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Abstract

Cancer is the second leading cause of death following heart diseases in the U.S. During the past
two decades, cancer metabolism has emerged as an indispensable part of contemporary cancer
research. Various types of metabolic alterations in cancer cells have been documented,
prompting extensive investigation of the link between reprogrammed cell signaling pathways
and rewired cellular metabolism. In addition, drug targeting of rewired metabolic pathways has
been demonstrated to be a promising cancer treatment strategy. Despite this progress, a
fundamental question remains unanswered: whether there is a difference in the metabolism of
cancerous, fast growing cells and normal proliferative cells. This deficiency has hindered our
understanding of cancer metabolism and the efforts to develop effective cancer therapies

targeting metabolism with reduced side effects.

In this thesis, we used 3C-isotope tracing and metabolic flux analysis (MFA) to study
cancer metabolism and identify metabolic pathways differentially activated in cancer cells. To
support efforts to design effective therapeutic therapies, we sought to distinguish metabolic

behavior in cancer versus normal cells growing at the same speed, and obtain a systematic
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understanding of cancer metabolism. To this end, we dissected bioreaction networks in human
mammary epithelial cells (HMECs) that have been genetically modified to exhibit different
levels of tumorigenicity. We discovered distinct substrate utilization pattern in the tricarboxylic
acid (TCA) cycle and de novo lipogenesis. Specifically, we found that glucose was catabolized
in the TCA cycle up to the formation of citrate, which was then used primarily for lipogenesis.
The majority of the TCA cycle flux, however, was maintained by glutamine anaplerosis. 3C-
MFA further revealed that some metabolic reactions were more activated in tumorigenic
HMECs. By introducing a new quantity termed metabolic flux intensity, defined as pathway
flux divided by the specific growth rate, we identified three most enhanced reactions —
oxidative pentose phosphate pathway (oxPPP), malate dehydrogenase (MDH) and isocitrate
dehydrogenase (IDH) in the most tumorigenic HMEC. Targeting of these three pathways with
small molecule inhibitors selectively reduced growth in the cancerous HMEC line. In addition,
our study provides direct evidence that metabolism may be dually controlled by proliferation

and oncogenotypes.
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Chapter 1

Introduction
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43, 113—-124.
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levels. ACS Ind. Eng. Chem. Res., 2019, 59(6), 2593-2610.

Dong, W., Keibler, M. A., Moon, S. J., Cho, P., Liu, N., Berrios, C. J., Kelleher, J. K., Sikes, H.
D., lliopoulos, O., Coloff, J. L., Vander Heiden, M. G., & Stephanopoulos, G. Oncogenic
metabolic rewiring independent of proliferative control in human mammary epithelial cells.

Pending Submission.
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1.1 Cancer metabolism

Genetically, cancer is characterized by gain of functions of oncogenes and loss of functions of
tumor suppressor genest. As dictated by such genetic modifications, cancer cells usually exhibit
uncontrolled proliferation, meaning cell growth is independent of external stimulation or
suppression. In order to fuel the continuous reproduction of cancer cells, a stable supply of

anabolic building blocks, reducing equivalents and energy carriers is required®*.

Cancer cells have evolved to acquire rewired enzymatic mechanisms to extract building
blocks and energy from substrates. One of the major features of this reprogrammed cellular
metabolism was first observed by Otto Warburg in early 20th century. The fact that cancer cells
preferentially convert pyruvate to lactate from glucose even under aerobic conditions has been
persistently perplexing to biologists®. Warburg referred to his observation as aerobic glycolysis,
describing the inputs and outputs of the “black box” while leaving the underlying cellular
mechanisms unresolved. Limited by the techniques available at the time, only hypotheses could
be made. Warburg suspected that impaired mitochondrial function might be responsible for
inducing aerobic glycolysis. Yet even at this time of writing, the Warburg effect is still not fully
understood. Further, it was not until the beginning of the 21st century — and the use of isotopic
tracers for the fine dissection of central carbon metabolic pathways, the development of
molecular biology and recombinant DNA technology, and the maturation of systems-level
approaches to study biology — that researchers began to explore the full ramifications of

metabolic rewiring.

In contrast to Warburg’s analysis in which he treated glycolysis as an isolated system,

modern researchers are able to dissect the pathway into different segments controlled by various
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glycolytic enzymes. Studies on many of these enzymes have generated a plethora of significant
findings in the effort to elucidate the conundrum of the Warburg effect and topics beyond®’. In
addition, focus has shifted beyond glucose to also include the extensive profiling of extracellular
fluxes of different nutrients, amino acids such as glutamine, serine and glycine, as well as other
unconventional substrates like acetate®*3. Finally, research on various aspects in cancer
metabolism suggests the coordination of multiple metabolic rewiring phenomena. For instance,
the cross-talk between glycolysis, serine metabolism, and the tricarboxylic acid cycle (TCA)
anaplerosis suggest that the complexity of metabolic reprogramming extends beyond single

pathways and is a multidimensional phenomenon®®.

1.2 BC-isotope tracing and metabolic flux analysis

The complex and dynamic nature of metabolic networks thus presents special challenges in the
study of metabolism. Although metabolic activities can be inferred in some cases from
metabolite concentrations, this is not true in general. Metabolite concentrations alone are
insufficient to quantify fluxes and cannot distinguish the contributions of different substrates to
metabolite pools. In addition, as a single metabolite is usually involved in multiple reactions, the
concentration itself provides no information about the activities of those pathways. More
importantly, changes of metabolite pool sizes do not necessarily correlate with fluxes. For
instance, increased metabolite concentrations can result from enhanced fluxes of production
pathways or reduced fluxes of consumption pathways. Similarly, a steady metabolite
concentration does not necessarily imply unchanged fluxes as the latter can fluctuate

significantly but in equal amounts, resulting in unchanged metabolite abundance.
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In order to solve these problems, isotopic tracers are used to track the flows of multiple
substrates in metabolic networks, and generate distinct labeling patterns indicative of different
metabolic routes. Unique substrate utilization patterns have been discovered through the use of
tracers. For example, 1*C-labeled acetate was employed to validate the ability of brain astrocytes
to metabolize acetate into acetyl-CoA (AcCoA). Similarly, 13C-labeling experiments showed
that lactate, commonly deemed as a metabolic waste product, can be converted back to pyruvate
and sustain brain energetics®®. Additionally, activities of different metabolic pathways can be
compared by analyzing labeling patterns generated by isotopic tracers. For instance, 1,2-13C»-
glucose is used to assess the fluxes of the pentose phosphate pathway (PPP) against glycolysis®®.
The relative contributions of the oxidative tricarboxylic acid (TCA) cycle and the reductive

carboxylation pathway can be estimated by U-3Cs-glutamine?’.

Despite the fact that tracers are capable of generating substrate- and pathway-specific
information, the convoluted labeling patterns are difficult to decipher. It is particularly
challenging to interpret isotopic labeling results within complex networks that involve cyclic and
compartmentalized reactions, both of which are frequently encountered in the study of
mammalian cell metabolism. In order to correctly understand labeling patterns and obtain
metabolic insights, we need to first analyze tracer data at the molecular level. Unique metabolite
labeling profiles are rendered by atomic transitions of isotopes governed by reaction schemes of
metabolic pathways. Therefore, stepwise tracking of isotopes through reaction networks is used
to interpret labeling data. Furthermore, to extract additional useful information from the data,
metabolic fluxes can be estimated via a systems approach — metabolic flux analysis (MFA). The

term metabolic flux refers to reaction rate per cell, normalizing the rates by metrics such as cell
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numbers*® or protein content!®. MFA estimates metabolic fluxes based on a reaction model

comprising all pathways that may affect metabolite concentrations at steady state.

One of the most widely used flux analysis methods is 3C-MFAZ%2L which relies on 3C-
labeling data to resolve flux distributions. 3C-MFA works under the pseudo-steady state
assumption, which implies that all metabolic fluxes within the system are constant, and that the
mass isotopomer distributions (MIDs) of intracellular metabolites do not change over time. The
analysis then needs a metabolic model, which consists of reactions with specified directionality
and reversibility. Extracellular flux measurements are also required, as these values determine
the absolute scales of all fluxes. Flux distributions are determined through the incorporation of
isotopic labeling results into the system. 13C-MFA is essentially a flux fitting methodology
whereby initial fluxes are guessed and readjusted such as to best fit metabolite labeling
measurements. Upon convergence, metabolic fluxes are estimated and reported with

uncertainties based on sensitivities to measurement error?.

1.3 Thesis motivation

Through the use of $3C-isotope tracing and metabolic flux analysis, our knowledge of cancer
metabolism has now extended beyond the Warburg effect?>-2¢, Over the past decades, various
types of metabolic alterations in cancer cells have been documented®!828-30 prompting extensive
investigation of the link between reprogrammed cell signaling pathways and rewired cellular
metabolism3:-%, In addition, drug targeting of rewired metabolism has been demonstrated to be a
promising cancer treatment strategy>®-8. Despite this progress, a fundamental question remains
unanswered: whether there is a difference in the metabolism of cancerous, fast growing cells and

normal proliferative cells. This deficiency has hindered our understanding of cancer metabolism
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and the efforts to develop effective cancer therapies targeting metabolism with reduced side

effects.

This question has not been directly addressed before. It has been speculated that rewired
metabolic behavior associated with cancer may be a simple manifestation of reprogrammed
cellular energetics required to accommodate faster deregulated cell growth3*4°, For example,
the Warburg effect is observed in both tumor and highly proliferative normal cells24!, Several
types of proliferating immune cells and stem cells rely on the glycolytic phenotype, a metabolic
hallmark of cancer, to maintain their respective functionality and lineage*>*®. Furthermore, both
cancer and normal proliferating cells may selectively express the M2 isoform of pyruvate kinase,
which is capable of promoting anabolism and cellular growth®’. Reductive carboxylation of
glutamine has been reported in both proliferating endothelial cells*’ and several types of cancer

cells!®*8, suggesting that rewired glutamine metabolism is not unique to cancer.

However, the notion that metabolic behavior in cancer and normal proliferative cells is
equivalent is still questionable. For example, comparison between normal proliferative and
tumorigenic liver cells revealed that the latter exhibited upregulated glutaminase and
transaminase activities®®. In addition, copy number amplification of phosphoglycerate
dehydrogenase was reported in melanoma relative to normal tissue counterparts*®*°. Moreover,
increased expression of proline oxidase has been observed in pancreatic ductal adenocarcinoma
compared to normal pancreatic cells®t. Although these findings suggest that cancer metabolism
may not be simply regarded as rewired proliferative energetics, the evidence is still inconclusive:
the proliferation rate of cancer cells in these studies was different than that of the normal cells.

Therefore, the metabolic alteration due to proliferation introduces a confounding factor in the
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observed metabolic shifts. This challenge limits our ability to conclusively determine whether

metabolism of cancer cells is truly different than that of proliferating cells.

In order to address this question, we developed a panel of cell lines from the same genetic
background yet exhibiting different levels of tumorigenicity due to different combinations of
oncogenic manipulations. Through the use of 1*C-MFA and the introduction of a new quantity
referred to as metabolic flux intensity (MFI), we decoupled proliferative control of metabolism
and removed cellular growth as factor affecting metabolic rewiring. In addition, *C-isotopic
labeling analysis and MFA also revealed a distinct metabolic pattern within the tricarboxylic acid
(TCA) cycle and lipogenesis. Our results suggest that metabolism is directly controlled by both
oncogenotypes and proliferation. The proliferation-independent metabolic shifts identified in our
work support the effort to design cancer therapies that target specific metabolic pathways related

with tumors only and not affecting cellular growth.

1.4 Thesis overview

The overarching objective of this thesis is to study whether metabolism of cancer cells is
different than that of normal proliferating cells. To provide background and methodology

necessary to explain my work, this thesis is divided into 5 chapters:

We will first review metabolic pathways differentially activated in cancer cells in
Chapter 2. The list of such pathways consists of the Warburg effect, rewired glycolysis,
reductive metabolism of glutamine, enhanced non-oxidative pentose phosphate pathway, acetate
metabolism, serine and glycine metabolism, isocitrate dehydrogenase-mediated metabolic

reprograming and oncogene-specific metabolic shifts.
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Chapter 3 then introduces *C-isotope labeling and metabolic flux analysis, which serve
as powerful tools to investigate mammalian cell metabolism at the molecular and systems level.
We discuss and interpret labeling patterns from multiple *°C tracers: U-*3Cs-glucose, U-3Cs-
glutamine, 1-*C-glutamine, 5-13C-glutamine, 2-13C-acetate and 1-*C-glucose, 1,6-1*C>-glucose,
1,2-13C,-glucose, 2-*C-glucose and 3-*C-glucose. Multiple ?H tracers are also extensively

reviewed. Metabolic flux analysis is then explained and illustrated by a case study.

Chapter 4 describes the development of a panel of cell lines used to differentiate cancer
and proliferative metabolism. We then report extracellular fluxes and intracellular *3C-labeling
results, from which a distinct substrate utilization pattern is uncovered throughout the cells. Next,
13C-metabolic flux analysis is employed to quantitatively resolve the entire metabolic network.
By introducing metabolic flux intensity, we directly investigate oncogenic metabolic rewiring
independent of proliferative control. In addition, three metabolic reactions are identified to be
most enhanced in the cancer cell line relative to the normal counterpart. This chapter closes by

reporting the promising drug targeting results of these three metabolic pathways.

Chapter 5 concludes the thesis and discusses future directions to continue this thesis

work.
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2.1 Abstract

Cancer metabolism has emerged as an indispensable part of contemporary cancer research.
During the past two decades, the use of stable isotopic tracers and network analysis have
unveiled a number of metabolic pathways activated in cancer cells. Here, we review such
pathways along with the particular tracers and labeling observations that led to the discovery of
their rewiring in cancer cells. The list of such pathways comprises the reductive metabolism of
glutamine, altered glycolysis, serine and glycine metabolism, mutant isocitrate dehydrogenase
(IDH) induced reprogramming and the onset of acetate metabolism. Additionally, we
demonstrate the critical role of isotopic labeling and network analysis in identifying these
pathways. The alterations described in this review do not constitute a complete list, and future
research using these powerful tools is likely to discover other cancer-related pathways and new

metabolic targets for cancer therapy.

2.2 Introduction

According to American Cancer Society, cancer is the second leading cause of death following
heart disease in 2020%. Although the death rates of cancer have decreased by 23% since 1991,

the mortality of certain types of cancer kept increasing over the past few decades?.

Cancer cells are characterized by their ability to proliferate in an uncontrolled manner
and to invade parts of healthy organs via metastasis. Since cancer cells have greater potential to
compete with the healthy counterparts for limited nutrients and resources, this advantage often
leads to the death of healthy tissues and eventually the entire human body. The current
understanding of cancer is largely based on their mutated genomes, which often involve gain of
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functions of oncogenes and loss of functions of tumor suppressors®. Under normal
circumstances, multiple genomic modifications are required to transform normal cells to become
fully cancerous®. Due to the autonomous cellular growth independent of environmental
stimulations, cancer cells exhibit robust proliferative capability. In addition, the surveillance
mechanisms kept by normal cells are often breached or escaped during tumorigenesis. Even if
apoptosis and the immune system function normally, the fact that most cancer cells can divide
indefinitely® creates additional challenges to eliminate these erratic populations. Some cancer
cells are not constrained by nutrient transport since they can stimulate the formation of blood
vessels near their colonies and the so-called sustained angiogenesis keeps them alive under harsh
physiological conditions. Finally, malignant cells are able to escape from one colony and move
to other regions where nutrients and growth space are more desirable. The resulting metastasis is

responsible for 90% of deaths caused by cancer®.

Cancer can be induced via various external factors, many of which promote gain of
functions of oncogenes. Alcohol and smoking are the two major chemical inducers of cancer.
Alcohol is listed as a Group 1 carcinogen by International Agency for Research on Caner
(IARC)’. Tobacco is the leading cause of lung cancer, contributing to 85% of the overall death
records for lung cancer®. Viral infection is another major contributor to cancer. Many types of
viruses can integrate their oncogene segments into human cells, while others harboring non-
oncogenic components also promote tumorigenesis. These viruses are referred to as oncoviruses.
Examples include Epstein Barr Virus (EBV)®, Kaposi’s sarcoma associated herpesvirus
(KSHV)™ and Hepatitis B Virus (HBV)!. In addition, other internal and external cue such as

ultraviolet radiation'? and obesity*® may also lead to cancer.
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During the past decades of cancer research, a plethora of cancer treatments have been
developed. Traditionally, cancer treatment relied almost exclusively on surgery to remove
chunks of tumors from human body**. Unfortunately, due to frequent, the survival rate after the
surgery was often low. It was not until the late 20th century that other therapies began to emerge.
Chemotherapy is one of the major treatments nowadays. One example is Capecitabine, which
upon conversion to cytotoxic 5-fluorouracil (5-FU), is used to treat liver cancer'®. Another type
of anti-cancer drug is taxol, a microtubule stabilizer that inhibits depolymerization events
triggering chromosome segregation, thus hindering cancer cell proliferation. Taxol also promotes
phosphorylation of B-cell lymphoma 2 (Bcl-2) and eventually trigger cell apoptosis.*® In addition
to chemotherapy, radiation is also used to selectively Kill cancer cells based on spatial
localization. Other common cancer treatments include hormonal therapy, adjuvant therapy and
immunotherapy'*. Among these treatments, targeted cancer therapy has many advantages.
Through specific targeting of cancer cells, potential side-effects on normal healthy cells are
significantly reduced. Researchers have designed drug molecules aimed for specific mutated
kinases along the oncogenic signaling pathway. For example, imatinib mesylate (Gleevec)
targets Abelson murine leukemia viral oncogene (Abl). Kit and Platelet-derived growth factor

receptor (PDFGR) inhibitors have also been approved for clinical trial’.

As biological events are intrinsically dictated by gene regulations, cancer cells exhibit a
unique set of metabolic behaviors due to gain of functions of oncogenes and loss of functions of
tumor suppressors. Recent studies have revealed a plethora of metabolic shifts regarding the
Warburg effect and topics beyond!81°. In addition, profiling of different extracellular nutrients
have identified metabolic fates of a diverse group of substrates such as glutamine, serine,

glycine, as well as other unconventional metabolites like acetate?®?>. Moreover, recent work also
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suggests potential coordination of multiple metabolic rewiring phenomena. For instance, the
glycolysis, serine/glycine metabolism and the TCA cycle may be tightly connected, manifesting

a multidimensional phenomenon?82,

Of great significance in the exploration of complex rewired energetics in cancer is
isotopic labeling and network analysis. To quantitatively characterize the metabolic phenotype of
mammalian cells, 1*C isotopic labeling and metabolic flux analysis (MFA) are widely used?-%,
MFA is based on a comprehensive stoichiometric model of all biochemical reactions within a
specific set of metabolic network. To decipher the internal structure of this network within a cell,
the crosstalk between the cell and its environment has to be quantified. Cells exchange nutrients
and other biochemical species with the environment. The influxes of nutrients and the effluxes of
waste species or natural products are referred to as extracellular fluxes. Extracellular fluxes can
be measured experimentally in a fairly straightforward manner. The intracellular fluxes can be
estimated under a pseudo-steady-state assumption that the concentrations of all intracellular
metabolites of interest remain unchanged during the course of analysis. The mass balance of
each metabolite within the cell in conjunction with the quantified extracellular fluxes leads to a
system of equations that can be solved to resolve the distribution of intracellular fluxes within
cells. As one of the most widely used tools to fully specify a metabolic system, stable isotope
labeling is an essential technique to couple extracellular flux measurements and for fluxes within
a metabolic network. When cells are cultured with isotopically labeled nutrients, the intracellular
metabolites acquire specific labeling patterns through biochemical reactions that convert the
labeled substrates into these intermediates. The reaction mechanisms dictate the transfer of

labeled atoms into intracellular species, rendering a unique labeling profile for each metabolite.
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2.3 The Warburg effect

Among all metabolic rewiring phenomena, the Warburg effect is the most commonly observed in
cancer cells. The reasoning of the appearance of the Warburg effect is still being actively
researched. Yet some hypotheses consistent with the traits and special needs of cancer cells have
been proposed. One possible explanation is that the cost of synthesizing the TCA cycle enzymes
may exceed the corresponding marginal gain of ATP through respiration, so that cells can extract
more free energy when metabolizing substrates solely through glycolysis?. Also, despite their
active contribution to angiogenesis, cancer cells are subject to variations of oxygen supply under
physiological conditions. In this case, aerobic glycolysis confers cancer cells with an internal
resistance to such fluctuations since it functions invariantly under both hypoxic and normoxic
conditions®. It is also possible that, besides decoupling glycolysis from the physiological oxygen
level, aerobic glycolysis may also assist cancer cells to escape from apoptosis. One argument in
support of this hypothesis is that decreased TCA flux and corresponding electron transport chain
activity lead to attenuated depolarization of the mitochondrial membrane potential, inhibiting the
release of the apoptosis effector cytochrome c3L. Without mitochondrial release of cytochrome c,
the apoptosome cannot be assembled and apoptosis is repressed®2. Metabolically, it has been
proposed that elevated glucose consumption induced by the Warburg effect could promote
anabolic reactions in serine biosynthesis, pentose phosphate pathway (PPP), de novo lipogenesis,
one-carbon metabolism?®, etc. In addition, the Warburg effect is believed to be capable of
modulating cell signaling in favor of tumorigenesis through reactive oxygen species (ROS),
histone acetylation and deacetylation®. Finally, others have proposed that lactate, the product of

aerobic glycolysis may be responsible for resistance to chemotherapies®*. Increased lactate in the
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microenvironment can upregulate several transporters and enzymes that are critical for toxin

clearance in cancer cells°,

With the rapid progress of recent research, more metabolic rewiring phenomena have
been observed, and the diversity and sophistication of cancer metabolism research have exceeded
the centrality of the Warburg effect. An overview of our current understanding of the metabolic

network critical in cancer metabolism, as described in this manuscript, is illustrated in Figure 2.1.
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Figure 2.1. A global overview of the metabolic network critical in cancer cells.

Glucose is the most highly consumed carbon substrate, and its entry initiates glycolysis, which
contains several anabolic arms. The pentose phosphate pathway (PPP) directs glucose-derived
glucose-6-phosphate (G6P) toward oxidative PPP where NADPH is generated. From ribulose-5-
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phosphate (Ru5P), the non-oxidative PPP continues, supplying building blocks for nucleotide
biosynthesis and reversibly exchanging metabolites with glycolysis via fructose-6-phosphate
(F6P) and glyceraldehyde-3-phosphate (GAP). Serine and glycine metabolism branches from 3-
phosphoglycerate (3PG) and connects central carbon metabolism with one-carbon metabolism.
The end product pyruvate can be converted to lactate or can enter the TCA cycle in the form of
acetyl-CoA, which can also be derived from acetate under certain conditions. Glutamine is
metabolized to glutamate and then a-ketoglutarate, which can enter the TCA cycle for
replenishing anaplerosis or be reductively metabolized via a carboxylation reaction to fuel de
novo lipogenesis. Various pathways are altered to sustain the uncontrolled proliferation exhibited

by cancer cells.

G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; GAP, glyceraldehyde-3-phosphate; 3PG,
3-phosphoglycerate; R5P, ribose-5-phosphate; Akg, a-ketoglutarate; Cit, citrate; Ac-CoA,
acetyl-CoA; Oxa, oxaloacetate.

2.4 Metabolic alterations along glycolysis

High expression of the M2 isoform of pyruvate kinase (PKM2) has been observed in cancerous
and healthy proliferative cells. This preferential selective expression of PKM2 is also believed to
be essential for the Warburg effect!®. PKM2 exhibits reduced catalytic activity compared to
PKMI, but surprisingly, the elevation of glycolytic flux is associated with this “weaker” isoform.
Contrary to the conventional view of a one-directional linear glycolytic pathway, it has been
hypothesized that there is an alternative glycolytic step in which the generation of ATP may be
decoupled from pyruvate kinase (PK) activity. In this model, phosphoenolpyruvate (PEP)
transfers its phosphate group to the enzyme phosphoglycerate mutase 1 (PGAML), generating
pyruvate independent of PK*8. Because phosphorylation of PGAM1 is required for its

activation, this process may further promote the production of PEP, constituting a positive
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feedback loop which further increases overall glycolytic flux®®. In addition, this feedback loop

may also increase the ratio of 3-phosphoglycerate (3PG) to 2-phosphoglycerate (2PG), which

promotes serine biosynthesis pathway that branches at 3PG3¢3", A schematic of this alternative

glycolytic pathway is illustrated in Figure 2.2.
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Figure 2.2. The PKM2-mediated glycolytic pathway.

The M2 isoform of pyruvate kinase (PKM2), which is preferentially expressed by cancer cells,
has been hypothesized to promote an alternative catalytic activity that does not produce ATP, in
contrast to PKML1. This potential mechanism would likely contribute to continual activation of
phosphofructokinase (PFK), which is inhibited by ATP. Consequently, glycolytic flux may be
enhanced. This alternative mechanism involves transfer of the phosphate group from
phosphoenolpyruvate (PEP) to phosphoglycerate mutase 1 (PGAM1), which activates it. This
positive feedback mechanism may drive the enhanced production of 2-phosphoglycerate (2PG),
PEP and eventually enhance the overall PGAML activity. Through this mechanism, the
generation of pyruvate may become partially decoupled from ATP production, which could

enable a high rate of glycolysis.
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Activation and inhibition of enzyme activity are denoted by arrows and blunt arrows,
respectively. The relative strengths of metabolic pathways and activation/inhibition effects are

shown by the thickness of the arrows.

Additionally, the M2 isoform of PK is inhibited by tyrosine-phosphorylated proteins such
as epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor
(PDGFR). This inhibition is hypothesized to increase the accumulation of PEP and 3PG8:19.38,
This bottleneck may then subsequently lead to elevated anabolic metabolism through de novo
serine synthesis. The alternative pathway may be preferential for sustaining a high rate of
glycolysis since ATP allosterically inhibits phosphofructokinase (PFK) at a high ATP/AMP

ratio'8,

Similar to the PKM2-mediated glycolytic pathway in the context of serine biosynthesis,
cancer cells must also coordinate their metabolic network to generate nucleotide precursors in
support of fast proliferation. To this end, it has been demonstrated that some tumor cells are able
to upregulate glucose uptake and enhance non-oxidative PPP due to the presence of KRAS
oncogene.In fact, it has also been proposed that cancer cells could promote the synthesis of
ribose 5-phosphate (R5P) through non-oxidative PPP*°. The enhanced reverse flux along

glycolysis is mediated by the aldolase and transaldolase reactions.

It was observed that the magnitude of oxidative PPP flux (relative to glycolytic flux) is
reduced under hypoxia. On the other hand, as an alternative pathway to supply cancer cells with
nucleotide biosynthetic precursors, the non-oxidative PPP increases to produce more R5P.
Mechanistically, the enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) plays a
critical role in this metabolic shift. Hypoxia-mediated reduction of the NAD*/NADH ratio results

in a decrease in GAPDH activity. In contrast, the expression of the other lower glycolytic
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enzymes is elevated upon stabilization of hypoxia-inducible factors. As a result, GAPDH creates
a bottleneck at the lower glycolytic pathway, enabling accumulation of high concentrations of
upper glycolytic metabolites, which in turn increase the reversible non-oxidative PPP reactions

toward nucleotide biosynthesis via mass action. This is shown in Figure 2.3 %,
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Figure 2.3. The GAPDH-mediated reversal of glycolytic flux.

Under hypoxic condition, GAPDH activity is inhibited while the expression of other upper
glycolytic enzymes is elevated. Due to the accumulation of high concentrations of upper
glycolytic metabolites and the reversibility of the non-oxidative PPP, more ribose-5-phosphate

(R5P) is synthesized to promote nucleotide biosynthesis.

G6P, glucose-6-phosphate, F6P, fructose-6-phosphate; GAP, glyceraldehyde-3-phosphate;
DHAP, dihydroxyacetone phosphate; 1,3-BPG, 1,3-bisphosphoglycerate. The relative strengths

of metabolic pathways and activation/inhibition effects are shown by the thickness of the arrows.

The figure is adapted from Ahn et al*.
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In fact, GAPDH plays a critical role in balancing nucleotide biosynthesis via PPP and
energy production via the TCA cycle; as such, modulation of GAPDH activity alters the viability
of cancer cells. This is supported by a recent report that the uptake of dehydroascorbate (DHA),
the oxidized form of vitamin C, is able to inhibit GAPDH and lead to energy crisis in colorectal
cancer (CRC) cells containing mutations in KRAS and BRAF. The CRC cells similarly exhibited
high rates of glycolysis and the non-oxidative PPP. The “bottleneck” role of GAPDH was shown
to be vital in this trade-off between ATP generation and nucleotide biosynthesis. The inhibition
caused by DHA increased oxidative PPP flux at the expense of the pyruvate entry into TCA
cycle, depriving cancer cells of robust energy support as evidenced by an elevated AMP/ATP

ratio**,

To quantitatively derive the aforementioned conclusions, the isotopic labeling tracer 1,2-
13C,-glucose was employed. Entry of this tracer into the oxidative PPP results in a loss of the
carbon in the 1-position as 3CO,, which contributes triose phosphates that contain one fewer *C
label than those that bypass the PPP via upper glycolytic reactions. Through comparison of the
M2/M1 isotopomer ratio of these metabolites, the relative magnitude of glycolysis (Figure 2.4a)
and oxidative PPP (Figure 2.4b) can be estimated. Similarly, the oxidative PPP also yields one
fewer 13C labeled carbon in the ribose products than the non-oxidative PPP following nucleotide
biosynthesis, so the M1/M2 ratio of the RNA-derived ribose can be used to compare the relative

contributions of the oxidative and non-oxidative PPPs*,
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Figure 2.4. The isotopic labeling pattern generated by 1,2-*C,-glucose.

(a) Following exclusive use of the glycolytic pathway, the M2-labeled pattern retains until
fructose-1,6-bisphosphate (FBP). The aldolase-catalyzed cleavage reaction produces M2-labeled
dihydroxyacetone (DHAP) and unlabeled glyceraldehyde-3-phosphate (GAP). The labeling
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pattern is eventually inherited by pyruvate, yielding an equimolar mixture of M2-labeled and

unlabeled pyruvate.

(b) This labeling pattern can be best explained by analyzing three molecules of 1,2-*C,-glucose
going through the oxidative PPP. The first step in glycolysis transforms all 1,2-13C,-glucose into
M2-labeled glucose-6-phosphate (G6P). The oxidative PPP releases one molecule of heavy
labeled carbon dioxide per molecule of 1,2-3C, G6P. The resulting three molecules of M1-
labeled ribulose-5-phosphate (Ru5P) have equal chances of going through three distinct
biochemical reactions. The transketolation and transaldolation reactions lead to one molecule of
M2-labeled fructose-6-phosphate (F6P), one molecule of M1-labeled F6P, and one molecule of
unlabeled glyceraldehyde-3-phosphate (GAP). These metabolite intermediates are then diverted
back to the glycolytic pathway. One molecule of M2-labeled G6P generates equimolar mixture
of M2-labeled and unlabeled pyruvate. Similarly, one molecule of M1-labeled G6P generates an
equimolar mixture of M1-labeled and unlabeled pyruvate. The unlabeled GAP molecule yields
one molecule of unlabeled pyruvate. Therefore, theoretically, if all 1,2-*C,-glucose goes through
the oxidative PPP exclusively, there would be 20% of M2-labeled pyruvate, 20% of M1-labeled

pyruvate and 60% of unlabeled pyruvate.

2.5 Reductive metabolism of glutamine

The Warburg effect is associated with significant inefficiency of substrate utilization, as
predominant conversion to lactate results in a smaller fraction of glucose-derived carbon
skeletons used for anabolism or high-yield ATP production via respiration. Considering the fact
that cancer cells require a robust supply of energy and anabolic precursors, alternative pathways
must be activated to compensate for the reduced supply from aerobic glycolysis. Reductive
metabolism of glutamine is one of the metabolic reprogramming switches used to achieve this

objective.
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Glutamine has a special significance in central carbon metabolism since it is the second
most consumed carbon source following glucose in some cells and the most abundant amino acid
in serum*2. Previously, it was discovered that a reductive metabolic pathway from glutamine
exists in adipocytes and is responsible for a substantial de novo fatty acid synthesis®. It was
further demonstrated that this reductive pathway was active in numerous cancer cell lines??.
Extracellular glutamine can be internalized through cytoplasmic glutamine transporters.
Following the conversion of glutamine to glutamate via glutaminase, glutamate can be
transformed to a-ketoglutarate via transamination reactions. The key step then takes place as a-
ketoglutarate is carboxylated into isocitrate with the condensation of one molecule of carbon
dioxide. This reaction is catalyzed by isocitrate dehydrogenases (IDHs) and is NADP*
dependent?2444%_ Further research demonstrates that this behavior is associated with elevation of
the a-ketoglutarate to citrate ratio*®*’. The citrate molecules produced through this mechanism
can be cleaved in the cytosol into oxaloacetate and acetyl-CoA in the presence of the enzyme
ATP citrate lyase. Acetyl-CoA is then ready to be recruited for fatty acid synthesis. It is worth
mentioning that, however, some labeling experiments on fatty acid from glutamine tracers
suggest exchange flux rather than net reductive metabolism of glutamine*®. Still, cancer and
proliferating cells are capable of switching their carbon source from glucose to glutamine for
lipogenesis especially under hypoxic conditions. As the amount of building blocks for fatty acids
decreases from the upstream glycolytic pathway, cells use an alternative substrate to replenish
the need for biosynthesis, exhibiting a unique way of metabolic rewiring. Although many of
these findings are based on tissue culture experiments, which usually artificially increases the
concentration of glutamine, we anticipate that the physiological relevance of this phenomenon

still holds, as suggested by comparable results obtained through in vivo labeling experiments®”.
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Indeed, glutamine consumption rate is persistently high in some cancer cell lines***°, and the so-
called glutamine addiction reflects the anabolic significance of the aforementioned reductive

metabolism.

Isotopic labeling and network analysis contributed to this work, as both 1-13C- and U-
13Cs- glutamine provided quantitative information about the magnitude of reductive
carboxylation®?. In the case of 1-13C-glutamine, the only heavily labeled carbon corresponds to
the carboxyl group, which is lost as CO2 during the oxidative decarboxylation reaction in the
TCA cycle. Only through the reductive pathway is the *C labeled carbon retained in the
intracellular pools of citrate, oxaloacetate, malate, fumarate and aspartate. Alternatively, similar
information can be inferred from the uniformly labeled tracer U-'3Cs- glutamine. All the 3C
labeled carbon atoms are retained through the reductive pathway after the condensation of
unlabeled carbon dioxide at the carboxylation step (Figure 2.5a). However, through oxidative
reactions along the TCA cycle, the 3C labeled carbon atoms are successively lost as carbon
dioxide, leading to reduced labeling patterns for all TCA metabolites (Figure 2.5b and 2.5¢)%.
On a relative basis, the ratio of oxidative TCA flux to reductive carboxylation flux can be
compared by evaluating the M4/M5 ratio of citrate under the condition of strong glutamine
influx. In addition, the combination of the labeling results from 5-3C- and U-'3Cs- glutamine
enables estimation of the fraction of lipids generated through the carboxylation mechanism. The
acetyl-CoA molecules generated by these two glutamine tracers yield different labeling patterns
during de novo lipogenesis. U-13Cs-glutamine produces fully labeled acetyl-CoA whereas only
one carbon atom per molecule of acetyl-CoA is labeled following the addition of 5-'3C-
glutamine?®2. These differential labeling results form the basis for quantification of the reductive

flux from glutamine.
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Figure 2.5. The isotopic labeling pattern generated by U-'*Cs- glutamine.

(a) The isotopically labeled U-3Cs- glutamine is converted to glutamate via glutaminase.
Transamination or deamination reactions then take place to transform glutamate to a-
ketoglutarate. M5-labeled citrate is formed in the mitochondria and cytosol through reductive
carboxylation by isocitrate dehydrogenases (IDHSs). This citrate is cleaved into oxaloacetate and
acetyl-CoA, and this heavy labeled acetyl-CoA is employed for de novo lipogenesis. The
reaction network in cytosol further generates M3-labeled oxaloacetate, aspartate, malate and

fumarate.
The figure is adapted from Metallo et al®2.

(b) In the first cycle of oxidative metabolism of U-*Cs- glutamine, the uniform labeling pattern
no longer holds at citrate, which is generated by consolidating unlabeled acetyl-CoA with M4
labeled oxaloacetate. The beginning of the second cycle primes at M3-labeled a-ketoglutarate (in
the blue box) after the release of a heavy labeled carbon dioxide. When there is a strong influx of
glutamine, the labeling pattern of the first cycle dominates.

(c) Starting from the M3 labeled a-ketoglutarate (in the blue box), the release of another heavy
labeled carbon dioxide further reduces the labeling pattern to generate M2-labeled succinate and
fumarate. Due to the molecular asymmetry of malate and oxaloacetate, two different forms of
M2-labeled compounds are generated in equimolar ratio. After the consolidation of unlabeled
acetyl-CoA and M2-labeled oxaloacetate, M2-labeled citrate is generated. The labeling pattern of

the second cycle is less important when there is a strong glutamine influx.
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2.6 Isocitrate dehydrogenase (IDH) mutations

IDHs are normally responsible for the interconversion between isocitrate and a-ketoglutarate.
There are three isoforms of IDH enzymes. Mutations in cytosolic isocitrate dehydrogenase
(IDH1) and mitochondrial isocitrate dehydrogenase (IDH2) are observed in glioblastomas and
leukemias®®>°. The mutations are usually heterozygous with only one allele of normal IDH

exchanged for its oncogenic version.

Since these IDH enzymes participate in cellular functions in the form of heterodimers,
earlier analyses have focused on the dominant negative effect of these heterozygous mutations
on the metabolic balance between isocitrate and o-ketoglutarate®®>’. However, recent studies
revealed another critical metabolic alteration due to IDH mutations: The intracellular level of 2-
hydroxyglutarate increases upon expression of R132 or R172 mutants of IDH1 and IDH2,
respectively®’°8, The oxidative direction of IDH enzymes is concomitant with NADPH
production. Consistent with this mechanism, both IDH1 and IDH2 mutants result in significant
reduction of the rate of NADPH formation in the presence of isocitrate. Interestingly, the
consumption rate of NADPH increased when the starting substrate was exchanged to a-
ketoglutarate which can be reductively transformed to 2-hydroxyglutarate via mutated IDH
enzymes. Since the production of 2-hydroxyglutarate is correlated with brain and blood tumor
cells harboring IDH mutations, it is proposed that 2-hydroxyglutarate functions as a
oncometabolite®’. It is also believed that accumulation of 2-hydroxyglutarate can elevate the
level of intracellular ROS®*®, Cellular redox homeostasis is further disrupted since the
formation of ROS can aggravate the effect of reduced NADPH production due to decreased flux
from isocitrate to a-ketoglutarate. In addition, 2-hydroxyglutarate is able to impede histone
methylation, which plays an essential role in the temporal regulation of gene expression®l. The
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delay of cell differentiation resulting from the accumulation of 2-hydroxyglutarate enables fast
proliferation of undifferentiated progenitor cells, which promotes tumorigenesis of gliomas and

leukemias®’.

So far, the metabolic rewiring due to IDH mutations is unique in the sense that it creates
an accumulation of a single metabolite 2-hydroxyglutarate, which triggers cascades of events
stimulating tumorigenesis. However, IDH mutations also lead to redistribution of substrates into
different metabolic pathways, exhibiting another level of metabolic reprogramming. As
discussed previously, the reductive carboxylation from a-ketoglutarate to isocitrate is catalyzed
by IDH1%2, IDH1 mutations have been demonstrated to hinder the reductive metabolism in
glutamine, leading to reduced proliferation under hypoxia and electron transport chain inhibition
62, Furthermore, the isotopic labeling experiment using U-'*Cs- glutamine shows a reduction of
the M5/M4 ratio for citrate in cells treated with IDH2 siRNAs, supporting the possibility that
IDH2 may be essential for mitochondrial reductive carboxylation®’. These data collectively show
that IDH mutations can also inhibit proliferation through suppression of reductive carboxylation

reactions under certain contexts.

2.7 Serine and glycine metabolism

One of the major categories of chemotherapeutic drugs is antifolates, which target one-carbon
metabolism, a complex metabolic network involving folate and methionine cycles®. Serine and
glycine metabolism links one-carbon and central carbon metabolism, which has led to its
emergence as a significant topic of study. In addition to being imported from the extracellular

environment, serine can also be synthesized de novo in a linear pathway (Figure 2.6). The
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glycolytic intermediate 3PG can be transformed to 3-phosphohydroxypyruvate (P-pyruvate) via
the enzyme phosphoglycerate dehydrogenase (PHGDH) in conjunction with NAD*®*. P-pyruvate
is converted to phosphoserine via the transamination reaction catalyzed by phosphoserine
aminotransferase. The enzyme phosphoserine phosphatase removes the phosphate group and

yields serine?°.

The conversion between serine and glycine is reversibly catalyzed by serine
hydroxymethyl transferases (SHMTSs). Glycine is produced along with cytosolic 5,10-
methylenetetrahydrofolate (5,10-CH2-THF) from serine, supplying methyl groups for DNA
methylation and nucleotide biosynthesis®. In addition, glycine is an essential precursor for

glutathione, an important antioxidant protecting cellular machinery from ROS®®,

Copy number amplification of the PHGDH gene has been observed in breast cancers and
melanomas®’. The tumorigenicity of PHGDH also brings attention since it is likely to promote
metastasis in mouse models®®. PHGDH suppression does not affect intracellular serine levels, but
it decreases the levels of a-ketoglutarate, presumably since the serine biosynthetic pathway
produces equimolar amounts of serine and a-ketoglutarate via P-pyruvate transamination. In
cells with high PHGDH expression, about half of the anaplerotic flux from glutamine has been
attributed to the serine synthesis pathway?. Through a series of metabolic and transcriptional
studies, researchers have demonstrated that the regulation of PHGDH and other key enzymes in
the serine biosynthetic pathway is achieved by the transcription factor nuclear factor erythroid-2-

related factor 2 (NRF) in non-small cell lung cancer®®.

In addition to likely facilitating TCA anaplerosis, serine and glycine synthesis also
regulates nucleotide biosynthesis via critical modulations on one-carbon metabolism.

Cytoplasmic 5,10-CH>-THF can be combined with glycine to form serine by the catalysis of
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cytosolic serine hydroxymethyl transferase (SHMT1)%"t, However, 5,10-CH,-THF is also
essential for nucleotide biosynthesis. In addition to synthesizing serine intracellularly, the serine
pathway is also responsible for inhibiting SHMT1 activity in order to push one-carbon
metabolites toward the direction of nucleotide synthesis. These hypotheses may help explain the
observation that nucleotide synthesis from glucose-derived and extracellular serine is attenuated
under PHGDH inhibition?. Furthermore, metabolic reprogramming also takes place inside
mitochondria. The mitochondrial serine hydroxymethyl transferase (SHMT2) is believed to be
responsible for the defense mechanism against hypoxic stress. Another mitochondrial enzyme
ALDH1L2 which generates NADPH at the expense of consuming one-carbon metabolites could
protect cells against oxidative stress. The upregulation of these enzymes imparts cancer cells

with enhanced antioxidant defense’.

Isotopic labeling plays an important role in this analysis. The amount of glucose-derived
serine and glycine can be quantified through examining their M3 and M2 labeling fractions,
respectively, in cells treated with U-3Cs-glucose?. By following the biochemical pathways that
produce dTMP and AMP, rates of nucleotide biosynthesis can also be determined. In addition,
the striking discovery that the serine synthesis pathway inhibits one-carbon metabolism is also
corroborated by isotopic labeling experiments. In the presence of exogenous uniformly labeled
serine, the labeling fractions of AMP and dTMP decrease in their M1-4 and M1 pools,

respectively®.
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Figure 2.6. Serine and glycine metabolism.

The de novo serine biosynthesis pathway branches from glycolysis at 3-phosphoglycerate (3PG).
The enzyme phosphoglycerate dehydrogenase (PHGDH) oxidizes 3PG to
phosphohydroxypyruvate (P-pyruvate) in the presence of cofactor NAD*. P-pyruvate is then
converted to phosphoserine (P-ser) by phosphoserine aminotransferase 1 (PSAT1). Serine is
eventually synthesized after the last step of dephosphorylation by phosphoserine phosphatase
(PSPH). Glycine metabolism is linked to serine metabolism through serine
hydroxymethyltransferase (SHMT). This reversible reaction is critical in bridging glycolytic

substrates with compounds in one-carbon metabolism.

The figure is adapted from Possemato et al.?* and Pacold et al.?°
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2.8 Acetate metabolism and alternative sources of acetyl-CoA

Mammalian cell metabolism has been primarily focused on glucose and glutamine, presumably
due to their high rates of consumption”. Recently, various research work has shown that some
unconventional metabolites could be utilized as carbon sources in certain types of cancer cells.
For instance, alanine could replenish the TCA cycle in pancreatic stellate cells in the context of
pancreatic ductal adenocarcinoma’. In addition, the tumor cells harboring non-small cell lung
cancer is believed to be capable of consuming lactate as nutrient to fuel cell metabolism . In the
realm of microbial cell metabolism, acetate has been demonstrated to be a robust substrate for
normal cell growth and lipid production’®"8, Recently, it was discovered that acetate is able to
substitute, at least partially, for the roles of glucose and glutamine to fuel cancer cell metabolism

under hypoxia, particularly for de novo lipogenesis?.

Under normoxic conditions, the majority of cellular acetyl-CoA is derived from glucose
or glutamine. In contrast, the total contribution from glucose and glutamine to acetyl-CoA
decreases significantly under hypoxia’®, whereas acetate at physiological levels may contribute
up to 20%-50% of the acetyl-CoA pool®. In another independent parallel experiment, the
isotopic labeling analysis in tumors from patients with brain cancer showed that more than half
of the acetyl-CoA pool is made from sources other than glucose®!. The anaplerotic flux of acetyl-
CoA synthesis from glutamine has been shown to be minimal in mouse brain tumors?*. The key
enzyme that appears to control this metabolic rewiring is acetyl-CoA synthetase 2 (ACSS2)%2°,
Although physiological levels of acetate exhibit great variability (50-600 uM), the acetate
concentration in the blood stream could reach millimolar level in chronic alcoholics*%2#3, From
another perspective, in vivo recycling and the circulation system may function in a way to
recapture acetate released from protein deacetylation®*, suggesting the physiological significance
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of acetate metabolism. We expect tissues where such recapturing events are active to exhibit
even more dysregulated acetate metabolism, which may potentially be validated through

additional in vivo labeling work.

Acetate may also serve as a critical metabolite interconnecting glycolysis, the pentose
phosphate pathway and de novo lipogenesis. Recent work suggests that the enzyme
transketolase-like 1 (TKTL1) may resemble its bacterial counterpart phosphoketolase® in
terms of its capability of cleaving xylulose-5-phosphate into GAP and acetate®”. GAP is diverted
back to glycolysis while acetate can be utilized to replenish acetyl-CoA for lipid synthesis. Thus,
in addition to being supplied through reductive glutamine metabolism and exogenous acetate,
acetyl-CoA may be produced from TKTL1-mediated cleavage in cancer cells. Collectively, these
sources may represent alternative means of replenishing acetyl-CoA for de novo lipogenesis

despite reduced production due to the Warburg effect.

The above results again are derived from various types of isotopic labeling experiments.
For the general study of acetate metabolism, the percentage labeling of acetyl-CoA from U-13Cs-
glucose or U-1Cs- glutamine was shown to dominate over other sources under normoxia. The
percentage labeling of acetyl-CoA from labeled amino acids were also shown to constitute a
minor portion under normoxia. However, the contributions from glucose and glutamine were
demonstrated to decrease significantly under hypoxia. With these quantitative results, the authors
concluded that acetate is the dominant source of labeling for acetyl-CoA under hypoxic
conditions?*®, In addition, the TKTL1 activity was suggested through a 1,2-13C,-glucose
labeling experiment in which the labeling pattern of lactate was altered following genetic
knockdown in a manner consistent with the presence of the cleavage reaction catalyzed by

TKTL1%.
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2.9 Oncogene-specific metabolic rewiring

Decades of modern cancer research have identified many genes that promote tumorigenesis.
With contemporary knowledge of cell biology, the mechanisms surrounding protein regulation
have been further elucidated. Recent efforts to consolidate our understanding on cellular
functions of oncogenes and various metabolic alterations have shed light on links between

metabolism and the genetic origins of cancer.

One of the most extensively studied oncogenes is KRAS. It is involved in the mitogen-
activated protein (MAP) kinase pathway, functioning as a messenger to deliver proliferative
signals to downstream targets®. Upon stimulation from upstream receptor tyrosine kinases
(RTKs), the RAS-GDP complex is switched to its activated RAS-GTP form, which subsequently
can activate downstream MAP kinases and promote cellular growth®, The mutant KRAS
oncogene encodes the RAS protein which stays at its activated GTP-bound form, thus
constitutively transducing growth signals and conferring cells with uncontrolled proliferation®.
In addition to KRas, epidermal growth factor receptor (EGFR) and phosphatidylinositol 3-kinase

(P13K) are both involved to some extent in the RTK pathway, the upstream of which is shown in

Figure 2.7.
RTK EGF o @ EGFR
(EGFR) oy dimerization
Plasma membrane :> YA :>
/| Transphosphorylation Qo |@

Figure 2.7. Upstream of the RTK pathway.
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As a receptor tyrosine kinase, EGF receptor (EGFR) is normally present on plasma
membranes and remain distant from each other. EGFRs dimerize with each other in the presence
of extracellular EGFs. The intracellular portions of the dimerized EGFRs then trans-
phosphorylate each other at multiple phosphorylated tyrosine sites. Next, the downstream of the
RTK pathway or the mitogen-activated protein (MAP) kinase pathway can be activated.
Additionally, PI3-kinase participates in the downstream of the RTK pathway upon trans-

phosphorylation of EGFRs, which is shown in Figure 2.8.

PIP2 PIP3 PIP3 PIP3 PIP3
l '@ l ol lﬁ;-
am U o
AKT PDK-1 AKT (phosphorylated)
PI13-kinase )(D
AKT (phosphorylated)

Figure 2.8. Downstream of the RTK pathway.

The phosphorylated tyrosine residues at the intracellular domain of the EGFRs
arerecognized and bound by P13-kinase via its Src Homolog 2 (SH2) domain. Due to this binding
event, PI3-kinase is then recruited within close proximity to the plasma membrane, enabling it to
phosphorylate phosphatidylinostitol 4,5-bisphosphate (P1P2) and transform PIP2 into
phosphatidylinostitol 3,4,5-bisphosphate (PIP3). The activated PIP3 can then recruit two
different kinases near the plasma membrane — protein kinase B (PKB/AKT) and
phosphoinositide-dependent kinase 1 (PDK-1). The binding event is achieved via the Pleckstrin
homology (PH) domains on these kinases. PDK-1 can then phosphorylate AKT, which activates

the mammalian target of rapamycin (mTOR) and subsequently promotes cell growth.
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Meanwhile, AKT also activates glycogen synthase kinase 3-B (GSK3B)m which can then elevate

c-Myc expressions®® and stimulate cell proliferation.

In addition to the continuing activation of RTK pathway, Ras and the corresponding

MAP kinase pathway are also turned on, which is shown in Figure 2.9.

Dimerized Raf kinase
8{:] EGFR @ Ras GTP C

Raf kinase (activated)

sOS : MAP ki ki s n MAP kinase kinase
@C> OC @D Ras-GDP inase kinase A (phosphorylated)
Grb2 @ Ras-GTP MAP kinase Q MAP kinase
(phosphorylated)

Figure 2.9. Ras and the MAP kinase pathway.

Similar to the downstream RTK pathway, growth factor receptor-bound protein 2 (Grb2)
binds to phosphorylated tyrosine residues via its SH2 domain. Grb2 also has a Src Homolog 3
(SH3) domain which binds to another protein referred to as son of sevenless (SOS). The
activated SOS acts as a guanine nucleotide exchange factor (GEF) which facilitates the
transformation of Ras-GDP to Ras-GTP. When Ras-GTP is formed, it activates rapidly
accelerated fibrosarcoma (Raf) kinase. The activated Raf kinase then phosphorylates MAP
kinase kinase, which then phosphorylates MAP kinase. The resulting activated MAP kinase
upregulates the transcription factor c-Finkel-Biskis-Jinkins murine osteogenic sarcoma (c-Fos),

which induces expressions of proteins used to progress through cell cycle.

By reviewing the roles of EGFR, KRas and PI3K in the RTK and MAP kinase pathways,
it is clear that each constitutively active mutation of these genes in addition to simple

overexpression of c-Myc can result in elevated cell growth. For instance, the constitutively active
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KRas mutant results in a non-hydrolysable form of KRas-GTP, which keeps Raf kinase activated
at all time. The constitutively activated Raf kinase then keeps phosphorylating MAP kinase
kinase and subsequently MAP kinase. As a result, the MAP kinase stays hyperactive and

promotes cell cycle through c-Fos transcription.

Metabolically, KRAS promotes glucose consumption as well as glutamine utilization®2%
to sustain deregulated doubling of cellular contents, Although the oxidative TCA cycle flux is
reduced upon mutant KRAS induction, the glycolytic flux together with various anabolic fluxes
extracting nitrogen from glutamine are elevated. It has been proposed that upon KRAS
transformation, cells adapt themselves to rely on glucose for energy support and glutamine for
the supply of anabolic building blocks®2. Further research has elucidated the primary metabolic
route of glutamine-derived glutamate in KRAS-reprogrammed pancreatic ductal adenocarcinoma
cells. Instead of converting glutamate to a-ketoglutarate via deamination through glutamate
dehydrogenase, the KRAS mutation has been shown to favor the transamination reaction through
which aspartate is produced. Mitochondrial aspartate may be then transported into the cytosol
after which NADPH is generated through subsequent reactions. This altered metabolism is
believed to be beneficial to maintain the redox status conducive for deregulated proliferation %,
Concomitantly, anabolism can be further reinforced through increased flux along the non-
oxidative PPP to generate precursors for nucleotide biosynthesis in pancreatic ductal

adenocarcinoma cells®®.

In addition to KRAS and EGFR, the oncogene c-Myc also promotes deregulated
proliferation. As an example of the intricacy of cell signaling pathways, the KRAS-mediated
MAP kinase pathway also stabilizes c-Myc protein and thus further enhances growth signals®.

Metabolically, c-Myc has been demonstrated to also support aerobic glycolysis®®. Outside of the

81



centrality of the Warburg effect, researchers have shown that c-Myc also plays a critical role in
altered glutamine metabolism in cancer cells. As a transcription factor, c-Myc inhibits the
expression of microRNAs which downregulate mitochondrial glutaminase responsible for
converting glutamine to glutamate®. As mentioned previously, glutaminase catalyzes this crucial
catabolic reaction, which fuels cancer cells with anaplerotic flux from glutamine. As the
Warburg effect directs a significant portion of glucose toward lactate, anaplerosis from
glutamine may hold immense significance in maintaining an ample supply of energy, anabolic
building blocks and reducing equivalents. Furthermore, c-Myc is also capable of replenishing
glutamine through epigenetic modulations of de novo glutamine synthesis in many cell lines.
DNA demethylation can be triggered by c-Myc to upregulate the expression of glutamine
synthetase to facilitate the production of glutamine from glutamate and ammonia®’. Moreover,
c-Myc is believed to be able to suppress proline synthesis, which potentially functions as a tumor

suppressing pathway, strengthening the role of c-Myc as a potent oncogene®°.

2.10 Concluding remarks

We reviewed recently elucidated metabolic pathways in cancer cells, as determined by stable
isotopic labeling and network analysis. The detailed metabolic network illustrating this is shown
in Figure 2.10. The compendium of our knowledge of cancer metabolism has passed its infancy,
owing to our improved ability to resolve metabolic activity at the molecular and enzymatic level,
the diversity of substrates and the coordination of different metabolic pathways. Research on the
effect of enzymatic activities!®294562 mass action kinetics*® and cofactor ratios on biochemical

reaction systems*° has strengthened our fundamental understanding of this field. Studies on the
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use of unconventional substrates may have brought us closer to approximating the physiological
environment that nurtures cancer cells. The interconnection of pathways imparts us with a global
systematic view of cancer metabolism. The recent progress made in this field also contributes to
the joint effort to find the causalities and connections between signaling pathways and metabolic
behaviors. Taken together, such advancement will hopefully direct us toward the discovery of

innovative therapeutic targets for cancer treatment.

The pathways described above do not provide an absolutely exhaustive picture of
metabolic rewiring in cancer cells, and it is likely that additional pathways that we have not yet
identified are activated during tumorigenesis. In this effort, we believe that isotopic labeling
using stable 3C-, 2H-, 80-, N- and **S-based tracers will facilitate the discovery and

investigation of these metabolic alterations.

One area largely underdeveloped in this field is the study of metabolic reprogramming
inside cellular compartments such as mitochondria. The main reason for this is the limited
capability to dissect metabolic pathways with the current techniques. We expect this to be a
promising area as new methods are being developed to probe the intricacy of sub-cellular
metabolic activities. One excellent example is the 2H-isotopic labeling work performed to
resolve the NADPH metabolism in different cellular compartments®. Other alternative
approaches such as organelle isolation and coupled database analysis also demonstrate great

potential to investigate compartmentalized metabolism*°2.

In addition, recent research on amino acid metabolism has increasingly demonstrated an
important role of substrates other than glucose and glutamine. Quantification of the composition
of cells argues that amino acids contributed to the majority of the cell mass in proliferating

mammalian cells. Although the consumption rates of glucose and glutamine are usually the
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highest, it is amino acids that eventually provide most of the anabolic building blocks for fast

growing cells!®?

. Aside from the significance of glutamine, serine and glycine metabolism, it was
discovered that the amino acid aspartate also plays a vital role in proliferating cells. Aspartate
production requires the supply of electron acceptors to be fully functional. Electron acceptors can
be provided by compounds such as pyruvate or a-ketobutyrate to rescue growth when the

electron transport chain is compromised. The work demonstrates the dependence of proliferation

on aspartate synthesis and its connection with electron transport chain3104,

Another emerging area is in vivo labeling analysis. While most previous work has been
conducted in cultured cells, researchers have begun to investigate metabolic behaviors subject to
different physiological conditions. Studies on lung cancer have demonstrated that the tumor
microenvironment exerts discernible effects on the metabolic phenotypes of cells, especially with
respect to glutamine metabolism%. In addition, the heterogeneity in tumor tissues has been
shown to confer cells with altered substrate utilization preference, such as the onset of lactate

metabolism, in non-small cell lung cancer™.

The value of the research we reviewed stems not only from the overarching objective to
elucidate basic cancer biochemistry, but also the profound implications for cancer therapy. Novel
pharmaceutical targets are being identified concomitant with the theoretical development in
cancer metabolism. This was recently reviewed in an article highlighting the clinical effort to
implement IDH inhibitors in cancer treatment®. We believe that the combination of glucose and
glutamine targeting, potentially in conjunction with restricting the supply of other substrates,

may be able to enhance the effectiveness of the overall chemotherapy.
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Figure 2.10. Detailed summary of rewired metabolic pathways in cancer cells. Metabolic

reprogramming along glycolysis, reductive carboxylation of glutamine, serine and glycine

metabolism, IDH mutations and TKTL1-mediated acetate metabolism are shown in a detailed

depiction.
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3.1 Abstract

Isotopic tracers have been widely used to probe specific pathways within metabolic networks.
Tracers are metabolized through various metabolic routes, generating differential labeling
patterns. Correct interpretations of the labeling data require understanding of atomic transitions
of isotopes along biochemical reactions. Here, we review common **C- and 2H-isotopic tracers
used to investigate mammalian cell metabolism. Labeling patterns obtained from those tracers
are presented and explained through stepwise tracking in the tricarboxylic acid (TCA) cycle,
glycolysis, pentose phosphate pathway (PPP) and anaplerotic reactions. Metabolic insights
regarding relative pathway activities and substrate utilization patterns are obtained by analyzing
distinct enrichment profiles of metabolites. Finally, we introduce and demonstrate the use of 3C-
metabolic flux analysis (**C-MFA) for deciphering complex metabolic networks at the systems

level.

3.2 Introduction

Cellular metabolism consists of thousands of biochemical reactions. It is important to understand
metabolism because it plays a vital role in cancer!=3, type-2 diabetes*®, developmental biology’
% immunology!® 2 and other areas of biology!®*. However, the complex and dynamic nature of
metabolic networks presents special challenges in the study of metabolism. As discussed in the
overall introduction of this thesis, isotopic tracers and metabolic flux analysis play a significant
role in deciphering the convoluted nature of biochemical networks. Although certain conclusions
can be drawn by analyzing the labeling data alone, step-wise molecular tracking of the isotope

transfer is necessary to interpret non-linear metabolic pathways. For those reaction networks that
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exceed the capability of step-wise isotope tracking, metabolic flux analysis (MFA) provides a
more reliable approach to quantitively dissect the system. As briefly described in Chapter 2.2,
MFA relies on the pseudo-steady-state approximation that assumes constant levels of metabolite
intermediates and isotopic labeling percentages over time. Under this condition, the metabolic
fluxes stay invariant and can then be resolved by constrained optimizations. In short, MFA
consolidates labeling data and extracellular flux measurements to estimate intracellular fluxes.

The essential steps and detailed explanations of MFA are discussed in Chapter 4.6.

In this paper, we review common **C-and 2H-isotopic tracers used to study mammalian
cell metabolism, with a particular focus on interpreting isotopic labeling patterns. The transfer of
isotopes along reaction pathways is depicted in detail through stepwise analysis. Chemical
formulas are provided alongside the reactions for unambiguous representations of labeling
profiles. Particularly for the TCA cycle, we systematically analyze labeling patterns generated by
U-13Cs-, 1-13C-, 1,6-13C2-glucose, U-13Cs-, 1-13C-, 5-13C-glutamine and 1,2-13C.-acetate.
Moreover, several anaplerotic reactions are included in the analysis to account for their
prevalence in mammalian cell metabolism. In addition, the complex series of reactions in the
PPP and glycolysis are thoroughly dissected by 1,2-13C»-, 2-13C- and 3-13C-glucose, and the
resulting labeling patterns are explained by simultaneous tracking of multiple tracer molecules.
As for systems-level interpretations of labeling data, we present a brief case study using **C-
MFA and demonstrate the capability of this approach to generate metabolic insights that are

otherwise difficult to obtain through regular isotopic labeling analysis.
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3.3 Glucose-driven TCA cycle probed by U-3Cs-glucose

U-13Cs-glucose is one of the most commonly used isotopic tracers to investigate the TCA
cycle?* 2%, Due to the cyclic nature of this pathway as well as the presence of multiple anaplerotic
reactions, the labeling results are usually complex and a stepwise analysis is recommended to
deconvolute the patterns. To analyze the series of cyclic reactions in a systematic manner, we
artificially break the cycles into multiple rounds, each separated at the step of citrate synthase

(CS).

A simplified view of the TCA cycle metabolism involves the pyruvate dehydrogenase
(PDH) reaction as the only inward flux to the cycle (Figure 3.1a). In this reaction scheme, cells
cultured in U-13Cg-glucose generate metabolites carrying two *C atoms (M+2) following one
round of the TCA cycle (Figure 3.1b). It is worth noting that the positional labeling patterns of
13C atoms are scrambled in succinate, fumarate, malate and oxaloacetate. Since succinate and
fumarate are molecularly symmetrical, the scrambling effects are shown only for malate and
oxaloacetate (Figure 3.1b). The second round of the TCA cycle produces all four *C-
isotopomers of M+3 oxaloacetate (Figure 3.1c-d). Next, two of the M+3 oxaloacetate
isotopomers generate fully labeled M+4 species (Figure 3.1e-f). The remaining two produce
M+3 oxaloacetate again, keeping the labeling state of oxaloacetate at M+3 by the end of the third
round (Figure 3.1g-h). The complete labeling patterns of oxaloacetate beyond three rounds of

TCA cycling are summarized in Table 3.1.

In addition to PDH, there are three additional anaplerotic reactions that complicate
isotopic labeling patterns in the TCA cycle. The pyruvate carboxylase (PC) reaction extends the

end of a pyruvate molecule by a carboxyl group. This step retains all 3C atoms during pyruvate
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entry into the TCA cycle, and generates M+3 oxaloacetate, malate, fumarate and succinate after
the first round of TCA cycling (Figure 3.2a-b). Depending on the actual directionality of the
reactions catalyzed by a-ketoglutarate dehydrogenase (OGDC) and isocitrate dehydrogenase
(IDH), which have been historically deemed as irreversible steps, M+3 a-ketoglutarate and
citrate can also be produced (Figure 3.2b-c). Conversely, the malic enzyme (ME) reaction is
effectively the reverse of the PC reaction, generating pyruvate from malate through a
decarboxylation step (Figure 3.2d). In a simplified scenario where only PDH and ME reactions
are contributing to the TCA cycle, M+1 and M+2 pyruvate isotopomers are produced by the ME
reaction after the first round of cycling (Figure 3.2e). Additionally, phosphoenolpyruvate
carboxykinase (PEPCK) also catalyzes the decarboxylation reaction which transforms
oxaloacetate to phosphoenolpyruvate (PEP) (Figure 3.2f). Through glycolysis, PEP is
metabolized to pyruvate, conserving the **C-labeling pattern. Therefore, the PEPCK reaction is
equivalent to the ME reaction in terms of altering labeling patterns in the TCA cycle (Figure
3.2g). For subsequent analysis involving multiple anaplerotic reactions, the PEPCK reaction is

treated indistinguishably from the ME reaction.

When PC, ME and PEPCK reactions are all present in addition to the PDH reaction, the
labeling patterns of TCA cycle intermediates by U-13Cg-glucose become intricate. In order to
analyze each round systematically, we treat those anaplerotic reactions as if they proceeded in a
stepwise fashion. For each round, the PDH reaction is allowed to progress first (Figure 3.3a),
followed by the reversible scrambling reactions among oxaloacetate, malate, fumarate and
succinate. Lastly, the PC and ME/PEPCK reactions conclude the round that stops before going
through the PDH reaction again (Figure 3.3b). The second round then proceeds based on the

available isotopomers of oxaloacetate and pyruvate generated in the previous cycle (Figure 3.3c).
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Compared to the simplified view of the TCA cycle with PDH as the only contributing reaction
(Figure 3.1), a more complex metabolic network with PDH, PC and ME/PEPCK reactions is able
to produce additional forms of isotopomers at each round (Figure 3.3d). At the end of the second
round, all possible isotopomers of succinate, fumarate, oxaloacetate and AcCoA are generated
(Figure 3.3c). Thus, at the beginning of the third round, all forms of citrate isotopomers can be
produced. As citrate contains the most carbon atoms among all TCA cycle intermediates, all
isotopomeric forms of TCA cycle metabolites can be derived within three rounds of TCA

cycling, in the presence of PDH, PC and ME/PEPCK reactions.
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Figure 3.1 a. Chemical structures of TCA cycle metabolites and carbon transition maps
highlighting the positional information through reactions. Circles represent carbon atoms with
the same position as referenced to the actual chemical structures of the metabolites. Carbon
atoms highlighted in red and green indicate how AcCoA is combined with oxaloacetate through

citrate synthase (CS) to make citrate. Note that only the green-labeled carbon is lost through a-
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ketoglutarate dehydrogenase, due to the fact that aconitase removes and then adds back the water

molecule only on the pro-R arm of citrate.
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Figure 3.1 b. Labeling results of TCA cycle intermediates after the first round of cycling. The

first round generates 1,2- and 3,4-13C,-oxaloacetate.
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Figure 3.1 c. Labeling results of TCA cycle intermediates after the second round of cycling by

1,2-1C-oxaloacetate. This second round generates 1,2,3- and 2,3,4-3Cs-oxaloacetate.
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Figure 3.1 d. Labeling results of TCA cycle intermediates after the second round of cycling by

3,4-13C;-oxaloacetate. This second round generates 1,2,4- and 1,3,4-3Cs-oxaloacetate.

U-13C.-Glucose

€ 000000
1
1
1
1
1
+
60
Acetyl-CoA
L]
g (5.6,2,3 @)
oxal Oxaloacetate Citrate
xaloacetate
odoo o -9
OH }Malate a-ketoglutarate @O
0000 co, @
O000O© Fumarate Succinate GOO

110



Figure 3.1 e. Labeling results of TCA cycle intermediates after the third round of cycling by

1,2,3-13Cs-oxaloacetate. This third round generates fully labeled U-*C4-oxaloacetate.
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Figure 3.1 f. Labeling results of TCA cycle intermediates after the third round of cycling by
2,3,4-13Cs-oxaloacetate. This third round generates fully labeled U-3C,-oxaloacetate.
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Figure 3.1 g. Labeling results of TCA cycle intermediates after the third round of cycling by

1,2,4-13Cs-oxaloacetate. This third round generates 1,2,3- and 2,3,4-:3Cs-oxaloacetate.
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Figure 3.1 h. Labeling results of TCA cycle intermediates after the third round of cycling by
1,3,4-13Cs-oxaloacetate. This third round generates 1,2,4- and 1,3,4-*Cs-oxaloacetate.

Carbon number is ordered consistent with the atomic sequence as shown in a, and is associated
with the same carbon throughout the diagram for the purpose of tracing, rather than following
IUPAC naming rules. Oxaloacetate: 1, carboxyl; 2, carbonyl; 3, methylene bridge; 4, carboxyl.
AcCoA: 5, carbonyl; 6, methyl. Scrambling of labeling results is shown for malate and
oxaloacetate, but not for fumarate and succinate due to molecular symmetry. Hydroxyl and
carbonyl groups are drawn in malate and oxaloacetate, respectively. Filled and empty circles
refer to 13C- and *2C-labeled carbon atoms, respectively. Solid and dashed arrows refer to single-

or multi-step reactions, respectively.
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Table 3.1. Labeling patterns of oxaloacetate by U-*Cs-glucose at each round of the TCA cycle

with PDH as the only contributing reaction.

Each round is defined by the citrate synthase (CS) reaction as the boundary. Results are obtained
based on the assumption that each round consumes all available isotopomers generated from the
previous round, and the resulting products are the only available species beginning the next
cycle. The darkness of gray color suggests the abundance of the associated isotopomer. n>3.

Isotopomer Round1 Round2 Round3 Round4 Round5 Round 6 Round n

M+0 0 0 0 0 0 0
M+1 0 0 0 0 0 0
M+2 0 0 0 0 0 0
M+3 0 0 50% 25% 12.5% (0.5)™3x100%
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Figure 3.2 a. Chemical structures and carbon transition maps highlighting the positional
information through the PC reaction. Circles represent carbon atoms with the same position as
referenced to the actual chemical structures of the metabolites. Carbon atoms highlighted in red
indicate how CO: is combined with pyruvate through the PC reaction to make oxaloacetate.
Carbon atoms highlighted in green indicate how the carboxyl group in pyruvate is cleaved
through the PDH reaction to make AcCoA.
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Figure 3.2 b. Labeling results of TCA cycle intermediates within the first round of cycling with
both PDH and PC reactions, assuming the PC flux cannot reverse the entire TCA cycle but

dominates the labeling patterns along the reversible reactions within the cycle.
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Figure 3.2 c. Labeling results of TCA cycle intermediates within the first round of cycling with
both PDH and PC reactions, assuming the PC flux totally reverses and dominates the entire TCA

cycle.
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Figure 3.2 d. Chemical structures and carbon transition maps highlighting the positional
information through the ME reaction. Circles represent carbon atoms with the same position as
referenced to the actual chemical structures of the metabolites. Carbon atoms highlighted in red
indicate how the carboxyl group in malate is cleaved through the ME reaction to make pyruvate.
Carbon atoms highlighted in green indicate how the carboxyl group in pyruvate is cleaved
through the PDH reaction to make AcCoA.
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Figure 3.2 e. Labeling results of TCA cycle intermediates within the first round of cycling with
both PDH and ME reactions.
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Figure 3.2 f. Chemical structures and carbon transition maps highlighting the positional
information through the PEPCK reaction. Circles represent carbon atoms with the same position
as referenced to the actual chemical structures of the metabolites. Carbon atoms highlighted in
red indicate how the carboxyl group in oxaloacetate is cleaved through PEPCK reaction to make
PEP. Carbon atoms highlighted in green indicate how the carboxyl group in pyruvate is cleaved
through the PDH reaction to make AcCoA.
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Figure 3.2 g. Labeling results of TCA cycle intermediates within the first round of cycling with
both PDH and PEPCK reactions.

Carbon number is ordered consistent with the atomic sequence as shown in a, d and f, and is
associated with the same carbon throughout the diagram for the purpose of tracing, rather than
following IUPAC naming rules. Pyruvate: 1, carboxyl; 2, carbonyl; 3, methyl. Oxaloacetate: 1,
carboxyl; 2, carbonyl; 3, methylene bridge; 4, carboxyl. AcCoA: 5, carbonyl; 6, methyl. Carbon
scrambling effects in oxaloacetate and malate are not shown, but are included in Figure 3. Filled
and empty circles refer to 3C- and *2C-labeled carbon atoms, respectively. Solid and dashed

arrows refer to single- or multi-step reactions, respectively.
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Figure 3.3 a. Labeling patterns of TCA cycle intermediates after the first round of PDH cycling.
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Figure 3.3 b. Alterations of labeling patterns by PC, ME/PEPCK and the reversible scrambling

reactions among oxaloacetate, malate, fumarate and succinate during the first round of cycling.
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The isotopomers in the red box are from the first round of PDH cycling. For example,
isotopomer 8-3-2-8 (M+2 malate/oxaloacetate) is formed by the following series of reactions:
tracer-derived 1-2-3 (M+3 pyruvate) is converted by PC to 1-2-3-8 (M+3 malate/oxaloacetate);
isotopomer 1-2-3-8 (M+3 malate/oxaloacetate) is inverted to 8-3-2-1 (M+3 malate/oxaloacetate)
by reversible scrambling reactions and molecular symmetry; isotopomer 8-3-2-1 (M+3
malate/oxaloacetate) is converted by ME/PEPCK to 8-3-2 (M+2 pyruvate); isotopomer 8-3-2
(M+2 pyruvate) is converted by PC to 8-3-2-8 (M+2 malate/oxaloacetate).
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Figure 3.3 c. Labeling patterns of TCA cycle intermediates after the second round of PDH

cycling, based on available isotopomers of oxaloacetate and pyruvate from the previous round.

Carbon number is ordered consistent with the atomic sequence as shown in Figure 1a, and is
associated with the same carbon throughout the diagram for the purpose of tracing, rather than
following IUPAC naming rules. a, Pyruvate: 1, carboxyl; 2, carbonyl; 3, methyl. Oxaloacetate: 4,
carboxyl; 5, carbonyl; 6, methylene bridge; 7, carboxyl. Filled and empty circles refer to *3C- and
12C-labeled carbon atoms, respectively. **C-carbon atoms highlighted in red track PDH-derived
isotopomers. *C-carbon atoms highlighted in green track the isotopomers derived from PC,
ME/PEPCK and the reversible scrambling reactions. *3C-carbon atoms without highlighted

colors indicate initial set of isotopomers to begin a cycle. Note that the unlabeled isotopomer is
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always available and is included prior to the initial set. Solid and dashed arrows refer to single-

or multi-step reactions, respectively.

3.4 Glutamine-driven TCA cycle probed by U-3Cs-, 1-13C- and 5-13C-

glutamine

Although glucose is usually the most highly consumed carbon substrate, the vital role of
glutamine anaplerosis has also been reported in literature!®2-2°, Glutamate can be produced from
glutamine through glutaminase and is then further deaminated or transaminated to yield a-
ketoglutarate. At this point, there are two types of metabolism following different directions of
the TCA cycle. The oxidative metabolism of a-ketoglutarate generates succinate and turns the
TCA cycle in the canonical way (Figure 3.4a), producing nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH>). Alternatively, through the reversal of the
IDH reaction, a-ketoglutarate can be reductively carboxylated to make citrate, which can be used

to fuel de novo lipogenesis in cytosol*°.

To distinguish these two types of metabolism, U-*Cs-glutamine can be used to generate
distinct labeling patterns of TCA cycle intermediates. Similar to the analysis of U-13Cg-glucose,
turns of the TCA cycle are artificially broken into rounds, each separated at the step of OGDC
(Figure 4b-f). The oxidative route yields M+4 labeled TCA cycle metabolites except for M+5 a-
ketoglutarate after the first round (Figure 3.4b), with PDH being the only additional contributing
reaction. In contrast, the reductive metabolism of glutamine retains all **C atoms from U-13Cs-
glutamine, yielding M+5 citrate and M+3 oxaloacetate, malate and fumarate (Figure 3.4c). If the
contribution from glutamine anaplerosis is large relative to that of the PDH reaction, these

labeling patterns (Figure 3.4) will dominate those from PDH (Table 3.2; Figure 3.5-6).
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Therefore, the ratio of percentages of M+5 to M+4 citrate, or that of M+3 to M+4 oxaloacetate,
malate and fumarate indicate the relative magnitudes of reductive to oxidative metabolism of

glutamine.

However, following the same type of cyclic analysis as for U-*Cs-glucose, M+2 and
M+3 succinate, fumarate, malate and oxaloacetate can also be generated in the presence of PC
and ME/PEPCK reactions (Figure 3.4d). Furthermore, all isotopomeric forms of oxaloacetate
and AcCoA are produced by the end of the third round, which suggests that all isotopomers of
TCA cycle intermediates are available after the fourth round of cycling (Figure 3.4f). Since these
additional anaplerotic reactions are able to generate more isotopomeric forms of pyruvate, the
resulting citrate molecules exhibit labeling states of M+2 through M+6 even after the first round
(Figure 3.4d). Those divergent labeling results (Figure 3.4d-f) could undermine the validity of
the aforementioned MID analysis since both the reductive and oxidative routes can generate
M+5 citrate as well as M+3 oxaloacetate, malate and fumarate within one round of TCA cycling

(Figure 3.4d).

As an alternative for U-*Cs-glutamine, the use of 1-(carboxyl)-*C-glutamine can
improve the ability to compare the relative magnitudes of those two types of glutamine
metabolism. If the a-ketoglutarate molecule derived from 1-(carboxyl)-*C-glutamine is
committed to the oxidative TCA cycle, the *C-carboxyl group adjacent to the carbonyl group is
lost in the form of CO2though OGDC, and the entire TCA cycle is unlabeled (Figure 3.7a).
Importantly, the scrambling reactions such as ME and PC/PEPCK reactions do not alter the
labeling patterns since none of the TCA cycle intermediates besides a-ketoglutarate contains *C
atoms. The reductive pathway, however, combines an unlabeled carbon from CO2 with M+1 a-

ketoglutarate and produces M+1 citrate, which is then converted to M+1 oxaloacetate, malate
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and fumarate (Figure 3.7b). Therefore, the emergence of M+1 TCA cycle intermediates from 1-
(carboxyl)-t3C-glutamine strongly indicates the presence of reductive metabolism of glutamine
through the IDH reaction, whereas the labeling percentage of M+0 isotopomers indicates the

strength of the oxidative TCA cycle.

Similar to 1-(carboxyl)-3C-glutamine, the tracer 5-(amine)-3C-glutamine also generates
differential labeling patterns of TCA cycle intermediates along the two types of glutamine
metabolism. Following the oxidative pathway, the M+1 labeling pattern from the tracer is
retained through the TCA cycle, resulting in M+1 isotopomers for all TCA cycle metabolites
(Figure 3.7c). Even with ME and PC/PEPCK reactions, the labeling patterns are unaffected since
these anaplerotic reactions cannot generate additional isotopomers based on the M+1
isotopomers of malate and oxaloacetate (Figure 3.7d). Moreover, the M+1 a-ketoglutarate
generated after the first round of the TCA cycle harbors the *3C atom at the carboxyl group
adjacent to the carbonyl group, so the second round of the cycle is ready to deplete any
remaining 3C atoms through the step of OGDC. Therefore, M+1 is the only labeling state for all
TCA cycle intermediates through oxidative metabolism of 5-(amine)-*3C-glutamine. In contrast,
when the reductive route is present, the M+1 labeling state is retained only in a-ketoglutarate and
citrate, as the ATP-citrate lyase (ACLY) reaction splits M+1 citrate into M+1 AcCoA and
unlabeled oxaloacetate, which produces unlabeled malate and fumarate (Figure 3.7¢). Therefore,
the emergence of M+1 oxaloacetate, malate and fumarate from 5-(amine)-**C-glutamine
suggests the existence of oxidative TCA cycling, whereas the labeling percentage of M+0
isotopomers indicates the strength of the reductive pathway. In addition, the oxidative pathway
generates citrate isotopomers that contain no *3C atoms on its pro-S arm (Figure 3.7d), so the

resulting AcCoA through ACLY is unlabeled. Through de novo lipogenesis, no 3C-labeled fatty
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acids can be produced. However, the reductive metabolism of 5-(amine)-*C-glutamine yields
M+1 citrate harboring *3C-carboxyl group on the pro-S arm, resulting in the generation of M+1
AcCoA which further labels fatty acids by *3C atoms (Figure 3.7¢). Thus, the emergence of 3C-
labeled fatty acids from 5-(amine)-*3C-glutamine indicates the presence of reductive metabolism
of glutamine, whereas the percentage of unlabeled fatty acids indicates the strength of the

oxidative TCA cycle.
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Figure 3.4 a. Labeling patterns of TCA cycle intermediates by U-*Cs-glutamine through

glutamine anaplerosis.

Chemical structures of TCA cycle metabolites and carbon transition maps highlighting the
positional information through glutamine anaplerosis. Circles represent carbon atoms with the
same position as referenced to the actual chemical structures of the metabolites. Carbon atoms
highlighted in red and green indicate how AcCoA is combined with oxaloacetate through CS to
make citrate. Carbon atoms highlighted in blue track the retention of amine-carbon through the
TCA cycle. Carbon atoms highlighted in purple track the loss of carboxyl-carbon through a-
ketoglutarate dehydrogenase (OGDC).
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Figure 3.4 b. Labeling patterns of TCA cycle intermediates within the first round of oxidative

cycling in the presence of both PDH and glutamine anaplerosis.
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Figure 3.4 c. Labeling patterns of TCA cycle intermediates through reductive glutamine

metabolism.
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Figure 3.4 d. Alterations of labeling patterns by PC, ME/PEPCK and the reversible scrambling

reactions among oxaloacetate, malate, fumarate and succinate during the first round of cycling.
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Figure 3.4 e. Labeling patterns of TCA cycle intermediates after the second round of oxidative

cycling, based on available isotopomers of a-ketoglutarate from the previous round.
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Figure 3.4 f. Labeling patterns of TCA cycle intermediates after the third round of oxidative

cycling, based on available isotopomers of a-ketoglutarate from the previous round. Note that all
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isotopomeric forms of oxaloacetate and AcCoA have been generated through the progression of

a-ketoglutarate in the presence of PC and ME/PEPCK reactions.

Carbon number is ordered consistent with the atomic sequence as shown in a, and is associated
with the same carbon throughout the diagram for the purpose of tracing, rather than following
IUPAC naming rules. Glutamine: 1, amine; 5, carboxyl. Filled and empty circles refer to *C-
and *2C-labeled carbon atoms, respectively. 3C-carbon atoms highlighted in red track PDH-
derived isotopomers. 13C-carbon atoms highlighted in green track the isotopomers derived from
PC, ME/PEPCK and the reversible scrambling reactions. *C-carbon atoms without highlighted
colors indicate initial set of isotopomers to begin a cycle. Note that the unlabeled isotopomer is
always available and is included prior to the initial set. Solid and dashed arrows refer to single-
or multi-step reactions, respectively. Turns of the TCA cycle are artificially broken into rounds,

each separated at the step of a-ketoglutarate dehydrogenase (OGDC).

Table 3.2. Labeling patterns of oxaloacetate at each round by U-3Cs-glutamine dominated by

PDH that supplies unlabeled AcCoA.

Each round is defined by the citrate synthase (CS) reaction as the boundary. Results are obtained
based on the assumption that each round consumes all available isotopomers generated from the
previous round, and the resulting products are the only available species beginning the next

cycle. The darkness of gray color suggests the abundance of the associated isotopomer. n>3.

Isotopomer Round 1 Round2 Round 3 Round4 Round5 Round 6 Round n

M+4 0 0 0 0 0 0

M+3

M+2 0 - 0 0 0 0 0
M+1 0 0 - 50% @ 25% @ 12.5% (0.5)™9x100%

127




Glucose

COO000
]
1
i
i
]
#
E0o000
Acetyl-CoA a-ketoglutarate

©7800 P

Citrate

0000 Dxaloacetahe

2000 Malate a-ketoglutarate @EOEDO
o co, —ﬁ’&m
0000 Funara le cccccc Glutamate
c Glucose 00000
000080 U-13¢,-Glutamine
1
i
]
1
i
A\
D20
Acetyl-CoA a-ketoglutarate ‘|:
: z EOERZO
@%@o B0 CHERAD ©
— co,{
? Oxaloacetate Citrate [4]
oH
QH }Malate a-ketoglutarate (TEEEOD
[+ 80 0)
9 co,
L@23E@ Fumarate Succinate U220

Glucose

OOO00O

——————

®©2

Acetyl-CoA

00700 080

Citrate

a-ketoglutarate <|:

60 : &6

’ )
E J»Oxaluacetale CO;{ (]

OH
J
Malate

a-ketoglutarate (DO

OH

06z o,

OO Fumarate succinate (DG

d Glucose

CooCo0

—————

Acetyl-CoA

@ 7 :|»Oxa|oacetate %—‘
}
Malate

Fumarate

a-ketoglutarate ‘|:

00, : &)
@
co, A{

Citrate @

a-ketoglutarate (D(DEDE

& co,
Succinate (UKD

Figure 3.5. Labeling patterns of TCA cycle intermediates by U-*Cs-glutamine dominated by

pyruvate dehydrogenase (PDH) that supplies unlabeled acetyl-CoA (AcCoA).

a, Labeling results after the first round of cycling. The first round generates 3,4,5-*Cs-a-

ketoglutarate.

b, Labeling results after the second round of cycling by 3,4,5-13Cs-a-ketoglutarate. This second

round generates 4,5-*C»-and 3-*C-a-ketoglutarate.

¢, Labeling results after the third round of cycling by 4,5-13C,-a-ketoglutarate. This third round

generates 5-1*C-and unlabeled a-ketoglutarate.

d, Labeling results after the third round of cycling by 3-13C-a-ketoglutarate. This third round

generates 4-1*C-and 3-13C-a-ketoglutarate.
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Carbon number is ordered consistent with the atomic sequence as shown in Figure 4a, and is

associated with the same carbon throughout the diagram for the purpose of tracing, rather than

following IUPAC naming rules. a-ketoglutarate: 1, carboxyl; 2, methylene bridge; 3, methylene

bridge; 4, carbonyl; 5, carboxyl. AcCoA: 6, carbonyl; 7, methyl. Scrambling of labeling results is

shown for malate and oxaloacetate, but not for fumarate and succinate due to molecular

symmetry. Hydroxyl and carbonyl groups are drawn in malate and oxaloacetate, respectively.

Filled and empty circles refer to 13C- and *2C-labeled carbon atoms, respectively. Solid and

dashed arrows refer to single- or multi-step reactions, respectively.

Glucose

OO0

1
1
1
1
1
+
®©D (69 0600]
a-ketoglutarate {

Acetyl-CoA

" o ®
DOED EOOE EDEOD
f j|>0xa\oacetate

Citrate
@R

EDDDD

co,{g

a-ketoglutarate (TYZ)3Y2)@

©co,

D@E@ Fumarate Succinate (D2E@

Glucose

[ COCCOO
|
1
i
)
G
D0
Acetyl-CoA a-ketoglutarate {
006606

9 4 90 990 @
co,

@ :|»0xa\uacetale Cltrate { o
a-ketoglutarate (DZ)ZE)

® co,
Succinate DZ3@

oﬁg@@}m‘(

OE@CEQ Fumarate

Glucose
COO000
i
1
[l
1
¥
00000
Acetyl-CoA a-ketoglutarate {
DO
oeeo goo 0000 ©
coi{
Oxaloacetate Cltrate
oee ®

06060
oH Malate a-ketoglutarate (D(ZE@E)
@O0

D@E@ Fumarate

® co,
Succinate @R

Glucose

d CoO000
i
]
1
]
+
606 : O
Acetyl-CoA a-ketoglutarate {
f @ @ 00,: 06
J‘ °
co, {
f Oxaloacetate Citrate
@
OH
OH Malate a-ketoglutarate (T2 @)
@D

®co,

Fumarate Succinate

Figure 3.6. Additional labeling patterns of TCA cycle intermediates by U-'*Cs-glutamine

dominated by pyruvate dehydrogenase (PDH) that supplies unlabeled acetyl-CoA (AcCoA).
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a, Labeling results after the fourth round of cycling by 5-3C-a-ketoglutarate. This fourth round

generates unlabeled a-ketoglutarate.

b, Labeling results after the fourth round of cycling by unlabeled-a-ketoglutarate. This fourth

round generates unlabeled a-ketoglutarate.

¢, Labeling results after the fourth round of cycling by 4-13C-a-ketoglutarate. This fourth round

generates 5-*C-and unlabeled a-ketoglutarate.

d, Labeling results after the fourth round of cycling by 5-1*C-a-ketoglutarate. This fourth round

generates 4-1*C-and 3-13C-a-ketoglutarate.

Carbon number is ordered consistent with the atomic sequence as shown in Figure 4a, and is
associated with the same carbon throughout the diagram for the purpose of tracing, rather than
following IUPAC naming rules. a-ketoglutarate: 1, carboxyl; 2, methylene bridge; 3, methylene
bridge; 4, carbonyl; 5, carboxyl. AcCoA: 6, carbonyl; 7, methyl. Scrambling of labeling results is
shown for malate and oxaloacetate, but not for fumarate and succinate due to molecular
symmetry. Hydroxyl and carbonyl groups are drawn in malate and oxaloacetate, respectively.
Filled and empty circles refer to 13C- and 1?C-labeled carbon atoms, respectively. Solid and

dashed arrows refer to single- or multi-step reactions, respectively.
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Figure 3.7 a. Labeling patterns of TCA cycle intermediates by 1-(carboxyl)-*C- and 5-(amine)-
13C-glutamine through glutamine anaplerosis.

Labeling results of TCA cycle intermediates by 1-(carboxyl)-*3C-glutamine within the first round

of oxidative cycling in the presence of both PDH and glutamine anaplerosis.
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Figure 3.7 b. Labeling results of TCA cycle intermediates by 1-(carboxyl)-*C-glutamine
through reductive glutamine metabolism.
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Figure 3.7 c. Labeling results of TCA cycle intermediates by 5-(amine)-*3C-glutamine within the

first round of oxidative cycling in the presence of both PDH and glutamine anaplerosis.
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Figure 3.7 d. The presence of PC and ME/PEPCK reactions does not change the labeling
patterns of TCA cycle intermediates by 5-(amine)-3C-glutamine. **C-carbon atoms highlighted
in red track PDH-derived isotopomers. 13C-carbon atoms highlighted in green track the
isotopomers derived from PC, ME/PEPCK and the reversible scrambling reactions. *3C-carbon
atoms without highlighted colors indicate initial set of isotopomers to begin a cycle. Note that the

unlabeled isotopomer is always available and is included prior to the initial set.
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Figure 3.7 e. Labeling results of TCA cycle intermediates by 5-(amine)-13C-glutamine through

reductive glutamine metabolism.

Carbon number is ordered consistent with the atomic sequence as shown in Figure 4a, and is
associated with the same carbon throughout the diagram for the purpose of tracing, rather than
following ITUPAC naming rules. Glutamine: 1, amine; 5, carboxyl. Note that 1-(carboxyl)-*3C-
glutamine has carbon-5 labeled as *3C, and that 5-(amine)-*3C-glutamine has carbon-1 labeled as
13C in this diagram, so that the ordering of carbons for TCA cycle intermediates is the same as
that shown in other figures. Filled and empty circles refer to 13C- and '2C-labeled carbon atoms,
respectively. Solid and dashed arrows refer to single- or multi-step reactions, respectively. Turns
of the TCA cycle are artificially broken into rounds, each separated at the step of a-ketoglutarate
dehydrogenase (OGDC).
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3.5 Acetate-driven TCA cycle probed by 1,2-13C,-acetate and 1-*C-/1,6-13C,-

glucose

In addition to glucose and glutamine anaplerosis, acetate also plays an important role in brain
metabolism. Particularly in astrocytes, acetate can be directly utilized to produce AcCoA and
thus contributes to the TCA cycle*’. Dynamic experiments are usually performed to focus on the
labeling patterns of the first round of the TCA cycle®®. When fully labeled AcCoA derived from
1,2-1C,-acetate enters the TCA cycle, M+2 metabolites are produced along the PDH reaction
after the first round (Figure 3.8a). However, 1-13C-glucose or 1,6-13C,-glucose only generates
M+1 pyruvate and AcCoA, resulting in M+1 metabolites throughout the TCA cycle (Figure
3.8b). The ME and PC/PEPCK reactions do not change the M+1 labeling pattern during the first
round of TCA cycling (Figure 3.8c). Through simultaneous labeling of 1-*C-glucose/1,6-1C,-
glucose and 1,2-13C.-acetate, it has been discovered that acetate and glucose are responsible for
anaplerosis in glial astrocytes and neurons, respectively®®. It is worth noting that more labeling
rounds of 1-3C-glucose/1,6-13C>-glucose in the TCA cycle can generate other forms of
isotopomers (Figure 3.8d-f). Through TCA cycling analysis, all isotopomeric forms of
oxaloacetate and AcCoA have been produced at the end of the third round, which means that the

fourth round is able to yield all isotopomers for each TCA cycle intermediate (Figure 3.8f).
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Figure 3.8 a. Labeling patterns of TCA cycle intermediates by 1,2-13C,-acetate and 1-*3C-/1,6-
13C,-glucose. Labeling results of TCA cycle intermediates by 1,2-1*C-acetate within the first
round of PDH cycling. AcCoA: 1, carbonyl; 2, methyl. Oxaloacetate: 3, carboxyl; 4, carbonyl; 5,
methylene bridge; 6, carboxyl.
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Figure 3.8 b. Labeling results of TCA cycle intermediates by 1-*C-/1,6-*C-glucose within the
first round of PDH cycling. Pyruvate: 1, carboxyl; 2, carbonyl; 3, methyl. Oxaloacetate: 4,
carboxyl; 5, carbonyl; 6, methylene bridge; 7, carboxyl.

Figure 3.8 c. Alterations of labeling patterns by PC, ME/PEPCK and the reversible scrambling

reactions among oxaloacetate, malate, fumarate and succinate during the first round of cycling.
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Figure 3.8 d. Labeling results of TCA cycle intermediates after the second round of PDH

cycling, based on available isotopomers of oxaloacetate and pyruvate from the previous round.
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Figure 3.8 e. Alterations of labeling patterns by PC, ME/PEPCK and the reversible scrambling
reactions among oxaloacetate, malate, fumarate and succinate during the second round of

cycling.
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Figure 3.8 f. Labeling results of TCA cycle intermediates after the third round of PDH cycling,

based on available isotopomers of oxaloacetate and pyruvate from the previous round.
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Carbon number is ordered consistent with the atomic sequence as shown in Figure 1a, and is
associated with the same carbon throughout the diagram for the purpose of tracing, rather than
following IUPAC naming rules. **C-carbon atoms highlighted in red track PDH-derived
isotopomers. 1*C-carbon atoms highlighted in green track the isotopomers derived from PC,
ME/PEPCK and the reversible scrambling reactions. *3C-carbon atoms without highlighted
colors indicate initial set of isotopomers to begin a cycle. Note that the unlabeled isotopomer is
always available and is included prior to the initial set. Solid and dashed arrows refer to single-

or multi-step reactions, respectively.
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3.6 Pentose phosphate pathway (PPP) probed by 1,2-13C,-, 2-13C- and 3-3C-

glucose

In addition to the TCA cycle, PPP is another crucial component of the central carbon
metabolism, responsible for promoting nucleotide biosynthesis, redox defense and reductive
anabolism®-33, The bifurcation of the oxidative pentose phosphate pathway (oxPPP) and
glycolysis is located at the point of glucose-6-phosphate (G6P). Through reactions by glucose-6-
phosphate dehydrogenase (G6PD), 6-phosphogluconolactonase and 6-phosphogluconate
dehydrogenase (6PGD), one molecule of carbon dioxide (CO>) is produced per molecule of G6P,
yielding ribulose-5-phosphate (Ru5P). Ru5P is then isomerized to ribose-5-phosphate (R5P) and
xylulose-5-phosphate (Xu5P), which then react with each other to produce sedoheptulose-7-
phosphate (S7P) and glyceraldehyde-3-phosphate (GAP) through the transketolase (TKT)
enzyme. The transaldolase (TAL) enzyme further produces erythrose-4-phosphate (E4P) and
fructose-6-phosphate (F6P) from S7P and GAP. In addition, the transketolase enzyme also
catalyzes the transformation of Xu5P and E4P into F6P and GAP, which can then be diverted
back to the glycolytic pathway. These series of PPP reactions and a simplified version of
glycolysis are depicted in Figure 3.9a. Isotopic tracers 1,2-1*C,-glucose, 2-*C-glucose and 3-
13C-glucose are capable of investigating the relative magnitudes along glycolysis and the
oxPPP!"18 The resulting labeling patterns from these tracers can be clearly explained by

simultaneously following the metabolic routes of three molecules of glucose.

Taking 1,2-13C,-glucose as an example, the carbon skeleton remains intact along the PPP
until the formation of 6-phosphogluconate (6PG). The oxidative PPP step then takes place and
generates three molecules of M+1 Ru5P with only one *3C atom remaining for each molecule at

the distal end away from the phosphate group. Next, through ribulose-5-phosphate epimerase and
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ribulose-5-phosphate isomerase, two molecules of M+1 Xu5P and one molecule of M+1 R5P are
generated from three molecules of M+1 Ru5P, maintaining the atomic position of *3C atoms.
M+1 R5P then reacts with one of the M+1 Xu5P molecules through TKT, which produces a
molecule of M+0 GAP and a molecule of M+2 S7P. Next, the M+2 S7P acquires one of the *C
atoms from its original carbon backbone inherited from M+1 R5P and the other **C atom from
the transfer of a C> unit from M+1 Xu5P. The M+0 GAP and M+2 S7P further undergo a carbon
scrambling reaction catalyzed by TAL, and yield a molecule of M+0 E4P and a molecule of M+2
F6P. The net reaction outcome from M+1 R5P and M+1 Xu5P is M+0 E4P, which retains four
unlabeled carbons from M+1 R5P, and M+2 F6P, which combines all carbon atoms from the
M+1 Xu5P with the *C atom from M+1 R5P. M+2 F6P can be then diverted back to glycolysis
and cleaved to yield an equimolar mixture of M+2 and M+0 pyruvate. The M+0 E4P then reacts
with the M+1 Xu5P initially derived from one of the three molecules of 1,2-*Cz-glucose to form
M+0 GAP and M+1 F6P. The glycolytic pathway subsequently produces M+0 pyruvate from
GAP and M+1 F6P, as well as M+1 pyruvate from the latter (Figure 3.9b). In contrast, when 1,2-
13C,-glucose is metabolized exclusively along glycolysis (Figure 3.9c), only M+2 and M+0
pyruvate isotopomers can be produced (Figure 3.9d). Therefore, the ratio of M+1 to M+2

pyruvate serves as an indicator of the relative magnitudes along the oxPPP and glycolysis.

Alternatively, 2-3C-glucose and 3-*3C-glucose are also employed to perform similar
analyses. When 2-13C-glucose and 3-'3C-glucose are oxidized though the PPP, M+2 F6P is
generated and cleaved, yielding M+2 pyruvate (Figure 3.9e-f). The glycolytic pathway, however,
only generates M+1 and M+0 pyruvate (Figure 3.9g-h). Thus, the ratio of M+2 to M+1 pyruvate

can be used to compare oxPPP against glycolysis.
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Figure 3.9 a. The pentose phosphate pathway (PPP) and glycolysis probed by 1,2-13C,-, 2-3C-

and 3-*C-glucose.

Chemical structures and carbon transition maps highlighting the positional information through
the PPP. Circles represent carbon atoms with the same position as referenced to the actual
chemical structures of the metabolites. Carbon atoms highlighted in red indicate how the

carboxyl group in 6PG is cleaved in the oxidative step to make Ru5P.
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Figure 3.9 b. Labeling patterns of PPP intermediates by 1,2-*C,-glucose, assuming no
backward cycling of *C-labeled F6P. Carbon atoms are highlighted in red, green and blue to

show their origins from three different glucose molecules.
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referenced to the actual chemical structures of the metabolites. Carbon atoms highlighted in red

track the splitting of hexoses to trioses.
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Figure 3.9 d. Labeling patterns of glycolytic intermediates by 1,2-*Co-glucose.
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Figure 3.9 e. Labeling patterns of PPP intermediates by 2-*C-glucose, assuming no backward
cycling of 13C-labeled F6P. Carbon atoms are highlighted in red, green and blue to show their

origins from three different glucose molecules.
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Figure 3.9 f. Labeling patterns of PPP intermediates by 3-*C-glucose, assuming no backward
cycling of 13C-labeled F6P. Carbon atoms are highlighted in red, green and blue to show their

origins from three different glucose molecules.
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Figure 3.9 g-h. Labeling patterns of glycolytic intermediates by 2-*C-glucose (g) and 3-1*C-
glucose (h). Carbon number is ordered consistent with the atomic sequence as shown in a and c,
and is associated with the same carbon throughout the diagram for the purpose of tracing, rather
than following IUPAC naming rules. Filled and empty circles refer to **C- and *2C-labeled
carbon atoms, respectively. Solid and dashed arrows refer to single- or multi-step reactions,

respectively.
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3.7 2H-isotopic tracers

Compared to the use of $3C-tracers for studying the central carbon metabolism, deuterium (°H)
isotopic tracers have been widely used for assessing activities of NAD(P)H production pathways
as well as fatty acid and amino acid synthesis in mammalian cells?*3+38, Pyridine nucleotides
such as NADH and NADPH serve as electron carriers by transferring electrons in the form of
hydride ions (H"). Deuterium isotopic tracers have been applied in tacking the flow of electrons
involved in redox reactions such as NAD(P)-dependent dehydrogenase pathways (Figure

3.10a)%40,

2H-glucose tracers have been used to determine metabolic activities involved in the
generation of NADPH along the oxPPP?4, For instance, 1-?H-glucose tracer can monitor the
extent of NADPH generation via the G6PD reaction (Figure 3.10b)*. As G6P is converted to
6PG, the 2H atom in 1-2H-glucose is transferred to NADP™, yielding NADP?H. The 2H-labeled
NADPH can be subsequently measured using LC/MS®. In addition, 3-?°H-glucose tracer is used
to probe the activity of 6PGD, the third step in the oxPPP that generates both NADPH and CO-
(Figure 3.10b)**. The kinetic isotope effect of these ?H glucose tracers is minimal, and the
labeling of deuterium in NADPH has been shown to be fast with a half-time (t1) of
approximately 5 minutes, making it feasible to observe changes in pathway activities within a
short time frame®*%. As a result, these tracers are useful in assessing the contribution of the
0xPPP for the production of NADPH in mammalian cells. Moreover, significant labeling
strength has been observed in central carbon metabolites by 4-2H-glucose such as lactate, malate
and glycerol-3-phosphate (Glyc-3P), through reactions that require NADH as a cofactor (Figure

3.10¢)**. Thus, 4-?H-glucose is used as a tracer for probing NADH-related metabolism.
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Along with 2H-glucose tracers, 3,3-2H.-serine, 2,3,3-?Ha.serine and 2,2-2H,-glycine have
been employed to investigate the metabolism through serine hydroxymethyltransferase (SHMT)
and methylenetetrahydrofolate dehydrogenase (MTHFD) (Figure 3.10d)*. 2H atoms in these
tracers can be transferred to either cytosolic or mitochondrial NAD(P)H, characterizing the
directionality of serine/glycine metabolism in two compartments with a 2-hydroxyglutarate
reporter system34, In addition, 2,2,3,3-2Hs-dimethyl succinate has recently been designed for
investigating ME-dependent NADPH production in adipocytes (Figure 3.10e)%. As fatty acid
synthesis requires an ample supply of reducing equivalents such as NADPH, the labeling
patterns of fatty acids such as palmitate can also be examined using 2,2,3,3-2Hs-dimethyl

succinate.

Additionally, deuterium oxide (°H20) has been utilized for examinations of de novo fatty
acid and amino acid syntheses (Figure 3.10f). Lee at al. measured the extent of deuterium
incorporated into the synthesis of fatty acids in nervous and liver tissues by feeding rats with
2H,0, and found t1, of newly synthesized lipids from nervous tissues to be 5 to 28 days, which
turned out to be slower than that of liver (ti2 < 4 days)*!. Recently, Zhang et al. demonstrated
that hydrogen transfer between 2H,O and NADPH was mediated via flavin enzymes and
provided evidence that NADPH accounts for almost 50% of redox-active hydrogen®. In
addition, they formulated an equation to predict fatty acid labeling patterns consistent with data
obtained from 2H0 tracing experiments. In regards to the measurements of amino acid synthesis
in vivo, Busch et al. used 2H20 and examined MIDs of newly synthesized amino acids such as

alanine and leucine, the hydrogens of which were labeled by ?H transferred from 2H20.

151



o 0]
NH,
_— 0 — 2H
— HO
HO o OH

N NAD(P)?H

AD(P
\ / » Product

NAD(P)-dependent reductase

Substrate-°H

Figure 3.10 a. Deuterium isotopic tracers for assessing pathway activities of NAD(P)H

generation as well as fatty acid and amino acid synthesis.

Deuterium, the labeled hydride ion, is transferred to NAD(P) via NAD(P)-dependent reductases,
yielding deuterium-labeled NAD(P)H. Redox reactions occur in the fourth position of the
nicotinamide group, where the hydride ion acts as a nucleophile. The oxidized form of NADPH
serves as a hydride acceptor while the reduced form serves as a donor. The adenine nucleotide

phosphate group is not shown.
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Figure 3.10 b. 1-?H-glucose and 3-?H-glucose are used to label NADPH in the oxPPP and the
upper part of glycolysis. Hydrogen in red indicates deuterium placed at the first carbon of
glucose. Hydrogen in green represents deuterium positioned at the third carbon of glucose.
Deuterium positioned at the third carbon in DHAP is lost at the triose phosphate isomerase (TPI)
reaction step. Carbon number is ordered consistent with the atomic sequence as shown in Figure
7a and 7c, and is associated with the same carbon throughout the diagram for the purpose of

tracing, rather than following IUPAC naming rules.
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Figure 3.10 c. 4-?H-glucose is used to label NADH. Deuterium-labeled NADH, generated by
GAPDH, is incorporated into glycolytic and TCA metabolites such as lactate, malate and Glyc-

3P via NAD-dependent reductases such as LDH and MDH.
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Figure 3.10 d. 2,3,3-2Hs-serine, 3-3-2H,-serine and 2-2-?H,—glycine are used to label NADPH in
cytosol and mitochondria. 2,3,3-2Hs-serine is converted to M+1 deuterium-labeled glycine along
with M+2 deuterium-labeled 5,10-methyl-THF via SHMT. The one carbon unit subsequently
undergoes a series of reactions to formate, in which deuterium is transferred to NADPH via
MTFHD. 2-2-2H-glycine is cleaved to carbon dioxide and M+2 deuterium-labeled 5,10-methyl-

THF, the deuterium of which is transferred to NADPH via MTFHD.
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Figure 3.10 e. 2,2,3,3-2H4-dimethyl succinate is incorporated into the TCA cycle, allowing
hydride transfer of the second carbon of malate to NADPH via the ME reaction. Since succinate

is symmetrical, any deuterium in 2,2,3,3-2Hs-dimethyl succinate can label NADPH.
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Figure 3.10 f. Deuterium oxide (?H20) is used to examine relative pathway magnitudes of de
novo fatty acid and amino acid syntheses. ?H from deuterium oxide is transferred to NADPH
through hydride shuttling of FADH2. Deuterium-labeled NADPH is then incorporated into fatty
acid synthesis pathways. Similarly, deuterium is incorporated into newly synthesized amino

acids such as alanine, glycine and leucine by 2H0.
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3.8 BC-metabolic flux analysis (*C-MFA)

Although the use of a single isotopic tracer can provide sufficient information to investigate
some parts of metabolism, it is sometimes of interest to fully resolve the entire metabolic
network by consolidating data from multiple tracers, which requires the estimation of metabolic
fluxes. Usually metabolic fluxes are dynamic, posing challenges to accurate and reliable
quantification*?. However, under metabolic and isotopic steady states, metabolic fluxes are

constant over time, making it possible to perform *C-MFA.

To illustrate the capability of 13C-MFA to quantitatively resolve intricate metabolic
networks, we performed analyses on a metabolic model centered upon the TCA cycle with major
anaplerotic reactions (Figure 3.11a), using our in-house MATLAB-based software Metran®3,
Both U-1*Cs-glucose and unlabeled glutamine are included as carbon substrates, and the uptake
rates of those two species as well as the excretion rates of lactate and glutamate are set to be
constant. We then created three cases where the MIDs of TCA cycle intermediates are different,
while maintaining the same extracellular fluxes (Figure 3.11b). 3C-MFA was then employed to

estimate metabolic fluxes based on the model (Figure 3.11c).

Due to the presence of a large variety of isotopomers in each TCA cycle metabolite, it is
difficult to deduce flux distribution patterns by analyzing MIDs alone. In addition, the cyclic
TCA metabolism is further entangled with multiple contributing reactions such as PDH, PC and
ME reactions. Moreover, 3C enrichment strength is diluted by glutamine anaplerotic flux, which
enters at the point of a-ketoglutarate in the TCA cycle. However, this demonstration will show
how *C-MFA is capable of analyzing complex labeling data and acquiring systematic

understanding of metabolic patterns.
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Case | represents a metabolic scheme in which the fluxes along PDH, PC, ME and MDH
reactions are comparable. In addition, de novo lipogenesis as indicated by the ACLY flux is
negligible compared to lower TCA cycling, which consists of reactions catalyzed by a-
ketoglutarate dehydrogenase (OGDC), succinyl-CoA synthetase (SCS), succinate dehydrogenase
(SDH) and fumarase (FH). Case Il exhibits similar metabolic patterns as Case I, except that the
PC reaction is essentially inactive and the ME reaction is attenuated. In addition, the PDH and
MDH reactions are enhanced. Case Il is an example of a drastically reprogrammed metabolic
network, in which the directionality of two TCA cycle reactions is reversed — MDH and IDH are
operating along the reductive direction, consuming NAD(P)H instead of producing it.
Concomitantly, de novo lipogenesis is significantly enhanced compared to Case | and 11, whereas
lower TCA cycling is considerably reduced. These metabolic insights are readily deducible by

examining the *C-MFA results.

In contrast to **C-MFA, only a subset of metabolic conclusions may be drawn correctly
by scrutinizing the MID results. For example, based on the metabolic network model (Figure
3.11a), de novo lipogenesis is the major route that depletes carbon sources from the TCA cycle.
The labeling strength of TCA cycle metabolites in each case is calculated (Figure 3.11d), and it
suggests that Case 111 exhibits the least **C-enriched pools of TCA cycle intermediates. The
similar conclusion can be drawn by examining the MIDs from Case Il (Figure 3.11b), and
noting that the *3C-fractional enrichment of heavy isotopomers such as M+4 and M+5 is greatly
attenuated compared to that in Case I and I1. Without performing *3C-MFA, we can conclude
that de novo lipogenesis should be enhanced in Case Ill. However, analyses based on MID
results alone can sometimes lead to ambiguous or even completely incorrect conclusions. For

example, increased PC flux can result in elevated abundances of M+3 labeled succinate,
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fumarate and malate (Figure 3.2b). It is then tempting to claim that the PC flux is augmented in
Case Il because of increased M+3 fractions. However, increased M+3 abundances for those
metabolites do not need to result from an upregulated PC reaction, as our previous analysis has
shown that an enhanced PDH reaction can also enrich M+3 isotopomers in the lower TCA cycle
(Figure 3.1c-d). In fact, the PC reaction is attenuated in Case Il (Figure 3.11c), suggesting that
MID analysis is incapable of investigating the PC reaction conclusively. Therefore, 3C-MFA is
highly recommended to be applied to studying such complex networks so that the metabolism

can be fully understood without inconclusive or incorrect interpretations.
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Figure 3.11 a. Demonstration of *3C-metabolic flux analysis (**C-MFA) for resolving complex

metabolic patterns in the TCA cycle with multiple anaplerotic reactions.

The metabolic model used in the *C-MFA demonstration. Metabolic pathways are color coded
to indicate different parts of metabolism: blue, glycolysis; orange, the tricarboxylic acid (TCA)
cycle; green, glutamine anaplerosis; brown, de novo lipogenesis. Single- and double-headed
arrows refer to unidirectional and bidirectional reactions, respectively. The rounded rectangle
refers to the boundary of a mitochondrion. Abbreviations: Pyr.c, cytosolic pyruvate; Pyr.m,
mitochondrial pyruvate; AcCoA.c, cytosolic acetyl-CoA; AcCoA.m, mitochondrial acetyl-CoA;
FA, fatty acids; Mal, malate; Oac, oxaloacetate; Cit, citrate; Akg, a-ketoglutarate; Glu,

glutamate; Fum, fumarate; Suc, succinate.
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Figure 3.11 b. Mass isotopomer distributions (MIDs) of TCA cycle intermediates in three

different cases.
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Figure 3.11 c. Metabolic fluxes of major TCA cycle and anaplerotic reactions in three different

cases. Note that the following extracellular fluxes are fixed to constant across cases: glucose

consumption rate, 100 AU; lactate excretion rate, 160 AU; glutamine consumption rate, 40 AU;

glutamate excretion rate, 5 AU. Abbreviations: ME, malic enzyme reaction; MDH, malate

dehydrogenase reaction; ACLY, ATP-citrate lyase reaction; IDH, isocitrate dehydrogenase

reaction; PC, pyruvate carboxylase reaction; PDH, pyruvate dehydrogenase reaction; AU,

arbitrary unit.
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Figure 3.11 d. Labeling strength of TCA cycle intermediates in three different cases. Labeling
strength is calculated based on the following equation: Labeling strength = Y- (i X m;) /
(n X Yj=om;), where n is the number of carbon atoms in a metabolite, m; the abundance of a

mass isotopomer and i the labeling state (M+i) of a mass isotopomer.

Error bars, 0.005 for MIDs error (b), 95% confidence intervals (c) and propagated errors (d).
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3.9 Discussion and conclusion

In this paper, we have reviewed common **C- and 2H-isotopic tracers employed to investigate
mammalian cell metabolism. Through detailed analysis of labeling profiles within central carbon
metabolism, we demonstrate the capability of isotopic tracers to distinguish different substrate
utilization patterns and determine relative magnitudes of competing pathways. Although similar
information has been shown in the literature, it usually covers only a subset of tracers. Moreover,
although the TCA cycle and PPP are crucial components of central carbon metabolism, the
isotope enrichment profiles of TCA cycle and PPP intermediates are often explained in
simplified scenarios. For example, only one round of cycling or one anaplerotic reaction is
considered for the TCA cycle, and the labeling patterns within the non-oxidative PPP are often
neglected. Here, we provide a comprehensive review of all major tracers used in investigating
mammalian cell metabolism. The labeling profiles of those tracers are explained and analyzed
with significant molecular details. We also believe our proposed roadmap for interpreting TCA
cycle labeling patterns — artificial breakdowns of cycles and stepwise progressions of isotope
transfers — offers a reliable and systematic approach to understand complex labeling results
within a cyclic metabolic network. Additionally, the method of following the fates of multiple
tracer molecules into the PPP is generally applicable to the analysis of pathways involving a

series of scrambling reactions.

By explaining how tracers are used, we hope to support the notion that isotopic tracing
techniques are powerful tools for investigating metabolic networks. Applications of selected *C-
and 2H-isotopic tracers are shown in Table 3.3-4. In short, 13C-tracers are primarily used to study
the central carbon metabolism including glycolysis, PPP and the TCA cycle. Metabolic fates of
cofactors such as NAD(P)H and compartmentalized reactions are investigated by ?H-tracers.
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Moreover, a mixture of tracers can be designed and employed to precisely probe a specific
pathway. For instance, labeling patterns from 1,2-13C,-glucose alone are not sufficient for
estimating transketolase-like protein 1 (TKTL1) activity**. To address the issue, several
equimolar mixtures of glucose tracers have been used to study TKTL1 and its interaction with

the PPP#445,

In addition to dissecting biochemical reaction networks, isotopic tracers are also widely
used for other applications. For example, the activity of competing metabolic enzymes can be
compared through labeling experiments, since pathway activities are governed by the associated
enzymes. Furthermore, isotopic tracing techniques are also implemented to examine enzymatic
regulations on metabolic fluxes. If alterations of enzymatic activity result in no change of
metabolic fluxes, the pathway controlled by the enzyme is considered to be a rigid node and thus
heavily regulated. On the contrary, if metabolic fluxes can be manipulated with ease, a flexible
node exists and suggests weak enzymatic regulation. One can therefore plot metabolic fluxes

against enzyme activity to quantitatively assess corresponding regulatory behavior.

The last tracer application mentioned above relies on fluxes determined by MFA, a
systems approach that integrates and analyzes metabolomics data. Through a case study where a
single metabolic model is assigned with three different sets of MIDs, we demonstrate how 3C-
MFA fully resolves the distinct metabolic patterns that turn out to be challenging to interpret
through analyses based solely on MIDs. It is worth noting that optimal selection of tracers is
critical in MFA. Experimental and computational work has validated that 1,2-*C,-glucose, U-
13Cs-glutamine and U-*Cs-glucose are some of the best tracers to investigate central carbon
metabolism*®. A genetic algorithm*’ and elementary metabolite units decomposition*® have been

used to propose novel tracers and tracer combinations to probe specific metabolic pathways.
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Additionally, a new scoring system was recently applied to determine the optimal tracers for
parallel labeling experiments?®. Continued research in this area will improve the ability of *C-

MFA to accurately and reliably resolve metabolic networks.

In addition to quantitatively estimating metabolic fluxes, 3C-MFA can also be employed to
discover new pathways. For instance, if one cannot fit isotopic labeling and extracellular flux
data into a metabolic model, there is a chance that the proposed reaction network is incorrect. It
is then recommended that the model should be modified by either supplementing or removing
metabolic pathways. In many cases, additional metabolic pathways are likely to promote
successful convergence. 3C-MFA therefore indicates a possible existence of new pathways that
have not been accounted for in the model. If the flux magnitudes of the new pathways are
significant compared to those of existing ones, it further argues the importance of the newly
included pathways in constituting the overall metabolic network. Conversely, successful
convergence of a 1*C-MFA attempt indicates a representative depiction of a metabolic network,
validating the notion that a complex metabolic system can be simplified and modeled
accordingly without significant loss of information. We believe that the applications of **C-MFA
and other similar approaches such as flux balance analysis (FBA)*® and metabolic control
analysis (MCA)® can considerably enhance the power of isotopic tracing techniques, facilitating

a better understanding toward complex yet important metabolic behavior in mammalian cells.
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Table 3.3. Applications of selected *C-isotopic tracers.

Tracers Pathways Descriptions References
13C is introduced to the TCA cycle via
various routes such as PDH, PC, ME
U-13Cs-glucose TCA cycle _ o 24-26
and PEPCK reactions, yielding
complex labeling results
1,2-13C,-glucose Differential labeling patterns in lactate
2-13C-glucose oXPPP and pyruvate are generated along 1751
3-13C-glucose glycolysis and the oxPPP
U-13Cs-glutamine Oxidative TCA cycle and reductive
1-13C-glutamine Glutamine | metabolism of glutamine result in "
_ metabolism | different labeling patterns in TCA cycle
5-13C-glutamine _ _
intermediates
1-13C-glucose Need specific tracking of first round
labeling results to examine M+1
1,6-Co-glucose Acetate _ _
_ labeled TCA cycle intermediates 15
anaplerosis
Produce M+2 labeled TCA cycle
1,2-13C,-acetate _ _ o _
intermediates within the first round
o Differential labeling patterns in F6(B)P
Non-oxidative )
4,5,6-13Cs-glucose opp are generated along glycolysis and the 3244
non-oxidative PPP
13C is retained in the TCA cycle
Pyruvate
through pyruvate carboxylase but lost 6253

3-13C-glucose

carboxylase

reaction

through pyruvate dehydrogenase
(Figure S3)
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Table 3.4. Applications of selected 2H-isotopic tracers.

Metabolite .
Tracers Pathways Descriptions References
targets
1-2H-glucose 2H is transferred to NADP*, yielding NADP?H.
NADPH G6PD/ oxPPP | NADPH labeling fraction can be assessed for
3-2H-glucose o
measurement of oxPPP activity
%H is transferred to NAD™ during glycolysis and
2H-labeled NADH subsequently transfers ?H to
4-2H-glucose NADH MDH, LDH ]
central carbon metabolites such as lactate and 34,54
malate
3,3-2H,-serine SHMT The directionality of folate metabolism for the
2,3,3-?Ha.serine ’ production of NADPH is determined by tracers
NADPH MTHFD/Folate | o
) with 2-hydroxyglutarate measurement, which is
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3.10 Nomenclature

5,10-methyl-THF: 5,10-methylenetetrahydrofolate

6PG: 6-phosphogluconate

6PGD: 6-phosphogluconate dehydrogenase

AcCoA: acetyl-CoA

ACLY: ATP-citrate lyase

CO:: carbon dioxide

CS: citrate synthase

DHAP: dihydroxyacetone phosphate

E4P: erythrose-4-phosphate

F6P: fructose-6-phosphate

FADHz2: flavin adenine dinucleotide
FBA: flux balance analysis

FBP: fructose 1,6-bisphosphate

FH: fumarase

G6P: glucose-6-phosphate

G6PD: glucose-6-phosphate dehydrogenase

GAP: 3-phosphoglyceraldehyde

GAPDH: glyceraldehyde 3-phosphate dehydrogenase
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Glyc-3P: glycerol 3-phosphate

IDH: isocitrate dehydrogenase

LDH: lactate dehydrogenase

MCA: metabolic control analysis

MDH: malate dehydrogenase

ME: malic enzyme

MFA: metabolic flux analysis

MID: mass isotopomer distribution

MTFHD: methylenetetrahydrofolate dehydrogenase

NADH: nicotinamide adenine dinucleotide

NADPH: nicotinamide adenine dinucleotide phosphate

OGDC: a-ketoglutarate dehydrogenase

oxPPP: oxidative pentose phosphate

PC: pyruvate carboxylase

PDH: pyruvate dehydrogenase

PEPCK: phosphoenolpyruvate carboxykinase

PPP: pentose phosphate pathway

Pyr: pyruvate

R5P: ribose-5-phosphate
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Ru5P: ribulose-5-phosphate

S7P: sedoheptulose-7-phosphate

SHMT: serine hydroxymethyltransferase

SCS: succinyl-CoA synthetase

SDH: succinate dehydrogenase

TAL: transaldolase

TCA: tricarboxylic acid

TKT: transketolase

TKTL1: transketolase-like protein 1

TPI: triose phosphate isomerase

Xu5P: xylulose-5-phosphate
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Figure 3.12. Labeling patterns of TCA cycle intermediates by U-3Cs-glutamine dominated by

pyruvate dehydrogenase (PDH) that supplies unlabeled acetyl-CoA (AcCoA).

a, Labeling results after the fourth round of cycling by 5-3C-a-ketoglutarate. This fourth round

generates unlabeled a-ketoglutarate.

b, Labeling results after the fourth round of cycling by unlabeled-a-ketoglutarate. This fourth

round generates unlabeled a-ketoglutarate.

¢, Labeling results after the fourth round of cycling by 4-*C-o-ketoglutarate. This fourth round

generates 5-1*C-and unlabeled a-ketoglutarate.

d, Labeling results after the fourth round of cycling by 5-*C-a-ketoglutarate. This fourth round

generates 4-3C-and 3-1*C-o-ketoglutarate.
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Carbon number is ordered consistent with the atomic sequence as shown in Figure 4a, and is
associated with the same carbon throughout the diagram for the purpose of tracing, rather than
following IUPAC naming rules. a-ketoglutarate: 1, carboxyl; 2, methylene bridge; 3, methylene
bridge; 4, carbonyl; 5, carboxyl. AcCoA: 6, carbonyl; 7, methyl. Scrambling of labeling results is
shown for malate and oxaloacetate, but not for fumarate and succinate due to molecular
symmetry. Hydroxyl and carbonyl groups are drawn in malate and oxaloacetate, respectively.
Filled and empty circles refer to 13C- and *2C-labeled carbon atoms, respectively. Solid and
dashed arrows refer to single- or multi-step reactions, respectively.
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Figure 3.13. First round labeling patterns of TCA cycle intermediates by 3-*C-glucose.

a, Chemical structures and carbon transition maps highlighting the positional information
through the PC reaction. Circles represent carbon atoms with the same position as referenced to
the actual chemical structures of the metabolites. Carbon atoms highlighted in red indicate how
CO- is combined with pyruvate through the PC reaction to make oxaloacetate. Carbon atoms
highlighted in green indicate how the carboxyl group in pyruvate is cleaved through the PDH
reaction to make AcCoA.

b, The 13C atom is lost when the tracer-derived 1-*C-pyruvate is metabolized through the PDH

reaction.

¢, The 13C atom is retained when the tracer-derived 1-*3C-pyruvate is metabolized through the
PC reaction. The pattern assumes that PC flux cannot reverse the entire TCA cycle but dominates
the labeling patterns along the reversible reactions within the cycle.
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d, The 3C atom is retained when the tracer-derived 1-*3C-pyruvate is metabolized through the
PC reaction. The pattern assumes that PC flux totally reverses and dominates the entire TCA

cycle.

Carbon number is ordered consistent with the atomic sequence as shown in Figure a, and is
associated with the same carbon throughout the diagram for the purpose of tracing, rather than
following IUPAC naming rules. Pyruvate: 1, carboxyl; 2, carbonyl; 3, methyl. Oxaloacetate: 4,
carboxyl; 5, carbonyl; 6, methylene bridge; 7, carboxyl. Scrambling of labeling results is not

shown. Filled and empty circles refer to $3C- and '?C-labeled carbon atoms, respectively.
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Table 3.5. Biochemical reactions and carbon atom transitions used in 1*C-MFA.

Single- and double-headed arrows refer to unidirectional and bidirectional reactions,
respectively. Abbreviations are the same as noted in the main text of the paper. Letters in the
bracket indicate the position of carbon atoms. The subscript .x refers to extracellular

localization, .c cytosolic localization, .m mitochondrial localization, .mnt measurement.

Extracellular fluxes and biomass production

Glc.x (abcdef) -> Pyr.c (cba) + Pyr.c (def) Glucose import and pyruvate generation

Lac (abc) — Lac.x (abc) Lactate export
GlIn.x (abcde) — Gln (abede) Glutamine import
Glu (abcde) — Glu.x (abede) Glutamate export

Scaling fluxes
Pyr.mnt (abc) — Pyr.fix (abc) Pyruvate scaling flux

Lactate production

Pyr.c (abc) < Lac (abc) Lactate dehydrogenase

TCA cycle and anaplerotic fluxes

Pyr.m (abc) + CO2 (d) — Oac (abcd) Pyruvate carboxylase

Mal (abcd) <> Pyr.m (abc) + CO2 (d) Malic enzyme

Glu (abcde) <> Akg (abcde) Glutamate trans/deaminases
Gln (abcde) < Glu (abcde) Glutaminase

Pyr.m (abc) — AcCoA.m (bc) + CO2 (a)  Pyruvate dehydrogenase
AcCoA.m (ab) + Oac (cdef) — Cit (fedbac) Citrate synthase
Cit (abcdef) «> Akg (abcde) + CO2 (f) Aconitase and isocitrate dehydrogenase
Akg (abcde) — Suc (bede) + CO2 (a)

a-ketoglutarate dehydrogenase and succinyl-CoA synthetase
Suc (abcd) «» Fum (abcd) Succinate dehydrogenase
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Fum (abcd) <> Mal (abcd) Fumarase
Mal (abcd) <> Oac (abed) Malate dehydrogenase

Oac (abcd) <> Asp (abed) Transaminases

Fatty acid synthesis
Cit (abcdef) — AcCoA.c (ed) + Oac (fcba) ATP-citrate lyase

AcCoA.c (ab) — FA (ab) Fatty acid synthase

Dilution and mixing fluxes

0 Pyr.c (abc) — Pyr.mnt (abc) Pyruvate compartmentalization (from cytosol)

0 Pyr.m (abc) — Pyr.mnt (abc) Pyruvate compartmentalization (from mitochondria)

Compartmentalized reactions

Pyr.c (abc) <> Pyr.m (abc)
Pyruvate compartmentalization (between cytosol and mitochondrion)
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Table 3.6. 13C-MFA results for Case 1. Unit of fluxes and 95% confidence intervals is arbitrary

(AU).
N 95% confidence interval
Pathway Directionality Flux Lower bound Upper bound
Glc.x — Pyr.c + Pyr.c net 99.86 97.9 101.3
Lac — Lac.x net 160.9 158.1 163.9
Gln.x— Gln net 39.82 39.05 40.59
Glu — Glu.x net 5.003 4.905 51
Pyr.mnt — Pyr.fix net 1 1 1
Pyr.c < Lac net 160.9 158.1 163.9
exch 2.248 0 Inf
Pyr.m + CO2 — Oac net 3.07E+01 28.15 32.76
Mal <> Pyr.m + CO2 net 65.51 62.72 68
exch 1E-07 0 1.192
Glu < Akg net 34.82 34.06 35.59
exch 4.12E+02 2.45E+01 Inf
Gln <> Glu net 39.82 39.05 40.59
exch 0.2744 0 Inf
Pyr.m — AcCoA.m + CO2 net 73.68 68.74 76.31
AcCoA.m + Oac — Cit net 73.68 68.74 76.31
Cit & Akg + CO2 net 73.68 68.7 76.33
exch 5965000 3138 Inf
Akg — Suc + CO2 net 108.5 103.4 1117
Suc <> Fum net 108.5 103.4 1117
exch 3724000 0 Inf
Fum < Mal net 108.5 103.4 111.7
exch 3.83E+03 0 Inf
Mal < Oac net 42.98 39.72 44.76
exch -0.00027 0 2.85
Oac < Asp net 0 0 0
exch 0.3623 0 Inf
Cit — AcCoA.c + Oac net 1E-07 0 1.7
AcCoA.c — FA net 1E-07 0 1.7
0 Pyr.c — Pyr.mnt net 0.192 0 1
0 Pyr.m — Pyr.mnt net 0.808 0 1
Pyr.c <> Pyr.m net 38.87 33.96 41.02
exch 10000000 5154 Inf

178



Table 3.7. 13C-MFA results for Case Il. Unit of fluxes and 95% confidence intervals is arbitrary

(AU).
L . 95% confidence interval
Pathway Directionality Flux Lower bound Upper bound
Glc.x — Pyr.c + Pyr.c net 103.5 102.1 104.9
Lac — Lac.x net 155.5 152.9 158.1
Gln.x— Gln net 39.58 38.81 40.35
Glu — Glu.x net 5.007 4.909 5.104
Pyr.mnt — Pyr.fix net 1 1 1
Pyr.c & Lac net 155.5 152.9 158.1
exch 75.21 0 Inf
Pyr.m + CO2 — Oac net 1.04E+00 0 2.809
Mal < Pyr.m + CO2 net 35.62 33.91 37.43
exch 9.534 6.853 12.43
Glu < Akg net 34.57 33.8 35.35
exch 1.00E-07 0.00E+00 3.658
Gln < Glu net 39.58 38.81 40.35
exch 3.036 0 Inf
Pyr.m — AcCoA.m + CO2 net 86.1 83.53 88.67
AcCoA.m + Oac — Cit net 86.1 83.53 88.67
Cit & Akg + CO2 net 79.36 75.19 85.3
exch 1699 978.8 3560
Akg — Suc + CO2 net 113.9 109.6 120.3
Suc < Fum net 113.9 109.6 120.3
exch 10000000 474.5 Inf
Fum < Mal net 113.9 109.6 120.3
exch 1.53E+04 457.3 Inf
Mal « Oac net 78.32 72.81 85.51
exch 1E-07 0 29.57
Oac < Asp net 0 0 0
exch 0.4047 0 Inf
Cit — AcCoA.c + Oac net 6.74 1.227 10.97
AcCoA.c — FA net 6.74 1.227 10.97
0 Pyr.c — Pyr.mnt net 0.8418 0 1
0 Pyr.m — Pyr.mnt net 0.1582 0 1
Pyr.c <> Pyr.m net 51.53 49.39 53.71
exch 212.4 160.7 300.2
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Table 3.8. 13C-MFA results for Case I11. Unit of fluxes and 95% confidence intervals is arbitrary

(AU).
N 95% confidence interval
Pathway Directionality Flux Lower bound Upper bound
Glc.x — Pyr.c + Pyr.c net 100.7 99.36 102.1
Lac — Lac.x net 159.2 156.7 161.8
Gln.x— Gln net 39.92 39.23 40.68
Glu — Glu.x net 5.001 4.903 5.098
Pyr.mnt — Pyr.fix net 1 1 1
Pyr.c & Lac net 159.2 156.7 161.8
exch 1.801 0 Inf
Pyr.m + CO2 — Oac net 4.03E+00 2.765 5.177
Mal < Pyr.m + CO2 net 38.95 37.44 40.44
exch 35.76 33.92 37.54
Glu < Akg net 34.92 34.22 35.68
exch 9.90E-08 0.00E+00 18.05
Gln <> Glu net 39.92 39.23 40.68
exch 0.1188 0 Inf
Pyr.m — AcCoA.m + CO2 net 77.14 74.49 80.57
AcCoA.m + Oac — Cit net 77.14 74.49 80.57
Cit & Akg + CO2 net -24.96 -26.41 -23.69
exch 10000000 2773 Inf
Akg — Suc + CO2 net 9.956 8.657 11.13
Suc <> Fum net 9.956 8.657 11.13
exch 3.271 2.772 3.787
Fum < Mal net 9.956 8.657 11.13
exch 5.50E+06 650.5 Inf
Mal < Oac net -28.99 -31.22 -26.93
exch 32.21 27.89 36.63
Oac < Asp net 0 0 0
exch 0.8227 0 Inf
Cit — AcCoA.c + Oac net 102.1 98.57 105.8
AcCoA.c — FA net 102.1 98.57 105.8
0 Pyr.c — Pyr.mnt net 0.3502 0 1
0 Pyr.m — Pyr.mnt net 0.6498 0 1
Pyr.c <> Pyr.m net 42.22 40.06 45.53
exch 10000000 1484 Inf
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4.1 Abstract

The use of stable isotopic tracers and bioreaction network analysis has unveiled a number of
metabolic pathways differentially activated in cancer cells. These rewired metabolic pathways
provide opportunities for drug targeting. To support efforts to design effective therapies, we
sought to distinguish metabolic behavior in cancer versus normal cells growing at the same rate,
and obtain a systematic understanding of cancer metabolism. To this end, we performed 3C-
isotopic labeling and metabolic flux analysis (MFA) in human mammary epithelial cells
(HMEC:S) that have been genetically modified to exhibit different levels of tumorigenicity. We
discovered a distinct substrate utilization pattern in the tricarboxylic acid (TCA) cycle and de
novo lipogenesis. Specifically, we found that glucose was catabolized in the TCA cycle up to the
formation of citrate, which was then used primarily for lipogenesis. The majority of the TCA
cycle flux, however, was maintained by glutamine anaplerosis. 3C-MFA further revealed that
some metabolic reactions were more activated in more tumorigenic HMECs. By introducing a
new quantity termed metabolic flux intensity, defined as pathway flux divided by the specific
growth rate, we identified three most enhanced reactions — oxidative pentose phosphate pathway
(oxPPP), malate dehydrogenase (MDH) and isocitrate dehydrogenase (IDH) in the most
tumorigenic HMEC. Targeting of these three pathways with small molecule inhibitors selectively
reduced growth in the cancerous HMEC line. In addition, our study provides direct evidence that

metabolism may be dually controlled by proliferation and oncogenotypes.
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4.2 Introduction

Changes in metabolism is one of the hallmarks of cancer?, and our knowledge of such changes
has now extended beyond the Warburg effect?, which refers to the paradoxical phenomenon
that cancer cells preferentially metabolize glucose to lactate regardless of oxygen availability?®.
During the past decades, various scientific and medical discoveries have been made, which
uncovered numerous metabolic shifts in cancer cells and elucidated the underlying mechanisms
responsible for these rewired cellular energetics. Yet, a fundamental question still remains
unanswered: whether there is a difference in the metabolism of cancerous, fast growing cells and
normal proliferative cells. The answer to this question not only addresses the long-lasting
speculations on the similarity between these two types of metabolism, but also reevaluates the

therapeutic potential of targeting metabolism to treat cancer.

Although the difference between cancer and normal proliferative metabolism has not
been directly assessed, it was hypothesized that these two types of metabolism could be treated
indistinguishably®®192324 Consistent with this hypothesis, certain metabolic rewiring phenomena
have been observed in both cancer and normal growing cells*~%, Examples include the Warburg
effecth 11152122 selective expression of pyruvate kinase isoform 21618 and reductive
carboxylation of glutamine®?°. However, other work contradicted this notion and suggested that
cancer metabolism might be different than normal proliferative metabolism. Differential
metabolic behavior has been reported for glutamine?, serine, glycine 2*?%and proline
metabolism?®. In addition to the conflicting evidence, a key confounding factor was not
accounted for, which limited our ability to unambiguously assess the potential difference

between these two types of metabolism: the growth rates in cancer and normal cells were not
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well-controlled. As a result, the observed metabolic shifts in cancer cells may be conferred by

both oncogenotyes and reprogrammed cellular growth.

In order to answer this question unambiguously, we developed a panel of HMECs
derived from the same genetic background but exhibiting different levels of tumorigenicity based
on genetically engineered genotypes. We applied 3C-MFA and introduced a new quantity
referred to as metabolic flux intensity (MFI). MFI analysis revealed that proliferation was not the
only factor governing metabolic behavior. In fact, several metabolic pathways were relied upon
more heavily in cancer cells. Drug targeting of these pathways was more toxic for the most
tumorigenic HMEC compared to the normal growing counterpart. In addition, our **C-isotope
tracing and network analysis also uncovered a distinct substrate utilization pattern. A truncated
TCA cycle was observed throughout the panel of HMECs. Through this truncated cycle,
glutamine and glucose were utilized mainly for anaplerosis and de novo lipogenesis,
respectively. Our results provide direct evidence that cancer and normal proliferative metabolism

is different.

4.3 Construction of HMECs with differing levels of tumorigenicity

To compare cancer and proliferative metabolism, we developed a panel of HMECs exhibiting
different levels of tumorigenicity. The resulting HMECs share the same parental cell genetic
background: an immortalized, yet non-cancerous, HMEC 184A1 (ATCC), the growth of which
is dependent on the amount of epidermal growth factor (EGF) present in media. We increased
the level of tumorigenicity in the original HMEC 184A1 by overexpressing defined oncogenes

and dominant negative mutant forms of tumor suppressors.
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Based on the characteristic properties of cancer cells?’, we considered three key
properties relevant to our specific in vitro system for modulating tumorigenicity: growth factor
independence, apoptotic evasion and limitless replicative potential. We then generated several
genetically modified HMECs exhibiting different levels of tumorigenicity (Figure 4.1a-d). The
constitutively active mutant form of EGF receptor (EGFR L858R) and the oncogenic K-ras
(KRas) were stably integrated into HMECs to confer growth-factor independent proliferation?,
and the resulting modified cell lines are referred to as HMEC-EGFR and HMEC-KRas,
respectively. To promote apoptotic evasion?®, we introduced a dominant negative mutant form of
p53 (p53DD) to HMEC-KRas and generated HMEC-p53DD-KRas. Moreover, we developed
another cell line harboring Simian Virus 40 Early Region (SV40ER), which also attenuates
apoptosis due to the inhibitory role of SV40 large T antigen (LT) on p53. We refer to the
resulting cell line developed from HMEC-KRas as HMEC-SV40ER-KRas. The successful
expression of these genetic elements was validated by Western blot (Figure 4.1a-d). In addition,
we also obtained an HMEC line carrying Simian Virus 40 large T antigen (SV40-LT), oncogenic
H-ras (HRas) and human telomerase reverse transcriptase ("nTERT)®C. In this cell line, HRas and
SV40-LT are able to induce growth factor-independent proliferation and evasion of apoptosis®,
respectively. The introduction of hTERT further enhances cellular replicative potential, so the
resulting cell line HMEC-hTERT-LT-HRas possesses three characteristic properties of cancer!
relevant to our in vitro system. Therefore, it is expected to be the most tumorigenic cell line

among other HMEC variants (Figure 4.1e).

195



short exp.

phospho-ERK1/2
long exp.

o
o
w

) DB e

SVAOER-Large T a-tubulin

ERK1/2

||||'|... HMEC-EV

[ E D I veec-kas

U] 1 DD [ +vec-ps30D-kRas
“||'|... HMEC-SVA0ER-KRas

‘l I |' | HMEC-p53DD-KRas
‘l ‘ ! HMEC-SVAOER-KRas

B-actin  w-— - B-actin

B-actin
a-tubulin

Figure 4.1 a-d. Western blotting validations for the overexpression of oncogenes and dominant

negative mutant forms of tumor suppressors in HMECs developed in this study.

a, Successful integration of p53DD in HMEC-p53DD-KRas was validated by the p53 antibody
(BD 554293) with B-actin (Sigma A1978) as the loading control.

b, Elevated expression of EGFR in HMEC-EGFR was validated by the EGFR antibody (Thermo
MS-400-P1) with B-actin (Sigma Fisher A1978) as the loading control.

¢, Successful integration of SV40ER in HMEC-SV40ER-KRas was validated by the SV40ER-
Larte T antibody (SC 147) with B-actin (Sigma A1978) as the loading control.

d, Elevated expression of Ras in HMEC-KRas, HMEC-p53DD-KRas and HMEC-SV40ER-
KRas were validated by the enhanced phosphorylation states of the downstream target ERK1/2
probed by the phospho-ERK1/2 antibody (Cell Signaling 4370), with the total amount of
ERK1/2 probed by the ERK1/2 antibody (Cell Signaling 9102) and a-tubulin (Cell Signaling
3873) as the loading control. Exp. Exposure.
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Figure 4.1 e. Overexpression of defined oncogenes and dominant negative mutant forms of
tumor suppressors in HMECs increased tumorigenicity. Ovals indicate HEMC lines. Rounded
rectangles indicate cancer-associated characteristics of cancer achieved during cell line
development. Pointed and blunt-end arrows within the signaling pathway denote activation and

inhibition, respectively. Darker orange color indicates higher levels of tumorigenicity.

Before characterizing the metabolic behavior of these cell lines, we first performed
proliferation assays. Parental and empty vector-expressing HMECSs exhibited exponential growth
and were sensitive to EGF (Figure 4.1f). Based on exponential cell growth, we calculated
specific growth rates at different EGF concentrations. EV cells proliferated faster at higher EGF
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concentrations, and the maximum specific growth rate was achieved at 5 ng/mL EGF (Figure
4.1g9). We next performed proliferation assays in the oncogenic and tumorigenic HMECs with 5
ng/mL or no EGF (+/- EGF). Upon the integration of EGFR, cells began to acquire a small
extent of growth factor independence, which means that they were able to actively proliferate in
the absence of EGF. The uncontrolled proliferation was further enhanced in HMECs carrying
KRas, p53DD-KRas, SV40ER-KRas and hTERT-LT-HRas. Accordingly, the panel of HMECs
was ranked by increasing growth factor independence in Figure 4.1h. In addition, HMECs in this
order also exhibited increasing oncogene multiplicity (including downregulation of tumor
suppressor genes), with EV carrying no oncogene, EGFR and KRas harboring one, p53DD-KRas
and SV40ER-KRas carrying two, and hTERT-LT-HRas possessing three oncogenic elements.
Furthermore, previous work® has validated that HMEC-hTERT-LT-HRas is capable of
undergoing anchorage-independent growth and forming tumors in immunodeficient mice,
demonstrating the greatest level of tumorigenicity among all HMECs (Figure 4.1h). All in all,
this work allowed us to construct and assemble a panel of cells exhibiting varying levels of
tumorigenicity. These HMECs with the same genetic background and defined oncogenic
modifications enabled us to investigate whether cancer metabolism differs from normal

proliferative metabolism in a well-controlled manner.
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Figure 4.1 g. Specific growth rate of the normal HMECs as a function of EGF concentration.
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Figure 4.1 h. Growth factor independence observed in genetically modified HMECs with
increasing levels of tumorigenicity, which was further corroborated by several other criteria.
Error bars, s.e.m (n=3). **P<0.005. ***P<0.001.

4.4 Quantification of extracellular fluxes suggests dual control of metabolism

by proliferation and oncogenotypes

We selected the extracellular fluxes of glucose, lactate, glutamine and glutamate as metrics of the
metabolism of HMECs exhibiting different levels of tumorigenicity 32. The extracellular fluxes
followed a similar trend as the proliferation rate: the difference between +/- EGF conditions was
smaller in cell lines with higher levels of tumorigenicity (Figure 4.2a). We further calculated
lactate yield on glucose and glutamate yield on glutamine by dividing the respective extracellular
fluxes and accounting for the stoichiometry of converting glucose to lactate and glutamine to
glutamate (Figure 4.2b). Interestingly, although the glutamate yield from glutamine exhibited a
similar pattern as the extracellular fluxes, the lactate yield from glucose was not significantly

different at varying oncogenotype or in the presence or absence of EGF (Figure 4.2b). The only
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exception was the -EGF HMEC-EV condition, which showed a relatively small lactate yield.
The invariant yield of lactate suggests the strong presence of the Warburg effect while cells are

actively proliferating-2122,

Since the pattern of differential extracellular fluxes between +/- EGF conditions (Figure
4.2a) parallels that of growth (Figure 4.1h), we sought to investigate whether growth rate
regulates extracellular fluxes. To this end, we plotted extracellular fluxes against specific growth
rates. All major extracellular fluxes (Figure 4.2c) and glutamate yield (Figure 4.2d) were higher
at elevated growth, except for lactate yield, which stayed constant again presumably because of
the Warburg effect (Figure 4.2d). Remarkably, the extracellular fluxes from both +/- EGF
conditions tend to collapse onto a single regression line, which suggests the presence of direct
control of extracellular fluxes by proliferation (Figure 4.2c). However, although the entire data
set can be described by regression lines to some extent, a closer examination of the data points
with comparable specific growth rates (0.02-0.025 h!) suggests that extracellular fluxes are not
solely determined by proliferation (Figure 4.2c). In fact, we constructed separate plots for
HMECs grown at the +EGF condition (Figure 4.2e). The apparent proliferative control of
extracellular fluxes, as indicated by the R? values, was reduced when considering only the +EGF
condition (Figure 4.2e) compared to those in both +/-EGF conditions (Figure 4.2c and 4.2g-h).
Collectively, these data suggest that metabolism, at least manifested by extracellular fluxes, may
be dually controlled by proliferation and specific oncogenotypes. In addition, proliferative

control of metabolism was reduced in +EGF HMECs that shared similar growth rates.
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EGF conditions. Darker orange color indicates higher levels of tumorigenicity. Error bars, s.e.m
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@

o 1.5 £
3 £ 08 .
E * g =
— 0.6
£10 E
g g £k E -
= 5 04 pay
205 2
2 202
] ©
] £
o o
= 0.0 5

L& K& K& K& K&k L& o

&8 S8 S € & &

0= EV

= EGFR

=3 KRas

=3 p53DD-KRas
3 SV40ER-KRas
=3 hTERT-LT-HRas

Net glutamine uptake (pmol-h"-p.g'1]

Figure 4.2 b. Lactate yields from glucose, glutamate yields from glutamine and net glutamine
uptake rates for HMECs at +/- EGF conditions. Darker orange color indicates higher level of
tumorigenicity. Error bars, s.e.m (n=3). *P<0.05. **P<0.005. ***P<0.001.

2

02



o

)
n
[+l
=
o
1

@ 5000~

° °

£ £

= 15004 £ 3000

(4] =

=]

= 1000 2 20004

[=} =

3 2

g 500+ @ 1000

o z

S B

2 0 T T T ] 0 T T T
© 000 0.01 0.02 0.03 5 o00 0.01 0.02 0.03

Specific growth rate (h'1) Specific growth rate (h™')

2 800 2 s00-
= o =

5 S 400 re
E- ,_E-_ 300

g 2 200

3 2

@ @

£ @ 100

-

._5 0 T T T S 0-re T T T
[T] 0.00 0.01 0.02 0.03 5 0.00 0.01 0.02 0.03

Specific growth rate (h'1) Specific growth rate (h'1)

Figure 4.2 c. Extracellular fluxes of +/- EGF HMECs plotted against specific growth rates. Error
bars, s.e.m (n=3). *P<0.05. **P<0.005. ***P<0.001.

o -

3 . H 2

8 E 0.6 agl » = 4004

E . 3 ¢ % e

o 1.04 e @ o = 2] ° 2=,

T R B S E 0 e E 300 R=083 -

0 0.4+ <. = F ——

S R?=0.02 = 2 . e e

3 ) b R*=080_-* . = 2004 a1

2054 s - = . -

> > 0.2 . b _—

] o . e

] 1 P £ 100-®

B E - E

L] E .‘ -

- 0.0 T T T 5 0.0 H

= T T T & 0 T T T
0.00 0.01 0.02 0.03 O 000 0.01 0.02 0.03 5 0.00 0.01 0.02 0.03
=z
Specific growth rate (h™) Specific growth rate (h'1} Specific growth rate (h™")

Figure 4.2 d. Lactate yields from glucose, glutamate yields from glutamine and net glutamine
uptake rates against specific growth rates for both +/- EGF conditions. Error bars, s.e.m (n=3).
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Figure 4.2 g-h. Reduced level of control on metabolism by proliferation for HMECs grown at
the +EGF condition.

g, Compared to HMECs growth at both +/-EGF conditions, the +EGF subgroup exhibited similar
growth rates.

h, Compared to HMECs growth at both +/-EGF conditions, the proliferative control of

metabolism, as measured by the R? values, was decreased in the +EGF subgroup.

4.5 B3C-isotopic labeling reveals distinct substrate utilization patterns in the

TCA cycle and de novo lipogenesis

To determine further metabolic changes, we performed C-isotopic labeling experiments by
culturing HMECs in media separately containing three different tracers: uniformly **C-labeled
glucose (U-3Cg-glucose); 1,2-13C-labeled glucose (1,2-*C2-glucose); and uniformly *3C-labeled
glutamine (U-2Cs-glutamine). Previous studies have shown that these three tracers give the best
resolution of fluxes for glycolysis, PPP and the TCA cycle®. Measurement of isotope

enrichment of TCA cycle intermediates and amino acids revealed a distinct substrate utilization
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pattern in all HMECs used in our study. The canonical view of anaplerosis predicts strong
enrichment of all TCA cycle intermediates by U-3Cs-glucose. However, we observed a low
level of enrichment for all U-13Cg-glucose-derived metabolites of the TCA cycle. In fact, the
majority of TCA cycle metabolites were weakly labeled by U-3Cs-glucose, except for citrate,
which was mainly labeled by two *C atoms (M+2). This labeling pattern indicated that the 3C
influx from glucose stopped at the point of citrate (Figure 4.3a). This conclusion was further
corroborated by 1,2-13C,-glucose labeling, which generated similar profiles compared to those
from U-*Cs-glucose, consistent with the notion that M+2 citrate was the only metabolite

moderately labeled by glucose tracers (Figure 4.3b).
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Figure 4.3 a. U-*Cs-glucose labeling pattern suggests weak incorporations of glucose-derived
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carbons into the TCA cycle except for citrate, the majority of which stays at M+2. Error bars,
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Figure 4.3 b. Labeling profiles of TCA cycling intermediates by 1,2-*C2-glucose confirmed that
glucose is not the primary anaplerotic substrate, and that citrate is the only TCA cycle metabolite

moderately labeled by glucose tracers. Error bars, s.e.m (n=3).

Columns along the axis of abscissas in each bar graph indicate *3*C-isotopic labeling data from
the following cell line and EGF conditions in the order from left to right: EV -EGF, EGFR -EGF,
KRas -EGF, SV40ER-KRas -EGF, p53DD-KRas -EGF, hTERT-LT-HRas -EGF; EV +EGF,
EGFR +EGF, KRas +EGF, SV40ER-KRas +EGF, p53DD-KRas +EGF, hTERT-LT-HRas
+EGF.
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Intrigued by this stark distribution pattern of glucose-derived carbon, we further labeled
cells with U-t3Cs-glutamine, hypothesizing that glutamine may be the primary carbon substrate
fueling the TCA cycle. The crucial role of glutamine anaplerosis has been reported in various
studies. In several types of cancer cells grown under hypoxia, glutamine provides carbon sources
for de novo lipogenesis through the reversal of isocitrate dehydrogenase (IDH)**-¢. In contrast to
reductive metabolism, in our HMECs, glutamine was primarily incorporated into the oxidative
TCA cycle. Mass isotopomer distribution (MID) data showed that TCA intermediates were
labeled much more strongly by U-*Cs-glutamine than U-13Cg-glucose. Across all cell lines, TCA
cycle metabolites were approximately 50% enriched to the highest isotopomer states (M+4/5)
when cultures were labeled by U-*Cs-glutamine. Moreover, M+4 abundance was much greater
than that of M+5 for citrate, indicating that the primary route of glutamine anaplerosis was
oxidative cycling rather than reductive carboxylation®’. This data suggests that glutamine, but not

glucose, is the primary carbon source that fuels the oxidative TCA cycle (Figure 4.3c).
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Figure 4.3 c. U-13Cs-glutamine labeling pattern suggests much stronger incorporations of

glutamine-derived carbons into the TCA cycle. Error bars, s.e.m (n=3).
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In addition to glutamine anaplerosis, we also investigated the metabolic fate of glucose-
derived carbons. Aside from citrate, TCA cycle metabolites were minimally labeled by U-13Ce-
glucose (Figure 3a). This labeling pattern suggests that glucose-derived fluxes are diverted away
from the TCA cycle at the point of citrate. Because citrate initiates de novo lipogenesis, we
analyzed the nonpolar metabolites from cells cultured in *3C-labeled substrates to identify the
metabolic fate of citrate. The MIDs of palmitate and stearate suggest that glucose, rather than
glutamine, was the main contributor to de novo fatty acid synthesis (Figure 4.3d-e). To further
quantify the fractional contributions of glucose and glutamine to acetyl-CoA, a two-carbon unit
recruited for de novo lipogenesis, we performed isotopomer spectral analysis (ISA)%®. ISA
confirmed the lipogenic role of glucose relative to glutamine (Figure 4.3f-g). The labeling and
ISA results suggested that glucose-derived carbons were mostly utilized for de novo lipogenesis.
Taken together, our *C-isotopic labeling results identified a distinct substrate utilization pattern
regarding the TCA cycle and de novo lipogenesis in HMECs. In all cell lines that we studied, the
TCA cycle functions in a truncated fashion: glutamine supplies the majority of the carbon
substrates for TCA cycle intermediates, while lipogenesis is maintained primarily by glucose

rather than glutamine (Figure 3h).
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Figure 4.3 d. U-13Cs-glutamine labeling pattern suggests weak incorporations of glutamine-

derived carbons into de novo fatty acid synthesis. Error bars, s.e.m (n=3).

Columns along the axis of abscissas in each bar graph represent 3C-isotopic labeling data in the
following order: EV -EGF, EGFR -EGF, KRas -EGF, p53DD-KRas -EGF, SV40ER-KRas -
EGF, hTERT-LT-HRas -EGF; EV +EGF, EGFR +EGF, KRas +EGF, p53DD-KRas +EGF,
SV40ER-KRas +EGF, hTERT-LT-HRas +EGF. Open and filled circles in the schematics
indicate 12C an *C atoms within the metabolites, respectively. Abbreviations: UGN: U-13Cs-

glutamine.
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Figure 4.3 e. U-13Cq-glucose labeling pattern suggests stronger incorporations of glucose-

derived carbons into de novo fatty acid synthesis. Error bars, s.e.m (n=3).

Columns along the axis of abscissas in each bar graph represent $3C-isotopic labeling data in the
following order: EV -EGF, EGFR -EGF, KRas -EGF, p53DD-KRas -EGF, SV40ER-KRas -
EGF, hTERT-LT-HRas -EGF; EV +EGF, EGFR +EGF, KRas +EGF, p53DD-KRas +EGF,
SV40ER-KRas +EGF, hTERT-LT-HRas +EGF. Open and filled circles in the schematics
indicate 12C an 3C atoms within the metabolites, respectively. Acetyl-CoA.c and acetyl-CoA.m

refer to cytosolic and mitochondrial acetyl-CoA, respectively. Abbreviations: UGC, U-3Cs-

glucose.
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Figure 4.3 f. Isotopomer spectral analysis (ISA) confirmed that glucose dominated lipogenesis

over glutamine. Error bars, s.e.m (n=3). Abbreviations: UGC, U-*Cs-glucose; UGN: U-1Cs-

glutamine.
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Figure 4.3 g. Schematic overview of isotopomer spectral analysis (ISA).
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estimated both D and g(t) through nonlinear regression. D values for U-'*Cs-glucose or U-'3Ce-
glutamine are plotted in Figure 4.3f. This figure is adapted from (Kelleher & Nickol, 2015)® and
(Metallo et al., 2012)%,
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Figure 4.3 h. 3C-isotopic labeling analysis revealed a distinct substrate utilization pattern within
the TCA cycle and de novo lipogenesis in contrast to the canonical view. Abbreviations: Glu,

glutamate.
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4.6 Quantification of intracellular metabolism via *C-metabolic flux analysis

(13C-MFA) corroborates proliferative control of metabolism

In order to quantitatively investigate intracellular metabolism in HMECs, we performed *3C-
metabolic flux analysis (**C-MFA). Briefly, 2*C-MFA estimates metabolic fluxes by fitting them
such as to most closely reproduce the measured metabolite isotopic enrichment patterns® (Figure
4.4a). The metabolic network model constructed for our 3C-MFA consists of major biochemical
reactions within central carbon metabolism (Figure 4.4b and Table 4.1). *C-MFA was
performed under pseudo-steady state hypothesis, which was difficult to achieve in slowly
growing cells. Accordingly, we report converged *C-MFA flux results for all +EGF HMECs
and those -EGF HMEC:s that still actively proliferated (KRas, p53DD-KRas, SV40ER-KRas and

hTERT-LT-HRas).
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Figure 4.4 a. Essential components and steps for 3C-metabolic flux analysis (**C-MFA). Based
on a detailed metabolic network model, **C-MFA determines absolute flux scales from
extracellular flux data. To resolve intracellular flux distributions, 1*C-MFA utilizes *C-isotopic
labeling data. The numerical algorithm works through iterations, during which 3C-MFA
frequently checks the fit of experimentally determined extracellular fluxes and *C-isotopic
labeling data by values simulated by hypothesized flux distributions. The converged results are
shown at the center of the schematic.
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Figure 4.4 b. Metabolic pathways are color coded to indicate different parts of the metabolism:

blue, glycolysis; red, pentose phosphate pathway (PPP); purple, serine-glycine metabolism;
orange, the tricarboxylic acid (TCA) cycle; green, glutamine anaplerosis; brown, de novo
lipogenesis. Single- and double-headed arrows refer to unidirectional and bidirectional reactions,
respectively. The rounded rectangle refers to the boundary of a mitochondrion. Reactions are

numbered and the carbon atom transitions are depicted in detail in Table S1.

Abbreviations: G6P, glucose-6-phosphate; S7P, sedoheptulose-7-phosphate; E4P, erythrose-4-
phosphate; F6P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphate; DHAP,
dihydroxyacetone phosphate; GAP, glyceraldehyde-3-phosphate; 3PG, 3-phosphoglycerate; Ser,
serine; Gly, glycine; Pyr.c, cytosolic pyruvate; Pyr.m, mitochondrial pyruvate; Ala, alanine;
AcCoA.c, cytosolic acetyl-CoA; AcCoA.m, mitochondrial acetyl-CoA; FA, fatty acids; Mal,
malate; Oac, oxaloacetate; Cit, citrate; Akg, a-ketoglutarate; Glu, glutamate; Fum, fumarate;
Suc, succinate; Asp, aspartate. PSP refers to ribose-5-phosphate and ribulose-5-phosphate,
indistinguishably.

216



We first compared flux distributions along glycolysis and the oxidative pentose
phosphate pathway (oxPPP). For example, culturing cells with 1,2-13C,-glucose allows
estimation of relative fluxes between glycolysis and oxPPP. In brief, the glycolytic pathway
retains both C atoms from 1,2-3C,-glucose and therefore generates M+2 labeled lactate as the
main product. The oxidative branch of the PPP, on the other hand, involves a decarboxylation
reaction which results in a loss of a **C atom in the form of carbon dioxide, yielding M+1
labeled lactate®’#%4!, Relative magnitude of glycolysis and oxPPP can therefore be deduced by
comparing the MIDs of M+2 against M+1 lactate. This ratio can be compared with the same
ratio calculated from the MFA-estimated fluxes using different isotopic labels. In accordance
with the 3C-labeling pattern indicating a significantly lower fraction of M+1 (0.03) as opposed
to M+2 lactate (0.45), 1*C-MFA results also suggested a minor diversion of fluxes into oxPPP
(50 pmol-ht-pg?) from glycolysis (2813 pmol-h™-pg™). Consistent results were also obtained
from other HMEC lines. Moreover, we cultured HMECs with U-13Cs-glutamine and U-'3Cs-
glucose, and calculated fractional enrichments of major TCA intermediates. The labeling results
suggested that the TCA cycle was maintained primarily by glutamine. Consistently, MFA also

indicated stronger anaplerotic flux by glutamine than that by glucose (Figure 4.4c).
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Figure 4.4 c. 13C-MFA generated consistent results with the labeling data regarding the partition
of fluxes between glycolysis and oxPPP and the anaplerotic contributions from glucose and
glutamine. Flux results of +EGF HMEC-EV are shown here as an example. Unit of metabolic

fluxes, pmol-h™-ug?. Uncertainties are shown as 95% confidence intervals.
Error bars, s.e.m. (n=3). ***P<0.001.

Abbreviations: oxPPP, oxidative pentose phosphate pathway; LDH, lactate dehydrogenase; ME:
malic enzyme; MDH, malate dehydrogenase; PDH, pyruvate dehydrogenase; CS, citrate

synthase; IDH, isocitrate dehydrogenase; TCA cycle, tricarboxylic acid cycle; Glu, glutamate.
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Figure 4.4 d-e. **C-isotopic labeling analysis and **C-MFA yield consistent results regarding the
relative pathway magnitude between glycolysis and PPP.

d, BC-isotopic labeling analysis suggests that the strength of PPP as measured by the MID of
M+1 lactate (m/z 262) is significantly smaller than that of glycolysis as measured by the MID of
M+2 lactate (m/z 263), in HMEC-EGFR, HMEC-KRas, HMEC-p53DD-KRas and HMEC-
hTERT-LT-HRas. Error bars, s.e.m (n=3). ***P<0.001.

e, Consistent with *3C-isotopic labeling analysis, 3C-MFA also indicates that the absolute
metabolic flux of PPP is significantly smaller than that of glycolysis, in HMEC-EGFR, HMEC-
KRas, HMEC-p53DD-KRas and HMEC-hTERT-LT-HRas. Error bars, 95% confidence

intervals. ***P<0.001.

It has been hypothesized that metabolic behavior in cancer and normal proliferative cells
can be regarded similarly>®1%42 To test this notion and investigate how proliferation affects
metabolism, we plotted major intracellular fluxes against specific growth rates in all HMECs
with converged results. The regression trend lines suggest that glycolysis and lactate excretion
increased as cells grew faster, consistent with the Warburg Effect (Figure 4.4f). As expected, the
malic enzyme (ME) reaction was also enhanced, potentially regenerating NADPH for cellular
redox needs**“® (Figure 4.4f). Moreover, glutamine anaplerosis was enhanced when cells grew
faster. This metabolic pattern further pinpoints the vital role of glutamine metabolism in
maintaining the TCA cycle (Figure 4.3h). Additionally, **C-MFA results suggested that PDH,
rather than pyruvate carboxylase (PC), catalyzed the primary route of pyruvate entry into the
TCA cycle (Figure 4.49), consistent with what has been reported in other cell lines?. Importantly,
although the overall trend lines suggested that metabolic fluxes were controlled by growth rate at

some level, we also noticed non-negligible deviations of certain fluxes from the regression lines
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(Figure 5). Such deviations indicated that growth was not the only factor determining fluxes. In

other words, metabolism is affected by both proliferation and oncogenotypes.
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Figure 4.4 f. 13C-MFA suggested that both intracellular and extracellular metabolism may be

dually controlled by proliferation and oncogenotypes.

Error bars, 95% confidence intervals. Abbreviations: oxPPP, oxidative pentose phosphate
pathway; LDH, lactate dehydrogenase; ME: malic enzyme; MDH, malate dehydrogenase; PDH,
pyruvate dehydrogenase; CS, citrate synthase; IDH, isocitrate dehydrogenase; TCA cycle,

tricarboxylic acid cycle; Glu, glutamate.
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223



TCA cycle contribution Lipogenic contribution CO;, contribution
1.0 xxx 1.0 - 1.0 e
— Glucose
mm Glutamine
H $ = $ o
B o B e A
E 0.5 E 0.5 E 0.5
w w [
——
0.04 0.0< 0.0-
k I
Fates of glucose Fates of glutamine

%%

* 1.0 *
EE Lactate - [ Glutamate

mm Lipids Hm Lactate
co, l == Lipids
co,

1.0

0.5

Fraction

0.0

Figure 4.4 h-1. Contributions of glucose and glutamine to the TCA cycle, lipogenesis and CO> as
well as fates of glucose and glutamine to major metabolic products calculated from averaged

13C-MFA results from +EGF HMECs.

h, TCA contribution from glucose and glutamine.

I, Lipogenic contribution from glucose and glutamine.

J, CO2 contribution from glucose and glutamine.

k, Fates of glucose to lactate, lipids and COx.

I, Fates of glutamine to glutamate, lactate, lipids and CO..

Error bars, 95% confidence intervals. *P<0.05. **P<0.005. ***P<0.001.
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4.7 Normalizing fluxes against growth by introducing metabolic flux intensity

(MFI)

Our ¥ C-MFA results (Figure 4.4f) and the extracellular fluxes (Figure 4.2) suggest that
metabolism may be dually controlled by both proliferation and oncogenotypes. Indeed, there
may be two modes of action through which metabolism is regulated: an indirect route through
which oncogene-altered proliferation affects metabolism and a direct oncogenic effect

independent of proliferative control (Figure 4.5a).

Metabolic
phenotype

S

Q: How to decouple those two modes of action?
A: Divide metabolic flux by specific growth rate.

Oncogenes Proliferation

We defined a new quantity — Metabolic flux intensity (MFI)

Metabolic flux intensity(MFI) =

Metabolic Flux [_] pmol-hour™ug of cell mass™1 [_] pmol

Specific growth rate hour—1 ug of cell mass

Figure 4.5 a. Two modes through which oncogenotypes and proliferation affect metabolism, as
well as the rationale and mathematical definition of the new quantity — metabolic flux intensity
(MFI).

The two modes of control were uncoupled by dividing metabolic fluxes by the specific

growth rate (Figure 4.5a). We term the resulting quantity as Metabolic Flux Intensity (MFI).
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When the MFI of a pathway increases under some conditions, this suggests that cells require a
higher flux along the pathway to sustain the same level of growth, whereas lower MFI suggests
that the corresponding metabolic pathway plays a less essential role in sustaining cellular growth.
Therefore, the MFI of a pathway is an indicator of how strongly cells rely on the pathway to
proliferate. By defining this new quantity, we can potentially assess the direct impact of

oncogenotypes on metabolism independent of proliferation.

We thus calculated MFIs for all major metabolic pathways and constructed the plots of
MFIs against specific growth rates (Figure 4.5b). To isolate the impact of oncogenotype alone,
we chose to focus on the +EGF HMECs. In addition, MFIs were averaged for HMECs with
intermediate levels of tumorigenicity (EGFR, KRas, p53DD-KRas and SV40ER-KRas) to
underscore the overall trend with increasing levels of tumorigenicity. We noticed that MFIs of
certain metabolic pathways were increased in more tumorigenic lines, while other pathways
remained unchanged (Figure 6). (Figure 4.5b). Interestingly, the glycolytic pathway and the
lactate dehydrogenase (LDH) reaction exhibited enhanced MFIs, suggesting that the Warburg
effect extends beyond the simple notion of proliferative upregulation of aerobic glycolysis
(Figure 4.5b). Instead, cells with higher levels of tumorigenicity may need even greater
glycolytic and LDH fluxes per growth rate to maintain proliferation. Furthermore, pathways with
the greatest MFIs were oxPPP, malate dehydrogenase (MDH) and isocitrate dehydrogenase
(IDH). Based on the definition of MFI, these may be the most critical reactions for sustaining

growth in HMEC-hTERT-LT-HRas relative to the control cell line (Figure 4.5 b).
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Figure 4.5 b. Quantitative 3C-MFI analysis validated that oncogenotypes directly impact

Normalized MFI results for all +EGF HMECs. Darker orange color indicates higher levels of

Error bars, 95% confidence intervals. *P<0.05. **P<0.005. ***P<0.001. Abbreviations: oxPPP,
oxidative pentose phosphate pathway; MDH, malate dehydrogenase; IDH, isocitrate
dehydrogenase; LDH, lactate dehydrogenase; ME: malic enzyme; PDH, pyruvate

dehydrogenase; CS, citrate synthase; TCA cycle, tricarboxylic acid cycle.



4.8 Assessing the therapeutic potential of targeting oxPPP, MDH and IDH

Our MFI analysis identified oxPPP, MDH and IDH as the most enhanced reactions in HMECs
harboring hTERT-LT-HRas. Interestingly, these three pathways are essential sources
regenerating NADH and NADPH. OxPPP is one of the primary routes of NADPH synthesis,
which can also be replenished by ME (Figure 4.6a). However, ME exhibited statistically
invariant MFIs across cell lines, whereas the reliance on oxPPP was higher in more tumorigenic
HMECs (Figure 4.5b). Additionally, MDH and IDH play an important role in maintaining the
integrity of the TCA cycle, which functions as a central hub for supplying ATP, NADH and
amino-anabolic precursors (Figure 4.6b). Therefore, inhibition of oxPPP, MDH and IDH may be

selectively toxic in cancerous HMECs.

Oxidative PPP
OXPPP

& - EV ME j F— oxPPP inhibitors
T hTERT-LT-HRas . NADPH

N
~
~~~~~~~

Normalized FI

Reduction of NADPH supply through oxPPP

Figure 4.6 a. > C-MFI analysis identified oxPPP as the most enhanced reaction in HMEC-
hTERT-LT-HRas. Targeting oxPPP is expected to impair NADPH regeneration.

Error bars, 95% confidence intervals. *P<0.05.
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Figure 4.6 b. 3C-MFI analysis identified MDH and IDH as one of the most enhanced reactions
in HMEC-hTERT-LT-HRas. Targeting MDH and IDH is expected to impair NADH

regeneration and the TCA cycle.

Error bars, 95% confidence intervals. **P<0.005.

To test these two strategies, we performed drug inhibition experiments for the most
tumorigenic HMEC-hTERT-LT-HRas against the control line HMEC-EV. We used 6-
aminonicotinamide (6AN), LW6 and GSK864 to inhibit oxPPP*®, MDH*" and IDH*,
respectively. The fold changes of cell count for drug-treated compared to DMSO-treated cells at
different drug concentrations are shown in Figure 4.6c. We found that these inhibitors were
selectively more toxic in the most tumorigenic HMEC. Specifically, 0.5 uM 6AN, 100 uM LW6
or 10 uM GSK864 significantly reduced the proliferation of HMEC-hTERT-LT-HRas compared
to the control cell line. It is worth noting that drug targeting of the metabolic pathways exhibiting
statistically invariant MFIs might not be able to achieve selective toxicity (Figure 4.6d).
Therefore, pathways with the greatest MFIs in the tumorigenic line may serve as better drug
targets. These experiments underscore the therapeutic potentials of targeting oxPPP, MDH and

IDH for selectively killing cancerous HMECs.
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Figure 4.6 c. Drug targeting results for oxPPP, MDH and IDH.
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Figure 4.6 d. Drug targeting of ATP-citrate lyase (ACLY), which showed invariant MFI across
tumorigenicity, yielded no selective toxicity.
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4.9 Discussion and conclusions

We have demonstrated the use of 2*C-isotopic labeling and MFA to quantitatively resolve the
metabolic fluxes of HMECs with different levels of tumorigenicity. We found a distinct substrate
utilization pattern involving a truncated TCA cycle and glucose-supported lipogenesis.
Moreover, we introduced the concept of MFI to unveil proliferation-independent oncogenic
metabolic rewiring that helped identify pathways like oxPPP, MDH and IDH as new drug targets
with improved selective toxicity. Our data and analysis provide direct evidence that the
metabolisms of cancer and normal proliferative cells differ and this can be the basis for

identifying targets for selective cancer treatment.

Our work further underscores the metabolic significance of glutamine anaplerosis. The
fact that glutamine is metabolized as one of the major respiratory substrates in cancer cells has
been previously reported*®>1, More recently, the important role of glutamine in supporting de
novo lipogenesis has been elucidated?®343®. In contrast to these works, here we revealed another
type of glutamine metabolism: a truncated TCA cycle for glutamine oxidation with glucose
mainly supporting the lipogenic pathway. It is worth mentioning that a truncated TCA cycle has
been reported in previous investigations. For example, glutamine can be utilized to fuel the TCA
cycle in cancer cell lines harboring heterozygous IDH-1 mutations under hypoxia or
mitochondrial inhibition®2. Moreover, cell lines exhibiting a truncated TCA cycle exhibited
reduced proliferation due to their inability to perform a fully functional reductive glutamine
metabolism along IDH®2. In contrast, our results show that the presence of a truncated TCA cycle
does not undermine cellular growth in HMECs (Figure 4.1 f-h). In line with our results, the
truncated TCA cycle and glucose-supported lipogenesis have also been reported in
glioblastomas, and such rewired metabolism does not impair cancer cell proliferation either?.
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Importantly, our work shows that the truncated TCA cycle is present in all HMECs being
studied, indicating that this metabolic pattern is not unique to cancer cells. Furthermore, we
employed 3C-MFA to fully resolve all major metabolic pathways and quantified fluxes within
the truncated TCA cycle and de novo lipogenesis. This quantitative depiction provides
opportunities to further investigate this metabolic pattern in depth. For example, the mechanism
by which this metabolic phenomenon occurs is still unclear at this point and remains to be
elucidated by future work. These rewired energetics may expose potential metabolic
vulnerabilities that can be exploited for therapeutic intervention to treat cancer. This idea is in
line with the therapeutic efforts to target both glucose and glutamine metabolism for enhanced

overall effectiveness of chemotherapy®3>°.

Our quantitative flux results enabled us to address the question of whether cancer and
normal proliferative metabolisms are different. One of the hallmarks of cancer — the Warburg
effect — has been proposed to be shared by both cancer and proliferating cells*?*?2, However,
there has been no study directly investigating whether and how cancer metabolism is different
from proliferative metabolism beyond the Warburg effect. In fact, it would be difficult to
eliminate confounding factors such as different cell types and genetic backgrounds if common
existing cancer cell lines were used in such studies. These concerns prompted us to develop a
new panel of HMECs that shared the same original genetic background by modifying defined
genetic elements. More importantly, we believe that the main challenge to study the difference
between cancer and normal proliferative metabolism is to decouple the growth-independent

impact by oncogenotypes from that by altered growth phenotypes®®.

To decouple these two modes through which cancer metabolism is manifested, we

introduced a new quantity called metabolic flux intensity (MFI) obtained by dividing metabolic
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fluxes by the specific growth rate. In this way, the effect of growth on metabolism is normalized
when one compares MFIs across different cell lines. MFI essentially serves as an indicator
gauging the importance of a certain metabolic pathway in sustaining cellular growth. MFlIs are

different across our HMEC variants, which suggests that proliferation is not the only factor

governing metabolic behavior.
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Figure 4.7 a-b. Demonstration of the connection between metabolic fluxes and flux intensities.

a, Metabolic fluxes of the malic enzyme (left) and the oxPPP (right) reactions. The R? value,

which measures the proliferative control of metabolism, is higher for the malic enzyme than the
O0XPPP.

b, Consistent with the metabolic flux results, the flux intensities of the malic enzymes stayed
constant across different levels of tumorigenicity, suggesting strong proliferative control. In

contrast, the flux intensities of the oxPPP are significantly different, indicating proliferation-
independent control on metabolism.

*P<0.05.
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MFI analysis helps in selecting targets for treating cancer. Based on the definition of
MFI, metabolic pathways with higher MFIs are relied upon by the cell more heavily than those
with lower MFIs for supplying metabolites and energy for growth. Therefore, pathways with
higher MFIs can be therapeutically more relevant in exerting selective toxicity on cancer cells.
MFI analysis emphasizes the notion of selective toxicity because it compares flux changes
independent of proliferative control of metabolism. Therefore, MFI may be more suitable for

identifying potential drug targets.

Since oxPPP, MDH and IDH are responsible for producing NADPH and NADH, cofactor
regeneration may be one of the key constraints limiting cancer cell growth. In line with this idea,
inhibition of these reactions rendered a more drastic reduction of proliferation in the most
tumorigenic HMEC line. Previous studies also reported similar promising results®’-°, We
believe that MFI analysis can be helpful in identifying potential drug targets in other types of

cancer.
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Figure 4.7 c. Normalized MFA results for all HMECs at +EGF condition. Darker orange color

indicates higher levels of tumorigenicity.
Error bars, 95% confidence intervals. **P<0.005.

Normalized MFI results for all +EGF HMECs. Darker orange color indicates higher levels of
tumorigenicity. Error bars, 95% confidence intervals. *P<0.05. **P<0.005. ***P<0.001.
Abbreviations: oxPPP, oxidative pentose phosphate pathway; MDH, malate dehydrogenase;
IDH, isocitrate dehydrogenase; LDH, lactate dehydrogenase; ME: malic enzyme; PDH, pyruvate
dehydrogenase; CS, citrate synthase; TCA cycle, tricarboxylic acid cycle.
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4.10 Experimental procedures

Cell culture conditions

All cell lines were obtained from ATCC, tested for mycoplasma and cultured at 37 °C and 5%
CO.. The MCDB 170 medium was used for regular subculture on 10-cm tissue-culture treated
polystyrene dishes (Corning). The complete formulation of the MCDB 170 medium includes a
mammary epithelial basal medium (MEBM) (Lonza) supplemented with 5 pg/mL insulin, 0.5
pg/ml hydrocortisone, 5 pg/mL transferrin, 0.07 mg/mL bovine pituitary extract (BPE)
(Hammond), 10 uL isoproterenol and 5 ng/mL EGF (Peprotech). Trypsin-EDTA (0.25%)
(Thermo Fisher) was used as the dissociation reagent to passage cells upon 70-80% confluence
for up to 4 passages. Fresh media (15 mL per plate) was replaced every 2-3 days. Cells were
plated and tested on 6-well plates (Corning) for the experiments determining growth rates and
extracellular fluxes. Dulbecco’s Modified Eagle’s Medium (DMEM) (without glucose,
glutamine and sodium pyruvate, Corning) was used as the basal medium (2.5 mL per well)
supplemented with other MCDB 170 components, 10 mM glucose, 4 mM glutamine, 0.1 mM
ethanolamine, 0.1 mM phosphoethanolamine and 10 mM HEPEs. All components were obtained

from Sigma unless otherwise noted.

Transfection/infection and drug selection for HMECs

HMEC 184A1 was used as the parental cell line to develop all HMEC variants, except for
HMEC-hTERT-LT-HRas, which was kindly provided by W. Hahn (Dana-Farber Cancer
Institute). An empty vector, K-ras G12V, EGFR L858R, p53DD and SV40ER (Addgene) were

stably integrated into HMEC 184A1 through y-retroviral infections under the CMV promoter.
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HEK 293 T cells at 40-60% confluence were transfected with 5.25 pg pBABE-puro EV,
pBABE-puro K-ras G12V, pBABE-puro EGFR L858R, pBABE-neo p53DD or pBABE-neo
SV40ER, 4.725 g gag/pol vector, 0.525 pg VSV-G and 31.5 uL XtremeGENE HP DNA
Transfection Reagent (Roche). All components were premixed and equilibrated for 15 min at 25
°C before being transferred in a dropwise manner into HEK 293 T cells grown in a 10-cm dish
with 10 mL DMEM and 10 vol % fetal bovine serum (FBS) (Sigma SAFC). Media containing -
retroviruses was harvested after 36-48 h incubation at 37 °C and 5% CO_ and was passed through
0.45 pm filters (Pall). The retentate (~10 mL) containing y-retroviruses was then mixed with 8
ug/mL Polybrene (Millipore) and added into HMECs at 20-30% confluence grown in a 10-cm
dish. After 24-36 hours, the spent media with retroviruses was aspirated and the plate was

washed by 10 mL PBS (Corning) for three times.

HMEC-EV, HMEC-EGFR and HMEC-KRas with successful integrations of retroviral
vectors were selected with 0.5 pg/mL puromycin. HMEC-p53DD-KRas and HMEC-SV40ER-
KRas were selected with 0.5 pg/mL puromycin and subsequently with 400 pg/mL G418. The
concentrations of these drugs were verified to be able to kill all mock-infected HMECs. To avoid
bias due to position effect, the final population of each cell line was composed of at least 25
independent clones. HMEC lines after drug selection were then cryopreserved by mixing 1.5-
3x108 cells with 1mL freezing media containing 75 vol % MEBM, 15 vol % FBS and 10 vol %

glycerol (Sigma).
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Western blots

Cells were lysed in RIPA buffer (Thermo) containing protease and phosphatase inhibitor
cocktails (Bimake B14001 and B15001-B). Protein concentration was quantified by BCA assay
(Thermo Fisher). Equal amounts of protein were run on 4-20% Tris-Glycine gels (Invitrogen)
and transferred to PVDF membranes. Membranes were blocked with 5% bovine serum albumin
and probed with the following primary antibodies: B-actin (Sigma, Cat. No. A1978), EGFR
(Thermo Fisher, Cat. No. MS-400-P1), ERK1/2 (Cell Signaling, Cat. No. 9102) phospho-
ERK1/2 (Cell Signaling, Cat. No. 4370), p53 (BD Biosciences, Cat. No. 554293), SV40 T Ag
(Santa Cruz, Cat. No. SC-147), a-Tubulin (Cell Signaling, Cat. No. 3873). Blots were imaged

using Luminata Western HRP substrate (EMD Millipore).

Determinations of specific growth rates and extracellular fluxes

Protein concentrations for cells within 6-well plates were quantified by BCA assay (Thermo

Pierce). Specific growth rates (1) were determined by the following equation:

where X; and X, are the protein concentrations at time 0 and time t, respectively. The initial cell
seeding densities were 80x10° and 35x103 per well for -EGF and +EGF conditions, respectively.
MCDB 170 medium was used during seeding (D-3), and DMEM with MCDB 170 components
at +/-EGF conditions was used after 24 hours during media change (D-2), preceded by a two-
time wash with PBS. Spent media was collected and new media was replaced after another 48

hours following a one-time wash with 2mL/well PBS (DO0). Another 48 hours later, the spent
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media was harvested, and the cells (D2) were first washed once by 2 mL/well PBS. Then 500
pL/well of cold RIPA buffer (Thermo) was pipetted into each well, and the 6-well plates were
shaken briefly and placed at 4 °C for overnight incubation. Cell lysates were then harvested,
vortexed and centrifuged for the retrieval of supernatant. Protein concentration within each well
was then measured in 96-well plates through colorimetric detection and quantification according

to the standard protocol of BCA assay.

Concentrations of extracellular glucose, lactate, glutamine and glutamate in spent media
were then measured by Yellow Spring Instruments (YSI) 2950. Based on the equation governing
extracellular fluxes during the exponential growth phase, the extracellular fluxes for glucose,

lactate and glutamate were determined according to the following equation 32:

_ Ct—Cy L
ett—1X,

where v is the extracellular flux of a metabolite, C; the concentration of that metabolite at time t,
C, the concentration of that metabolite at time 0, u the specific growth rate and X, the initial

protein content at time 0.

Due to the fact that glutamine is unstable and undergoes spontaneous degradation in
normal cell culture condition, the extracellular fluxes for glutamine were determined based on

the following equation with an additional term of decay constant k 32:

Ctekt—Co u+k

T eit_1 x,

where the first-order decay constant k was determined based on the following equation:
k=t (%)
t Ct,d
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where C; 4 and C, 4 are the glutamine concentrations in media without cells at time t and time 0,

respectively.

13C-isotopic labeling experiments and intracellular metabolite extraction

13C-isotopic tracers (U-*Cs-glucose, 1,2-*C2-glucose and U-1*Cs-glutamine, Cambridge Isotope
Laboratory) were administered at the same concentrations as the unlabeled counterparts (10 mM
for the glucose tracers and 4 mM for the glutamine tracer). The tracers were used one at a time at
full enrichment. For example, 10 mM of U-Cg-glucose was used with 4 mM unlabeled
glutamine in the U-Cg-glucose tracing experiment. The media formulation is exactly the same
as that used in the growth and extracellular flux experiments. The experimental procedures are
the same as that for the growth and extracellular flux experiments until D2. Instead of harvesting
at D2, we prolonged the *3C-istopic labeling duration to 72 hours (D3) after the second media

change (DO) to allow for more sufficient time to reach metabolic and isotopic steady states.

To harvest metabolites with minimal metabolic perturbations, we immediately placed the
6-well plates on ice once the plates were out of the incubator. Spent media was then quickly
aspirated, and each well was washed once by cold (0-4 °C) saline, followed by addition of 500
ML freezing cold (-20 °C) methanol. Next, 300 uL cold (0-4 °C) milliQ water containing 2 ug
norvaline (Sigma) as an internal standard was pipetted to each well. Cells were then quickly
scrapped off from the wells by pipette tips in the presence of the liquid mixture, and the mixture
was transferred to microcentrifuge tubes. These steps were performed one at a time for each
well. Metabolite extraction was then performed by adding 600 pL freezing cold (-20 °C)

chloroform to each microcentrifuge tube and then quickly vortexing the mixture at 4 °C for 10
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min, followed by a centrifugation at 21000xg for 10 min. After these steps, the mixture was
separated into two phases with the top and bottom layers containing polar and nonpolar
metabolites, respectively. The two layers were then retrieved and placed into separate
microcentrifuge tubes, dried by air and then stored at -80 °C for less than 1-2 weeks before being

derivatized and loaded onto GC/MS.

Metabolite derivatization and GC/MS analysis

Polar metabolites were derivatized by incubating dried samples in each microcentrifuge tube
with 15 pL methoxyamine in pyridine (MOX) (Thermo) at 40 °C for 1.5 hours, followed by
another incubation with 20 puL N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide with 1%
tert-Butyldimethylchlorosilane (TBDMS) (Sigma) at 60 °C for 1 hour. The derivatized mixture
was then briefly vortexed, centrifuged and transferred into polypropylene GC/MS vials
(Agilent). Nonpolar metabolites were treated by incubating dried samples in each
microcentrifuge tube with 500 pL methanol with 2 vol % sulfuric acid at 60 °C for 3 hours. Next,
600 pL hexane and 175 pL saturated sodium chloride solution were added, and the mixture was
vortexed at room temperature for 30 min and subsequently centrifuged at 21000xg for 1 min.
The resulting mixture was separated into two phases, and the top phase containing nonpolar
metabolites was retrieved into a separate microcentrifuge tube, dried by air, reconstituted by 30-

50 pL hexane and transferred into amber glass GC/MS vials with glass inserts (Agilent).

Agilent 6890N GC and 5975B Inert XL MS were used for polar metabolite analysis. The
column for the 6890N GC is Agilent J&W DB-35ms (35%-phenyl-methylpolysiloxane, mid-

polarity) and the electron ionization mode with 70 eV was used for the 5975B MS.

241



Chromatography grade helium (Airgas) at ImL/min flow rate was used as the carrier gas. The
inlet temperature for the 6890N GC was set to 270 °C, and the oven temperature was first
maintained at 100 °C, and ramped to 300 °C at a speed of 2.5 °C/min. Samples of either 1 or 2 uL
were injected into the instrument with either split or splitless mode based on sample abundances.
The scan mode with a detection range of 150-625 m/z was used for all measurements. Mass

isotopomer distributions (MIDs) have been corrected for natural abundance.

Agilent 7890B GC and 5977B MS were used for nonpolar metabolite analysis. The
column for the 7890B GC is Agilent J&W HP-5ms (5%-phenyl-methylpolysiloxane, nonpolar)
and the electron ionization mode with 70 eV was used for the 5977B MS. Ultra high purity grade
helium (Airgas) at 3 mL/min was used as the carrier gas. The inlet temperature for the 7890B GC
was set to 280 °C, and the oven temperature was first maintained at 165 °C and then ramped to
226 °C at a speed of 2 °C/min. Samples of 1 yuL were injected into the instrument with the
splitless mode. The scan mode with a detection range of 200-400 m/z was used for all

measurements. MIDs have been corrected for natural abundance.

13C-metabolic flux analysis (*}C-MFA)

An elementary metabolite unit (EMU)-based software Metran coded within MATLAB
(MathWorks) was used to perform 3C-MFA*®L, Experimentally determined extracellular fluxes
of glucose, lactate, glutamine and glutamate, as well as the *C-labeling data were used in
conjunction with a metabolic reaction model (Figure S3) to generate **C-MFA results. The 95%
confidence intervals for metabolic fluxes were obtained by performing parameter continuation

on converged flux results 2.

242



Inhibition of oxPPP, MDH and IDH

HMEC-hTERT-LT-HRas and HMEC-EV were seeded at 35x10° per well with 5ng/mL EGF in
6-well plates. The small molecule drugs 6-aminonicotinamide (6AN), LW6 and GSK864 at
different concentrations were administered in the usual MEBM-based MCDB 170 medium.
DMSO was used to prepare the initial concentrated drug solutions. Cell counts were measured by

Cellometer (Nexcelom) 48 hours after seeding.

Definition of quantities

Fractional enrichments from 3C-isotopic tracers were calculated using MID data corrected for

natural abundance based on the following equation:
Fractional enrichment = X (i X m;) /(n X Y=, m;)

where n is the number of carbon atoms in a metabolite, m; the abundance of a mass isotopomer

and i the labeling state (M+i) of a mass isotopomer.

Metabolic flux intensities (MFIs) were defined and calculated based on the following

equation:

MFI = Z
u

where v and p refer to metabolic flux (pmol-h**-ug™) and specific growth rate (ht), respectively.

The unit of MFI is therefore pmol-ug™.
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Table 4.1. Biochemical reactions and carbon atom transitions used in 1*C-MFA.

Single- and double-headed arrows refer to unidirectional and bidirectional reactions,
respectively. Abbreviations are the same as in Figure S3. Reactions are numbered consistent as
shown in Figure S3. Letters in the bracket indicate the position of carbon atoms. The subscript .x
refers to extracellular localization, .c cytosolic localization, .m mitochondrial localization, .mnt

measurement.

Extracellular fluxes and biomass production
#1 Gle.x (abedef) — G6P (abcdef) Glucose import and hexokinase

#2 Lac (abc) — Lac.x (abc) Lactate export
#3 GlIn.x (abcde) — GIn (abcde) Glutamine import
#4 Glu (abcde) — Glu.x (abcde) Glutamate export

#5 0.18 Asp + 0.23 Glu + 0.15 Ala + 0.16 GIn + 0.17 Ser + 0.11 Gly — Biomass

Biomass production

Scaling fluxes

#6 Pyr.mnt (abc) — Pyr.fix (abc) Pyruvate scaling flux
Glycolysis

#7 G6P (abcdef) «» F6P (abcdef) Phosphoglucose isomerase
#8 F6P (abcdef) — DHAP (cba) + GAP (def) Aldolase

#9 DHAP (abc) <> GAP (abc) Triose phosphate isomerase

#10  GAP (abc) « 3PG (abc)
Glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase
#11  3PG (abc) — Pyr.c (abc)
Phosphoglycerate mutase, enolase and pyruvate kinase

#12  Pyr.c (abc) < Lac (abc) Lactate dehydrogenase
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Table 4.1 (continued). Biochemical reactions and carbon atom transitions used in 3C-

MFA.

Pentose phosphate pathway (PPP)

#13
#14
#15
#16

G6P (abcdef) — P5P (bcdef) + CO2 (a) 6-phosphogluconate dehydrogenase
P5P (abcde) + P5P (fghij) «» S7P (abfghij) + GAP (cde)  Transaldolase
S7P (abcdefg) + GAP (hij) <> F6P (abchij) + E4P (defg)  Transaldolase
P5P (abcde) + E4P (fghi) <> F6P (abfghi) + GAP (cde) Transaldolase

Anaplerotic and amino acids metabolism

#17  Pyr.m (abc) + CO2 (d) — Oac (abcd) Pyruvate carboxylase
#18  Mal (abcd) <> Pyr.m (abc) + CO2 (d) Malic enzyme
#19  Glu (abcde) <« Akg (abcde) Glutamate trans/deaminases
#20  Oac (abcd) + Glu (efghi) <« Asp (abcd) + Akg (efghi) Asp-Glu transaminase
#21  Pyr.c (abc) + Glu (defgh) <> Ala (abc) + Akg (defgh) Ala-Glu transaminase
#22  GIn (abcde) < Glu (abcde) Glutaminase
TCA cycle
#23  Pyr.m (abc) —» AcCoA.m (bc) + CO2 (a)  Pyruvate dehydrogenase
#24  AcCoA.m (ab) + Oac (cdef) — Cit (fedbac) Citrate synthase
#25  Cit (abcdef) «> Akg (abcde) + CO2 (f) Aconitase and isocitrate dehydrogenase
#26  Akg (abcde) — Suc (bcde) + CO2 (a)
a-ketoglutarate dehydrogenase and succinyl-CoA synthetase
#27  Suc (abcd) <> Fum (abcd) Succinate dehydrogenase
#28  Fum (abcd) <« Mal (abcd) Fumarase
#29  Mal (abcd) < Oac (abcd) Malate dehydrogenase

Fatty acid synthesis

#30
#31

Cit (abcdef) — AcCoA.c (ed) + Oac (fcba) ATP-citrate lyase
AcCoA.c (ab) — FA (ab) Fatty acid synthase
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Table 4.1 (continued). Biochemical reactions and carbon atom transitions used in 3C-

MFA.

Dilution and mixing fluxes

#32 0 Pyr.c (abc) — Pyr.mnt (abc) Pyruvate compartmentalization (from cytosol)

#33 0 Pyr.m (abc) — Pyr.mnt (abc) Pyruvate compartmentalization (from mitochondria)

Compartmentalized reactions

#34  Pyr.c (abc) <« Pyr.m (abc)

Pyruvate compartmentalization (between cytosol and mitochondrion)
#35  3PG (abc) + Glu (defgh) — Ser (abc) + Akg (defgh)

Phosphoglycerate dehydrogenase, phosphoserine aminotransferase and phosphoserine
phosphatase

#36  Ser (abc) — Gly (ab) + MEETHF (c) Serine hydroxymethyltransferase
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5.1 Summary and concluding remarks

This thesis addressed a fundamental question of whether there is a difference in the metabolism
of cancerous, fast growing cells and normal proliferative cells. We first reviewed metabolic
pathways differentially activated in cancer cells, followed by detailed analysis of metabolic shifts

in cancer cells using isotopic labeling and *C-metabolic flux analysis (3C-MFA).

In Chapter 2, we introduced recent advances in cancer metabolism research. We briefly
explained isotopic labeling analysis and MFA, which have been instrumental in identifying and
investigating metabolic rewiring in cancer cells. Both classical and modern interpretations of the
Warburg effect were reviewed. Metabolic alterations due to the M2 isoform of pyruvate kinase
(PKM2) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were also discussed. In
addition, we summarized major discoveries for reductive metabolism of glutamine and explained
the labeling patterns from relevant $3C-labeled glucose and glutamine tracers. Moreover, we
reviewed the metabolic consequences of isocitrate dehydrogenase (IDH) mutations and the
metabolic functions of the oncometabolite 2-hydroxyglutarate. Next, we discussed rewired serine
and glycine metabolism and its correlation with tumorigenesis. Additionally, acetate metabolism
and alternative sources of acetyl-CoA were also reviewed. Lastly, we recapitulated key signaling
pathways of several oncogenes, and summarized recent findings elucidating oncogene-specific

metabolic rewiring.

In Chapter 3, we reviewed common *3C- and ?H-isotopic tracers applied in dissecting
mammalian cell metabolism. Particularly, we emphasized on stepwise tracking in metabolic
pathways involving cyclic and branching biochemical reactions. We first analyzed labeling

patterns in the tricarboxylic acid (TCA) cycle from U-'3Cs-glucose without extra complications
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due to anaplerosis. Labeling patterns for each cycle were predicted and generalized based on the
simple depiction of the TCA cycle. Next, we included pyruvate carboxylase (PC), malic enzyme
(ME) and phosphoenolpyruvate carboxykinase (PEPCK), and described the resulting alterations
on labeling patterns. Then, the labeling patterns of TCA cycle intermediates by U-13Cs-, 1-13C-
and 5-3C-glutamine tracers were elucidated, first without PC, ME and PEPCK and then with
these extra reactions. Generalized labeling patterns of TCA cycle metabolites were also reported.
Furthermore, we analyzed the labeling patterns by 1,2-1*C-acetate and 1-*C-/1,6-3C-glucose
with respect to acetate-driven TCA cycling. Stepwise molecular tracking of *3C atoms provided a
systematic approach to interpreting these labeling results. In addition, the labeling schemes of
pentose phosphate pathway (PPP) intermediates were explained by simultaneously tracking
multiple metabolites derived from 1,2-3C»-, 2-*C- and 3-3C-glucose. Moreover, the
applications of various ?H-tracers such as 1-H-glucose, 3,3-Hz-serine, 2,2-2Ha-glycine, 2,3,3-
2Ha.serine, 4-2H-glucose, 2,2,3,3-2Hs-dimethyl succinate and 2H20 were also reviewed. We then
concluded the discussion by a case study of *C-MFA, the use of which successfully resolved
distinct metabolic behavior of three hypothetical scenarios. 13C-MFA also generated several

metabolic insights that would be otherwise difficult to interpret by conventional means.

In Chapter 4, we studied the metabolic difference between cancer and normal
proliferative cells through **C-isotope tracing and MFA. We first generated a panel of human
mammary epithelial cells (HMECs) exhibiting differing levels of tumorigenicity. Importantly,
these HMEC:s share the same genetic origin. We then determined the extracellular fluxes of
glucose, lactate, glutamine and glutamate. By plotting these fluxes against specific growth rates,
we showed that metabolism, at least at the extracellular level, might be dually controlled by

proliferation and oncogenotypes. To further study metabolism at the intracellular level, we
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performed *C-isotopic labeling experiments using U-*Cs-glucose, U-*Cs-glutamine and 1,2-
13C,-glucose. By calculating the fractional contributions of TCA intermediates from U-13Ce-
glucose and U-Cs-glutamine, we uncovered a distinct substrate utilization pattern (Figure 5.1).
In short, the TCA cycle was truncated and maintained by glutamine anaplerosis. In addition, de
novo lipogenesis was supported by glucose entry via pyruvate dehydrogenase (PDH) and citrate
synthase (CS). Interestingly, this pattern was observed throughout the entire panel of cell lines,
suggesting that this utilization pattern was not unique to cancer cells or a specific oncogenotype.
Next, we combined extracellular fluxes and intracellular labeling results via 3C-MFA, which
completely resolved all major metabolic fluxes within cells. We then plotted these fluxes against
specific growth rates and demonstrated that a majority of metabolic reactions might be
simultaneously regulated by proliferation and oncogenotypes. To isolate the impact of the
indirect route through which oncogenotypes affect metabolism via growth, we introduced the
quantity called metabolic flux intensity (MFI). By dividing fluxes over specific growth rates, we
calculated MFIs for all major pathways and showed that most biochemical reactions exhibited
statistically different MFIs, further corroborating that growth is not the single determinant
regulating metabolic behavior (Figure 5.2). In addition, we identified three most enhanced
pathways in the most tumorigenic HMEC line: oxidative pentose phosphate pathway (oxPPP),
malate dehydrogenase (MDH) and isocitrate dehydrogenase (IDH). Drug targeting of these three
reactions were selectively more toxic for HMEC-hTERT-LT-HRas, demonstrating promising
therapeutic potentials (Figure 5.3). Most importantly, our work provided direct evidence that
cancer and normal proliferative metabolism may be different, supporting the continuous effort to
target metabolism with minimized side effects on normal cells for more effective cancer

therapies.
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Figure 5.3. Metabolic flux intensity analysis (top) identified oxPPP, MDH and IDH to be the
most enhanced pathways in the tumorigenic HMECs (hnTERT-LT-HRas). Drug targeting of these

pathways showed promising therapeutic potentials.

5.2 Future directions

In this thesis, we reviewed a plethora of metabolic rewiring phenomena and introduced
state-of-the-art isotope tracing and flux analysis techniques to study cancer metabolism. More
importantly, we applied these techniques and addressed a long-lasting question of whether
metabolism of cancer cells is different than that of proliferating cells. Although steady progress
has been made to better understand cancer metabolism, there still remains much to be discovered

for cancer metabolism.

One area largely undeveloped in this field is subcellular characterization of metabolism.
The major limitation is the challenge to separate compartment-specific metabolite pools.

However, it is promising to witness that many techniques have been successfully developed to
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enhance the spatial resolution for metabolic measurements. One example is the use of ?H tracing
in resolving mitochondrial and cytosolic compartments within intact cells®. Other alternatives
include rapid isolation and harvesting of specific compartments. These methods demonstrate
great potential to resolve subcellular metabolism?3. Another emerging area is in vivo metabolic
studies. Tumor microenvironment*, heterogeneity in tumor tissues® and system-level fluxomics®

are some excellent examples in line with this effort.

In addition to reviewing metabolic rewiring in cancer cells, we also introduced **C-
isotope tracing techniques and their applications to various systems. The tracers reviewed in
Chapter 2 do not offer a comprehensive list. In fact, we believe the use of other tracers carrying
3¢, 2H, 0, >N will improve pathway-specific metabolic alterationst’2. In addition,
radiolabeled tracers may provide enhanced resolution compared to stable isotopic tracers in some
cases'® 1%, Moreover, several mixtures of tracers have been designed to better characterize certain
metabolic pathways. For example, upregulated transketolase-like protein 1 (TKTL1) has been
reported in certain types of cancer'®, but the use of 1,2-*C,-glucose alone was not able to
generate sufficient information to assess this metabolic pathway. To address this issue, several
equimolar mixtures of tracers such as 1-*C-and 4,5,6-'Cs-glucose, 2-*C- and 4,5,6-3Cs-
glucose and 3-13C- and 4,5,6-1Cs-glucose have been developed®®. These combinations of tracers
were capable of resolving the interaction of TKTL1 and the pentose phosphate pathway
(PPP)'%17 More combinations of tracers still remain to be discovered and better engineered to

dissect intricate metabolic networks.

As an advanced approach to integrating isotopic labeling data, *C-MFA has been widely
applicable in the field of metabolic engineering. Although its application has gained popularity in

studying cancer metabolism over the past decades, there are still several challenges limiting its
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use by the broader community: 1) the overall concept and methodology need to be better
explained. Particularly, the notions of pseudo-steady state hypothesis, flux continuity and mass
balances should be elucidated more frequently using non-technical languages and case studies; 2)
Inclusion of graphical user interfaces (GUIs) are recommended for the pieces of software
performing *C-MFA,; 3) Efforts should be made to achieve pseudo-steady state in certain
systems more easily. Although it is critical to address the first two challenges, we would like to
share a few strategies to solve the last issue. In order to approach metabolic and isotopic steady
states, it is highly recommended to select a cell culture system with high metabolic activity.
Since steady states are achieved by turnovers of preexisting metabolic intermediates, higher
metabolic fluxes drive this dynamic transition and thus shorten the time needed to reach a new
metabolic state (whether after an acute physiological perturbation or replacement of unlabeled
substrates by the labeled species). In addition, metabolic perturbations should be avoided during
MFA sampling to prevent metabolic shifts. For example, metabolite collections should not
coincide with genetic manipulations (sSiRNA knock-down, induced expressions of certain genes,
etc.). Otherwise, metabolic states are unlikely to stay constant. Instead, these perturbations
should be introduced prior to MFA sampling. Ideally, the optimal time points for perturbations

and MFA should be determined experimentally.

Combining the knowledge of cancer metabolism and the toolbox to dissect complex
bioreaction networks, we investigated whether cancer metabolism is different from proliferative
metabolism in Chapter 4. Through isotopic labeling with glucose and glutamine tracers, we
uncovered a distinct substrate utilization pattern and pinpointed the crucial role of glutamine
anaplerosis in sustaining the TCA cycle®®23. Moreover, glucose was the primary substrate

utilized for de novo lipid synthesis. In contrast to previous investigations, this pattern was not
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unique to tumorigenic or oncogenic cell lines?*. Neither did this pattern lead to any metabolic
disadvantages®*%. However, the mechanism by which this metabolic pattern occurs still remains
elusive. Our quantitative flux results may provide opportunity to further explore this area.
Moreover, it is not clear whether these rewired energetics may potentiate metabolic
vulnerabilities that can be exploited to develop additional therapeutic strategies. This idea is in
line with the recent efforts to target multiple metabolic pathways for improved cancer

therapies?®28,

More importantly in Chapter 4, we introduced the concept of metabolic flux intensity
(MFI). By dividing fluxes over specific growth rates, we proposed a quantitative metric to assess
proliferation-independent control of metabolism. In addition, MFI analysis further identified the
oxidative pentose phosphate pathway (oxPPP), malate dehydrogenase (MDH) and isocitrate
dehydrogenase (IDH) as the most enhanced pathways in the most tumorigenic cell line. We
believe that similar MFI analysis can also be applied to other research areas such as metabolic
engineering. For example, one can calculate MFIs for major metabolic pathways in an
engineered microorganism relative to the wild-type strain, and characterize potential metabolic
shifts normalized by the impact of growth alterations. This insight enables researchers to focus
on productivity enhancement independent of proliferation, as a boost in product titer may be
explained by increased biomass accumulation. The idea to normalize fluxes by specific growth
rates is also widely applicable to other diseases with metabolic implications where growth

introduces confounding factors mediating the interplay between genotypes and metabolism.
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