Bzl SPANDIDOS
7] ,§, PUBLICATIONS

ONCOLOGY REPORTS 41: 727-741, 2019

Biological role of metabolic reprogramming of cancer cells
during epithelial-mesenchymal transition (Review)

MINGZHE L1'*, XIN BU', BOLEI CAI*", PING LIANG?, KAI LI*,
XUAN QU® and LIANGLIANG SHEN'

'The State Key Laboratory of Cancer Biology, Department of Biochemistry and Molecular Biology;

“State Key Laboratory of Military Stomatology, Department of Oral and Maxillofacial Surgery, School of Stomatology;

3The State Key Laboratory of Cancer Biology, Department of Pharmacogenomics,
School of Pharmacy, The Fourth Military Medical University, Xi'an, Shaanxi 710032;
4Department of Clinical Laboratory, General Hospital of Xinjiang Military Command, Xinjiang 830000;

>School of Basic Medical Sciences, Shaanxi University of Chinese Medicine,
Xianyang, Shaanxi 712046, PR. China

Received June 16, 2018; Accepted October 24,2018

DOI: 10.3892/0r.2018.6882

Abstract. Epithelial-mesenchymal transition (EMT) is
required for the distant metastasis of tumors. The degree of
tumor malignancy increases as EMT progresses. Notably, the
biology of tumor cells differs from that of normal cells, with
regards to characteristics and energy metabolism mechanisms;
abnormal glucose metabolism, excessive accumulation of fatty
acids and other metabolic disorders occur in metastatic tumors.
Previous studies have confirmed that the regulation of tumor
cell metabolism can affect tumor metastasis and some findings
have resulted in novel clinical applications. The present review
aimed to provide a basis for treatments targeting the tumor
EMT process and metabolic reprogramming.
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1. Introduction

Tumor metabolic reprogramming refers to the establishment
of an entirely new metabolic network under the abnormal
expression of oncogenes and tumor-suppressor genes, by
which the flow of nutrients and energy in the metabolic
network is redefined during the process of tumorigenesis.
This reprogramming results in increased glucose uptake (1,2),
accumulation of lactate (3), enhanced nucleic acid synthesis (4),
lipid metabolism disorders (5) and other alterations (6).
Metabolism operates at a higher level in tumor cells than in
normal cells, which is an adaptive process required to meet the
needs of proliferation and migration. Cellular metabolism and
transformation to metastatic disease serve important roles in
tumor development (7-10).

Tumor metastasis is a unique feature of tumor cells that
affects the survival and prognosis of patients with cancer; it
is also an important reason why surgery cannot completely
remove tumor lesions. The epithelial-mesenchymal transition
(EMT) is an important process that occurs prior to tumor
metastasis (11-14). During EMT, tumor cells change from an
epithelioid morphology to mesenchymal cell morphology, with
increases in cellular metabolism and decreases in adhesion
between cells; the latter promotes migration (15-17). Previous
studies regarding the molecular biology of tumor EMT have
reported that gene mutations, deletions and translocations
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have an impact on various signaling pathways within cells,
including the transforming growth factor (TGF)-f (18,19),
Whnt/B-catenin (20,21), Notch (22), Hedgehog (23,24) and
interleukin-6/signal transducer and activator of transcription 3
(STAT?3) signaling pathways (25,26). The major carcinogenic
signaling pathways ultimately influence tumor cell metabo-
lism, and such metabolic alterations are essential for tumor
occurrence and development (27). Metabolic reprogramming
can provide both material for cell expansion and sustained
signals for proliferation in order to meet the survival needs of
tumor cells in specific microenvironments (28). The present
study reviewed the metabolic reprogramming that occurs in
EMT, in order to provide novel information that may improve
cancer cure rates.

2. The EMT process and cancer progression

EMT.Epithelial cells have long been considered to be terminally
differentiated cells that serve protective, supportive and secre-
tory roles in animals. These cells have a typical apical-basal
polarity. In addition, the presence of intercellular tight connec-
tions and adhesive connections allows epithelial cells to
function together, while also limiting their ability to migrate
freely. Previous studies have reported that the characteristics
of cell polarity, and tight and adhesive connections, can be lost
in epithelial cells (11,29); cells in which these characteristics
are lost are able to infiltrate and migrate, eventually adopting
the morphology and characteristics of mesenchymal cells.
This alteration is defined as the transition from epithelial cells
to mesenchymal cells (i.e., EMT). An early-detected cytokine
that induces EMT was initially named a ‘scatter factor’ and
was later identified as hepatocyte growth factor (HGF); other
cytokines that induce EMT include epidermal growth factor
(EGF), fibroblast growth factor (FGF) and TGF-ff (30,31).
Among these, the most common is TGF-f, and it has been
confirmed that TGF-f induces EMT in the majority of
epithelial cells and epithelial-derived tumor cells in vivo and
in vitro (18). Factors affecting the tumor internal environment,
such as hypoxia, also induce EMT (32). The features of EMT
are illustrated in Fig. 1.

E-cadherin reduction or loss. The reduction or loss of
E-cadherin, a type I cadherin, is the most important landmark
change associated with EMT. In cell adhesion, the extracellular
domain of E-cadherin binds to that of E-cadherin molecules in
adjacent cells, whereas the intracellular region forms a complex
with a-catenin, 3-catenin and actin (33). In addition to medi-
ating a strong physical connection between cells, E-cadherin
is an important molecule that maintains epithelial cell identity.
Cells that lose E-cadherin expression are characterized as
non-epithelial cells and exhibit loss of polarity. Upon decreases
in the levels of E-cadherin, intracellular -catenin is released
and translocates to the nucleus, where it forms a [3-catenin/LEF
complex that activates specific mesenchymal gene transcrip-
tion. A relationship between E-cadherin and epithelial cancer
has previously been reported (34). Furthermore, mutations in
the E-cadherin gene, or downregulation of E-cadherin protein
expression, are detected in lung, breast, gastric and prostate
cancer, as well as other types of epithelial cancer (34). The
E-cadherin gene is considered a novel tumor-suppressor gene,
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mutation and loss of which are key molecular events during
cancer progression and metastasis (34).

Loss and relocalization of zonula occludens-1 (ZO-1). Tight
junctions, which are located just below the apical surface of
epithelial cells, have an important role in sealing gaps between
cells. One of the molecules involved is ZO-1, which binds to
the cytoskeleton and acts as a signaling molecule in the cell.
Following EMT, downregulation of ZO-1 protein expression
and interruption of tight junctions are observed (35). In addi-
tion, ZO-1 at the membrane can migrate to the cytoplasm and
even the nucleus. Nuclear ZO-1 activates the EGF receptor,
promotes the proliferation of cancer cells and augments
the infiltration capacity of pancreatic tumor cells (35). The
N-terminal of the ZO-1 protein is critical for targeting cell
borders, and N-terminal mutants result in a marked alteration
in cell shape and patterns of gene expression associated with
the mesenchymal phenotype in corneal epithelial cells (36).

EMT and the extracellular matrix. A tumor is a complex
cell cluster, the growth and infiltration of which are associ-
ated with the microenvironment formed by the extracellular
matrix. A previous study reported that extracellular matrix
components can promote the occurrence of EMT in tumor
cells, and that cells undergoing EMT can alter the composi-
tion of the extracellular matrix to facilitate tumor infiltration
and metastasis. For example, some tumor cells secrete matrix
metalloproteinase (MMP)3 and MMP28 into the extracellular
matrix, inducing EMT via Ras-related C3 botulinum toxin
substrate 1 and reactive oxygen free radicals (37). In primary
hepatocellular carcinoma, EMT can promote expression of
MMP1, MMP2 and MMP7 in cells via upregulation of Snail
and zinc finger E-box binding homeobox (ZEB2) transcription
factors, thus resulting in the degradation of extracellular matrix
proteins and enhancement of tumor cell infiltration (38).

Growth factor-induced EMT. EMT can be induced during
tumor progression (39). Growth factor signaling pathways lead
to loss of E-cadherin function through protein degradation and
gene mutation. In several tumors, the tumor-associated stroma
produces various growth factors and cytokines, including
HGF, EGF, platelet-derived growth factor, FGF2, tumor
necrosis factor (TNF)a, insulin-like growth factor and
TGF-f. TGFp-induced EMT is the most prominent type of
EMT, which can be regulated by lipogenesis-related energy
production (40). All of the aforementioned growth factors and
cytokines may induce the expression of various E-cadherin
transcription inhibitors, including Snaill/2, ZEB1/2 and
Twist (34,41), thus inhibiting the expression of E-cadherin,
eventually resulting in EMT.

EMT also relies on the activation of various signaling
pathways, including the mitogen-activated protein kinase
(MAPK), phosphoinositide 3-kinase (PI3K), Wnt/f3-catenin,
nuclear factor (NF)-«B, Notch and Hippo/Warts signaling
pathways (34). For example, HGF stimulates EMT through
activation of early growth response-1 via the MAPK signaling
pathway, followed by Snail-1 expression and downregulation
of E-cadherin gene expression (34). Similarly, FGF induces
EMT via the activation of MAPK and TGF-f signaling (34).
In addition, Notch signaling can induce EMT through
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Figure 1. General characteristics of EMT. The transition of epithelial cells to a mesenchymal phenotype, induced by the tumor microenvironment or certain
variations, is mainly manifested in the loss of cell polarity, as well as tight junctions and adherent junctions, thus resulting in the generation of mesenchymal
cells from epithelial cells, and increased migratory and invasive capacities. The loss of E-cadherin induced by upregulated expression of mesenchymal markers
(e.g., Snaill/2, Twist, zinc finger E-box binding homeobox 1/2) is the most important landmark change associated with EMT, which is often accompanied by
enhanced N-cadherin expression. Compared with E-cadherin, an increase in N-cadherin is positively correlated with malignancy, infiltration and metastasis
of cancer cells, and directly affects patient prognosis. EMT, epithelial-mesenchymal transition.

transcriptional activation of Snail-1 and Snail-2 through the
cooperation with hypoxia (22,42).

Transcription factor-induced EMT. Transcription factors have
an important role in EMT induction, including Snail, Twist and
ZEB (43). They can regulate the expression of certain genes,
including E-cadherin, B-catenin, N-cadherin, vimentin and
fibronectin, to suppress substances associated with the tight
linkage of cells. In addition, they are regulated by intracellular
and extracellular signaling pathways to participate in EMT
and promote tumor metastasis.

Snail was the first transcription factor reported to induce
EMT. It can be combined with lysine-specific demethylase 1,
G9a-DNA methyltransferase (DNMT), SUV39H1, mSin3A,
histone deacetylase 1/2 and other enzymes to methylate or
acetylate the histone in the promoter region of E-cadherin,
thereby inhibiting transcription of the target gene (44). In
the human skin cancer cell line A431-1II, RNA interference
of Snail gene expression, significantly reduces the secretion
of MMP9 and blocks the EMT, thus significantly reducing
tumor invasion and metastasis; conversely, overexpression
of Snail promotes vimentin and N-cadherin expression,
decreases E-cadherin and significantly increases the secretion
of MMP9, thus promoting tumor invasion and metastasis (45).
Haraguchi et al used ovarian cancer cells (RMZ-1), in which
Snail was knocked out by CRISPR/Cas9 technology, to further
clarify the effects of Snail on the maintenance of cytoskeletal
structure, cell migration and cell-cell adhesion (46). Kim et al
reported that Snail can reprogram glucose metabolism by
suppressing phosphofructokinase, platelet, a major isoform of
cancer-specific phosphofructokinase-1, an enzyme involved in
the first rate-limiting step of glycolysis, thus allowing cancer
cell survival under metabolic stress (47).

Twist is a member of the basic helix-loop-helix tran-
scription factor family, which includes Twistl and Twist2.
Twist is also a key regulatory factor involved in EMT and
metastasis. Breast cancer cell lines and tumor animal models
have confirmed that Twistl can induce EMT and promote
tumor invasion and metastasis; Twistl acts on the promoter
H4K20mel of E-cadherin and N-cadherin genes to inhibit
E-cadherin gene transcription and enhance N-cadherin gene
transcription through the recruitment of SET8 (48). When
normal breast epithelial cells and breast cancer cell lines
express Twist2, it can activate the STAT3 signaling pathway
to reduce E-cadherin, resulting in cells obtaining the mesen-
chymal cell phenotype and promotion of tumor metastasis.
Meanwhile, normal breast epithelial cells and breast cancer
cells obtain a tumor stem cell-like phenotype through the
activation of Twist2 (49).

Overexpression of ZEB protein is closely associated with
tumorigenesis and metastasis. At present, it has been reported
that overexpression of ZEB exists in ovarian, breast, lung,
prostate, colon and bladder cancer (50). ZEB can induce EMT
in tumor cells via the induction of MMPs (50). Gene chips
have been used to detect gene expression in 38 patients with
non-small cell lung cancer; the results revealed that ZEB1
and ZEB2 can regulate the expression of >400 genes, most
of which are closely associated with tumor EMT, including
epithelial cellular adhesion molecule, CDP-diacylglycerol
synthase 1, suppression of tumorigenicity 14, FGF receptor 1
and vimentin (51).

3. Metabolism and EMT

Metabolic phenotypes of cancer cells. In early tumor stages,
the metabolic phenotypes of tumor cells are similar to normal
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cells (1,2). With the development of EMT, differentiated
epithelial cancer cells are replaced with undifferentiated
mesenchymal cancer cells; the metabolic phenotypes of these
cells are also altered (52). To date, the key characteristics of cell
metabolism in mesenchymal cells have been fully addressed.

Increased glycolytic flux. Aerobic glycolysis is increased
in mesenchymal cancer cells to minimize reactive oxygen
species (ROS) (53), which are the main source of cellular
metabolic damage partially produced by oxidative phos-
phorylation. Aerobic glycolysis better satisfies the basic
needs of dividing cells: Rapid ATP production, increased
macromolecular biosynthesis and enhanced maintenance of
appropriate cellular redox status (54). During EMT, glycolysis
is more active in cancer cells, which not only satisfies the basic
needs of cancer cells for appropriate energy levels, adequate
biosynthetic precursors and balanced redox status, but also
helps maintain a poorly differentiated state (55).

Rapid ATP generation from glycolysis. Glucose metabolism
provides ATP to cells through mitochondrial oxidative phos-
phorylation and glycolysis. However, since the ATP provided
by oxidative phosphorylation in mesenchymal cancer cells
usually does not meet the proliferation requirements, cells
tend to use glycolysis, a pathway with low glucose utilization
but rapid delivery of ATP, to obtain energy (56,57).

Increased pentose phosphate pathway (PPP) flux. Alterations
in the PPP are directly associated with the growth state of
cells. The microenvironment of undifferentiated mesenchymal
cancer cells serves a key role in the metabolic phenotype
of cancer cells. Hypoxia and lactic acid accumulation promote
cancer cells to increase the flow of PPP, providing a material
basis for the rapid growth of cancer cells (58). Two aspects
determine the redox equilibrium state of cells: The production
and elimination rate of ROS. It has been reported that ROS
links glucose metabolism to the EMT phenotype in basal-like
breast cancer. and that the EMT phenotype promotes metabolic
conversion to glucose metabolism, leading to decreased
ROS levels (59-61). The loss of fructose-bisphosphatase 1, a
rate-limiting metabolic enzyme of gluconeogenesis, can inhibit
oxygen consumption and ROS production by suppressing
the activity of mitochondrial complex I and increasing the
synthesis of NADPH through PPP flux, which subsequently
increases the mesenchymal phenotype in breast cancer (55).

Activated Thr-Gly metabolism. Threonine and glycine can
synthesize S-adenosyl methionine (SAM), which is a common
substrate for DNA and histone methylation in cells, by folate
metabolism (62). DNMTs and histone methyltransferases
(HMTs) can transfer methyl groups from SAM to substrates,
in order to form the by-product S-adenosyl homocysteine
(SAH), which is an effective inhibitor of DNMT and HMTs,
thereby adding methyl groups to DNA or lysine/arginine
residue of histones (63). In mesenchymal cells, Thr-Gly metab-
olism is activated, and threonine dehydrogenase promotes
SAM synthesis while converting threonine to glycine and
acetyl-CoA, resulting in a high ratio of SAM/SAH. SAM
and SAH hydrolase can both activate enhancer of zeste 2
polycomb repressive complex 2 subunit, a methyltransferase
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involved in suppressing gene expression through methylation
of histone H3 on lysine 27, resulting in H3K27me3-dependent
inactivation of E-cadherin (64).

4. Glucose metabolism during EMT

Glucose metabolism. Compared with normal cells, tumor
cells exhibit a stronger ability to absorb glucose; however, the
capacity to use this substance is weak, even under conditions of
sufficient oxygen. As tumor cells primarily invoke glycolysis
to obtain energy, which is accompanied by lactic acid accumu-
lation and a small amount of ATP, an anoxic environment is
generated. This process is called the Warburg effect (56,57);
compared with primary tumors, the Warburg effect is more
prominent in metastatic tumors.

Mitochondrial dysfunction. Mitochondria are the main
organelles that supply energy in human cells, and are also
involved in the transmission of apoptotic signals in normal
cells. These functions of mitochondria determine their close
association with numerous diseases, including cancer. It has
been reported that mitochondrial dysfunction is significantly
associated with glucose metabolic reprogramming and the
ability to lose autonomic apoptosis in several types of meta-
static cancer (65). The structure and function of mitochondria
in cancer cells is altered, alongside mitochondrial expansion,
increased glucose intake and lactate accumulation, during
EMT, whereas the glucose oxidation capacity of mitochondria
declines (66). In breast cancer and melanoma cells, the reduced
glucose oxidation in mitochondria can enhance the EMT
process to accelerate tumor metastasis (67). Pathological alter-
ations in mitochondrial membrane permeability can release
some apoptotic proteins; however, the numerous anti-apoptotic
signals, including B-cell lymphoma 2 (Bcl-2) and Bcl-extra
large, in tumor cells inhibit these apoptotic proteins. It has
been reported that the Bcl-2 family member Mcl-1 is expressed
during tumor metastasis, and its anti-apoptotic ability is
required for tumor metastasis (68). With regards to mito-
chondrial function in tumor-associated changes, maintaining
normal mitochondrial signaling, enhancing mitochondrial
oxidative capacity, and regulating the expression of apoptotic
proteins are potential directions for clinical research.

Lactic acid accumulation. Glucose metabolism provides ATP
to cells through mitochondrial oxidative phosphorylation and
glycolysis; however, since the supply of ATP due to mito-
chondrial oxidative phosphorylation does not typically meet
the proliferation requirements of tumor cells, tumors tend to
employ glycolysis to obtain energy (69,70). A direct result
is an increase in the lactate content of tumor cells; notably,
the levels of lactic acid in tumor cells are directly associated
with the EMT process and metastatic behavior of tumors (71).
Accumulation of lactic acid can induce expression and
activation of enzymes associated with glycolysis, including
hexokinase and 6-phosphofructokinase 1, to enhance the
supply of ATP in tumor cells. Tumor cells can use lactic acid
as a source of energy for metabolism and also procure lactic
acid from surrounding cells to maintain the acidic environ-
ment, in order to avoid apoptosis and promote metastasis (72).
Glucose metabolism in endothelial cells produces lactic
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acid, which can promote angiogenesis and provide a suit-
able environment for metastasis. Liu et al revealed that EMT
induction is associated with augmented glucose uptake and
lactate production in pancreatic ductal adenocarcinoma (73).
Exogenous lactic acid can also favor metastasis of cancer
cells in a concentration-dependent manner in head and neck
carcinoma cells (74), and these advantages enable EMT,
tumor invasion and metastasis. Furthermore, previous studies
have reported that the lactic acid accumulated in tumor cells
functions through the TGF-2 signaling pathway to induce
tumor cell metastasis (70,74), and experiments in mice have
demonstrated that cell metastasis is blocked when the glyco-
lytic pathway is inhibited (75). These findings indicate that a
reduction in lactic acid alters the acidic environment of tumor
cells, eliminates the advantages of the tumor cell microenvi-
ronment, and reduces available energy sources for tumor cell
metabolism; this may be a potential strategy to prevent tumor
cell metastasis.

Pyruvate. During glycolysis, phosphoenolpyruvate, the inter-
mediate that is converted to pyruvate by pyruvate kinase, is
key. It has been reported that normal cells mainly express
pyruvate kinase muscle (PKM)1, whereas tumor cells aber-
rantly express PKM?2 (76). In addition, it has been demonstrated
that c-Myc gene-mediated selective cleavage is the main
reason for tumor-specific expression of PKM2 (77), which is
mainly present in the form of a dimer. PKM2 promotes the
biosynthesis of glycolytic intermediates. In addition, PKM?2
dimers participate in signal transduction in the form of active
phosphokinase and are involved in the regulation of gene tran-
scription together with B-catenin (78,79), hypoxia-inducible
factor (HIF) and other transcription factors following nuclear
translocation (80). The nuclear translocation of PKM?2 induced
by stroma impairs oxidative phosphorylation and metastatic
spread in prostate cancer (81). Abnormal expression of PKM?2
is positively correlated with EMT in esophageal squamous
cell, gallbladder and papillary thyroid cancers (82-84), and
interference of PKM?2 expression significantly inhibits tumor
growth, invasion and metastasis (85).

HIF. Tumor cells grow rapidly in the body, and rapid
proliferation, vascular remodeling and a lack of blood supply,
generally mean that these cells are maintained in an anoxic
state. A hypoxic microenvironment can enhance the resistance
of tumor cells to chemotherapy, reducing the survival rate of
patients. This state can also activate HIF-1a, which is associ-
ated with tumor metabolism and metastasis-associated gene
activation (86-88). A previous study reported that HIF-1 may
promote EMT and metastasis (89). Song et al reported that
HIF-1la can increase the gene expression levels of pyruvate
kinase-2, phosphokinase-1, glucose transporter (GLUT)1 and
lactate dehydrogenase A (LDHA) expression under hypoxic
conditions, promoting carbohydrate metabolism in cells, and
providing energy to promote tumor growth and metastasis
during EMT (90). In addition, instantaneous activation of
HIF-1a can induce LDHA expression and E1 subunit phosphor-
ylation of pyruvate dehydrogenase, resulting in the transition
from intracellular glucose metabolic pathways and mitochon-
drial oxidative phosphorylation to anaerobic glycolysis and
lactate fermentation (91). When this transition is inhibited by
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an HIF-1a inhibitor, 3-(5'-hydroxymethyl-2'-furan)-1-benzyl-
indazole, the levels of ROS produced during chemotherapy
are increased, and the formation of metastatic lung tumors is
inhibited (92,93). Therefore, reducing HIF-1a expression in
tumor cells and decreasing the enhancement of glycolysis by
HIF-a in tumor cells may reduce their energy intake, inhibit
EMT and reduce metastasis.

HIF-la can activate TGF-B/Smad3 and Wnt signaling
pathways, upregulate the expression levels of TWIST and
Snail, and promote the invasion and metastasis of tumor cells
through EMT induction. It has previously been reported that
the expression levels of HIF-1a and EMT-associated tran-
scription factors are positively associated in tumor cells (64).
HIF-1a can directly or indirectly induce EMT-associated
gene expression, thus promoting EMT in breast cancer (52).
Previous studies have revealed that HIF-1la regulates >40
factors, including Snail, ZEB2, TWIST, Slug, carbonic
anhydrase IX, etc., through various signaling pathways to
support tumor metastasis (78,79).

Glucose metabolism and drug resistance. In the majority of
cancers, drug resistance is the leading cause of chemotherapy
failure. It has been reported that cellular metabolic disorders
are associated with this resistance. Ippolito et al revealed
that docetaxel-resistant PC3 (PC3-DR) cells undergo EMT
and possess strong metastatic properties (94). Furthermore,
PC3-DR cells have a more efficient metabolic phenotype than
other cells, involving the use of glucose, glutamine and lactic
acid by mitochondrial oxidative phosphorylation; therefore,
compromising this metabolic reprogramming may be a
successful treatment strategy.

5. Lipid metabolism during EMT

Fatty acid metabolism and EMT. Fatty acids are essential
constituents of biofilm lipids and signaling molecules, and are
important substrates for energy metabolism (95,96). When
cultured in the same medium, lipids in adipocytes can be redi-
rected to ovarian cancer cells to provide energy for expansion
of cancer cells (97). However, tumor cells do not ingest exog-
enous fatty acids in vivo but rather consume a large amount
of ATP and NADPH (to synthesize one fatty acid molecule,
14 molecules of ATP and seven molecules of NADPH are
required), a process termed fatty acid de novo synthesis. The
fatty acids required for malignant tumor growth and prolifera-
tion are mainly derived from the de novo synthesis pathway,
and fatty acid de novo synthesis is a unique characteristic of
malignant cancer (5). Menendez et al suggested that tumor
cells are always self-synthesizing fatty acids to maintain
rapid proliferation and achieve survival (98). In addition, the
fatty acid synthesis pathway protects cells from oxygen free
radicals and chemotherapeutic agents by consuming reduced
equivalents of NAPDH to balance cell oxidation-reduction
levels. These conditions provide the energy and environment
for tumor EMT and ultimately promote tumor metastasis.

Fatty acid synthase (FASN) and EMT. FASN, the only
key enzyme in fatty acid de novo synthesis, is expressed in
tumors, such as breast cancer and melanoma (99). Due to the
increased levels of FASN expression, >90% of triglycerides
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are synthesized de novo, despite the presence of high levels
of free fatty acids in cells. Tumor cells are highly dependent
on the de novo synthesis of fatty acids, such that inhibition
of fatty acid synthesis through FASN will selectively induce
apoptosis in human cancer cells, but has little effect on normal
cells (100). FASN serves a crucial role in tumor EMT and
regulates the process in two ways: i) FASN induces the compo-
sition and stability of lipid rafts, which in turn affect proteins
located in the rafts to promote phosphorylation of E-cadherin
and lead to its degradation, weakening intercellular contact
and inducing EMT (101-103); ii) FASN induces the occurrence
and progression of EMT by altering the palmitoylation level of
Wnt and activating the Wnt/f3-catenin signaling pathway (102).
Inhibition of FASN can reverse EMT in breast cancer and
colorectal cancer cells, thus inhibiting tumor cell invasion,
metastasis and drug resistance (102,103); therefore, the study
of FASN inhibitors may provide a novel means for tumor
treatment and prognosis.

Cholesterol and EMT. Cholesterol is a key component of the
cell membrane, particularly the cytoplasmic membrane (104),
and is a precursor of such compounds as steroid hormones,
bile acids and vitamins (105). Previous studies have revealed
that cholesterol metabolism is closely associated with tumor
EMT (106,107). For example, Alikhani et al demonstrated
that, in a breast cancer animal model, abnormal levels of
plasma cholesterol promote EMT and accelerate tumor cell
metastasis (108). Furthermore, it has been reported that the use
of statins to inhibit cholesterol synthesis can suppress cancer
invasion and metastasis (109-112). The specific molecular
mechanism by which cholesterol metabolism affects tumor
EMT is not yet clear; however, there are numerous hypotheses
that may be involved.

Firstly, a lipid raft is a microstructure in the plasma
membrane that is rich in cholesterol and sphingolipid, and
serves an important role in biological processes, including
signal transduction and cytoplasmic membrane protein
sorting (113). As a key component of lipid rafts, alterations in
cholesterol levels can affect the structure and function of lipid
rafts (114). Lipid rafts are closely associated with signal trans-
duction in EMT through such factors as osteopontin (OPN),
which is an important tumor-promoting molecule. OPN
activates MAPK, PI3K/AKT serine/threonine kinase (AKT)
and NF-«B, through its receptor protein avp3 integrin and
cluster of differentiation (CD)44, which are located on lipid
rafts (115,116), in order to enhance the expression of MMP2,
MMP?9, urinary plasminogen activator and other genes, thus
promoting tumor EMT (117). Furthermore, reducing choles-
terol levels in the plasma membrane to destroy lipid raft
structure can cause removal of CD44 from the membrane, thus
inhibiting EMT in tumor cells (118). In addition, lipid rafts have
an important role in activation of the EGF receptor (EGFR)
signaling pathway, which is an important signaling pathway in
tumor invasion and metastasis (119). It has been reported that
breast cancer cell lines exhibit resistance to EGFR tyrosine
kinase inhibitors when EGFR is located in lipid rafts, but
using methyl-f-cyclodextrin or statins to reduce cholesterol
and destroy lipid rafts can counteract this effect (120).

Secondly, farnesyl pyrophosphate (FPP) and geranyl-
geranyl pyrophosphate (GGPP) are two important metabolites
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in the bypass route of cholesterol metabolism. These two
metabolites are involved in the prenylation of Ras and Rho
proteins; prenylation is necessary for the binding and activation
between Ras and Rho and the cell membrane (112). A previous
study regarding glioma reported that inhibition of cholesterol
synthesis leads to a decrease in FPP and GGPP metabolites,
thus inhibiting the Ras-Raf-MAPK kinase-extracellular
signal-regulated kinase (ERK) signaling pathway and leading
to a decrease in the growth and invasion of glioma cells (121).

Finally, research on breast cancer has revealed that
abnormal cholesterol metabolism causes accumulation of
its metabolite 27-hydroxycholesterol, which promotes breast
cancer growth and EMT by activating estrogen receptor (ER)
and liver X receptor (122,123).

6. Amino acid metabolism during EMT

Amino acids in tumor cells. Tumor cells not only require
the necessary energy reserves to maintain their survival, but
also a large amount of biological raw materials that are used
to generate new sub-cells. Previous studies have reported the
significance of abnormal metabolism of glutamate, aspartic
acid, glycine and serine, as well as other amino acids, during
tumor growth, invasion and metastasis (70,124,125). The
present review described the mechanisms by which these
amino acids are metabolically broken down during tumor
metastasis.

Glutamine and EMT. Roberts and Frankel, and Roberts
and Borges reported that some tumor types predominantly
use glutamine for survival (126,127). These tumor cells do
not necessarily rely on glucose uptake but rather on gluta-
mine-dependent growth, a phenomenon called ‘glutamine
addiction’ (128,129). Glutamine predominantly produces
a-ketoglutarate (a-KG) in the mitochondria and provides the
raw material for oxidative phosphorylation and lipid synthesis
through the tricarboxylic acid cycle (TCA) cycle (70). In
addition, glutaminase (GLS) and glutamate dehydrogenase 1
(GDHI1), which are the key enzymes of glutamine metabolism,
are highly expressed in lymphoma and prostate cancer cells
and are closely associated with the classification and prog-
nosis of a tumor via regulation of the oncogene c-Myc (130).
Reducing expression of GLS or GDHI can inhibit lipid
synthesis or induce intracellular redox stress, thus resulting
in apoptosis of tumor cells (131,132). Furthermore, oxidative
stress during tumor progression is an important factor for
inhibiting the distant metastasis of melanoma cells (133).
Conversely, fumarate, which is the intermediate metabolite
of glutamine metabolism, can reduce the levels of ROS in
breast cancer cells by activating glutathione peroxidase, thus
maintaining the redox balance (95,132), which may promote
the EMT process and metastasis.

Additionally, in the human body, different types of cells use
distinct metabolic pathways due to their phenotypic differences.
In breast cancer, basal-like cancer cells with the mesenchymal
phenotype are more sensitive to glutamine-targeted therapy
than luminal cells with an epithelial phenotype, possibly due
to different patterns of glutamine metabolism (134). However,
the specific mechanism underlying abnormal amino acid
metabolism in tumors remains to be elucidated.
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Figure 2. Schematic diagram of the metabolic reprogramming of cancer cells during EMT. Various aspects of metabolic reprogramming during EMT are
shown, including glycolysis, the TCA cycle, pentose phosphate pathway, glutaminolysis, and biosynthesis of fatty acid, nucleotide and amino acid path-
ways. The key molecules, including c-Myc, p53, HIF-1a, RAS and AKT, coordinate regulation of cancer metabolism in different ways. ACL, ATP-citrate
lyase; a-KG, a-ketoglutarate; AKT, AKT serine/threonine kinase; FOP, fructose-6-phosphate; FAS, fatty acid synthase; G6P, glucose-6-phosphate; G6PDH,
glucose-6-phosphate dehydrogenase; GLDC, glycine decarboxylase; GLS, glutaminase; Glutl, glucose transporter 1; HIF, hypoxia-inducible factor; LDH,
lactate dehydrogenase; MCT, monocarboxylate transporter, OXPHOS, oxidative phosphorylation; PDH, pyruvate dehydrogenase; PFK, phosphofructokinase;
PHGDH, phosphoglycerate dehydrogenase; PKM2, pyruvate kinase muscle 2; SCO2, synthesis of cytochrome ¢ oxidase 2; TCA, tricarboxylic acid.

Glycine and EMT. Glycine has an important role as a provider
of carbon units. Analysis of the in vivo metabolic pathway in
patients with glioma revealed that glucose ingested by tumor
cells can be used as a carbon source for de novo synthesis of
glycine (135) (Fig. 2). This experiment revealed that glycine
de novo synthesis has a very important role in the progression
of human tumors. In addition, metabolic analysis of NCI-60
tumor cell lines indicated that the rapid proliferation of
tumor cells is increasingly dependent on glycine, and that the
proliferation rate of tumor cells has a close association with
glycine consumption and the expression levels of molecules
that are important for mitochondrial glycine synthesis (136).
High levels of glycine synthesis are a prerequisite for
tumor EMT and also contribute to tumor metastasis in lung
cancer (136). Glycine is also a building block for protein
synthesis, and isotope labeling revealed that glycine is utilized
in the synthesis of purines, which are key raw materials for
nucleic acid synthesis, and proteins (Fig. 2) (137). Expression
of glycine decarboxylase (GLDC), which is a rate-limiting
enzyme of the glycine cleavage system, is abnormally high
in tumor-initiating cells of non-small cell lung cancer (138).
GLDC functions in a manner similar to that of oncogenes,
and overexpression of GLDC alters metabolism of glycine,
glycolysis and synthesis of pyrimidines, which are also an
important component of nucleotides (Fig. 2). In addition,
glycine is a glycogenic amino acid and can be converted by

serine transhydroxymethylase to serine, from which pyruvate
is then generated (139). Therefore, glycine metabolism is an
important pathway for serine biosynthesis. Conversely, it
has also been reported that the addition of glycine to food
inhibits proliferation of melanoma B16 cells in mice (140);
the mechanism underlying these effects is considered to occur
via food-borne glycine inhibition of vascular endothelial cell
proliferation, thus leading to disordered angiogenesis.

Serine and EMT. Although serine is a non-essential amino
acid, it has an indispensable role in metabolism. Serine is
involved in the biosynthesis of S-adenosylmethionine and
is the most important carbon unit in the methylation reac-
tion (141). Phosphoglycerate dehydrogenase (PHGDH)
catalyzes the first step of serine synthesis and can also control
the flow of glycolytic intermediates into the serine biosyn-
thetic pathway (142) (Fig. 2). The PHGDH gene is located in
the region of recurrent copy number gain in breast cancer, and
expression of the PHGDH protein is upregulated in 70% of
ER-negative breast cancer tissues (142). The serine synthesis
flux in breast cancer cells with high PHGDH protein expres-
sion is increased, and inhibition of PHGDH expression in
cells with high PHGDH protein expression can reduce serine
synthesis and decrease the ability of cells to proliferate.
Serine is a glucogenic amino acid that can be converted to
pyruvate, a-KG and other TCA cycle intermediates, in order
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to participate in gluconeogenesis, thus generating glucose.
However, a decrease in PHGDH does not result in a decrease
in intracellular serine concentration but induces a decrease
in a-KG, which can be converted to glutamine by glutamine
synthase via the mitochondrial TCA cycle (142). It has previ-
ously been reported that ~50% of the glutamine flow entering
the TCA cycle is from the serine synthesis pathway in cells
with high PHGDH protein expression (142). Serine can also be
decomposed into acetyl-CoA, which is a main participant in
the TCA cycle, and can enter TCA cycle oxidation; acetyl-CoA
can be further converted to fatty acids by FAS. Therefore, it is
reasonable to speculate that the synthesis of serine in tumor
cells can be used for fatty acid synthesis. Abnormal expres-
sion of serine and its related enzymes in tumor cells is likely
to be an important factor in the metabolic reprogramming of
tumor cells, as well as a source of energy for tumor develop-
ment. Inhibition or reversal of these abnormal alterations may
provide novel ideas for inhibiting tumor progression, including
the development of EMT.

7. Nucleic acid metabolism during EMT

Nucleic acids are among the most basic molecules, which
serve a decisive role in such processes as growth, inheritance
and variation. Cells in different organisms have particular
characteristics; in addition, the metabolism of tumor cells and
normal cells in the human body differs significantly, and the
various levels of development of tumor cells also differ widely.
It has been reported that thymidylate kinase and thymidine
kinase are key for de novo synthesis and salvage synthesis of
pyrimidine nucleotides, and are more active in tumor cells
than in normal cells (4). This phenomenon is more pronounced
during tumor metastasis. With the development of molecular
imaging technology, alterations in cell morphology can be
observed and detection of nucleic acid synthesis during tumor
cell metastasis can be conducted (143). During metastasis, the
rapid proliferation of cells includes the transmission of genetic
information, transcription, translation and other process,
inevitably leading to increased synthesis of DNA and RNA.
Although food contains a sufficient amount of nucleic acids,
only a small portion of their decomposition products can be
used for re-synthesis of nucleic acids. Notably, a large portion
of the raw material required for nucleic acid synthesis is derived
from carbohydrate metabolism; for example, ribose 5-phos-
phate produced via degradation of glucose 6-phosphate in the
PPP can be catalyzed to pyrophosphate 5-phosphate with ATP,
via a specific ribose-phosphate pyrophosphokinase, for mono-
nucleotide synthesis. Therefore, carbohydrate metabolism is
considered the material basis of nucleic acid synthesis during
tumor metastasis (58). With the development of molecular
biology, the purpose of which is to identify mechanisms, the
focus of research on tumor metastasis is largely conducted at
the genetic level; for example, microRNA (miR)-10b promotes
cell metastasis and the mesenchymal subtype of glioblastoma
multiforme via the suppression of tumor protein p53 (TP53),
paired box 6, NOTCHI and homeobox D10 (144); long
non-coding RNA HOX transcript antisense RNA induces
genome-wide re-targeting of polycomb repressive complex 2 to
an occupancy pattern more resembling embryonic fibroblasts,
leading to altered histone H3 lysine 27 methylation, gene
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expression, and increased cancer invasiveness and metas-
tasis (145). Conversely, little attention has been given to the
metabolism of macromolecules. In tumor metastasis research,
inhibition or activation of certain enzymes at the level of nucleic
acid synthesis may reveal a novel target for tumor therapy.

8. Enzymes and EMT

In the process of EMT during tumor metastasis, enzyme
catalysis is highly relevant for nucleic acid, carbohydrate
and lipid metabolism. As an example, glucose-6-phosphate
dehydrogenase, which is a key enzyme in the PPP, is capable
of continuously synthesizing nucleotides and lipids to meet
the material and energy requirements of tumor metastasis.
Therefore, glucose-6-phosphate dehydrogenase is considered
a potential antitumor target (146). Oxygenated glycosylated
proteins can enhance glycosyltransferase activity and are
therefore a major marker of migration in ovarian cancer cells.
Because glycosylation of polypeptide N-acetylgalactosyltr
ansferase 14 (GALNT14) is associated with transmembrane
mucin-13, and both are found at high levels in ovarian cancer
cells, suppression of the GALNT14 gene by small interfering
RNA may inhibit cell metastasis, indicating that GALNT14
can promote tumor metastasis by modulating transmembrane
mucin-13 (147). It has been reported that heparanase serves
an important role in tumor invasion and metastasis, and
tumor cell invasion and metastasis are inhibited by the hepa-
ranase inhibitor OGT2115, as well as low-molecular-weight
heparin (148). The reduced form of NADPH oxidase is the main
source of ROS, and ROS can induce apoptosis of endothelial
cells in vivo, which is a prerequisite for tumor cells to escape
from the circulatory system and migrate to other tissues and
organs (149). It has been reported that angiotensin-converting
enzyme-2, which is a key enzyme in the kidney-angiotensin
system, can attenuate the metastasis of non-small cell lung
cancer through inhibition of EMT (150). Furthermore,
AMP-activated protein kinase (AMPK) induces cell transfer,
although its function remains unclear; knockout of the AMPK
gene in an ovarian cancer xenograft model can significantly
inhibit tumor metastasis to the lungs, whereas AMPK activa-
tion induced by lysophosphatidic acid promotes ovarian cancer
cell metastasis (151). However, AMPK-a2 protects against
liver injury from metastasized tumors via reduced glucose
deprivation-induced oxidative stress, including alleviating
hepatic hypoglycemia and mitochondria-mediated inhibition
of ROS production (152).

These results indicate that different enzymes serve impor-
tant roles in the process of tumor metastasis through distinct
pathways. By studying the regulation of enzymes during tumor
cell metastasis, the synthesis rate of nucleotides and lipids
can be specifically reduced, as can the energy utilization of
tumor cells. The use of inhibitors to inhibit the activity of
metastasis-associated enzymes is one of the most commonly
applied clinical treatments.

9. EMT and CSCs
Cancer stem cells (CSCs) are a small population of cells within

tumor tissues, which possess the capacities of self-renewal,
multipotent differentiation, unlimited proliferation and strong
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tumorigenic ability (153). They maintain tumor growth and
proliferation. The insensitivity of tumors to radiotherapy and
chemotherapy, tumor recurrence and metastasis are all closely
associated with CSCs. To date, scientists have isolated CSCs
in various solid tumors, such as liver, breast, lung, and brain
stem tumors (154-157).

By comparing the main metabolic patterns of metastatic
prostate epithelial CSCs (e-CSCs) with non-CSCs expressing
stable EMT. Aguilar er al revealed that e-CSCs possess a
high degree of plasticity with regards to energy metabolism,
including enhanced glycolysis, fat and amino acid metabolism,
and glutamine metabolism (158), which indicates that meta-
bolic reprogramming of cancer cells predominantly occurs
in CSCs. Correct identification of key metabolic participants
that are regulated post-transcriptionally can provide potential
biomarkers and therapeutic targets for the effective prevention
of metastasis (158).

EMT is a key developmental program that is often activated
during cancer invasion and metastasis. It has been reported
that EMT can transform immortalized human mammary
epithelial cells into cells with CSC properties, thus indicating
that EMT-transformed cells have stem cell properties, and
inducing EMT can not only promote the proliferation of tumor
cells from the primary site, but also enhance the self-renewal
ability of tumor cells (159). Therefore, EMT can transform
tumor cells into CSCs, and CSCs may acquire an increased
migratory ability through EMT transformation (160).

The majority of poorly differentiated cancers usually
evade cancer treatment; however, the reason is unclear.
Oshimori et al indicated that TGF-§, which is concentrated
in the tumor vasculature, confers a longer cell renewal cycle
of adjacent squamous cell carcinoma stem cells (SCC-SC).
SCC-SC, in response to TGF-f, exhibits enhanced protection
against anticancer drugs; however, a longer cell renewal cycle
alone will not improve survival. In addition, TGF-f activates
p21 and stabilizes nuclear factor (erythroid-derived 2)-like 2,
thereby significantly enhancing glutathione metabolism and
therapeutic resistance (161). Furthermore, activated TGF-3
can bind to the high-affinity receptors TBRI and TPRII, which
have serine/threonine protein kinase activity, on the tumor
cell membrane to activate Smad2 and Smad3 (19). Smad2 and
Smad3 enter into the nucleus alongside Smad4 to interact with
other transcription factors, inducing the expression of target
genes, such as Snaill, Snail2 and ZEB, eventually leading
to reduction of E-cadherin and induction of N-cadherin
and vimentin, thus resulting in increased motility of tumor
cells (19). TGF-f can also induce EMT through non-Smad
pathways by activating ERK MAPK, Rho GTPases, PI3K/AKT
and other signaling pathways (19).

It has been reported that under hypoxic conditions,
CSCs are more prone to EMT, leading to cell morphological
alterations and enhanced metastatic capacity. However,
EMT can be reduced when the normoxic control level is
restored, indicating that this is a reversible process. Notably,
due to the action of cytokines such as TNFa, even under
normoxic conditions, there is still a small portion of CSCs that
undergo EMT (162). These differences in oxygen metabolism
patterns provide an explanation for the general therapeutic
resistance of CSCs and the greater resistance of CSCs that
develop EMT.
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Biddle er al reported that non-EMT and EMT CSCs can
switch their epithelial or mesenchymal traits to reconstitute
cellular heterogeneity; this is a characteristic of CSCs (163).
CSCs can switch between epithelial and mesenchymal cells via
EMT and mesenchymal-epithelial transition. Previous studies
revealed that post-EMT CSCs exhibit particularly enhanced
therapeutic resistance (163,164). In conclusion, selecting an
appropriate targeted therapy based on the different phenotypes
of CSCs is key to effective outcomes.

10.Metabolism-associated oncogenesand tumor-suppressor
genes

Association of oncogenes and tumor-suppressor genes
with metabolism. Rapid proliferation of cells requires a
sufficient amount of new biological macromolecules for
cellular construction. These biological macromolecules vary
widely, and may be obtained directly from the extracel-
lular environment or by metabolism of glucose, which is a
common nutrient for the synthesis of other required biological
macromolecules. Therefore, the maximum utilization of avail-
able nutrients and conversion into other molecules through
complex metabolic networks is the most important goal of
tumor cell metabolism. Previously, researchers believed that a
tumor is the result of oncogene activation or tumor-suppressor
gene inactivation, and that metabolic abnormalities were
merely concomitant phenomena of the genetic events that
induce tumors (28). However, the results of cell metabolism
studies in recent decades have revealed that genetic events,
including oncogene activation and tumor-suppressor gene
inactivation, thus affecting genes such as Kras, p53, c-myc
and isocitrate dehydrogenase (IDH), may be initiators of
malignant cell transformation, with metabolic reprogram-
ming being an essential pathway underlying the genetic
events that mediate malignant transformation, including
EMT, to promote tumor metastasis (165-168). Notably,
increasing evidence has suggested that several classical
oncogenes or tumor-suppressor genes are directly or indi-
rectly involved in metabolic reprogramming (169-171). As
aforementioned, tumor metabolism reprogramming may have
an important role in promoting EMT.

Kras. Carcinogenic mutations of the Kras gene are an
early event in pancreatic cancer. The proliferation of
mouse pancreatic cancer driven by the mutant Kras gene
Kras(G12D), is highly dependent on Kras(G12D) expres-
sion, resulting in reprogrammed cellular metabolism to
support proliferation (165). Kras(G12D) can stimulate tumor
cells to take up glucose and drive glucose intermediate
metabolites into the hexose amine biosynthesis and the PPP
pathways to promote ribose synthesis. Unlike the classical
model, Kras(G12D) drives glycolysis intermediates into
the non-oxidized PPP, resulting in loss of contact between
ribose synthesis and NADP/NADPH-mediated redox
control (165). Kras metabolizes glucose and glutamine to
support cell growth and promotes growth capacity that is
not dependent on docking (172). This effect is achieved by
regulating the ERK/MAPK signaling pathway to induce
ROS production and glutamine entry into the TCA cycle
to be metabolized to a-KG (173) (Fig. 2). In addition, H-ras
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(G12V) or K-ras (G12V) can increase the number of func-
tional mitochondria in cells and maintain mitochondrial
metabolism by increasing autophagy to promote tumor cell
survival (174).

p53. As a well-known tumor-suppressor gene, p53 is also
the most important negative regulator during tumor meta-
bolic reprogramming, which has been reported to regulate
EMT and metastasis in colorectal cancer (166). In addition,
p53 inhibits glycolysis, promotes fatty acid oxidation and is
associated with the maintenance of an appropriate redox
status (58). pS3 can inhibit expression of GLUT1, GLUT4
and phosphoglycerate mutase to upregulate expression of
TP5-induced glycolysis regulatory phosphatase, thereby
suppressing glycolysis (175-177). In addition, p53 can promote
expression of synthesis of cytochrome ¢ oxidase 2 (SCO2),
which is critical for regulating the cytochrome ¢ oxidase
(COX) complex (169) (Fig. 2). Decreased p53 expression in
cancer cells results in decreased SCO2 protein expression
and reduced oxygen consumption, which provides a possible
explanation for the Warburg effect, and offers novel informa-
tion as to how p53 may affect tumor growth and metastasis.
Furthermore, in serous ovarian cancer cells, a mutated p53
gene can enhance lipid metabolism to promote tumor cell
metastasis, accompanied by epithelial cell transformation to
mesenchymal cells, fatty acid uptake promotion in adipocytes
and invasive alterations in other tumor cells, eventually leading
to decreased patient survival (178).

c-Myc. The well-known tumorigenic transcription factor
c-Myc can induce EMT and metabolic reprogramming through
numerous routes. It can stimulate glycolysis, glutaminolysis
and nucleotide synthesis (135,170); induce EMT in mammary
epithelial cells; cooperate with TGF-f3 in promoting EMT
and metastasis (179); and promote EMT and angiogenesis
through upregulating miR9 (167). c-Myc-dependent tumor
cells appear to be ‘glutamine-addicted’. c-Myc can also
promote the use of glutamate in tumor cell mitochondria by
activating the enzymes involved in glutamine metabolism, an
effect known as glutaminolysis (134). In addition to directly
regulating expression of metabolic enzymes, c-Myc stimulates
the conversion of glutamine to glutamate in tumor cells, and
its entry into the TCA cycle. This results in generation of ATP
to support proliferation via inhibition of miR-23a/b transcrip-
tion and upregulation of GLS1 expression (180) (Fig. 2), which
has been confirmed to serve a key role in the induction of
Snail-dependent EMT and promotion of tumor metastasis (181).
c-Myc can also promote glycolysis via direct induction of the
expression of glycolytic-associated enzymes, including hexoki-
nase 2 and phosphoinositide-dependent protein kinase-1 (182),
which promotes stemness and EMT phenotypes in cancer
cells (183). c-Myc-mediated metabolic reprogramming is
largely achieved by effects on mitochondria. The mutual inter-
play between mitochondrial metabolism and EMT has been
fully addressed (184). Recently, '*C-labeled metabolite tracer
detection revealed that c-Myc-driven lymphoma cells are
highly dependent on mitochondrial aerobic metabolism (185).
In addition, c-Myc can promote mitochondrial biogenesis and
maintain the number and function of mitochondria in tumor
cells (Fig. 2).
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IDH. IDH is responsible for catalyzing the metabolism of
isocitrate into a-KG. IDH in mitochondria employs NAD*
as a coenzyme, whereas IDH in the cytoplasm uses NADP*
as a coenzyme, although both catalyze the same reaction.
A high frequency of mutations in IDH1 and IDH2 occurs
in glioma (186). Furthermore, IDH mutations are found in
patients with acute myeloid leukemia and myelodysplastic
syndrome (187). A high frequency of IDH mutation sites asso-
ciated with tumors are located at the active site of IDHI1 or
IDH2, and mutation hotspots include the IDH1 gene R132 locus
and IDH2 gene R172 locus. Mutations in both sites reduce the
ability of IDH to catalyze the conversion of isocitrate to a-KG,
whereas the ability to reduce a-KG is enhanced, generating
2-hydroxyglutarate (2HG), which is considered a potential
carcinogenic metabolite (171,188). Because mutations in IDH
almost always occur on one allele, with the other remaining
wild type, a single IDH allele mutation does not seriously
affect the ability of IDH to convert isocitrate to a-KG. The
most serious consequences are caused by the accumulation
of 2HG, a by-product of the TCA cycle, which is present in
normal cells at a very low level. The mechanism by which
mutated IDH leads to tumor occurrence has various explana-
tions. It has been reported that mutation of IDHI in astrocytes
is sufficient to cause hypermethylation of the genome, which is
commonly found in glioma and other tumors (189). A previous
study regarding leukemia also revealed that IDH mutations
can lead to an increase in 2HG production as a result of TET2
inactivation, causing genome hypermethylation (190). However,
another study demonstrated that AGH-5198, which specifi-
cally inhibits mutations at the R132H site, can suppress the
growth of glioma cells without causing significant alterations
in genomic methylation levels (191). This finding suggests that
IDH mutation not only leads to genomic epigenetic alterations
but possibly additional mechanisms to promote tumorigenesis.
In addition, IDH1 mutations lead to EMT through upregula-
tion of the transcription factor ZEB1 and downregulation of
the miR-200 family of miRs (192). Furthermore, the oncome-
tabolite 2HG can directly induce EMT and distant metastasis
in colorectal cancer (168).

11. Conclusion and prospects

Metabolic reprogramming is an essential pathway for genetic
events that mediate malignant transformation, including
EMT, thus promoting tumor metastasis. Aberrant expres-
sion of genes including Kras, p53, c-Myc and IDH induces
metabolic reprogramming. Through subversive metabolic
adjustment, tumor cells are provided access to the required
energy supply, and balancing the energy supply and synthesis
of biological macromolecules is important to achieve rapid
proliferation of cell populations. Inducing EMT not only
promotes the proliferation of tumor cells from the primary
site, but also enhances the self-renewal ability of tumor cells.
EMT can transform tumor cells into CSCs, and CSCs may
acquire migratory ability through EMT transformation, in
order to help tumor cells escape drug treatment. This review
summarized the interactions between tumor metabolic repro-
gramming and EMT in tumor cells, aiming to provide insights
into targeting key metabolic molecules for the treatment of
tumor metastasis.
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