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Abstract

Tumors cells reprogram their metabolism to fuel rapid growth. The ability to trace nutrient fluxes
in the context of specific alterations has provided new mechanistic insight into the process of
oncogenic transformation. A broad array of complementary genetic, epigenetic, transcriptional and
translational mechanisms has been identified, revealing a metabolic landscape of cancer. However,
cancer metabolism is not a static or uniform process, including within a single tumor. Tumor cells
adapt to changing environmental conditions, profoundly shaping the enzymatic dependencies of
individual cells. The underlying molecular mechanisms of adaptation, and the specific interactions
between tumor genotype, oncogenic signaling, and tissue/biochemical context, remain
incompletely understood. In this review, we examine dynamic aspects of how metabolic
dependencies develop in cancer, shaped both by genotype and biochemical environment, and
review how these interlaced processes generate targetable metabolic vulnerabilities.
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1. Introduction

Altered cellular metabolism is one of the most characteristic phenotypic changes that occurs
during the process of tumor formation, progression and drug resistance. Beginning with the
pioneering work of Otto Warburg in the 1940’s and culminating in significant and rapidly
accelerating progress in the past decade, a picture has begun to emerge of how cancer cells
take up and use nutrients to drive cell autonomous growth and rapid adaptation to changing
conditions. This line of inquiry has: 1) identified new drug targets; 2) shed light on interplay
between mutated genes and altered metabolism; 3) highlighted the diversity of genetic,
epigenetic, transcriptional, translational, and post-translational mechanisms that regulate
tumor cell metabolism; 4) provided new insight into the flexibility of metabolic pathways
that cancer cells use and 5) revealed the heterogeneity of the metabolic pathways used in
different parts of a tumor [1-3]. These discoveries have moved the field beyond the initial
phase of characterizing the metabolic landscape of tumor cells, into a new and exciting era
of trying to understand how it works, with the ultimate goal of using this information to
develop more effective cancer treatments.

Clear lessons have begun to emerge, framing the challenge ahead. Cancer cells stop
behaving like normal cells in a multicellular organism and start behaving like single celled
entities [3, 4]. A molecular basis for this switch to cell autonomous metabolism and
proliferation has also become clearer. Gain of function mutation and gene amplification of
key components of the growth factor system, the very instructional cues that normal cells
require for nutrient uptake and utilization, are frequent events in cancers of almost all
histological types, providing a genetic basis for cell autonomous metabolism. How specific
genetic alterations interact with the tumor microenvironment remains an open question. How
does the biochemical milieu interact with corrupted growth factor signaling pathways to
influence metabolic fluxes? How do they enable rapid adaption to changing conditions?
What vulnerabilities do these adaptations expose and can they be targeted? The challenge in
the field is moving from the critical step of developing a biochemical map of cancer
metabolism, towards a dynamic adaptive view of how tumor metabolism changes over the
life of a cancer and in response to local cues, and how it can be therapeutically exploited. In
this review, we focus on the dynamic aspects of how metabolic dependencies develop in a
tumor shaped both by genotype and biochemical environment, and how these interlaced
processes generate targetable metabolic vulnerabilities.

2. Gene amplification, deletion and mutation drive metabolic phenotypes

Nearly 90 years ago, Otto Warburg [5] showed that most cancer cells avidly consume
glucose and convert it into lactate even in the presence of abundant oxygen, unlike normal
cells that metabolize glucose to carbon dioxide via mitochondrial oxidative phosphorylation.
The Warburg effect is a biochemical adaptation that benefits cancer cells by enabling them
to generate the metabolic ingredients needed for building biomass for cell proliferation,
while still yielding sufficient energy to power cellular reactions. Warburg’s observation was
the first, and probably the seminal demonstration that cancer cells have an altered metabolic
phenotype. However, tumor cells also display major shifts in other metabolic facets,
including in amino acid, nucleotide and lipid metabolism. Initially, a molecular basis for
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these biochemical shifts was not clear, but extensive research, particularly over the past 10
years, a molecular picture has emerged— common genetic alterations in tumor cells drive
specific metabolic shifts.

The first major lesson to emerge, is that common genetic alterations in genes that encode
core proteins in the growth factor signaling cascade, play a central role in cancer metabolic
reprogramming. In multicellular organisms, growth factor signaling instructs cells to take up
nutrients and direct them towards biomass generation, coupling nutrient flux with the
transcriptional, translational and post-translational programs that regulate cell proliferation.
In cancer, amplification and gain of function mutations of genes whose protein products are
key components of the growth factor signaling system, including cell surface receptor
tyrosine kinases such as EGFR, and downstream effectors PI3K and Akt, is a relatively
common event, providing a mechanistic basis for the transition of tumors to cell autonomous
nutrition. These activating lesions are often complemented by genetic deletion and/or loss of
function mutations of PTEN, a suppressor of PI3K signaling (Fig. 1). This signaling cascade
regulates the level and activity of nutrient uptake, such as levels of glucose transporters and
helps determine which biosynthetic pathways will be utilized [6-12]. Other genes whose
protein products are involved in nutrient uptake and utilization, including the signaling
protein Ras and the transcription factor c-Myc, are also commonly amplified and or mutated
in cancer [13, 14], and determine other nutrient fluxes including glutamine and other amino
acid uptake [15-21] and opportunistic pathways that have recently been described [22-25]

(Fig.1).

The second major lesson is that common genetic alterations in tumor cells co-opt signaling
networks and transcriptional programs that control cellular metabolism through cooperative
and tightly coordinated interactions. For example, recent work in glioblastoma, which is
highly glycolytic [26], demonstrates how a genetic alteration in EGFR, which occurs in a
high fraction of glioblastoma [27, 28], drives glycolysis through three complementary
pathways that integrate EGFR signaling through the PI3K pathway, with dysregulation of c-
Myec. First, EGFRvIII, through and Akt-mTORCL1-dependent pathway, leads to the splicing
of the Myc interacting partner Max, generating a gain of function protein, Delta Max, that
potently drives glycolysis in a c-Myc dependent fashion [29]. Second, EGFRvIII remodels
the enhancer landscape of glioblastoma cells, potently driving SOX9 and FOXGL1 to regulate
c-Myc-dependent transcription [30]. Lastly, EGFRvIII promotes glycolysis in tumor cells
through mTORC2-dependent acetylation of FoxO1 and subsequent regulation of c-Myc
protein levels [31].

EGFRvIII-dependent metabolic reprogramming is not restricted to glycolysis. Cancer cells
require not only glucose, but also amino acids, nucleotides and lipids in order to proliferate.
Recent work sheds some light on how the same genetic alterations that regulate glycolysis,
also coordinately regulate these other metabolic processes. For example, EGFRvIII
coordinately regulates fatty acid synthesis through and Akt-SREBP1-dependent mechanism
[32], and also controls intratumor cholesterol levels via an LDLR-dependent mechanism
[33, 34]. Considering the recent work linking c-Myc and mTORC1 with one carbon
metabolism, amino acid regulation and nucleotide biosynthesis [35-38], it is possible that
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further studies will reveal an even more tightly regulated integration of a diverse set of
metabolic events downstream of EGFRvIII in glioblastoma.

3. Metabolic co-dependency shaped by environment

A purely genotype-based view of cancer metabolism is missing half the picture. The
metabolic phenotype of tumors is determined not only by the genotype of the cancer cells
that it contains, but also by non-cell-autonomous environmental factors, such as nutrient
availability, tissue context and biochemical environment. The interactions between these
components determines the tumor’s metabolic preferences and range of adaptive
possibilities. It also generates metabolic dependencies of cancer cells that may be actionable
drug targets.

3.1. Nutrient availability in microenvironment determines metabolic dependencies

Environments supply cells diverse nutrients, such as glucose, amino acids, lipids, 02, and
macromolecules, which the cells then use to produce ATP, synthesize macromolecules and
modulate redox state for cell survival and proliferation (Fig. 2A). Cancer cells flux abundant
nutrients, such as glucose, glutamine and fatty acids, for ATP and Intermediate
metabolites[4]. Except for the essential amino acids and fatty acids, cancer cells can
synthesis most of required metabolites from the intermediates. Lipids and amino acids of
cancer cells can be achieved through synthesis from intermediates or import from
environments. Nucleic acids of cancer cells are synthesized from glucose, glutamine and
some non-essential amino acids. Under nutrient deprivation condition, cancer cells gain
metabolic flexibility by remodeling their metabolic pathways to use alternative nutrient
source from environment for cell survival and proliferation, which allows cancer cells to
bypass the nutrient limitation and renders them dependent on available nutrients [39]. The
tumor cell must balance what is available in the environment vs. what must be synthesized,
and at what energetic cost. Thus, nutrient availability in microenvironment is a major factor
in determining the metabolic state of tumor cells and its potential metabolic vulnerabilities.

The richness of potential biochemical interactions, the ability of enzymes to work in two
directions, and the potentially wide array of metabolites make it very difficult to predict
what a cancer cell will do, without considering its environmental context. For example,
acetate and lactate are important alternative carbon sources for cancer cells. Glucose and
glutamine, two main nutrients and substrates for metabolism, provides cancer cells major
source of carbon. Acetyl-CoA, a precursor for fatty acid and cholesterol de novo synthesis,
can be mainly acquired from glucose and glutamine though glycolysis and a-ketoglutarate,
and represents a central node of carbon metabolism. Acetate was found as an important
bioenergetic substrate for human glioblastoma and brain metastases [40]. Under low-oxygen
and lipid-depleted conditions, cancer cells activate their utilization of acetate from
microenvironments, providing one alternative source of acetyl-CoA for lipid synthesis and
histone acetylation [41]. Depletion of Acetyl-CoA Synthetase 2 (ACSS2), one main enzyme
to convert acetate to acetyl-coA and upregulated in a large proportion of tumors, inhibits
cancer cells growth and suppresses tumor development [42]. Lactate was also reported as an
important carbon source to feed tricarboxylic acid (TCA) cycle for human non-small-cell
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lung tumors [43]. Consistent with this finding, another systematical study on the fluxes of
circulating metabolites in mice reveals that circulating lactate is the primary source of
carbon for the TCA cycle and exceeds the contribution of glucose to TCA metabolism in
most normal tissues and the genetically engineered lung and pancreatic cancer tumors [44].

Besides glutamate, the availability of other amino acids in the environment also generate the
metabolic dependency of cancer cells. For example, many cancers depend on extracellular
serine availability, one central precursor for biosynthetic metabolism [45]. Besides directly
offering the serine headgroup for cellular metabolism, serine is a precursor of glycine and
cysteine, which are required for the synthesis of purine and glutathione (GSH). Serine also
supplies carbon source of one-carbon metabolism for thymidine, purine and methionine
synthesis. Serine depletion impairs glycolysis and induces oxidative stress in p53-deficient
cancer cells, leading to a metabolic vulnerability for p53-deficient cancer cells [46]. Serine
contributes to nucleotide synthesis through glycine. A high throughput analysis on metabolic
profiles of NCI-60 cancer cell lines found that glycine consumption is strongly correlated
with cell proliferating rate and antagonizing glycine uptake impairs cancer cell
proliferation[47], indicating a metabolic dependency for rapid proliferating cancer cells on
extracellular glycine. Aspartate is required for both purine and pyrimidine de novo synthesis.
As Blood aspartate level in human is very low [48] and uptake of aspartate may be not
sufficient for cell proliferation, a primary function of respiration in proliferating cell was
found to support aspartate biosynthesis, ensuring cancer cell survival and proliferation [49,
50].

3.2. Tissue context shapes metabolic dependencies

Tissue context provides a unique metabolic environment for cancer cells with specific
nutrient availability, extracellular matrix and interactions with stromal cells, which creates
dependencies on metabolism for cancer cells. Stromal cells and other cells within the tumor
microenvironment are genetically stable and thus provides a stable metabolic environment
for cancer cells [51]. Kras-driven Non-Small Cell lung tumors use nutrients differently for
TCA cycle than cultured cancer cells [52], indicating in vivo tissue environment determines
nutrient dependency of cancer cells. Tissue context determines metabolic dependencies of
cancer cells. For example, ovarian tumor cells near the adipocytes prefer to directly acquire
fatty acids from nearby adipocytes through upregulation of the fatty acid binding protein 4
(FABP4) [53]. A systematically analysis across 20 different cancer types indicates cancers
undergo a tissue-specific metabolic rewiring of metabolic genes expression [54].

Although with the same oncogenic drivers, tumors arising from different tissues may have
totally different metabolic dependencies. Oncogenic mutations, such as mutations in KRAS,
TP53 and EGFR, are common genetic drivers found in many cancers. Interestingly, Kras-
driven pancreatic ductal adenocarcinoma (PDAC) and non-small cell lung carcinoma
(NSCLC) were found to use branched-chain amino acids (BCAAs) differently in mice
model [55]. NSCLC tumors incorporate free BCAAS as nitrogen source whereas PDAC
tumors decreases their uptake of BCAAs from microenvironment. Blocking the enzymes for
BCAA:s use specifically impairs NSCLC tumor formation, suggesting tissue of origin
determines the metabolic requirements of cancer cells and targeting metabolic dependencies
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based on the tissue context may be a potential therapeutic strategy for certain cancers. Myc-
induced lung tumors and liver tumors also show tissue-specific difference in metabolism
[56]. By using intraoperative 13C-glucose infusions in human Non-small cell lung tumors,
Hensley et al. reveals the regional difference of tumor nutrient utilization that less perfuse
regions of human NSCLC tumors have elevated glucose oxidation and highly perfused
regions use non-glucose alternative nutrients for oxidation[57], suggesting the tumor
metabolic heterogeneity between patients and within individual tumors and highlighting
importance of microenvironment in metabolic dependency. Furthermore, metastatic cancer
cells in bone, lung and liver from the same primary breast cancer cells were found to display
unique metabolic signatures on glycolysis and oxidative phosphorylation (OXPHOS) [58],
which indicates the metabolic dependency of cancer metastasis may be defined by the tissue
of metastasis sites.

Tissue environment can dictate metabolic dependencies across tumor types with distinct
oncogenic signatures. An example comes from brain tumor and brain metastasis. Brain
contains over 20 % of unesterified cholesterol of whole human body [59]. The Blood-brain
barrier (BBB) generates a separated cholesterol pool for brain, in which astrocytes are
response for synthesizing most of cholesterol in brain from glucose, glutamine and acetate
[59]. In contrast to normal astrocytes, glioblastoma cells suppress cholesterol and liver X
receptor (LXR) ligand synthesis, and are largely reliant on LDL-derived cholesterol uptake
for survival, suggesting a metabolic dependency on cholesterol [33, 34]. Targeting this
dependency by activating LXR with LXR-623, a highly brain-penetrant synthetic LXR
ligand, selectively kills brain cancer cells and suppresses tumor growth in a patient-derived
glioblastoma (GBM) xenograft model [34]. More exciting, the brain metastatic breast cancer
cell lines were found also highly sensitive to LXR-623, indicating tissue microenvironments
can shape the metabolism of tumors with different genetic backgrounds, offering a broad
targeting strategy for tumors from the same tissue origin. The metabolic similarities
identified between human KRAS-driven lung tumors and EGFR-driven lung tumors [52,
571, all point to the same direction that tissue context plays an important role in metabolic
rewiring and dependency.

3.3. Oncogene and environment interactions select favorable metabolic co-dependencies

The interactions between oncogenic signaling and environment, select favorable metabolic
pathways and oncogenic signatures for tumor cells, contributing to tumor heterogeneity,
tumor aggressiveness and therapeutic resistance (Fig. 2B).

Environment coordinates with oncogenic signaling to regulate the reversible
posttranslational protein modification. Acetyl-CoA links environmental nutrients to
oncogenic signaling through protein acetylation [60]. Acetyl-CoA also functions as a central
metabolite in carbon metabolism of cancer cells, glucose or acetate derived acetyl-CoA can
directly modify the growth factor signaling in cancers by providing acetyl group for protein
acetylation. Glucose-dependent Rictor acetylation promotes mMTORC?2 signaling, ensuring
that growth factor receptor signaling leads to cellular proliferation in tumor cells only when
there are sufficient levels of glucose to support it, although acetate can provide an alternative
route for Acetyl-CoA generation to drive growth [61]. This adaptation also potentially
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renders tumor cells relatively resistant to EGFR-PI3K-AKkt axis based targeted therapies
[61]. Although the acetylation of Skp2 and MDM2 dictates their oncogenic function [62,
63], it is unclear whether environmental nutrients also affect these comportments in
oncogenic signaling pathways through acetyl-CoA mediated acetylation. O-GIcNAcylation
is another reversible post-translational modification that can dynamically response to
environmental glucose concentration [64]. Increased glucose flux of cancer cells elevates
cellular UDP-GIcNAC level and cellular O-GIcNAcylation in oncogenic transcriptional
factors [65]., including c-Myc [66], p53 [67], p-catenin [68], and NF-kB [69], which
promotes tumor development and progression in broad types of cancers. Elevated glucose
import of cancer cells can also activate SREBP activity and downstream lipogenesis through
SCAP N-glycosylation in tumors [70].

Nutrient sensors mediate the interactions between intrinsic and extrinsic factors of cancer
cells. The cystine-glutamate antiporter system x.~ (XCT) imports cystine and secrets
glutamate from extracellular environment [71]. Disruption of the cystine-glutamate
antiporter xCT improves cell viability under glucose-deficient conditions [72, 73]. Growth
factor signaling regulates metabolism of cancer cells in response to rapid changing
microenvironment. mTORC2 was found as an important regulator of glutamate and
glutathione metabolism in cancer through directly phosphorylating the cystine-glutamate
antiporter XCT on serine 26 [74]. Interestingly, XCT was also shown to be phosphorylated by
AKT at the same site serine 26 to promotes the methionine dependency in breast cancer cells
[75], which could be a shared mechanism with mTORC2 from growth factor signaling in
cancer cells. Inhibition of mMTORC2 enhances xCT-mediated cystine uptake and glutathione
synthesis, which offers an adaptation mechanism to metabolic stress [74]. Hypoxia-inducible
factor 1 and 2 (HIF1/2) mediate the hypoxic response of cancer cells [76, 77]. Under
normoxic conditions, large amounts of glutamate secreted by triple-negative breast cancers,
in turn ensures oncogenic HIF1 stability through inhibition of XCT antiporter and HIF
prolyl-hydroxylases [78], providing another link between environment metabolites and
oncogenic signaling. mTORC1 signaling is highly activated in many cancers [79, 80]. As a
group of intracellular amino acid sensors has been identified to activate mTORCL signaling
[81], it is interesting to understand whether extracellular amino acids will affect tumor
progression by directly modulating mTORC1 activity of tumor cells in the in vivo
conditions.

Environmental factors also contributes to epigenetic reprograming of cancer cells through
metabolism, which is exploited by cancer cells to modulate the expression levels of
oncogenes and tumor suppressors. Cellular metabolism directly provides methyl group and
acetyl group for cancer cell epigenetic modification. Aberrant DNA methylation has been
found as an important epigenetic events occurring in different types of cancers [82]. S-
adenosyl methionine (SAM), the primary methyl group donor for DNA or histone
methylation, can be synthesized from methionine in one-carbon metabolism [83]. In a pan-
cancer analysis of The Cancer Genome Atlas (TCGA) data, the expression of methylation
cycle and related serine, glycine, one-carbon (SGOC) network genes was found to highly
associate with the tumor DNA methylation and patient survival [84]. As serine metabolism
supports the methionine cycle, serine starvation decreases the DNA/RNA methylation of
cancer cells [85]. Methionine restriction diet alters methionine metabolism and histone
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methylation in human liver [86], highlighting the determination of nutrient availability in
epigenetic modification in physiological condition. ATP citrate lyase (ACL), the enzyme that
converts glucose-derived citrate in to acetyl-CoA, promotes histone acetylation and confirms
the transcriptional regulation from growth factor signaling [87]. Tumor acidosis induces
metabolic rewiring toward fatty acid oxidation in cancer cells through mitochondrial
hyperacetylation and histone deacetylation [88]. Together, these results suggest
environmental nutrients influence epigenetic reprograming through metabolism.

In response to metabolic stress from environment and oncogenic signaling, tumor cells
bearing the genomic alternations with the greatest fitness for the environment will be
selected (Fig. 2B). As a consequence, it is possible that cells within different regions of a
tumor may be exposed to distinct microenvironments, influencing their genetic complement,
potentially contributing to metabolic heterogeneity within a tumor. This diversity confers a
considerable advantage to tumors cells, as phenotypic heterogeneity is the fuel for natural
selection and enhanced diversity increases the likelihood of finding a tumor cell that is
optimally fit for its environment no matter what those conditions might be or how frequently
they may change. Further studies to elucidate the transcriptional and epigenetic mechanisms
will be required. In addition, the link between tumor genetic heterogeneity and metabolic
heterogeneity needs to be further examined. Tumors accumulate amplifications, mutations
and deletions in their genome [89, 90], which alters the metabolic and signaling profiles of
cancer cells. The recent finding that nearly 40% of cancers contain oncogenes amplified on
extrachromosomal DNA (ecDNA); that it profoundly contributes to accelerated tumor
evolution and intratumoral genetic heterogeneity, and that some of the most commonly
amplified oncogenes on ecDNA are known drivers of altered cellular metabolism, including
EGFR and c-Myc, raises the possibility that ecDNA oncogene amplification contributes to
metabolic heterogeneity in cancer [91]. It may also help explain how tumor cells might
change oncogene copy number, and metabolic pathway activation relatively quickly. GBM
cells harbor high levels of oncogenic EGFRvIII on ecDNA [91, 92]. In response to tyrosine
kinase inhibitors treatment and withdrawal, GBM cells change their expression of EGFRvIII
protein by directly altering EGFRvIII positive ecDNA elements, which promotes the cancer
drug resistance [92]. It is also noted that PDX tumor samples have much higher ecDNA
counts than cultured tumor cell lines [91], and that copy number of oncogene amplified on
ecDNA can change relatively quickly in tumors in culture, raising the possibility that the
local environment influences oncogene copy number and possibly metabolic phenotype.

4. Targeting metabolic co-dependency in cancer

4.1. Targeting mutated metabolic gene

To date, eight genes (FH, SDHA, SDHB, SDHC, SDHD, SDHAF2, IDH1 and /DH?2)
encoding three types of enzymes in TCA cycle, are found to be mutated in a portion of
cancer [93]. The first reported mutated metabolic gene is SDHD, encoding succinate
dehydrogenase (SDH) in familial paraganglioma [94]. Subsequently, all SDH subunit genes
SDHA, SDHB, SDHC and the assembly factor SDHAF2, were all found to be mutated in a
subset of tumors including paragangliomas, gastric stromal sarcoma and
pheochromocytoma, as documented in Leiden Open Variation Database [95], and in renal
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cell carcinoma [96] and papillary thyroid carcinoma [97]. Mutations of £+ gene (encoding
fumarate hydratase) are found in inherited uterine fibroids, skin leiomyomata, papillary renal
cell cancer [98], and leydig cell tumors [99].

Mutations of /DHZ1 and /DHZ, encoding isocitrate dehydrogenases, are the most well
characterized mutated metabolic genes in cancer. Recurrent heterozygous /DH1 mutation
was first reported in glioblastoma (GBM), affecting its amino residue R132, majorly in the
form of R132H [100]. It was then characterized as an early mutation in lower grade
astrocytoma and secondary GBM, but rare in primary GBM. Together with /DHZ2
heterozygous mutation, mainly affecting R172 residue, /DH status is now used as an
important diagnostic marker for brain tumors [101]. Heterozygous mutations of R132 in
IDHI1and R172 in /DHZhave also been found in acute myeloid leukemia, with the majorly
in the cytogenetically normal subtype [102].

Germline or somatic mutations of SDHsand FH often result in loss or reduction of enzyme
function, leading to the accumulation of their substrates, while mutated /DHZ1 and /DHZ2
acquire a new function to convert a-ketoglutarate (a-KG) into oncogenic metabolite R(-)-2-
hydroxyglutarate (R-2-HG). Mutations of these eight metabolic genes seem to have a
convergent consequence that disrupts a-KG-dependent dioxygenases process (Fig. 3A).
Produced in TCA cycle, a-KG is not only a metabolite participating in energy and substance
production, but also a key player of regulating signaling pathway and epigenetic
modification. HIF-a prolyl hydroxylase (PHD) utilizes a-KG as a co-substrate to destabilize
HIF, in the presence of oxygen, iron and ascorbate. In SDHs mutated cancer, accumulated
succinate impedes PHD activity, leading to stabilization of HIF and promote oncogenesis
[103]. Excessive fumarate resulted from ~H mutation can also achieve the same effect on
stabilizing HIF by directly inhibiting PHD [104]. R-2-HG is structurally similar to a-KG
and play as a competitive inhibitor of a-KG-dependent enzymes, including histone lysine
demethylases, and ten-eleven translocation DNA hydroxylases involved in DNA
demethylation [105], and therefore reprograms the epigenome [106]. But surprisingly, R-2-
HG acts as an agonist of PHD to maintain the low level of HIF, and benefits leukemia and
low grade glioma development [107, 108].

Preclinical studies of mutant IDH1/2 inhibitors have shown promising results. IDH1-R132H
mutant homodimer inhibitor AGI-5198 can delay glioma cells growth and promote
differentiation [109]. Targeting IDH2-R140Q suppresses the growth of patient-derived
leukemia cells and also promote differentiation [110]. Currently, a series of compounds
targeting mutant IDHs for cancer treatment are under Phase I/11 clinical trials [111].

4.2. Targeting co-amplified metabolic genes

More than 60% of all human genes are annotated to involve in “metabolic process”
according to gene ontology, but so far, only 8 major metabolic genes exclusively in TCA
cycle were found to be recurrently mutated in a small fraction of tumors. In fact, most
metabolic genes in cancer are affected by somatic copy number alteration (SCNA). One
amplified genomic region usually carries multiple genes. Except for the canonical oncogenic
drivers, the nearby co-amplified genes have so far been less evaluated, and usually defined
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as passenger genes -- the term to describe a gene that does not have any effect on the tumor
fitness. However, this notion needs to be reconsidered.

How frequently does a metabolic gene co-amplify with an oncogenic driver? In an SCNA
pattern analysis of The Cancer Genome Atlas (TCGA) Pan-Cancer data set, 70 peak regions
of recurrent amplifications have been identified. Of the 37 peak regions, the most associated
functional features are “histone”, “cytochrome”, “mitochondrial” and “acetyltransferase”
[112]. In another pan-cancer analysis of >6,500 tumor and normal samples, 44 metabolic
genes were identified to exhibit frequent somatic copy number gains or amplifications [113].
These findings strongly suggest that, in cancer, metabolic genes amplification is also a
hotspot event, and usually accompany with the canonical oncogenic drivers. The non-
stochastic pattern also suggests that, those co-amplified metabolic genes could potentially
aid oncogenic drivers by reprogramming the metabolic pathways to confer survival and
growth advantage, thus having positively selected during tumor development. In fact, gene
set enrichment analysis on the SCNA of metabolic genes has revealed a hypoxia responding
signature [113], and a glycolytic phenotype which strongly associating with glucose uptake
and de novo nucleotide synthesis [90], enabling rapid cellular growth under selection the
pressure of a relatively hypoxic microenvironment.

Given that co-amplified metabolic genes are shifting the metabolic flux in cancer, metabolic
dependency is thus created, opening a therapeutic window (Fig. 3B). A recently research
highlight the significance of targeting co-amplified metabolic driver. Ubiquitin-specific
peptidase belongs to deubiquitinase family that deubiquitinates target proteins to regulate
protein turnover, trafficking and cell signaling. USP13was reported to be co-amplified with
PIK3CA in 3926 locus in 29.3% of high-grade serous ovarian cancers. It functions as a
master metabolic regulator of glutaminolysis and mitochondrial function by directly
deubiquitinates ACL and oxoglutarate dehydrogenase (OGDH), thus promoting ovarian
cancer progression. Targeting USP13by RNAI suppresses cancer growth 7n vitroand in vivo
[114].

Another example comes from the discovery of metabolic genes co-amplified with MYC,
comprising SQLE, PYCRL, TSTA3, CYC1 and SLC39A4. SQLE gene encodes squalene
monooxygenase in sterol biosynthesis pathway. Inhibition of SQLE by compound NB-598
was shown to suppress cancer cell survival /n vitro [113]. The other 4 co-amplified
metabolic genes have not yet been deeply studied, especially on whether they could
cooperate with MYC to promote oncogenic function, and whether targeted inhibition could
have selective therapeutic effect in MY C-driven cancer. Nonetheless, evidence has shown
that SLC39A4 can enhance cell migration, confer cisplatin resistance, and associate with
poor survival in non-small cell lung cancer [115]. The mechanism of MY C-promoted
proline biosynthesis has also been reported by which up-regulating PYCRL and its isozymes
[116].

4.3. Exploiting synthetic lethality in cancer with co-deleted metabolic gene

Deep deletion of tumor suppressors such as COKNZ2A/2B, PTEN, and RB1, is wide-spread
across cancer types. Like oncogene amplification, deletion of a genomic locus containing
tumor suppressor may involve adjacent metabolic genes. Loss-of-function of a metabolic
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gene, either by mutation or deletion, sometimes results in metabolic deficiency and reduced
fitness. But how do cancers develop a mechanism to avoid negative selection?

The most possible mechanism is that complementary metabolic pathways are adopted to
compensate the deficiency (Fig. 3C). In the cases of SOH mutant, which could lead to
completely loss of SDH activity to convert succinate to fumarate, and to reduce ubiquinone
into ubiquinol, apparently it is not critically lethal to the cell, but instead tumor-prone. It is
possible that anaplerotic reactions can be employed to supplement necessary ingredients to
the TCA cycle. And as long as the mitochondrial complex | is still fully functional,
ubiquinol can still be generated and passed to complex 11 for the following electron
transportation.

In line with this inference, it also strongly suggests that, tumors with a certain metabolic
deficiency will have higher dependency on the complementary metabolism gene or pathway,
therefore creating a rational targeting strategy (Fig. 3C). One representative example comes
from the studies of MEZ2 co-deletion with SMAD4. Tumor suppressor SMAD4 is frequently
inactivated in PDAC tumors by mutation or deletion, facilitating KRAS-driven
tumorigenesis [117]. In the cases of SMAD4homozygous deletion, its neighboring gene
MEZ (encoding malic enzyme 2) is co-deleted in more than a half of the samples. ME2 is a
critical enzyme in TCA cycle, converting malate to pyruvate and generating NADH from
NAD-+ in mitochondria. A previous study has suggested that MEZis highly expressed across
cancer types, and knocking down MEZ can suppress tumor growth [118]. But how do
PDACs manage to survive and expand under the context of MEZ deficiency? Malic enzymes
have three isozymes, with ME1 located in cytosol and ME2/3 in mitochondria. In the MEZ-
null PDAC, NADP+- dependent isozyme gene ME3is compensatorily up-regulated to
maintain the metabolic flux in the mitochondria. Therefore, depletion ME3is capable of
inducing mitochondrial defect and reactive oxygen species (ROS) overload in MEZ2-null
cancer, leading to synthetic lethality [119].

In the MEZ-null context, MES3is the only complementary gene to support cancer
metabolism. Thus, targeting ME3 can achieve substantial effect. However, when
complementary routes are ample, hitting these pathways may not show satisfying outcome.
Nonetheless, in particular genetic background, other metabolic vulnerability can still be
exploited.

Homozygous deletion of MTAP, encoding methylthioadenosine phosphorylase, is frequently
seen in human tumors, as the gene body is only ~32 kb away from CDKNZ2A in human
genome. MTAP catalyzes substrate S-methyl-5'-thioadenosine (MTA) to S-methyl-5-thio-
alpha-D-ribose 1-phosphate, playing a major role in adenine and methionine salvage
pathway. MTAP deletion seems to be silent, as two other two-step reactions can compensate
the deficiency according to the KEGG pathway database, though with slower metabolic rate.
By RNA. screening, two groups have independently found that, A/7AP-null tumors are
highly vulnerable to protein arginine methyltransferase 5 (PRMT5) depletion [120, 121]. In
MTAP-deficient tumor, its substrate MTA accumulates. In line with the previous findings
suggesting that MTA can act as a protein methyltransferase inhibitor, elevated intracellular
MTA levels correlated with lower activity of PRMT5 in MTAP-null cell lines. In fact,
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PRMTS5 is highly sensitive to inhibition by MTA among a panel of methyltransferases [122].
Therefore, these cancers are sensitive to further PRMT5 inhibition. Another study further
demonstrates that the synthetic lethality in MT7AP-null cancer can extend to both upstream
and downstream depletion of PRMTS5 [122].

The study of how 7P53regulates metabolism has also shed new light on the role of tumor
suppressors in cancer metabolism, and potentially suggests a path for developing a new
cancer therapy. 7P53is among the most frequently mutated genes in cancer. Besides acting
as the guardian of the genome, 7P53 extensively participates in regulating cellular
metabolism, including glycolysis, oxidative phosphorylation and autophagy [123]. One of
the interesting aspects of 7P53is the ability to resolve oxidative stress, though it could be a
pro-oxidant gene as well when persistently or highly activated. 7P53exert its antioxidative
function majorly through two mechanisms: 1) Up-regulates antioxidative enzymes such as
glutathione peroxidase and peroxiredoxins [124, 125]; 2) Promote synthesis of antioxidant
coenzyme NADPH [126]. Targeting ROS has long been a controversial topic in cancer
therapy, given the fact that ROS can be both cancer-prone and inhibitory. We believe it is
context dependent: Is 7P53-deficient in germline or somatic fashion? Are we dealing with
tumor prevention or therapy? Germline 7rp53-null mice exhibit increased levels of ROS in
normal tissue, showing aneuploidy and develop malignant tumors in a ROS-dependent
manner. Therefore, feeding parental mice with antioxidant N-Acetyl-Cysteine before 7rp53
null zygogenesis and continuously through pregnancy and through the lifetime of the
progeny, can abrogate the tumor onset [127]. In this case, systematically high ROS is
promoting cancer by creating genomic instability. And as other normal tissues also lose part
of the ability to resolve ROS, pro-oxidant treatment could have severe consequence. What
about treating an established cancer with somatic 7P53-deficency? Would pro-oxidant
therapy work, as the tumor has compromised ROS-resolving ability whereas normal tissues
are intact? This hypothesis needs to be further examined.

4.4. Targeting reprogrammed metabolic pathway

As discussed above, during malignant transformation and tumor progression, metabolic
pathways are usually reprogrammed by oncogenic signaling, through altering metabolic
gene expression, and shaped by specific microenvironments and biochemical milieus, to
accommodate energy and nutrient demand. This creates metabolic co-dependencies,
generates potentially targetable vulnerabilities, and opens a new therapeutic window to
cancer, including opening a pipeline of drugs that may not come from the oncology pipeline
(Fig. 3D).

For many types of cancer, such as glioblastoma, the genomic landscape of protein coding
genes has been largely revealed [27, 128], identifying a discrete set of targetable genomic
alterations led primarily by EGFR amplification and mutation, which occur in close to 60%
of patients. However, targeting EGFR has proven to be quite difficult because of
pharmacokinetic barriers imposed by the blood brain barrier. Poor brain/plasma ratios for
many targeted compounds including many EGFR tyrosine kinase inhibitors make it
extremely difficult to achieve sufficient intratumoral concentrations in the brain to engage
and inhibit their targets, without causing serious and dose-limiting toxicities [129] [130].
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mTOR kinase inhibitors have also, to date, had difficulty fully accessing their targets in the
brain, especially mTORC2, greatly limiting efficacy. Therefore, broadening the
pharmacopeia for patients with brain tumors, whether they have glioblastomas or tumors that
metastasize to the brain, is a compelling priority. Some of the drugs that have been shown to
target metabolic vulnerabilities generated by tumor genotype and brain microenvironment,
may have far better ability to access their targets in the brain, suggesting a potentially
fruitful new approach for developing new treatments for patients with brain cancers. Recent
work on altered cholesterol metabolism in glioblastoma provides a compelling example.

Over 20% of total cholesterol locates in the brain. However, BBB prevents peripheral
cholesterol from transporting into the brain. Thus, almost all cholesterol in the brain requires
de novo synthesis. As discussed above, the primary oncogenic driver EGFR suppresses
energy-demanding cholesterol synthesis in GBM, rendering GBM'’s dependency of uptake
of exogenous cholesterol for survival. To prevent excessive cellular cholesterol
accumulation, neurons and astrocytes utilize LXR pathway to govern the efflux and reduce
the uptake of cholesterol [131]. Therefore, activating LXR pathway by a highly brain
permeable agonist LXR-623 has shown selective lethal effect in a PDX GBM orthotopic
model [34]. LXR-623 is a relatively unique compound that preferentially accumulated in the
brain [132], raising the possibility that this drug or similar members of this class of drugs
could be repurposed for GBM therapy.

5. Conclusions and Future Perspectives

Cancer metabolism is a field in transition. We are moving from a static view towards a
dynamic consideration that embraces the complexity inherent in the process of tumor
development and progression. The early geneticists understood well that genotype is not
phenotype, a lesson well-worth remembering. We have a more well-developed genomic
landscape of cancer, with clear metabolic correlates, making it tempting to view caner
metabolism largely through a genetic lens. However, the evidence is becoming
overwhelming — metabolic phenotypes are flexible and heterogeneous, and deeply
influenced by environment. This tumor metabolic flexibility underlies the ability of tumors
to adapt and thrive in rapidly changing conditions. What are the specific molecular
interactions that drive metabolic dependencies, including its ability to rapidly adapt? Can
they be anticipated and therapeutically exploited? If so, must we consider a gamut of ways
to influence tumor microenvironments in addition to targeting tumor cell autonomous
processes? Is there a role for diet, lifestyle or pharmacotherapy in modulating tumor
microenvironments in a way that may impede tumor progression and improve anti-cancer
treatments, including metabolically targeted agents? With the collective goal of better
understanding cancer metabolism in order to develop more effective treatments for patients,
a more dynamic, interactive and nuanced understanding of cancer metabolism is required,
including examining the molecular mechanisms that tumor cells use to adapt, diversify,
resist and thrive in changing environments. This line of research is exciting, as it promises to
reveal context-dependent enzymatic vulnerabilities that may not traditionally be thought of
as cancer targets. These insights promise to pave the way for new cancer treatments,
including by developing and/or repurposing drugs that may not come from traditional
oncology pipelines.
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Fig. 1. Oncogenic signaling reprograms metabolism of cancer cells to support rapid cell growth
PI3K-AKT-mTOR signal promotes glucose uptake, glycolysis and the flux of glucose

carbon into fatty acids, lipid and nucleotides. Transcriptional factor MY C further enhances
the glycolysis while also facilitates glutamine uptake and utilization, fatty acids, lipid and
nucleotides de novo synthesis. Ras induces macropinocytosis as an alternative way of amino
acids uptake. Filled green triangle target genes/pathways for PI3K; filed green circle target
genes/pathways for AKT; filled green square target genes/ pathways for mTORC1; filled
orange star target genes/pathways for MYC; filled pink triangle target process for Ras.
GLUT1, Glucose transporter 1; MCT1, Monocarboxylate transporters 1; HK, Hexokinase;
PKM, Pyruvate kinase; LDH, Lactate dehydrogenase; PDH, Pyruvate dehydrogenase; GDH,
Glutamate dehydrogenase; GLS, Glutaminase; ACL, ATP citrate lyase; HMGCR,
Hydroxymethylglutaryl-CoA reductase; ACC, Acetyl-CoA carboxylase; FASN, Fatty acid
synthase; ASCT2, ASC amino acid transporter 2; G6P, Glucose 6-phosphate; 3PG,
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Glycerate 3-phosphate; PEP, Phosphoenolpyruvate; R5P, Ribose 5-phosphate; PPRP,
Phosphoribosyl pyrophosphate; a-KG, a-ketoglutarate.
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Fig. 2. Metabolic co-dependency of cancer cells shaped by environment and the interactions
between environment, oncogenic signaling and genomic alternations

(A) Nutrient availability in the microenvironment determines metabolic dependencies of
cancer cells. Cancer cells can synthesize proteins, lipids and nucleotides from different
sources of nutrients, either through directly uptake from the environment or through
synthesis from intermediate metabolites. (B) The interactions between environment,
oncogenic signaling and genomic alternation, select favorable metabolic profiles and
oncogenic signatures for tumor cells, contributing to tumor heterogeneity, tumor
aggressiveness and therapeutic resistance. Metabolic stress from environment and oncogenic
signaling influents DNA and histone modification of tumor cells. As a quick response,
extrachromosomal DNA (ecDNA) profoundly contributes to accelerated tumor evolution
and intratumoral genetic heterogeneity. Tumors also accumulate amplifications, mutations
and deletions in their genome, which alters the metabolic and signaling profiles of cancer
cells.
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Fig. 3. Targeting metabolic co-dependency in cancer
(A) Mutations of SDHs and FH genes lead to accumulation of their individual substrates

succinate and fumarate. Mutated IDHs acquire new function to convert a-KG into R-2-HG.
These metabolites can inhibit a-KG dependent dioxygenases, and subsequently abolish HIF
de-stabilization and DNA, histone demethylation. (B) When a metabolic gene recurrently
co-amplified with a nearby oncogene, either in the form of chromosomal or
extrachromosomal DNA, can drive the metabolic flux to a specific direction to aid malignant
transformation, creating a metabolic co-dependency. Hitting co-amplified metabolic gene is
a potential strategy to halt cancer cells. (C) Metabolic flux in normal cells comprises parallel
or redundant pathways with feedback regulation mechanism, allowing metabolic plasticity.
Metabolic gene co-deletion with a tumor suppressor impairs the plasticity, creating the
potential to exploit synthetic lethality. (D) Oncogenes confer uncontrolled cell growth by
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providing sustained mitotic signal and reprogramming metabolism. Targeting reprogrammed
metabolism becomes an alternative strategy when oncogene is not ideally druggable.
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