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Abstract

Dysregulated metabolism is one of the key characteristics of cancer cells. The most prominent
alterations are present during regulation of cell respiration, which leads to a switch from oxidative
phosphorylation to aerobic glycolysis. This metabolic shift results in activation of numerous
signaling and metabolic pathways supporting cell proliferation and survival. Recent progress in
genetics and metabolomics allowed us to take a closer look at the metabolic changes present in
pheochromocytomas and paragangliomas (PHEOs/PGLSs). These neuroendocrine tumors often
exhibit dysregulation of mitochondrial metabolism, which is driven by mutations in genes
encoding Krebs cycle enzymes or by activation of hypoxia signaling. Present metabolic changes
are involved in processes associated with tumorigenesis, invasiveness, metastasis, and resistance to
various cancer therapies. In this review, we discuss the metabolic nature of PHEOs/PGLs and how
unveiling the metabolic disturbances present in tumors could lead to identification of new
biomarkers and personalized cancer therapies.

Introduction

Recently, substantial progress in the understanding of pathophysiological mechanisms
involved in various cancers has developed. Advancements in cancer research and molecular
biology (including genomics) identified genes encoding metabolic enzymes and alterations
in multiple signaling pathways, which are involved in tumorigenesis. Several lines of
evidence suggest that activation of oncogenic signaling pathways leads to reprogramming of
cell metabolism to fuel extensive cell proliferation and support cell survival (1, 2).
Moreover, some of these metabolic alterations seem to be required for malignant
transformation and this makes metabolic alterations in the cell one of the key hallmarks of
cancer (1, 3). Thus, cancer metabolism is becoming paramount in understanding cancer
pathophysiology and, therefore, tumor development, progression, senescence, and
metastasis.
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Decades ago, during the early period of cancer research, the link between carcinogenesis and
cell metabolism alterations was proposed. In 1924, the German biochemist Otto Warburg
hypothesized that cancer is a result of damage to the mitochondrial respiratory function and
therefore, the replacement of oxidative phosphorylation (OXPHQS) by aerobic glycolysis
for adenosine triphosphate (ATP) production. This became known as the Warburg effect (4,
5). Compared to normal healthy cells, such a shift in cell metabolism causes cancer cells to
present with increased bioenergetics and altered anaplerotic (intermediate replenishing)
processes driven by activation of mechanisms supporting cell survival (6). However, the
Warburg effect itself is not sufficient enough to sustain cell proliferation (7). First, a cancer
cell has to increase its uptake of nutrients from the environment, especially glucose and
glutamine, which are the major nutrients needed for cancer cell survival and proliferation.
They provide the cancer cell, through catabolism, with sufficient pools of carbon
intermediates used for synthesis of various macromolecules and for ATP production.
Second, to satisfy energy needs and ensure accelerated growth and proliferation, cancer cells
metabolic reprogramming also includes an increase in protein, lipid, and nucleic acid
biosynthesis (1). For essential biosynthetic processes, cancer cells use precursors derived
from intermediates of the Krebs (tricarboxylic acid) cycle, which serves as a hub for these
processes (8). Based on this, the Krebs cycle is considered one of the key metabolic
pathways, which, if dysregulated, its dysfunction may result in tumorigenesis of certain
tumors, including pheochromocytomas (PHEQOs) and paragangliomas (PGLs).

PHEOs and PGLs are rare neuroendocrine tumors arising from chromaffin cells in the
adrenal medulla or from extra-adrenal sympathetic and parasympathetic paraganglia,
respectively (9, 10). These tumors, especially those arising from the sympathetic nervous
system, are usually characterized by catecholamine production, which is responsible for
clinical symptoms associated with PHEO/PGL. On the other hand, parasympathetic PGLs
(head and neck PGLs) are mostly non-functional (11, 12). The majority of PHEOs/PGLSs
present as benign tumors. Yet, metastasis can also occur, notably, in patients with a specific
genetic background (13-16).

Previous and recent genetic discoveries in PHEO/PGL research have led to the identification
of PHEO/PGL-related unique metabolic abnormalities or pathways involved in oxygen
sensing, hypermethylation, DNA repair, up-regulation of specific transporters and/or
receptors, and particularly, Krebs cycle enzymes (17-20). These changes are tightly linked
to metabolic reprogramming in PHEO/PGL, which points out the metabolic nature of
PHEO/PGL, defining this cancer as a metabolic disease.

Mitochondria, Krebs cycle, and cancer cell metabolism

Normal, as well as cancer cells, largely depend on mitochondrial function. Besides being an
essential producer of energy (in the form of ATP), mitochondria serve other functions
fundamental for cell proliferation and survival, including biosynthetis of intermediates,
heme and iron-sulfur clusters, and reactive oxygen species (ROS) (21). The highly flexible
mitochondrial network allows the cell to adjust to changing intra- and extra-cellular
conditions like hypoxia, nutrient deprivation, or other forms of cellular stress (6). The Krebs
cycle is a crucial part of this network; it unifies carbohydrate, lipid, and protein metabolism
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(Figure 1) (22) and links the majority of metabolic pathways in the cell either directly or
indirectly to the mitochondria. Besides that, NADH and FADH, produced in the Krebs cycle
provide electrons for mitochondrial electron transport chain to generate ATP. Thus, the
Krebs cycle is fueling both energy production and anabolic processes in the cell (23).
Dysfunction of the Krebs cycle enzymes (or a depletion or abundance of its substrates) leads
to cycle malfunction and activation of adaptive mechanisms supporting cell survival. Many
of these adaptive mechanisms are related to processes linked with tumorigenesis.

Mechanisms regulating increased metabolism in cancer cells are usually driven by mutations
that chronically enhance specific metabolic pathways or alter levels of their substrates or end
products, allowing cancer cells to maintain their biosynthetic metabolic phenotype
independently of normal physiological regulations (8). Mutations in genes encoding proteins
with enzymatic functions, including Krebs cycle enzymes, lead to dysregulation of cell
metabolism and eventually, tumorigenesis. For instance, mutations in genes encoding the
succinate dehydrogenase (SDH) complex subunits (SDHx. SDHA, SDHB, SDHC, SDHD),
fumarate hydratase (FH), isocitrate dehydrogenase (/DH), and malate dehydrogenase
(MDH) are known to cause accumulation of Krebs cycle metabolites/substrates, such as
succinate, pyruvate, fumarate, citrate, or glutamine, which can promote tumorigenesis via
generation of pseudohypoxic state (i.e. hypoxia-inducible factors (HIFs) signaling
activation), epigenetic alterations, and dysregulation of other metabolic processes; reviewed
in (24).

Warburg effect (aerobic glycolysis)

In a normal cell, glucose is metabolized to pyruvate during glycolysis. Pyruvate enters the
mitochondria and is used in the Krebs cycle, which generates NADH and FADH, to supply
the mitochondrial electron transport chain with electrons for energy production (Figure 1).
In this process, one molecule of glucose produces 36 molecules of ATP (5). When oxygen
supply is insufficient (hypoxia), normal cells can switch to anaerobic glycolysis — the
transformation of glucose to lactate with much lower ATP production (2 molecules of ATP
per one molecule of glucose).

In contrast, a majority of cancer cells exhibit an altered glucose metabolism — they switch to
glycolysis even in the abundance of oxygen (8, 25, 26, 27). This is, as previously mentioned,
the Warburg effect or, ‘aerobic glycolysis,” mediated mostly by changes in the fate of the
end-product of glycolysis — pyruvate, as discussed below. Although aerobic glycolysis is
much less efficient in ATP production compared to OXPHQOS (2 vs. 36 molecules of ATP)
and may seem to be a disadvantage for the cancer cell, the opposite is true. Cancer cells, to
compensate for the lower generation of ATP during glycolysis, display substantially
increased glucose uptake mediated by glucose transporters and hexokinase 2 upregulation
(28-30). A high glucose influx and glycolytic rate can secure a higher production of ATP
than that produced by OXPHOS (8, 25). Moreover, most of the pyruvate, instead of being
oxidized through mitochondrial metabolism, is converted to lactate due to suppression of
pyruvate dehydrogenase activity and overexpression of lactate dehydrogenase A (LDHA).
This reaction allows tumor cells to regenerate NADH and therefore not only sustain, but
accelerate the glycolysis rate (6, 8, 26, 28, 31). Conversion of excess glycolytic flux to
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lactate also helps avoid saturating the mitochondria with a supply of NADH that would
suppress the Krebs cycle (32). Furthermore, lactate is released into the tumor
microenvironment and nurtures cancer cells, which do not have a sufficient supply of
nutrients (27, 33). In addition, conversion of pyruvate to lactate reduces production of ROS
and lowers the pH of the extracellular microenvironment resulting in enabling the activity of
metalloproteases for breaking down extracellular matrix. Therefore, lactate serves as an
inducer of tumor invasion and metastasis (34, 35).

Besides energy production, glycolysis generates metabolic intermediates, which serve as
substrates for other metabolic pathways, especially for synthesis of amino acids and
macromolecules, which are essential for cell proliferation and survival (32) (Figure 1).
Glucose-6-phosphate (oxidative pathway) or fructose-6-phosphate (non-oxidative pathway)
are redirected to the pentose phosphate pathway where they are utilized for synthesis of
nucleotides and NADPH. A substantial increase in lipid production allows for the synthesis
of DNA and proteins, formation of lipid bilayers, modification of membrane-targeted
proteins, and adaptation of membrane composition to oxidative stress (32, 36, 37). Fatty acid
synthesis influences cell signaling and growth and lipid metabolism has been accepted as
one of the major metabolic pathways involved in cancer development and progression (36).
The Krebs cycle-derived citrate is cleaved to acetyl-CoA and oxaloacetate by Akt (protein
kinase B) activated ATP-citrate lyase in cytosol. Acetyl-CoA is then used as a substrate for
de novo biosynthesis of fatty acids (38, 39). Dihydroxyacetone phosphate, the metabolic
intermediate of glycolysis, is also used for lipid synthesis and malonyl-CoA can be utilized
for de novo biosynthesis of cholesterol (32, 40). Moreover, pyruvate can be imported into
the mitochondria and converted into substrates for the production of additional amino or
fatty acids, or can be used to sustain mitochondrial membrane potential (41).

Metabolic adaptation of proliferating/cancer cells can be affected by various oncogenes,
such as c-Myc, RAS, or HIF-1a, involved in the regulation of genes involved in aerobic
glycolysis, including glucose transporters, glycolytic enzymes, and LDHA. Activation of the
PI3K/Akt/mTOR pathway (one of the RAS downstream signaling pathways) promotes cell
biosynthesis through multiple actions, including increasing the surface expression of nutrient
transporters, increasing glycolysis and lactate production, and enhancing the biosynthesis of
macromolecules, as discussed in (8, 32, 42). These effects are, in part, mediated through
oxygen independent HIF-a stabilization and activation of HIF signaling. Decreased oxygen
availability (hypoxia) or conditions leading to stabilization of HIF-a, even in the presence of
sufficient amount of oxygen (pseudohypoxia), trigger the switch of metabolism from
OXPHOS to glycolysis (18, 24, 43, 44).

Insufficient activity of tumor suppressors, such as p53, also alleviates activation of
tumorigenic metabolic pathways (32, 37, 40, 41). Actually, p53, c-Myc, and HIFs represent
master regulators of cancer glycolysis and glycolytic enzymes play an active role in
promoting cancer cell survival, invasion, metastasis, regulation of gene expression, and
many other key cellular processes (40).
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Glutamine metabolism (glutaminolysis)

The second most abundant nutrient in cancer cells is glutamine, which serves as the carbon
and nitrogen shuttle between organs and is a major source of nitrogen for nonessential amino
acids, nucleotides, and hexosamines (45). In mitochondria, glutamine is converted to
glutamate by glutaminase and glutamate is, in turn, deaminated to a-ketoglutarate.
Glutaminolysis products, particularly a-ketoglutarate, fuel the Krebs cycle as anaplerotic
substrates for biosynthesis of lipids, cholesterol, amino acids and other vital metabolites
when glucose derived citrate is re-routed to the cytoplasm (37, 46).

Glucose and glutamine are versatile, and in some cases, can compensate each other to
maintain Krebs cycle function (40, 47). Glutaminolysis upregulation in cancer cells is
mediated by c-Myc, which promotes uptake of glutamine as well as glutamine catabolism,
especially by upregulation of glutaminase 1 expression (32).

Metabolic alterations in PHEOs/PGLs

Today, it is clear that many more PHEOs/PGLs are caused by germline mutations than
previously anticipated — around 40% of these tumors are genetically inherited (48, 49).
Germline and/or somatic mutations in at least eighteen different genes were described in
PHEOs/PGLs (50-52) (Table 1). Each of these genes is involved in regulating key biological
processes, including cell development, proliferation, growth, the cell’s ability to respond to
changes in nutrients, oxygen, iron or energy, and cell transformation, including
tumorigenesis and ultimately, metastasis (53-55).

Current data suggests that most of the PHEO/PGL susceptibility gene mutations are
associated with dysregulation of several metabolic pathways, which subsequently leads to
defects in hypoxia signaling pathways and adaptive responses (18, 56). Pseudohypoxia and
mitochondrial enzymes disruption may have a direct oncogenic or tumor suppressive effect
by regulating and controlling diverse cellular processes (57-59). Activation of the hypoxia
signaling pathway in PHEOs/PGLs can occur directly, driven by mutations in genes
encoding proteins crucial for HIF-a hydroxylation and degradation, such as SDHx, PHD1/2,
HIF2A, FH, or malate dehydrogenase 2 (MDHZ2). HIF-a can also be stabilized indirectly
and it occurs in tumors with mutations in neurofibromin 1 (NVFZ), RET protooncogene,
transmembrane protein 127 (TMEM127), H-RAS, and Myc-associated factor X (MAX),
which are linked with the previous group through the mTOR and PI3K signaling pathways
(18) (Figure 2).

In SDHx- or FH- and MDHZ2-mutated PHEOs/PGLs, accumulation of Krebs cycle
substrates/intermediates succinate and fumarate is paramount for tumorigenesis. In high
levels both, succinate and fumarate act like oncometabolites. They function as competitive
inhibitors of a-ketoglutarate-dependent dioxygenases, including HIF prolyl hydroxylases
(PHDs), which are necessary for HIF-a hydroxylation, its further recognition by pVHL and
subsequent proteasomal degradation (60-63); reviewed in (18) (Figure 2 and Figure 3).
Thus, succinate and fumarate promote HIF-a signaling pathway activation and expression of
HIF target genes, resulting in induction of adaptive changes in cell metabolism, activation of
angiogenesis, cell migration and intra- and extravasation, and other protumorigenic
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mechanisms, including micrometastases (64). Activation of HIF signaling enhances the
glycolytic pathway by increasing the expression of target genes involved in glycolysis and
anabolic processes, such as glucose transporters 1, 2, 3, hexokinase 2, pyruvate kinase
isoenzyme M2, or LDHA (56, 65, 66) and thus, switches cell metabolism to aerobic
glycolysis.

With regard to PHEOs/PGLs, HIF-2a was shown to be overexpressed in both SDHx- and
VHL-mutated tumors (67) and is significantly more expressed in SOHx-mutated tumors
compared to sporadic ones (68, 69). HIF-a stabilization in SDHx-mutated tumors can also
be triggered by ROS signals (Figure 2). The mitochondrial electron transport chain is the
major endogenous source of ROS, which can damage cells or various cellular components.
SDHB mutations were reported to especially cause a significant increase in ROS production
and mitochondrial DNA mutability (70, 71), although pseudohypoxia can be observed in
SDH-suppressed cells even in the absence of oxidative stress (61, 72).

Moreover, decreased levels of several Krebs cycle intermediates, namely citrate, isocitrate,
and cis-aconitate, were detected in SDHx- and VHL-mutated PHEOs/PGLSs, which are
associated with epigenetic and metabolic changes involved in tumorigenesis and confirmed
decreased OXPHOS and presence of pseudohypoxia in those tumors (73). For instance,
citrate, under physiological conditions, slows down/inhibits the Krebs cycle and glycolysis,
and stimulates gluconeogenesis and lipid synthesis. Moreover, ATP-citrate lyase, the
cytosolic enzyme amenable for citrate cleavage to oxaloacetate and acetyl-CoA, is involved
in metabolic regulation of the PI3K/Akt/mTOR pathway (6, 24, 74). Loss of the citrate
synthase enzyme, and thus, decrease of citrate levels, was also linked to the induction of
epithelial-to-mesenchymal transition, which confers to cancer cell invasion and metastasis
(75).

Fumarate also exhibits HIF-independent mechanisms of oncogenesis through succination of
proteins, a non-enzymatic irreversible process, where fumarate covalently binds to cysteine
residues of proteins. Some of the succinated proteins were identified to be associated with
tumorigenesis (62, 76).

Mutations in /DHI or 2, resulting in conversion of a-ketoglutarate to oncometabolite, D-2-
hydroxyglutarate (Figure 3), were identified only in one case of PHEO/PGL so far (77).
Thus, these mutations do not seem to play an important role in PHEO/PGL pathogenesis.

Recent studies have stressed the interconnection between the Krebs cycle and epigenomic
changes. Succinate and fumarate have the ability to remodel the epigenome and alter gene
expression. An accumulation of succinate/fumarate results in inhibition of ten-eleven-
translocation methylcytosine dioxygenase and in DNA hypermethylation (17, 78) (Figure 3).
Moreover, the L-2-hydroxyglutarate, a product of LDHA and MDH1/2 metabolism in
hypoxic cells, has been shown to regulate histone methylation and response to hypoxia (79,
80) (Figure 3). These new findings strengthen the role of hypoxic signaling in cancer.

Moreover, metabolomics studies in PHEO/PGL revealed a different metabolomics profile in
SDHx-mutated tumors compared to sporadic or tumors with other mutations (30, 81). In
SDHx-related PHEOs/PGLs, lower activity of SDH (mitochondrial electron transport chain
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complex Il) enzyme and succinate accumulation has been observed compared to other
PHEOs/PGLs (30). An interesting finding was increased activities of remaining complexes I,
I11, and IV of the mitochondrial electron transport chain and citrate synthase in SDHx-
mutated tumors. However, the increased activities do not lead to full restoration of
ATP/ADP/AMP. Imperiale et al. (81) also found increased glutamine levels in SDHx-
mutated tumors, suggesting that glutamine metabolism is involved in pathogenesis of SDHx-
related PHEOs/PGLs as well. PHEOs/PGLs exhibit differences in catecholamine synthesis
and secretion. SDHx- and VHL-related tumors mostly produce norepinephrine and were
found to be associated with lower catecholamine content compared to tumors with other
mutations. PHEOs/PGLs associated with RET and NFI mutations secrete both epinephrine
and norepinephrine and exhibit low rate constants for catecholamine secretion (30, 81, 82).
These differences in catecholamine synthesis and secretion may partially be explained by
mutation-dependent changes in energy metabolism (30). In particular, ascorbate, which was
found to be accumulated in PHEOS/PGLs, serves as a cofactor in the conversion of
dopamine to norepinephrine and its levels were found to correlate with catecholamine
concentrations (81). ATP production was found not to be impaired in SDH deficient PHEOs/
PGLs (81), which suggests that the Krebs cycle and OXPHOS are not completely “turned
off,” and that they function together with glycolysis.

Thereby, in light of new research studies on PHEO/PGL, it is obvious that these tumors
exhibit a variety of metabolic changes engaged in tumorigenesis. Thus, we can conclude that
PHEOs/PGLs are in essence, metabolic endocrine tumors.

Perspectives and future therapeutic options

Our understanding of cancer pathophysiology and metabolism is a continuously evolving
process. Recent progress in metabolomics and other ‘omics’-based research is providing us
with new insights into the metabolic alterations of a cancer cell. Metabolic profiling is
becoming an increasingly important tool in defining tumor phenotype and behavior, as well
as in developing biomarkers for diagnosis and monitoring anticancer therapies. The latest
studies on the PHEO/PGL metabolic profile revealed either an accumulation of certain
proteins or a decrease in levels of other proteins. As described above, succinate levels in
SDHx-mutated tumors were increased, suggesting succinate as a perspective biomarker for
SDHx related PHEOs/PGLs. Moreover, these findings prove the usefulness of metabolic
profiling using mass spectrometry analyses. Mass spectrometry should become an integral
part of the routine diagnostic process preceding genetic testing, because based on the known
genotype-metabolic phenotype relation, it could help to narrow the number of possible
susceptibility gene mutations in a particular patient. Additionally, genotype-specific
differences in tumor metabolite contents highlight the importance of metabolic imaging in
tumor localization and patient follow-up (30). The metabolic profile of tumors will also
serve as a basis for decision making in personalized and targeted anticancer therapy.

Our current understanding of the genetic, biochemical, and metabolic changes involved in
tumorigenesis allows us to look for new, tumor specific therapeutic targets. Modifying or
inhibiting the metabolic processes and enzymes that participate in metabolic reprogramming
poses a promising therapeutic strategy (Table 2).
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In PHEO/PGL, the initial stages of tumor development are associated with hypoxia due to
excessive growth and/or high metabolic activity and an insufficient oxygen supply. A
subsequent switch to aerobic glycolysis provides cells with an increased chance of survival
under hypoxic conditions (83). Thus, modifying/interrupting the HIF signaling pathway
seems to be a promising therapeutic target. Several different approaches for HIF signaling
pathway inhibition are undergoing testing. For instance, drugs inhibiting HIF mRNA or
protein expression (such as antiangiogenic agents or heat shock protein 90 activity
inhibitors). Activation of the HIF signaling pathway can also be compromised by inhibition
of HIF dimerization, which is the step involved in HIF-a activation, or by inhibition of HIF
binding to DNA and HIF transcriptional activity (24, 84) (Table 2 and Supplementary Table
S1).

Since cancer cells metabolism is predominantly fueled by glucose and glutamine, altering
the glucose and/or glutamine uptake and metabolism in cancer cells represents a promising
treatment option. Glucose metabolism can be therapeutically altered at two levels: 1) glucose
uptake (inhibition of glucose transporters) and 2) glycolytic enzymes (e.g. hexokinase 2,
LDH, or PDK inhibitors) (85, 86). Another option is inhibitors of glutaminolysis or SLC1A5
glutamine transporter (87). Glucose and glutamine utilization is finely balanced and both
nutrients function interdependently of tumor metabolism. Thus, simultaneous inhibition of
both glycolysis and glutaminolysis may be also beneficial (88) (Table 2).

Restoring the enzymatic activity of nonfunctioning Krebs cycle enzymes, replenishing
depleted substrates for the cycle, or inhibiting activity of overexpressed enzymes are the
other options for targeted PHEO/PGL therapy. Therapeutic agents under development
include small molecule inhibitors of certain proteins or drugs restoring the functionality of
mitochondrial enzymes (24). For instance, in SDHB-deficient cells, stability and total
amount of mitochondrial SDHB protein can be increased by proteostasis regulators, such as
histone deacetylase inhibitors (89). An inhibition of PDKSs reverses the Warburg effect,
increases OXPHOS, and thus, inhibits cancer cell proliferation (90). Another therapeutic
possibility is the small-molecule inhibition of key enzymes involved in metabolic pathways
such as lipids and fatty acid synthesis. Several inhibitors of lipid biosynthesis are under
investigation. For example, fatty acid synthase inhibitors were shown to selectively target
cancer cells for apoptosis (91). Metabolic changes in PHEOs/PGLs also affect DNA
methylation. Tumors driven by VAL mutations display promoter hypermethylation of a few
targets and prevalent hypomethylation outside CpG islands. Although hypomethylation has
been associated with genomic instability, its significance in VHL-mutated PHEOs/PGLSs is
not clear, since the increase in chromosome instability in these tumors has not been observed
(92). SDH- and FH- mutated tumors are characterized by a hypermethylator phenotype (17),
suggesting that DNA demethylating agents can also be utilized in treatment of some PHEQs/
PGLs (93).

Conclusions

PHEOs/PGLs are tumors resulting from various genetic, epigenetic, and metabolic changes.
Treatment of PHEOs/PGLs (especially when they present as metastatic disease) is
challenging, and still in early stages. This review provides novel insight regarding the
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metabolic disturbances we believe will soon be utilized in the treatment of metastatic
disease. Many of these disturbances are related to recent discoveries of new cell metabolism-
related genes, many of them in the Krebs cycle, well-proven to be linked to PHEO/PGL
pathogenesis. Continuous search for additional metabolic changes in these tumors will
undoubtedly result in the identification of new diagnostic methods, strategies, and
therapeutic targets.
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Figure 1. TheKrebs (TCA) cycle and anaplerotic/cataplerotic pathways
After entering the cell, glucose is phosphorylated by HK1 and then most of it is degraded via

glycolysis (A) to pyruvate. Pyruvate enters the mitochondria, where it is decarboxylated and
oxidized by PDH enzyme complex to acetyl-CoA, the main source of energy for Krebs
cycle. After entering the Krebs cycle, acetyl-CoA condensates with oxaloacetate to produce
citrate, catalyzed by CS. Citrate either stays in the mitochondria and is converted to
isocitrate by ACO, or is exported to the cytoplasm to be used as a precursor for lipid
biosynthesis (via conversion by ACLY). Isocitrate is subsequently decarboxylated to a-
ketoglutarate by IDH. a-ketoglutarate is then either converted to succinyl-CoA by a-KGDH
complex or exits the mitochondria and serves as a precursor for amino acid biosynthesis.
Succinyl-CoA is either transformed to succinate in the reaction catalyzed by SUCLG or can
be utilized for porphyrin biosynthesis. Succinate is then oxidized to fumarate by SDH,
which also represents complex Il of the ETC (dotted circle/ellipse). Fumarate is hydrated to
malate by FH and, finally, malate is oxidized by MDH to restore oxaloacetate. In the Krebs
cycle, hydrogen atoms reduce NAD* and FAD to NADH + H* and FADH, respectively,
which feed the ETC to produce ATP. The Krebs cycle as a biosynthetic pathway produces
intermediates that leave the cycle (cataplerosis) to be converted primarily to glutamate,
GABA, glutamine and aspartate, and also to glucose derivatives and fatty acids. A minor
part of glycolytic glucose-6-phosphate is redirected to the pentose phosphate pathway (B) to
produce ribose-5-phosphate and NADPH, which will be used to synthetize nucleotides. The
triose phosphates can be used for lipids and phospholipids. In normal cells, amino acids
follow the physiological turnover of the proteins and little part is used to synthetize the
nucleotide bases. After deamination, the remainder of amino acids are used for energy
production.

When Krebs cycle ketoacids are consumed or removed, they need to be replaced to permit
the Krebs cycle sustained function. This process is called anap/erosis and is tightly coupled

Glucose
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with cataplerosis (100). The anaplerotic reactions of Krebs cycle include the catabolism of
essential amino acids (histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, tryptophan, and valine) as well as odd chain fatty acids. Anaplerotic reactions
provide the Krebs cycle with fumarate, oxaloacetate, a-ketoglutarate, malate, and succinyl-
CoA. Oxaloacetate is formed via carboxylation of pyruvate by PC, from malate through
oxidation by malate dehydrogenase, or by transamination of aspartate. Pyruvate can also be
decarboxylated to malate. Glutaminolysis (C) serves as the source of the Krebs cycle
intermediate a-ketoglutarate and oxidation of odd chain fatty acids or metabolism of
methionine and isoleucine provide succinyl-CoA. Acetyl-CoA can be replenished from -
oxidation of fatty acids (D).

Abbreviations: a-KGDH, alpha-ketoglutarate dehydrogenase; ACLY, ATP-citrate lyase;
ACO, aconitase; ADP, adnesoine diphosphate; Aldo, aldolase; ATP, adenosine triphosphate;
CO», carbon dioxide; CoA, coenzyme A; CS, citrate synthase; DHAP, dihydroxyacetone
phosphate; Eno, enolase; ETC, electron transport chain; FAD, flavin adenine dinucleotide;
FADHo,, reduced FAD; FH, fumarate hydratase; G3P, glycerol-3-phosphate; GA3PD,
glyceraldehyde-3-phosphate dehydrogenase; GABA, gamma-aminobutyric acid; GDP,
guanosine diphosphate; GLDH, glutamate dehydrogenase; GTP, guanosine triphosphate;
H»0, water; HK, hexokinase; HS-CoA, Coenzyme A; IDH, isocitrate dehydrogenase; LDH,
lactate dehydrogenase; MDH, malate dehydrogenase; NAD?*, nicotinamide adenine
dinucleotide, oxidized; NADH, reduced form of NAD; PC, pyruvate carboxylase; PDH,
pyruvate dehydrogenase; PFK, phosphofructokinase; PGI, glucose-6-phosphate isomerase;
PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; Pj, inorganic phosphate;
PK, pyruvate kinase; SDH, succinate dehydrogenase; SUCLG, succinyl-CoA synthetase;
TCA, tricarboxylic acid; TPI, triosephosphate isomerase
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Figure 2. Metabolic changesin PHEO/PGL

Schematic representation of mitochondrial genes as well as others involved in PHEO/PGL
development with emphasis to the Krebs cycle enzymes, as explained in the text. Dotted
arrows represent changes resulting from mutations in certain proteins. Actual treatment
targets are explained in Table 2 and Supplementary Table S1.

Abbreviations: a-KGDH, alpha-ketoglutarate dehydrogenase; ACO, aconitase; Akt, RAC-
alpha serine/threonine-protein kinase; CoA, coenzyme A; CS, citrate synthase; c-Myc, Myc
proto oncogene; elF-4E, eukaryotic translation initiation factor 4E; ERK, mitogen-activated
protein kinase 2; ETC, electron transport chain; FH, fumarate hydratase; HIF-a., hypoxia-
inducible factor alpha; HK, hexokinase; HS-CoA, Coenzyme A; IDH, isocitrate
dehydrogenase; LDH, lactate dehydrogenase; MAX, myc-associated factor X; mTORC1,
mammalian target of rapamycin complex 1; mTORC2, mammalian target of rapamycin
complex 2; MDHZ2, malate dehydrogenase 2; NF1, neurofibromin 1; PDH, pyruvate
dehydrogenase; PHD, prolyl hydroxylase domain protein; PI3K, phosphoinositide 3-kinase;
pVHL, von Hippel-Lindau protein; Raptor, regulatory associated protein of mTOR; RAS, rat
sarcoma oncogene; RET, rearranged during transfection proto-oncogene; Rheb, RAS
homolog enriched in brain; ROS, reactive oxygen species; S6K, S6 kinase; SDH, succinate
dehydrogenase; SUCLG, succinyl-CoA synthetase; TMEM127, transmembrane protein 127;
TSC1/2, tuberous sclerosis complex 1/2
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Figure 3. Inhibition of a-ketoglutarate-dependent dioxygenases by Krebs cycle inter mediates
and 2-HG

Mutations in SDHx and FH genes lead to an accumulation of succinate and fumarate,
mutated /DHI1/2 exhibit neomorphic activity that results in conversion of a-ketoglutarate to
oncometabolite, D2HG. Under hypoxic conditions, L2HD accumulation occurs, as described
in the text. Succinate, fumarate, D2HG, and L2HG function as a competitive inhibitors of a.-
ketoglutarate-dependent dioxygenases. Reactions of a-ketoglutarate-dependent
dioxygenases potentially inhibited by succinate, fumarate, D2HG, and L2HG are depicted in
the lower part of the scheme. All four reactions convert a.-ketoglutarate to succinate and
CO», incorporate Oy, and require iron and ascorbate as cofactors. Inhibition of these
reactions results in DNA and histone hypermethylation, activation of hypoxic responses, and
inhibition of collagen maturation and folding.

Abbreviations: A, mutant; 2-HG, 2-hydroxyglutarate; a-KGDH, alpha-ketoglutarate
dehydrogenase; ACO, aconitase; CO», carbon dioxide; CS, citrate synthase; D2HG, D-2-
hydroxyglutarate; FH, fumarate hydratase; HIF, hypoxia-inducible factor, IDH, isocitrate
dehydrogenase; JIMJD3, Jumoni C domain-containing histone lysine demethylases; L2HG,
L-2-hydroxyglutarate; LDHA, lactate dehydrogenase A, LHD, lysyl hydroxylase, MDH,
malate dehydrogenase; O,, oxygen; PHD, prolyl hydroxylases, SDH, succinate
dehydrogenase; SUCLG, succinyl-CoA synthetase; TET, ten-eleven translocation family of
5-methylcytosine (5mC) hydroxylases
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Table 2

Potential metabolic therapeutic targets in PHEO/PGL

Therapeutic target Treatment effects

HIF signaling (reviewed in 84, 93, 96)

HIF-a mRNA/protein expression Inhibition of HIF-a mRNA or protein expression resulting in decreased HIF-a. accumulation and
activation

HIF-a/HIF-B dimerization Inhibition of HIF-a/HIF-1f dimerization

HIF binding to DNA Inhibition of HIF dimers binding to DNA

HIF transcriptional activity Inhibition of transcription of HIF target genes

Hypoxia Apoptosis of hypoxic cell

Angiogenesis VEGF, VEGFR inhibition

Glycolysis (reviewed in 86, 96)

Glucose uptake Inhibition of glucose transport

HK 1/2 Inhibition

PDK1 Inhibition (to allow activity of PDH)
PFKB3 Inhibition

LDHA Inhibition

PKM2 Induction of apoptosis

MCTs Inhibition of lactate transport

Glutaminolysis (reviewed in 87)

Glutamine uptake Glutamine transporters inhibition
glutaminase Inhibition
GOT2/GPT2 Inhibition
GDH1 Inhibition

Fatty Acid and Lipid Synthesis (reviewed in 91, 97, 98)

ACLY Inhibition

Acyl-CoA synthase Inhibition

Acetyl-CoA carboxylase Inhibition, induction of apoptosis/autophagy
Fatty acid synthase Inhibition, induction of apoptosis

Choline kinase Inhibition

Phospholipid metabolism Inhibition

Dysfunctional Krebs Cycle Enzymes And Metabolites (reviewed in 96, 99)

IDH1/2 Inhibition of IDH mutants, inhibition of 2HG production
a-ketoglutarate-dependent dioxygenases  Restoring the function

Low citrate Increase in citrate levels, inhibition of PFK, arrest of glycolysis, induction of apoptosis

Proton Extrusion (reviewed in 96, 97)

Na+/H+ exchanger Inhibition
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Treatment effects

Bicarbonate/Cl- exchanger
MCT1 lactate/H+ symporter
Carbonic anhydrases 9 and 12
F1F0 ATP synthase
V-ATPase

Inhibition
Inhibition
Inhibition
Inhibition

Inhibition

Other (reviewed in 97)

DNA methylation

AMPK

LAT1

SIRT1

ROS

ROS

Antioxidant systems (GSH)

Inhibition of methylation

Activation

Inhibition of amino acid transport

Stimulation of SIRT1-dependent deacetylation PGCla
Neutralizing ROS by antioxidants to reduce HIF-a activation
Induction of ROS overproduction

Inhibition to achieve ROS accumulation

Examples of drugs/compounds used or tested to achieve the desired treatment effect are provided in Supplementary Table S1.

Abbreviations: Acetyl-CoA, acetyl coenzyme A; ACLY, ATP citrate lyase; AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate;
GDH1, glutamate dehydrogenase 1; GOT2, glutamate oxaloacetate transaminase 2; GPT2, glutamate pyruvate transaminase 2; HIF, hypoxia-
inducible factor; HK, hexokinase; IDH, isocitrate dehydrogenase; LAT1, L-type amino acid transporter 1; LDHA, lactate dehydrogenase A; MCT,
monocarboxylase transporter; PDH, pyruvate dehydrogenase; PFK, phosphofructokinase; mRNA, messenger RNA; PGCla, peroxisome
proliferator-activated receptor-y co-activator 1a; PKM2, pyruvate kinase, isoenzyme M2; ROS, reactive oxygen species; SIRT1, sirtuin 1.
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