of the TCA
cycle metabolites that can be observed after addition of *Cs-glutamine, are illustrated in the
scheme in Figure 5E. Together, these results show that glutamine is shuttled towards the TCA
cycle in these cell lines in both, starvation and non-starvation conditions. Thus, *Cs-glutamine
is suitable to assess TCA cycle activity and the fueling of TCA cycle intermediates into the

downstream gluconeogenesis pathway.
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Figure 5: PCK2 expression influences the abundance and stable isotopic enrichment of TCA cycle
metabolites and labeling of gluconeogenesis products in H23 cells. A) Control (ctrl sh_v), PCK2
silenced (PCK2 sh_v) or PCK2 re-expressing (PCK2sh_mt) H23 cells were cultured in non-starvation or
starvation medium. Abundances of TCA cycle metabolites were measured. B,C,D) Stable isotopic
enrichment with 13Cs-glutamine containing starvation (B,D) or non-starvation medium (C,D). E) Scheme
for the interconversion of '3Cs-glutamine into the TCA cycle and the gluconeogenesis pathway. Data are
displayed as mean + SEM from three individual experiments. Comparison between groups was performed
with two-sided, unpaired Student’s t-tests. * p< 0.05, ** p<0.01, *** p<0.001. PEP, phosphoenolpyruvate;
3PG, 3-phosphoglycerate; A.U., arbitrary units. Figure panels reproduced from Bluemel et al., Free
Radical Biology and Medicine, 2021 (1).
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Next, we wanted to assess the role of PCK2 in regulating the TCA cycle upon starvation
treatment. In H23 cells, PCK2 was silenced by stable expression of PCK2 shRNA (PCK2 sh).
The silencing of PCK2 was rescued by the expression of a point mutated, PCK2 shRNA
resistant allele (PCK2 sh_mt) (Figure 7B). In A549 cells, PCK2 expression was silenced with
two different siRNA pools (Figure 7A) and PCK2 was re-expressed by concurrent
overexpression of wild-type PCK2 in PCK2 silenced cells (Figure 7C). By addressing the
amount of TCA cycle metabolites, we discovered, that PCK2 silencing elevated the abundance
of fumarate, malate and citrate upon treatment with starvation media (Figures 5A and 6A). In
both cell lines, the re-expression of PCK2 diminished the elevation by PCK2 silencing (Figures
5A and 6B). PCK2 silencing increased the amount of M+4 labeled citrate, malate and partly
also of fumarate under non-starvation and starvation treatment in H23 cells, (Figure 5B and C).
Similarly, in starved A549 cells, the level of M+4 labeling of malate and fumarate and of the
M+6 isotopologue of citrate was elevated by PCK2 silencing while the effects were observed
to a much smaller extent under non-starvation treatment (Figure 6C and 6D). In H23 cells,
PCK2 silencing reduced the fraction of pyruvate M+3 labeling (Figure 5B), whereas in A549
cells pyruvate M+3 was increased (Figure 6C). These data show that in H23 cells PCK2
participates in OAA decarboxylation, whereas A549 cells seem to use an alternative route to

convert TCA cycle intermediates to pyruvate, potentially via ME.

Glutamine fueling into the TCA cycle via the synthesis of glutamate from glutamine and the
subsequent formation of a-ketoglutarate (a-KG), were not affected by PCK2 silencing (Figure
8A and B). Thus, altered glutaminolysis does not explain the enhanced TCA labelling upon
PCK2 silencing. Upon non-starvation treatment, PCK2 silencing in H23 cells increased the
levels of completely labeled glutamate and a-KG (M+5), M+4 labeled fumarate, malate and
citrate and additionally the total abundance of a-KG and fumarate, whereas in A549 cells no
differences were observed (Figures 5A, 5C and 8A-D). In non-starved H23 cells PCK2 induced
a slightly increased expression of the enzyme of glutamine to glutamate conversion (GLS7)
and a small but also insignificant reduction in the expression of the enzyme ATP citrate lyase
(ACLY), that cleaves citrate into oxaloacetate and acetyl-CoA (Figure 8E).
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Figure 6: PCK2 expression has an impact on the abundance and the stable isotopic enrichment
of TCA cycle intermediates and PEP in A549 cells A,E) A549 cells were transfected either with non-
silencing ctrl siRNA (ctrl si) or with PCK2 targeting siRNA (PCK2 si1/PCK2 si2).Thereafter, cells were
cultured in starvation medium or non-starvation medium and the abundance of TCA cycle metabolites
and PEP was measured. B) TCA cycle intermediates abundance of starved cells, transfected as defined
in (A) and in addition transfected with a control (v) or a PCK2 overexpressing (PCK2 OE) plasmid. C,D,E)
Transfection occurred as described in (A) and stable isotopic enrichment after treatment with starvation
(C,E) or non-starvation medium (D,E) supplemented with '3Cs-glutamine was measured. Data are
displayed as mean = SEM from four individual experiments. Groups were compared with two-sided,
unpaired Student’s t-tests. * p< 0.05, ** p<0.01, *** p<0.001. PEP, phosphoenolpyruvate; A.U., arbitrary
units. Figure panels reproduced from Bluemel et al., Free Radical Biology and Medicine, 2021 (1).
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Importantly, upon starvation treatment the PCK2 mediated gluconeogenesis pathway showed
a high activity. After 24 hours of treatment, 40 - 50% of PEP and also of its downstream
metabolite 3-phosphoglycerate (3-PG) was '*Cs-glutamine derived (Figures 5D and 6E). In
contrast, upon treatment with non-starvation media, only 0.1-1% of PEP was labeled showing
that gluconeogenesis was low under these conditions. In line with previous reports by our
group, protein expression of PCK2 is increased under nutrient starvation treatment (Figure 7A),
(41,44). In both cell lines PCK2 silencing diminished '*C-labeling of PEP and 3PG (Figures 5D
and 6E). In A549 cells, the abundance of PEP was increased when cells were cultured in
starvation media and reduced by PCK2 silencing (Figure 6E). In summary, PCK2 silencing
enhanced TCA cycle intermediate levels and interconversion, especially under starvation
conditions. 'C-labeling of the PCK2 downstream metabolites shows that this effect is
attributable to a direct decrease of OAA by PCK2. Upon non-starvation treatment, however, a

cell-line dependent PCK2-dependent modulation of anaplerotic and cataplerotic enzymes may

be involved.
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Figure 7: PCK2 expression is increased after treatment with starvation media. A) A549 and H23
cells were transfected with two different pools of PCK2 siRNA. Representative Western blots after 24
hours of treatment with non-starvation (nstv) or starvation (stv) media are shown. B) H23 cells that were
stably expressing control shRNA (ctrl sh) or PCK2 shRNA (PCK2 sh) were transfected with the empty
vector (H23 ctrl sh_v and PCK2 sh_v) or a shRNA resistant PCK2 allele (PCK2 sh_mt). A representative
Western blot after treatment with starvation media, is shown. C) A549 cells, transfected as described in
(A) were additionally transfected with a control (ctrl) or a PCK2 overexpressing (PCK2 OE) plasmid. A
representative Western blot after treatment with starvation media is shown. (A-C) For all blots, B-actin
was utilized as loading control. Figure panels reproduced from Bluemel et al., Free Radical Biology and

Medicine, 2021 (1).
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Student’s t-tests. * p< 0.05, ** p<0.01, *** p<0.001. Figure panels reproduced from Bluemel et al., Free
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3.2. PCK2 reduces mitochondrial respiration in starved cancer cells

The TCA cycle is not only a hub for biosynthetic intermediates but also yields the reducing
equivalents NADH and FADH;, which are then oxidized in the ETC during the process of
mitochondrial respiration in order to generate ATP (81). When we compared oxygen
consumption rates (OCR) in both cell lines between cells treated the two different nutritional
media, we found an increased mitochondrial respiration in starved cells (Figure 9A). Upon
starvation, PCK2 silencing further augmented basal and maximal OCR, but not ATP-linked
respiration (Figures 9D-G). Therefore, additional oxygen consumed by PCK2 silenced cells
seems to not be used for ATP generation (Figures 9D-G). Upon non-starvation treatment no
significant effect of PCK2 silencing was discovered (Figures 9D-G). During OCR
measurements, media was supplemented with pyruvate or lactate, serving as respiratory fuels.
However, cells respired also without addition of pyruvate or lactate (starvation-lac, Figure 9B),
and the increase of basal respiration through PCK2 silencing was comparable to cells treated
with starvation media containing lactate. When etomoxir (Eto), which inhibits fatty acid
oxidation, was added during the measurement, OCR decreased, showing that under nutrient
deprivation, cells partly use fatty acids to fuel respiration (Figure 9C). Of note when fatty acid
oxidation was blocked, PCK2 silencing increased oxygen consumption rates (Figure 9C).
These data show that upon treatment with starvation media, PCK2 expression reduces

mitochondrial respiration.

The mitochondrial morphology is affected by the nutritional status. Upon inappropriate nutrient
supply, mitochondria have a tendency to be elongated as this induces OXPHOS and guards
from autophagosomal degradation (82,83). When we assessed mitochondrial morphology, the
number of individual mitochondria was not altered by treatment with the two different nutritional
media, however, in starved cells PCK2 silencing led to a decreased number of individual
mitochondria (Figure 10A). The mitochondrial mass remained unaffected by starvation
treatment and by PCK2 silencing (Figure 10B). Together these results hint that PCK2 silencing
might cause mitochondrial elongation. Interrogating if enhanced mitochondrial respiration by
PCK2 silencing is mediated by upregulation of ETC complex members, we analyzed the protein
levels of key electron transport chain subunits from the five different mitochondrial complexes
(I to V). However, expression of NDUFB8, SDHB, UQCRC2, COX Il and ATP5A as well as of
the mitochondrial import protein TOM20 were not affected by PCK2 siRNA (Figures 10C and
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D). Accordingly, enhanced respiration by PCK2 silencing is likely caused due to its impact on
the TCA cycle activity than as a consequence of increased expression of OXPHOS proteins.
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Figure 9: Mitochondrial respiration is enhanced by PCK2 silencing. A) Basal oxygen consumption
rate (OCR) was measured in non-starved or starved H23 and A549 cells. B,C) OCR of control (ctrl sh)
or PCK2 silenced (PCK2 sh) starved H23 cells, with or without lactate supplementation (B) or with or
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was measured in non-starved or starved H23 or A549 cells, transfected as previously described. E,G)
Representative OCR measurements showing respiration at the basal state and after the addition of
oligomycin (O), FCCP and antimycin (A). Representative recordings that display the mean + SEM of five
or six technical replicates are shown. (A-D,F) The mean + SEM from n=4 experiments, each combining
four to six technical replicates, is shown. Group comparisons were performed by two-sided, unpaired
Student’s t-tests. * p< 0.05, ** p<0.01. Figure panels reproduced from Bluemel et al., Free Radical
Biology and Medicine, 2021 (1).
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Figure 10: Influence of PCK2 expression on mitochondrial morphology and mass and expression
of OXPHOS proteins. A) Mitochondrial individuals in control (ctrl sh) or PCK2 silenced (PCK2 sh) H23
cells, cultured in non-starvation or starvation media. 39-59 cells from three independent experiments
were analyzed per group. B) Mitochondrial mass of control (ctrl sh_v), PCK2 silenced (PCK2 sh_v) or
PCK2 re-expressed (PCK2sh_mt) starved or non-starved H23 cells. C,D) Expression of respiratory chain
complex subunits of H23 cells, as described in (B) or control (ctrl si) or PCK2 silenced (PCK2 si1) A549
cells. Levels were normalized to $-actin and a representative Western blot is shown. Data are shown as
mean + SEM from n=3 independent experiments. Comparisons between groups were done by two-sided,
unpaired Student’s t-tests or one-group Student’'s t-tests as applicable. ** p<0.01. Figure panels
reproduced from Bluemel et al., Free Radical Biology and Medicine, 2021 (1).
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3.3. PCK2 maintains the redox equilibrium under starvation

Mitochondrial respiration is the main origin of eventually damaging ROS that are constantly
neutralized through antioxidant enzymes by oxidizing NADPH and GSH (12,63,84). We found
that a 24 hour treatment period with starvation media in both cell lines led to the upregulation
of the key regulator of the antioxidant defense NFE2L2 (Figure 11A). Additionally, the
expression of GSR and of the cysteine transporter subunit SLC7A71 was increased upon
starvation treatment (Figure 11A). PCK2 silencing with PCK2 si1 suppressed starvation
induced SLC7A11 expression however silencing with PCK2 si2 or with PCK2 sh showed no
difference (Figure 11A). At a protein level, SLC7A11 expression was not affected by PCK2
silencing (Figure 11B)
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Figure 11: Expression of antioxidant genes is increased through treatment with starvation media
and is in part influenced by PCK2 expression. A) mRNA expression of PCK2 and of different
antioxidant defense genes (normalized to ACTB) in control (ctrl si) or PCK2 silenced (PCK2 si1, PCK2
si2) H23 and A549 cells and of control (ctrl sh_v), PCK2 silenced (PCK2 sh_v) or PCK2 re-expressed
(PCK2sh_mt) H23 cells. Cells were cultured in non-starvation or starvation media as indicated. B)
SLC7A11 expression in control or PCK2 silenced starved A549 or H23 cells, was analyzed by Western
blot. B-actin was utilized as loading control. Data are mean + SEM from n=3 (PCK2 si1, PCK2 sh) or n=4
(PCK2 si2 and (B)) experiments. Group comparisons were performed with two-sided, unpaired Student’s
t-tests or one group Student’s t-test as applicable. * p< 0.05, ** p<0.01, *** p<0.001. Figure panels
reproduced from Bluemel et al., Free Radical Biology and Medicine, 2021 (1).
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Next, we investigated if enhanced mitochondrial respiration caused by starvation treatment,
which was additionally augmented by PCK2 silencing, modulates ROS levels. We assessed
mitochondrial ROS and detected in H23 but not in A549 cells an increase in mitochondrial
superoxide upon starvation treatment, that was not significantly increased by PCK2 silencing
(Figure 12A). Similarly, when we measured DCFDA oxidation, an indicator of cellular ROS,
starvation treatment and PCK2 silencing caused a small, but insignificant increase in ROS
levels (Figure 12B). However, the ratio of reduced to oxidized GSH (GSH/GSSG) was
decreased by PCK2 silencing upon starvation media, as shown by two different methods
(Figure 12C). Additionally, the NADPH/NADP* ratio was diminished by PCK2 silencing upon
starvation treatment (Figure 12D). Lipid peroxidation was slightly reduced by PCK2 silencing
in starved H23 cells. However, if GPX4, the enzyme reducing lipid peroxidation at the expense
of GSH, was blocked through the addition of RSL3, PCK2 silencing increased lipid peroxidation
levels (Figure 12E). This demonstrates high ROS levels, which are continuously balanced by
GPX4 by oxidizing GSH. As the expression of antioxidant enzymes is increased upon treatment
with starvation media and the GSH/GSSG ratio is decreased, we concluded that ROS,
generated by the ETC upon PCK2 silencing were scavenged by antioxidant defense
mechanisms which leads to a reduced glutathione redox capacity. In H23, but not in A549 cells,
enhanced GSH oxidation caused by PCK2 silencing was also found upon treatment with non-
starvation media (Figure 12C). These conditions also enhanced the levels and interconversion
of TCA cycle metabolites (Figures 5A and C) whereas oxygen consumption was only
insignificantly enhanced (Figure 9D). Possibly, enhanced TCA cycle intermediates might cause
enhanced ROS levels, unrelated to a forward oxidation in the ETC, e.g. by succinate-fueled

reverse-electron flow (85).

GSH levels are either restored by reducing GSSG to GSH or they are de novo formed from
glycine, cysteine and glutamate (68). Upon starvation, in H23 cells but not in A549 cells PCK2
silencing caused a slightly diminished level of GSH de novo biosynthesis, as indicated by a
higher abundance of GSH M+0 (Figure 12F). GSH M+5 found upon starvation treatment likely
indicates labeled glutamate (5 carbon units), which is directly '*C-glutamine derived. Under our
experimental conditions, a incorporation of '*C from glutamine into serine or glycine was not
detected in H23 cells and only to a minor extent in A549 cells (data not shown). Therefore,

higher GSH isotopologues were not examined.
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Figure 12: The ratio of reduced to oxidized glutathione is highly decreased by PCK2 silencing. A)
Mitochondrial superoxide was measured in ctrl sh_v, PCK2 sh_v or PCK2 shRNA expressing H23 cells
and in A549 cells transfected with ctrl si or PCK2 si1/2. Cells were cultured in non-starvation or starvation
medium. B) CM-H.DCFDA oxidation, analyzed in H23 and A549 cells, transfected and treated as
described in (A). C) Ratio of reduced to oxidized glutathione (GSH/GSSG) in H23 and A549 cells cultured
as described in (A). Data of the two panels on the left were analyzed with a kit, data of the right panel
were measured by LC-MS/MS. D) NADPH/NADP ratio in A549 cells, treated as described in (A), and
measured by LC-MS/MS. E) Lipid peroxidation, measured in starved control (ctrl sh) or PCK2 silenced
(PCK2 sh) H23 cells with or without addition of RSL3, a glutathione peroxidase 4 inhibitor. F) Fractional
enrichment of isotopologues of glutathione (GSH; M+1 to M+5) of H23 and A549 cells transfected as
described in (A) and treated with starvation media including '*Cs glutamine. Data are mean + SEM from
n=6 (A), n=4 (B;C;D,F) and n=3 (E) independent experiments. Comparison between groups was
performed with two-sided, unpaired Student’s t-tests or one group Student’s t-test as applicable. * p<
0.05, ** p<0.01, *** p<0.001. Figure panels reproduced from Bluemel et al., Free Radical Biology and
Medicine, 2021 (1).
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3.4. PCK2 expression is beneficial for colony formation and enhances

resistance towards hydrogen peroxide

We studied the effect of PCK2 on cellular survival and proliferation under dense and loose
plating. Colony formation of loosely plated cells is an important assay assessing the ability of
single cells to survive a period of metabolic stress and their capability to proliferate thereafter.
For colony formation, cells were initially treated with starvation or non-starvation media, then
cells were allowed to recover and form colonies in growth medium. PCK2 silencing reduced
colony formation of sparsely plated cells upon treatment with starvation media in both cell lines
and in H23 cells additionally also under non-starvation treatment (Figure 13A). Upon normal,
confluent, plating densities, PCK2 silencing had no effect on proliferation and cell numbers
(Figures 13B and C). Next, we investigated if PCK2 expression protects tumor cells from H20;
induced damage. In starved H23 and A549 cells, PCK2 silencing enhanced the toxicity of lower
amounts of exogenously added H,O; (Figure 13C). To identify, if a redox imbalance leads to
reduced colony formation of PCK2 silenced cells, we supplemented the starvation or non-
starvation media with antioxidants during the treatment period. We exogenously added trolox,
a derivative of vitamin E, GSH and N-acetyl cysteine (NAC), a direct antioxidant but also a
precursor of GSH and all three rescued the reduced colony forming potential caused by PCK2

silencing (Figures 13D and E).

The effect of PCK2 silencing is highly different when comparing proliferation and cell numbers
of confluent cells to sparsely plated, colony forming, cells, an assay that requires cell survival
and proliferation. So, we hypothesized that cancer cells under colony forming conditions are
more susceptible to oxidation. We supplemented the treatment media with buthionine
sulfoximine (BSO), which inhibits the first step of glutathione synthesis and induces oxidative
stress. Whereas the colony forming ability upon non-starvation and starvation conditions was
highly reduced by different BSO concentrations, the same concentrations only mildly influenced

cell numbers of confluent cells (Figures 14A and B).
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Figure 13: PCK2 silencing decreases the colony forming potential which can be rescued by
antioxidants and renders more sensitive towards H;0,. A) Colony forming capability of loosely
seeded control or PCK2 silenced H23 and A549 cells. Treatment occurred for 72 hours with non-
starvation (nstv) or starvation (stv) media before recovery in full growth media. n=8 (H23 shRNA), n=4
(H23 siRNA), n=12 (A549) independent experiments, consisting out of three technical replicates. B)
Proliferation of confluent control or PCK2 silenced starved or non-starved cells, n=3 independent
experiments. C) Cell number of confluent, starved cells, supplemented with indicated concentrations of
H202; n=4 experiments, performed in duplicates. D,E) Colony area of control or PCK2 silenced H23 or
A549 cells, treated as described in A). If indicated, antioxidants were added during the treatment period
at following concentrations: Trolox (100 uM), glutathione (GSH, 2 mM), and N-acetyl cysteine (NAC, 10
mM (D), 5 mM (E)). n=4 independent experiments, each done in technical triplicates. Data are shown as
mean + SEM. Comparison between groups was achieved by two-sided, unpaired or paired Student’s t-
tests as applicable. * p< 0.05, ** p<0.01, *** p<0.001. Figure panels reproduced from Bluemel et al., Free
Radical Biology and Medicine, 2021 (1).
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Figure 14: Colony formation is inhibited by addition of glutathione biosynthesis inhibitor
buthionine sulfoximine (BSO). A) Cell number of densely plated H23 or A549 cells, cultured for 72
hours with non-starvation or starvation media supplemented different concentrations of BSO. B) Colony
area of loosely plated A549 or H23 cells, cultured for 72 hours in non-starvation or starvation media
supplemented with indicated concentrations of BSO. Data are displayed as mean + SEM from n=4
individual experiments, consisting out of two (A) or three (B) technical replicates. Comparisons between
groups were performed using two-sided Student’s t-tests * p< 0.05, ** p<0.01, *** p<0.001. Figure panels
reproduced from Bluemel et al., Free Radical Biology and Medicine, 2021 (1).

3.5. PCK2 silencing is mimicked by the addition of the TCA cycle

precursor dimethyl malate

To investigate if enhanced TCA interconversion followed by augmented mitochondrial
respiration caused a GSH/GSSG imbalance we fueled the TCA cycle with dimethyl-L-malate
(DMM), a cell membrane permeable analogue of malate. In H23 cells, the addition of 5 mM of
DMM caused increased respiration and reduced GSH/GSSG levels whereas superoxide levels
were not significantly affected (Figures 15A-C). Additionally, DMM phenocopied the role of
PCK2 silencing on the colony forming ability (Figure 15D). These effects were also discovered
to a minor extent in A549 cells (Figures 15A-D). Potentially, the less pronounced impact of
DMM addition in A549 cells can be connected to an enhanced removal of TCA metabolites via
ME, which produces mitochondrial NADPH. These data reveal that the cataplerotic role of
PCK2 contributes to the maintenance of the GSH/GSSG equilibrium by limiting TCA cycle
activity and mitochondrial respiration.
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Figure 15: Addition of dimethyl-L-malate (DMM) phenocopies PCK2 silencing. Treatment media of
H23 and A549 cells was supplemented with 5 mM dimethyl-L-malate (DMM). A) Basal oxygen
consumption, B) GSH/GSSG ratio and C) mitochondrial superoxide were measured; Results are shown
as mean = SEM from n=4 individual experiments. D) Colony formation in loosely plated cells, treated
with non-starvation or starvation media with or without DMM. Data are mean + SEM from n=4
experiments, performed in triplicates. Groups were compared with two-sided, unpaired Student’s t-tests
or one group Student’s t-test as applicable. * p< 0.05, ** p<0.01, *** p<0.001. Figure panels reproduced
from Bluemel et al., Free Radical Biology and Medicine, 2021 (1).

3.6. PCK2 silencing is mimicked through the protein glutathionylation

mediator diamide

An altered GSH/GSSG ratio can, independently of its direct effect on cellular damage by ROS,
lead to GSSG-induced modifications and therefore contributes to the suppressive effect of
PCK2 silencing on the colony forming ability through GSSG-induced modifications. Elevated
GSSG levels were reported to induce S-glutathionylation of proteins (86). To investigate if
protein S-glutathionylation causes diminished colony formation by PCK2 silencing, we
supplemented the treatment media with diamide, an S-glutathionylating agent. In a dose-
dependent manner, diamide decreased colony formation upon treatment with starvation media,
while the colony forming potential was not affected in non-starvation media (Figure 16A). This
suggests that nutrient deprived colony forming cancer cells are more vulnerable towards

glutathionylation. Moreover, in both cell lines the protein de-glutathionylation enzymes
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sulfiredoxin (SRXN17) and glutaredoxin-1 (GLRX) were upregulated upon treatment with
starvation media whereas glutathione S-transferase P (GSTP), which selectively

glutathionylates proteins, was expressed at the same level (Figure 16B).
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Figure 16: Colony formation is impaired by diamide, an inducer of glutathionylation. A) Colony
area of loosely seeded H23 and A549 cells and treated with non-starvation or starvation media with or
without diamide. Data are mean + SEM from n=4 consisting out of three technical replicates B) mRNA
expression of the glutathionylation modifying enzymes, sulfiredoxin (SRXN1), glutaredoxin-1 (GLRX)
and glutathione S-transferase P (GSTP). Expression was normalized to B-actin (ACTB). Data are
shown as mean + SEM from n=3 experiments. Comparison between groups was performed using one-
way ANOVA with Dunnett post hoc analysis or two-sided Student’s t-tests. * p< 0.05, ** p<0.01, ***
p<0.001. Figure panels reproduced from Bluemel et al., Free Radical Biology and Medicine, 2021 (1).
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4. Discussion

Nutrient starvation forces cancer cells to acquire adaptations to survive (13,26). In recent years,
the gluconeogenesis pathway via PCK2 was shown to be present in tumor cells, and its growth
advantage in in vitro and in in vivo studies was revealed (41,43,44). Gluconeogenesis adds an
important piece to the understanding of how cancer cells adapt to varying nutrient conditions
and starvation. Here the role of PCK2 beyond the synthesis of gluconeogenic intermediates
was identified in glucose and serum starved cancer cells, namely its importance as a
cataplerotic enzyme. By mediating gluconeogenesis PCK2 removes TCA cycle intermediates
which subsequently regulates mitochondrial respiration and the redox balance in nutrient
deprived lung cancer cells. A model for PCK2'’s cataplerotic role and its subsequent regulatory

function is shown in Figure 17.

4.1. Starvation media resembles a nutrient deprived microenvironment

For all experiments described here, cells were treated with non-starvation or starvation media.
Non-starvation media contained 10 mM glucose and was additionally supplemented with 10%
dFCS and should resemble conditions of high nutrient availability. To simulate severe nutrient
shortage, starvation media consisted out of 0.2 mM glucose and serum was omitted. Glucose
was not fully removed as this leads to rapid cell death, precluding experiments with a treatment
period of 24 hours. Moreover, a severe reduction but not complete lack of glucose might more
closely reflect the situation in vivo. The contributions of glucose or serum deprivation were not
separately investigated in this study, as this would be highly laborious and make data
interpretation difficult. In previous studies combined glucose and serum starvation showed the
highest increase in PCK2 expression, compared to non-starvation conditions (41,44).
Moreover, glucose deprivation is supposed to occur alongside a decrease in macronutrients
and lipids in the tumor microenvironment, which is mimicked by serum starvation. Thus, we
focused on nutrient poor (low glucose and serum free conditions) and conditions of full nutrition
with a high glucose and serum availability. However, whether glucose, serum or combined
starvation leads to differences between non-starvation and starvation treatment certain

experiments remains to be clarified.
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Figure 17: Model of the role of PCK2 on cataplerosis, mitochondrial respiration and the redox
balance. Upon limited glucose availability, the gluconeogenic enzyme PCK2 synthesizes PEP
(phosphoenolpyruvate) from OAA (oxaloacetate) and therefore removes tricarboxylic acid (TCA) cycle
intermediates. Thereby, mitochondrial respiration is repressed which maintains the glutathione redox
equilibrium. Figure panels reproduced from Bluemel et al., Free Radical Biology and Medicine, 2021 (1).

4.2. The cataplerotic role of PCK2 suppresses TCA cycle activity

We found that NSCLC cancer cells convert glutamine into TCA cycle intermediates in both
nutitional media. After 24 hours of treatment, around 60% of TCA cycle intermediates were
glutamine derived. PCK2 silencing caused increased cellular glutamine incorporation upon
treatment with both media. Additionally, the amount of TCA cycle metabolites was enhanced
by PCK2 silencing upon starvation treatment. The re-expression of PCK2 blunted the increased

abundance of TCA cycle metabolites and glutamine incorporation.
Surprisingly, in both cell lines upon treatment with non-starvation media, PCK2 silencing
enhanced '*C labeling of TCA cycle metabolites and in H23 cells also to an increased

abundance of fumarate and partly also of malate. Additionally, in H23 cells incorporation of
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glutamine into glutamate and a-KG was increased by PCK2 silencing upon non-starvation
treatment. PCK2 activity in direction of gluconeogenesis was very low upon non-starvation
treatment as shown by *Cs-glutamine tracing, still this activity might affect the TCA cycle. In
line with these findings, a low level of PEPCK activity was detectable in lung cancer cells under
high glucose conditions (41).

Recent studies, either showing a growth supportive or inhibiting role of PEPCK, identified the
enzyme’s influence on the TCA cycle, however the impact of PCK2 on glucose and serum
starved cells was not investigated so far. Similar to our results in nutrient deprived lung cancer
cells, in tumor initiating melanoma and prostate cancer cells and in hypoxic breast cancer cells
upon growth in nutrient replete media, PCK2 silencing enhanced the amount of TCA cycle
metabolites (45,49,61). However, in these studies '*Cs-glutamine conversion into TCA cycle
intermediates was not investigated. In prostate cancer cells, reduced abundance of the TCA
cycle intermediate citrate by PCK2 expression was connected to reduced protein acetylation
and led to enhanced proliferation. However, in melanoma cells, PCK2 expression also reduced
the citrate levels but caused growth inhibition. In the hypoxic breast cancer model, PCK2
overexpression reduced TCA cycle intermediates but also ROS formation and resulted in a
growth arrest (61). Surprisingly, in cervix carcinoma cells upon high glucose cultivation, PCK2
suppression and not activation decreased TCA cycle flux (52). In that model PCK2 inhibition
increased ROS formation upon treatment with high and low glucose media. The increase in
ROS was connected to increased proline degradation by proline dehydrogenase, as this
enzyme forms ROS as a by-product (52). In A549 lung cancer cells, treated for 48 hours with
no glucose but 10% dialyzed serum, PCK2 expression did not alter '*Cs incorporation into TCA
cycle intermediates however abundances were normalized to high glucose conditions (43). In
liver cancer cells, PCK1 overexpression reduced the abundance of TCA cycle intermediates
because of cataplerosis independent of the glucose concentration. Increased cataplerosis
resulted in enhanced ROS formation, an energy crisis and reduced cell viability (50). Contrary,
in colon cancer cells, PCK1 cells silencing diminished '*C; lactic acid and '*Cs glutamine
incorporation into the TCA cycle (47,87).
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In the liver and intestine of non-tumor bearing PCK1 knockout mice, the abundance of TCA
cycle metabolites was enhanced as cataplerosis was decreased (88-91). Contrary to the
findings shown here, in the liver from mice fed with a high fat diet, cataplerosis by PCK1
enhanced TCA cycle flux and mitochondrial respiration (91). Reduced TCA cycle flux and
mitochondrial respiration were connected to a reduced NAD/NADH ratio in the knockdown liver
(91).

All these studies show that the role of PCK1/PCK2 expression on the abundance of TCA cycle
intermediates as well as on their interconversion is highly complex and tissue and context
dependent and might be also connected to the cellular NADH/energy status. Potentially the
effect of PCK1/PCK2 on the TCA cycle is dependent on its activity itself, which is varying
between different tissues of origin and between altered nutritional states.

Although primarily considered as starting point for various biosynthetic pathways, TCA
intermediates are also highly involved into cell signaling and influence gene expression. Acetyl
CoA derived from citrate provides the acetyl groups for acetylation of histones and of proteins,
one major post translational modification (81). If leucine residues of histones are acetylated,
chromatin is less condensed and gene transcription is favored. Low levels of aKG regulate
HIF1a stability as reduced levels of aKG impair prolyl hydrolase activity, which then cannot
hydroxylate HIF anymore. Therefore, HIF is not ubiquitinylated and accumulates. Additionally,
under normoxia, HIF is also stabilized by high levels of succinate and fumarate leading to a
pseudohypoxic state (81). High succinate levels additionally lead to histone and DNA
methylation. Whereas histone methylation is generally considered to induce gene expression,
DNA methylation reduces transcription of respective DNA areas (81). Accumulation of high
levels of fumarate also increase DNA hypermethylation. Fumarate can also cause succination,
meaning that fumarate binds to and deactivates thiol protein residues. Succination of KEAP1
was discovered to lead to the accumulation of the antioxidative regulator NRF2 (81).
Additionally, high fumarate levels induce succination of GSH, reduced GSH/GSSG levels and
therefore ROS (81,92). These different signaling functions raise the question if the increased
abundance of TCA cycle intermediates, found upon our experimental conditions by PCK2
silencing, cause alterations in gene expression and cellular signaling. Potentially, enhanced
fumarate levels by PCK2 silencing, induced succination of GSH, which, combined with ROS

originating from mitochondrial respiration, reduced the glutathione redox balance.
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Beside the role of TCA cycle intermediates as starting point for variable anabolic pathways as
nucleotide, amino acid and fatty acid synthesis, their signaling function and their regulatory
effect on gene expression, the flux through the cycle plays a role for the redox homeostasis as
thereby NADPH can be regained. The conversion of isocitrate to aKG by isocitrate
dehydrogenase produces NADPH from NADP™ but also synthesis of pyruvate from malate by
malic enzyme eventually yields NADPH (13,31). NADPH production by flux through the cycle
might be beneficial for maintaining the redox balance. However, we show, that enhancing the
TCA cycle activity by PCK2 silencing but also by the exogeneous additions of DMM, leads to
augmented mitochondrial respiration which subsequently decreased the redox potential. This
finding is in line with a previous publication, which reports that ROS formation dose dependently
increased through DMM addition in lung cancer cells (93).

4.3. Respiration and redox stress are increased by PCK2 silencing due

to increased TCA cycle activity

Flux through the TCA cycle is connected to the production of reducing equivalents (NADH and
FADH,) which are used to create a proton motive force and subsequently produce ATP, during
the process of oxidative phosphorylation. We found that mitochondrial respiration was
enhanced by nutrient starvation, which is consistent with a previous report that shows that
glucose starvation enhances respiration in a set of cancer cell lines (18). In high glucose
medium, PCK2 expression enhanced oxygen consumption in melanoma, breast cancer, glioma
and pancreatic neuroendocrine tumor cells (46,49,94,95) and PCK1 overexpression led to
higher oxygen consumption in colon cancer cells (87). However, to the best of our knowledge,
the effect of PCK1 or PCK2 expression on mitochondrial respiration upon nutrient deprivation
was not assessed so far. Contrary to the previous findings in nutrient replete conditions
(46,49,94,95) we discovered that PCK2 silencing led to increased mitochondrial respiration,
whereas upon non-starvation treatment basal oxygen consumption was not altered by PCK2
silencing in our experimental setting. Of note we also found that upon starvation treatment the
addition of DMM led to increased mitochondrial respiration which is consistent with a previous
finding showing that malate accumulation, induced by silencing of ME2 was shown to induce
enhanced OXPHOS (93).
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We measured mitochondrial respiration upon the presence of lactate or pyruvate as a metabolic
fuel. However, upon starvation, in the absence of lactate and pyruvate, we found that cells
continue to respire and PCK2 silencing leads to a similar increase in mitochondrial respiration
than if lactate is present. A comparable effect we also discovered when we added an inhibitor
of fatty acid oxidation. It is surprising that despite glucose and serum starvation, cancer cells
remain very flexible towards different metabolic substrates and they continue to respire, also in
the absence of single fuels. Potentially, in the absence of lactate or fatty acid oxidation derived
acetyl-CoA, cells utilize branched chain amino acids (leucine, isoleucine and valine) which can
be taken up from the culture media and are available in the plasma (13).

As discussed before, we found that PCK2 silencing increases the abundance of TCA cycle
metabolites, which was pronounced upon glucose and serum starvation. Consequently,
mitochondrial respiration was enhanced by PCK2 silencing upon starvation treatment. The
mitochondrial ETC is the major cause of ROS, due to electron leakage, which can be
scavenged by antioxidant enzymes at the expense of NADPH or GSH (12,84). We discovered
that the expression of a panel of antioxidant defense genes, namely NFE2L2, SLC7A11,
TXNRD1, GSR, GPX1 and GPX4 were at least partly upregulated by treatment with starvation
media pointing out a counteraction to a rise in ROS. Enhanced levels of NFE2L2 and SLC7A11
in starved cells have been previously reported (72). Many of the upregulated genes such as
GPX1, GPX4 and TXNRD1 utilize GSH or NADPH as a co-factor (84). We found that the
GSH/GSSG and subsequently the NADPH/NADP* ratio was reduced by PCK2 silencing upon
starvation treatment. Surprisingly ROS levels were not increased by PCK2 silencing by our
experimental setup, hinting that emerging ROS were continuously scavenged by antioxidative
enzymes by using GSH and NADPH.

When we externally challenged the system through adding a GPX4 inhibitor, PCK2 silencing
resulted in enhanced lipid peroxidation compared to control cells. Moreover, PCK2 silenced
cells were more sensitive towards the addition of external H.O2 than control cells. Together,
these data show that PCK2 expression allows the maintenance of the cellular antioxidant

defense in starved lung cancer cells.
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We found that the expression of SLC7A11 mRNA was partially upregulated upon PCK2
expression, however on a protein level no differences could be detected. Besides being
regulated on a transcriptional level, SLC7A11 expression is also affected by post-translational
modifications and by its binding partner SLCA3A2 (96). Additionally, SLC7A11 expression,
which is upregulated upon glucose starvation (72), can lead to oxidative stress. Imported
cystine needs to be reduced by NADPH to cysteine and therefore cells with high SLC7A11
expression and low PPP activity, as induced by glucose starvation, can run into a NADPH

deprivation crisis, leading to cell death (96,97).

A balanced GSH/GSSG ratio is not only beneficial to avoid the accumulation of ROS but it also
prevents S-gluathionylation of proteins. S-glutathionylation changes the protein function and
might affect all proteins including signaling proteins such as protein kinase C or NF-kB (86).
We discovered an increased expression of the GSH-dependent deglutathionylating enzymes
sulfiredoxin or GLRX but not of GSTP, mediating glutathionylation upon treatment with
starvation media. This might be connected to an increased rate of spontaneous protein-
glutathionylation due to a reduced GSH/GSSG ratio.

Starved cancer cells upregulate the expression of antioxidant defense genes such as NRF2 or
SLC7A11 as shown by us and others (72). This implies that nutrient deprivation might lead to
enhanced levels of ROS. Previous reports showed that glucose starvation and extended
nutrient deprivation induced by treatment with Hank’s balanced salt solution (HBSS) activated
ROS formation (72,98-100). In an in vivo model of glucose deprivation, ketogenic diet, mice fed
with the low carbohydrate diet had a higher burden of lipid peroxidation in tumors upon radiation
therapy, and the treatment efficiency was increased (101). Although the reasons for enhanced
oxidative stress upon nutrient starvation treatment are not known so far, enhanced
mitochondrial respiration combined with an impaired ability of antioxidant cofactors such as
GSH or NADPH might play a role.
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4.4. Colony forming cells show sensitivity towards oxidative stress and
PCK2 silencing

In our study, we identified an important role of PCK2 mediated cataplerosis, which causes
balancing of mitochondrial respiration and subsequently of ROS formation upon starvation
treatment. PCK2 silencing did not induce ROS formation in confluent cells, but the GSH/GSSG
ratio was clearly decreased, indicating an increased need to scavenge antioxidants.
Proliferation and cell numbers were not affected by PCK2 silencing. However, upon loose
plating conditions PCK2 silencing severely reduced the colony formation ability under
starvation conditions. When inducing oxidative stress by blocking GSH de novo synthesis, we
found that loosely plated, colony forming cells were affected dramatically whereas the effects
on densely plated cells were minor. We concluded that sparsely plated, colony forming cells,
are more sensitive towards additional oxidative stress. This is in line with a previous report

showing that certain cell types have increased ROS burden upon loose plating densities (102).

We found that GSH and NAC, serving as precursor of GSH but also as direct antioxidant, not
only rescued impaired colony formation caused by PCK2 but additionally also led to an
increased colony formation potential upon starvation treatment in control cells. This suggests
that upon starvation conditions colony forming cells are dependent on antioxidant systems.
Addition of DMM, the analogue of the TCA cycle metabolite malate, mimicked the effect of
PCK2 silencing. Additionally, also the induction of protein glutathionylation by diamide
decreased colony formation. In summary, these data show that PCK2'’s role in balancing the
redox levels supports cell survival and the colony forming ability of starved lung cancer cells.
Phenotypic changes and the form of cell death or growth arrest of PCK2 silenced cells during

the colony formation process has not been clarified and remains to be investigated.

In general, the colony formation model serves as an in vitro model to determine the survival of
single cells throughout a period of metabolic stress followed by the ability to proliferate in full
growth media thereafter. Although colony formation is not a direct in vitro model of metastases
formation, abilities of colony forming cells are also required during metastases. A previous
study in lung cancer patients, reported that PCK1/2 expression is enhanced in metastases in
comparison to the primary tumor of lung cancer patients (39), which fits to our data showing

that especially colony forming cells are in need of PCK2. To identify the role of PCK2 for
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metastases of lung cancer cells future studies with more revelatory methods in vitro with and

in vivo are warranted.

Apart from cell death, induced by a ROS imbalance, diminished colony formation might derive
from alterations in cell signaling. In a previous study in glucose starved lung cancer cells, PCK2
has been shown to mediate the synthesis of glycerol phosphate for the phospholipid backbone.
The addition of exogeneous phosphatidylethanolamine phospholipids partially rescued the
impaired colony forming ability by PCK2 silencing (44). Interestingly, phosphatidylethanolamine
is easily peroxidated, particularly when containing polyunsaturated fatty acids (103). Therefore,
the synthesis and turnover of PE, facilitated by PCK2 expression, combined with TCA activity
limiting effects of PCK2 described in this study synergize to balance ROS induced alterations

under nutrient starvation.

4.5. Limitations

Most experiments in this study except of the colony formation and some cell counting assays,
have been conducted with a treatment time of 24 hours, reflecting phenotypic changes.
However, especially for ROS detection measurements, it would be interesting to assess longer
treatment periods as this might influence PCK2 silenced cells to a more severe extent than
after short treatment durations as GSH and NADPH pools are potentially depleted.

When colony formation was assessed, two different siRNA pools were used for the A549 cell
line and in H23 cells a shRNA and a siRNA approach were utilized. However, to confirm the
specificity of the silencing, it was tried to additionally include colony formation experiments with
the PCK2 re-expression system in this study. In preliminary experiments it was discovered that
colony formation was severely impaired when utilizing the plasmid based PCK2 rescue system
by both, the control plasmid and the PCK2 plasmid, especially in the context of starvation.
Enhanced cell death due to the plasmid transfection in combination with a low seeding density
might be the cause. Stable PCK2 overexpression potentially might overcome this problem, but
we were not able to obtain stably PCK2 re-expressing clones after antibiotics selection, possibly

due to adverse effects of chronic PCK2 overexpression in the cultured cells.
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The present study sheds light into the cataplerotic role of PCK2 in starved lung cancer cells in
vitro. In vitro cancer cell cultures provide valuable information about cellular adaptations,
however in vivo models are warranted to determine the relevance of the findings. Two NSCLC
xenograft studies showed that PCK2 knockdown by shRNA led to almost no tumor growth
(43,44), precluding detailed analyses of the mechanism involved. An inducible approach or a
specific PCK2 inhibitor could circumvent this problem. Unfortunately, silencing was not

sufficient in preliminary experiments using an IPTG-inducible shRNA system in vivo.

4.6. Conclusion and outlook

In summary, these results reveal that cataplerosis mediated by PCK2 directly decreases the
abundance of TCA cycle intermediates and their interconversion, reduces starvation-induced
mitochondrial respiration and depletes cellular GSH in starved lung cancer cells. This
equilibrium, however, is critical for the cellular colony forming potential especially upon
starvation treatment and has a protective role scavenging exogenous ROS. A model for PCK2’s
cataplerotic role for limiting respiration and maintaining the glutathione redox balance in cancer

cells is proposed in Figure 17.

Although metabolic pathways mediated by PCK1 and PCK2 are highly investigated in the past
years, until recently nothing was known about non-canonical, so-called moonlighting, functions.
Recently it has been shown that phosphorylated PCK1 can translocate to the ER and
phosphorylate an inhibitor of sterol regulatory element-binding proteins (SREBP) which then
dissociates. This leads to SREBP mediated lipogenesis induced by PCK1 phosphorylation
(104). For PCK2, no non-canonical functions are known so far. However, we identified a role
of PCK2 in regulating TCA cycle abundance and interconversion also in non-starved cancer
cells, conditions with low levels of gluconeogenesis and therefore cataplerosis. It is possible
that also PCK2 has a certain moonlighting regulatory role which might be investigated in future

studies.
How cancer cells regulate TCA cycle activity, mitochondrial respiration and the redox balance,

especially under nutrient deprivation is still poorly understood. Moreover, the contribution of

intratumoral gluconeogenesis as opposed to glycolysis to tumor metabolism, e.g. in poorly
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vascularized tumors or tumor regions is not clear. The present study sheds light on the role of
PCK2 as a regulator of mitochondrial metabolism and respiration under starvation conditions
and helps in understanding the mechanisms of cancer cell adaptation to their harsh
microenvironment. As a conclusion, PCK2 inhibition potentially in combination with a ketogenic
diet to induce glucose starvation, might represent a novel therapeutic approach in the future to
avoid metabolic adaptation and to distort the redox equilibrium in lung cancer cells. Recently,
novel inhibitors of PCK2 were developed and their inhibitory potential as well as their tolerance

in mice were investigated (105).
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