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Abstract

A variety of genomic and proteomic tools have been used to study cancer metabolism and
metabolomics in order to understand how cancer cells survive in their environment. Throughout
the past decade, mass spectrometry has been routinely used for large-scale protein identification of
complex biological mixtures. In this review, we discuss some recent developments in cancer
metabolism by proteomic analysis using mass spectrometric techniques, focusing on pyruvate
kinase, L-lactate dehydrogenase, Warburg effect, glutamine metabolism and oxidative stress.
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Living organisms are able to carry out a highly integrated network of chemical reactions,
known as metabolism, in order to extract energy and by reducing power from their
environment, to synthesize the building blocks of their macromolecules. Living organisms
also face a succession of environmental challenges as they grow and develop. In response to
the imposed conditions, organisms are equipped with adaptive traits that are maintained and
evolved by means of natural selection. By employing recent scientific tools in biochemistry,
genomics, and cell physiology, a valid description of the mechanisms of adaptation has been
achieved at the molecular and cellular level. For instance, receptor methylation is
responsible for adaptation in bacterial chemotaxis, and Bo-adrenergic receptor
phosphorylation is involved in rapid adaption of cellular exposure to a high concentration of
adrenaline (1). In addition to the post-translational modifications (PTMS), gene regulation is
another essential mechanism for an organism to increase the versatility and adaptability, by
allowing the cell to express proteins when needed, such as the lac operon regulation system
in the genome of £. coli, discovered by Jacob and Monod in 1961, in which some enzymes
involved in lactose metabolism are expressed in the presence of lactose and absence of
glucose (2). Thus, a systematic study of cell metabolism will reveal how cells survive and
reproduce in their habitats.
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Cancer cells are cells that grow and divide at an unregulated, quickened pace, due to
damaged or changed genetic material DNA, and it is well-known that cancer cells have a
unique metabolism compared to normal cells. Using slices of living tissues, Otto Warburg
studied the energy metabolism of a tumor and first reported that cancer cells produced large
amounts of lactate even in aerobic conditions (3). Since then, the Warburg effect has been
observed in several tumors in which the cells predominantly produced energy by a high rate
of glycolysis followed by lactate fermentation in the cytosol, rather than by a comparatively
low rate of glycolysis followed by oxidation of pyruvate in mitochondria like most normal
cells, even in the presence of oxygen (4-6). Recently, cancer metabolism has been
extensively explored to understand the processes that allow cancer cells to grow and
reproduce, maintain cellular structures, and respond to environments (4-12). For this
purpose, various methods, such as nuclear magnetic resonance (NMR) spectrometry and gas
chromatography-mass spectrometry (GC-MS), have been developed to characterize the
altered metabolites and gene regulation in metabolic pathways in cancer cells, facilitating
the discovery and development of groundbreaking therapies (13-16). Notably, many drugs
have been developed, targeting the specific needs of cancer cells (4, 17, 18). Today, liquid
chromatography-coupled tandem mass spectrometry (LC-MS/MS) is routinely used for
large-scale protein identifications and global profiling of PTMs in complex biological
mixtures (19-22). Here, we attempt to discuss the cancer metabolism based on authors’
experience regarding proteomic analysis of pancreatic cancer cells by LC-MS/MS.

Pyruvate kinase (PK) catalyzes the last step within the glycolytic sequence, the de-
phosphorylation of phosphoenolpyruvate to pyruvate, and is responsible for net energy
production within the glycolytic pathway. There are 4 isozymes of PK in mammals: L, R,
M1 and M2. L type is major isozyme in liver and kidney; R is found in red cells; M1 is the
main form in muscle and brain. The human PK isozyme M2 (PKM2), a splice variant of M1,
is expressed in lung tissues as well as in all cells with high rates of nucleic acid synthesis,
including all proliferating cells, such as embryonic cells, adult stem cells and especially
tumor cells (23, 24). Notably, elevated levels of PKM2 have been observed in numerous
cancerous cells, and PKM2 has been investigated as a potential tumor marker for diagnostic
assays (25, 26). Recently, acknowledging exclusive expression of PKM2 in tumor tissues,
Christofk reported that an exchange in the expression of PKM1 to PKM2 is causative for the
aerobic glycolysis (Warburg effect) during tumorigenesis (27). Consequently, they suggested
that selective targeting of PKM2 by small-molecule inhibitors is feasible for cancer therapy
(28). Interestingly, several mechanisms have been proposed for the PKM2 activity regulation
in tumor cells: (1) the ratio of inactive dimeric form PKM2 to the active tetrameric form
regulates the proportions of glucose carbons that are channeled to synthetic processes or
used for glycolytic energy production (23, 24); (2) PKM2 activity is regulated by
phosphotyrosine signaling (29); (3) Anastasiou ef a/. demonstrated that PKM2 activity is
also regulated by oxidative stress. PKM2 is specifically oxidized by hydrogen peroxide
(H205) on cysteine 358 in cancer cells, which diminishes PKM2 activity, decreases pyruvate
formation and increases flux of glycolytic metabolites into the pentose phosphate pathway
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(30); (4) Hitosugi showed that PKM2 activity in cancer can be tuned by phosphorylation
(31).

In our proteomic analysis of pancreatic cancer cells by mass spectrometry, we found that
PKM?2 is indeed up-regulated in cancer cells (32, 33), consistent with previous report (23—
25). The MS result also shows that PKIM?2 is actually an abundant protein in both normal
pancreatic duct cells and cancer cells, which is discrepant from some researchers’
observation that PKM2 is replaced by tissue-specific isoforms during tissue differentiation in
development and PKML1 is switched to PKM2 during tumorigenesis (23-25, 27). Recently,
using a quantitative MS technique, Bluemlein demonstrated that PKM2 is the prominent
isoform in several analyzed cancer samples and matched control tissues, which also
challenges the conclusion that PKM2 is exclusively expressed in cancer cells and there is a
switch of PKM1 to PKM2 during cancer development (34). Therefore, a great deal of
caution should be exercised in developing the drug target to PKM2 since PKM2 is
abundantly expressed in normal cells.

L-lactate dehydrogenase (LDH) converts pyruvate, the final product of glycolysis to lactate
when oxygen is absent or in short supply, and it performs the reverse reaction during the
Cori cycle in the liver (35). The enzymes are homo- or hetero-tetramers composed of M
(LDH-A) and H (LDH-B) protein subunits encoded by the LDHA and L DHB genes
respectively: LDH-1 (4H) in the heart and red blood cells, LDH-2 (3H1M) in the
reticuloendothelial system, LDH-3 (2H2M) in the lungs, LDH-4 (L1H3M) in the kidneys,
placenta and pancreas, and LDH-5 (4M) in the liver and striated muscle (36). LDH plays a
key role in cancer cells’ aerobic glycolysis since it is the alternative supplier of NAD* in the
absence of mitochondrial oxidation, and Fan et a/. showed that tyrosine phosphorylation of
LDH-A is important for NADH/NAD* redox homeostasis in cancer cells (37). Separately, it
has been reported that the lactate, produced by LDH, causes chronic acidification of the
intratumoral microenvironment, which in turn helps to drive cancer cell metastasis (38-40).
Moreover, overexpression of LDH-A has been implicated in the pathogenesis and
progression of many cancer types (41-45). When LDH-A is inhibited by small-molecule
inhibitor or is knocked-down using RNA interference, cancer cell proliferation is severely
impaired (46, 47). Consequently, some potential therapeutic drugs have been developed to
target LDH-A in order to interfere with tumor growth and invasiveness (17, 48-50).

Apparently, previous research on LDH is mainly focused on LDH-A. Surprisingly, our
proteomic analysis of pancreatic cancer cells by MS reveals a different story of LDH. We
demonstrated that the expression level of LDH-A in pancreatic cancer cells is not
significantly changed compared to normal duct cells, but LDH-B is strikingly increased in
the cancer cells (32, 33). Thus, the MS result offers proof-of-concept for targeting LDH-B as
a therapeutic strategy in cancer, particularly pancreatic cancer. Notably, Hussien et al.
recently confirmed that breast cancer cell line MCF-7 expresses mainly LDH-B (51), and
Zha et al. reported that LDH-B is an important target of mTORC1 (52).
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LDH is subjected to PTMs such as phosphorylation and acetylation (53, 54), and tyrosine
phosphorylation of LDH-A is important for redox homeostasis in cancer cells (37).

Recently, we characterized the PTMs of LDH from pancreatic cancer cells and identified
multiple O-methylated residues from both LDH-A and LDH-B, providing important
biochemical information toward further understanding of LDH modifications (56). Since
PTMs of proteins via methylation plays an important role in a number of central processes in
the cell (57), it will be interesting to further investigate how the methylation of LDH can
affect its catalytic activity, localization in the cell, protein stability and the ability to form
tetramers or complexes with other molecules.

Glutamine Metabolism

Glucose and glutamine are the two molecules catabolized in substantial quantities in both
normal and cancer cells because they supply most of the carbon, nitrogen, free energy, and
reduce equivalent necessary for cell growth and division (35). Notably, many cultured cancer
cells exhibit increased glutamine consumption (58), and glioblastoma cells in culture convert
as much as 90% of glucose and 60% of glutamine into lactate or alanine by 13C-NMR
spectroscopy measurements. The glutamate derived from glutamine is converted to a-
ketoglutarate v/athe activity of glutamate dehydrogenase, and is further catabolized into
lactate with NADPH production via malic enzyme, or it is used to produce alanine viathe
activity of alanine aminotransferase (59). Separately, it has been reported that glutaminase,
which converts glutamine to glutamate in the first step of glutaminolysis, is up-regulated in
several cancer cells (60). Moreover, Metallo et al. demonstrated that cells grown under
hypoxia rely almost exclusively on the reductive carboxylation of glutamine-derived a-
ketoglutarate for de novo lipogenesis (61). Thus, glutamine’s relevance in tumor cell
metabolism has drawn much attention in cancer research since it plays important roles in
nucleotide biosynthesis, hexosamine biosynthesis and glycosylation reactions, amino acids
synthesis, glutathione production, Krebs cycle, and generation of reducing equivalent such
as NADPH (62, 63). It has been shown that glutamine metabolism is regulated by c-Myc,
and some compounds have been designed to impair the glutamine addiction of cancer cells
(58).

Interestingly, cytidine triphosphate (CTP) synthase is extremely over-expressed in pancreatic
cancer cells, as has been shown by LC-MS/MS analysis (33). The enzyme interconverts
uridine triphosphate (UTP) and CTP, and catalyzes the last committed step in pyrimidine
nucleotide biosynthesis with the consumption of ATP (35). The generated ADP from this
chemical reaction provides further substrate for aerobic glycolysis. Up-regulated CTP
synthase activity has been widely seen in human and rodent tumors, and the glutamine
analog DON has been used as an anticancer agent by acting as an irreversible inhibitor (64,
65). Separately, glutamyl-prolyl tRNA synthase (GPRS), a bi-functional aminoacyl-tRNA
synthetase which catalyzes the aminoacylation of glutamate and proline tRNA species (66),
is strikingly up-regulated in pancreatic cancer cells (33). In contrast, glutamate
dehydrogenase 1 (GDH1) and isocitrate dehydrogenase-1 (IDH1), the two enzymes involved
in reductive carboxylation of glutamine-derived a-ketoglutarate for de novo lipogenesis
(61), are identified in pancreatic cancer cells without apparent up-regulation. Furthermore,
the abundance of the enzyme alanine aminotransferase (or named glutamic-pyruvate
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transaminase), which catalyzes the production of alanine from glutamate, is relatively low in
cells and no significant change can be detected by the MS analysis. Thus, the MS results
demonstrate that the glutamine metabolism is indeed altered in pancreatic cancer cells, but
the glutaminolysis may be different from previous reports (59, 61). It is likely that the high
rate of glutamine uptake in pancreatic cancer cells results from its role as a nitrogen donor in
nucleotide and amino acid biosynthesis to meet the need of fast growing cancer cells (33).

Warburg Effect

In mitochondrion, Krebs cycle (also known as the citric acid cycle, the tricarboxylic acid
cycle) and oxidative phosphorylation are essential metabolic pathways that convert
carbohydrates, fats, and proteins to carbon dioxide (CO,) and water (H,0), to generate
adenosine triphosphate (ATP) for intracellular energy transfer with the consumption of
oxygen (O,) (35). Our proteomic analysis showed that several enzymes in Krebs cycle and
the components of oxidative phosphorylation are anomalous and down-regulated in
pancreatic cancer cells (32, 33). Interestingly, carbonic anhydrase I, which catalyzes the
rapid interconversion of CO5 and H,O to bicarbonate and proton, is diminished in pancreatic
cancer cells, further indicating that Krebs cycle function is down-regulated and less oxygen
is consumed in cancer cells. Notably, protein levels of several enzymes involved in fatty acid
[B-oxidation in mitochondrion are also reduced, whereas the ATP citrate lyase and the fatty
acid synthase (FAS); the enzymes involved in fatty acid synthesis, are rigorously escalated in
pancreatic cancer cells (33), consistent with a previous report (67). The MS analysis also
identified that NADPH, which is needed for fatty acid synthesis, is likely acquired from the
up-regulated pentose phosphate pathway in pancreatic cancer cells (33). Hence, these
proteomic data demonstrated that the prominent function of mitochondrion is severely
altered and there is a shift in energy production from aerobic respiration to anaerobic lactate
fermentation in pancreatic cancer cells, consistent with the observed Warburg effect.

The Warburg effect has been observed in many cancer cells, particularly in solid tumors. It is
known that mutations in oncogenes and tumor suppressor genes are responsible for
malignant transformation (68, 69), and it is also documented that in the rapidly growing
solid tumor, oxygen level is low due to poor vascularization (4-6). Proteomic data suggest
that the Warburg effect is a consequence of an adaptation to low-oxygen environments
within tumors, and the tumor-derived cell lines can maintain their metabolic phenotype in
culture under regular condition with ample oxygen, due to irreversible gene mutations in the
cells. Notably, K-Ras has been shown to play a critical role in pancreatic cancer initiation
and maintenance (70, 71).

In addition to the observed Warburg effect, proteomic analysis by MS revealed many
metabolic proteins that are up-regulated involved in cholesterol synthesis, amino acid
synthesis, purine and pyrimidine synthesis, nucleotide-sugar synthesis, mevalonate pathway
and one carbon metabolism, and down-regulated involving in glycogenesis, gluconeo-
genesis, creatine biosynthesis, heme biosynthesis and energy homeostasis. Particularly,
adenylate kinase 1 and 3, which are important for ATP/ADP ratio regulation, and
nicotinamide phosphoribosyltransferase, which is involved in NAD* biosynthesis, are down-
regulated in pancreatic cancer cells, indicating that the energy homeostasis is altered in
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cancer cells (32, 33). Notably, serine and glycine biosynthetic pathways recently have been
reported to be up-regulated in several cancers (72, 73).

Oxidative Stress

Reactive oxygen species (ROS) are broadly defined as oxygen-containing, reactive chemical
species (74-76). An increase of ROS levels in cells is due either to an elevation of ROS
production or to a decline of ROS-scavenging capacity (76). It has been reported that ROS
generation is increased in cancer cells compared to normal cells (76-79). An elevation of
ROS production in cancer cells is associated with metastasis (80), promoting the metabolic
changes required for proliferation by PKM2 modification (30), and serving as signaling
molecules to activate the transcription of genes involved in cellular hypoxic adaptation (81).
Consequently, the concept that cancer cells have increased levels of ROS, even under
hypoxia condition, has been accepted by many researchers, and it is believed that a moderate
increase in ROS can promote cancer cell growth (63, 76, 82, 83). Notably, it is also
recognized that excessive amounts of ROS can cause oxidative damage to lipids, proteins
and DNA (63, 76, 84). If the increase of ROS reaches a certain threshold level that is
incompatible with cellular survival, ROS may exert a cytotoxic effect, leading to the death of
malignant cells (76, 85). Therefore, it has been proposed that cancer cells have developed
several mechanisms to adapt to ROS stress, involving multiple pathways to activate redox-
sensitive transcription factors, such as NF-xB, Nrf2, c-Jun and HIF-1, which lead to the
increased expression of antioxidant molecules such as SOD, catalase, thioredoxin and the
GSH antioxidant system (76). There is also a report suggesting that survival of detached
mammary epithelial cells depends on NADPH and the neutralization of cellular ROS (86).
Taken together, the current prevailing theory about ROS in cancer highlights that cancer
cells are able to delicately maintain a higher level of ROS; however, this theory is apparently
paradoxical: on the one hand, it recognizes that elevation of ROS is a result of decline of
ROS-scavenging capacity; on the other hand, it supports that elevation of ROS triggers
increased expression of antioxidant molecules through adaptation mechanism.

A major source of ROS is the mitochondria (74-76). The NADH and FADH2 formed in
glycolysis, fatty acid oxidation and the Krebs cycle are energy-rich molecules because each
contains a pair of electrons having a high transfer potential (NADH — NAD* + H* + 2 e~,
and FADH, — FAD + 2 H* + 2 7). When these electrons are donated to molecular oxygen
by a series of electron carriers (2 O, + 2 H* + 2 e~ — H,0), through a process known as
oxidative phosphorylation, a large amount of free energy is liberated, which can be used to
generate ATP. This is the major source of ATP in aerobic organisms. Electron leakage from
the mitochondrial respiratory chain may react with molecular oxygen, resulting in the
formation of superoxide anion (O, + e~ — O57), which can subsequently be converted to
other ROS. Basically, the formation of superoxide anion needs both electron and oxygen. In
anaerobic lactate fermentation, the NADH generated from glycolysis will be largely used for
reduction of pyruvate (pyruvate + NADH + H* — lactate + NAD™). Since enzymes in
Krebs cycle and p-oxidation are down-regulated in pancreatic cancer cells (32, 33), likely
due to cell’s adaptation to hypoxia, it is expected that less NADH and FADH, will be
generated in mitochondria, and less superoxide anion can be produced due to the availability
of electron and oxygen in hypoxic environment. On the other hand, the levels of ROS-
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scavenging enzymes such as superoxide dismutase (SOD), glutathione peroxidase and
peroxiredoxin have been shown to be significantly altered in malignant cells and in primary
cancer tissues (87-92), and we also confirmed that several antioxidant proteins are
coincidentally down-regulated in pancreatic cancer cells (32, 33). Some researchers argue
that ROS levels in cancer cells are therefore elevated due to reduced ROS-scavenging
capacity; however, we think that the down-regulated levels of antioxidant proteins is a
reflection of cancer cell’s adaptation to the environment, since living organism can use gene
regulation mechanisms to increase the versatility and adaptability, by allowing cells to
express proteins when needed and allowing cells to lessen proteins when not needed. Our
proteomic analysis data fit nicely with the hypothesis that, in rapidly growing solid tumors,
the oxygen level is low due to poor vascularization, and hypoxia leads pancreatic cancer
cells in reprogramming of metabolic pathways through the pyruvate fermentation, the Krebs
cycle, fatty acid p-oxidation and oxidative phosphorylation deviation in order to minimize
the oxygen consumption. As a result, the oxidative stress in pancreatic cancer cells is lower
than that of normal duct cells, and the tumor cells express less antioxidant proteins, due to
cells adaptation to low-oxygen environment. Cancer cells in hypoxia will be more resistant
to radiation therapy, since oxygen is needed for radiation therapy to generate free radicals
that are able to damage the DNA of cancerous cells. The MS results also suggest that the
tumor-derived cell lines are able to maintain their metabolic phenotype in culture under
normoxic condition, little superoxide anion is produced in the mitochondria, and
consequently, less SOD2 and other antioxidant proteins are expressed (Figure 1).

It has been proposed that targeting cancer cells by ROS-mediated mechanisms can be a
therapeutic approach (76). One approach is to increase ROS-scavenging capacity using
antioxidants, thereby abrogating ROS signaling and suppressing tumor growth; however, the
effectiveness is questionable since the oxidative stress in cancer cells is low and cancer cells
have already down-regulated antioxidant proteins due to adaptation. Another approach is to
treat cancer cells with pharmacological agents that have pro-oxidant properties, raising
oxidative stress over the threshold of toxicity as antioxidant systems become overwhelmed;
however, the lack of oxygen may limit the endogenous ROS production in hypoxic
conditions.

Lysosomal Enzymes

Lysosomes are cellular organelles that contain acid hydrolase enzymes to break-down waste
materials and cellular debris. Lysosomal dysfunction is linked with several diseases,
including cancer and neurodegenerative disorders, and lysosomes are involved in autophagy
which is essential to support cancer cell growth and metabolism (93, 94). It has been
proposed that the increased expression and altered trafficking of lysosomal enzymes in
cancer cells participate in tissue invasion (95-97). For instance, the aspartic protease
cathepsin D has been found to be over-expressed and secreted at high levels by human
epithelial breast cancer cells, and this protein has been used as a marker of poor prognosis in
breast cancer (98). Intriguingly, proteomics analysis of lysosomal enzymes in pancreatic
cancer cells is discrepant from the observations in several other cancers, since several
lysosomal proteases are actually decreased in pancreatic cancer cells, implicating that
lysosomes are impaired (32, 33). Certainly, the down-regulation of lysosomal enzymes in
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cancer cells is a reflection of cancer cells’ adaption to their environment; however, the exact
mechanisms still need to be investigated.

Conclusion

All assays have limits in regard to analytical sensitivity, precision, and the dynamic range for
quantification. In the past decade, mass spectrometry has been used to investigate tumor-
specific changes in the proteomes of human cancers and normal cells, including metabolic
alterations (99-105). Instead of focusing on one or several proteins, which is not uncommon
in traditional cancer biology research, proteomic analysis by MS provides a comprehensive
picture of changes of protein expression and changes of PTMs in the cells (32, 33, 55, 56,
106-108). The vast amount of information obtained from MS and other techniques will
certainly facilitate our understanding over cancer cells’ adaptation and survival in local
environment, providing a biochemical foundation of therapeutic applications. It is expected
that more and more MS experiments will be carried out to understand the metabolism in
various cancers.
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Figurel.
The hypothesis that oxidative stress in pancreatic cancer cells is lower than that of normal

duct cells. The formation of superoxide needs both oxygen and electron which is leaked
from the oxidation of NADH and FADH, by the respiratory chain in mitochondria. Enzymes
in Krebs cycle and B-oxidation are down-regulated in pancreatic cancer cells in order to
minimize the oxygen consumption, due to cells’ adaptation to hypoxia. As a result, less
pyruvate will flux into mitochondria, and cancer cells adopt anaerobic lactate fermentation
and elevated pentose phosphate pathway for biosynthesis of building blocks. Since the
NADH generated from glycolysis will be largely consumed for the reduction of pyruvate
and since less NADH and FADH, will be generated by Krebs cycle and p-oxidation, less
superoxide anion can be produced due to the availability of electron and oxygen in a hypoxic
environment. Consequently, cancer cells express little manganese superoxide dismutase
(SOD2) in mitochondria. Due to irreversible gene mutations in the cancer cells, the tumor-
derived cell lines can maintain their metabolic phenotype in culture under regular conditions
with ample oxygen, exhibiting aerobic glycolysis (Warburg effect).
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