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Abstract: Cancer stem cells (CSCs) have high tumorigenicity, high metastasis and high resistance
to treatment. They are the key factors for the growth, metastasis and drug resistance of malignant
tumors, and are also the important reason for the occurrence and recurrence of tumors. Metabolic
reprogramming refers to the metabolic changes that occur when tumor cells provide sufficient energy
and nutrients for themselves. Metabolic reprogramming plays an important role in regulating the
growth and activity of cancer cells and cancer stem cells. In addition, the immune cells or stromal cells
in the tumor microenvironment (TME) will change due to the metabolic reprogramming of cancer
cells. Summarizing the characteristics and molecular mechanisms of metabolic reprogramming of
cancer stem cells will provide new ideas for the comprehensive treatment of malignant tumors. In
this review, we summarized the changes of the main metabolic pathways in cancer cells and cancer
stem cells.
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1. Introduction

In the past 30 to 40 years, a small unique population of cancer cells with tumor-
initiating and self-renewing abilities was named as cancer stem cells (CSCs) [1]. Scientists
have been able to find heterogeneous cells in different tumors that have cancer stem cell
characteristics [2]. Cancer stem cells have the ability of self-renewal, unlimited proliferation
and multipotent differentiation, and play an important role in cancer survival, proliferation,
metastasis and recurrence [1,2]. The therapeutic resistance of CSC is one of the important
reasons for the failure of tumor treatment. The therapies targeting CSC are expected to
solve the clinical bottleneck of tumor recurrence and metastasis [1,2]. More than 40 estab-
lished CSC markers have been used separately or jointly for sorting cancer stem cells [3].
However, until now, we have not known which subgroup are cancer stem cells. In fact, the
heterogeneous cells we found in our studies can only be called cancer stem-cell-like cells. In
our opinion, cancer stem cells cannot be defined accurately depending on surface markers
or functional markers. In order to define cancer stem cells, four elements of evidence of
identification need to be considered. The first piece of evidence is widely used markers,
such as CD133, CD44 and ALDHI1 [4]. The second piece of evidence is the gene differences
between cancer stem cells and cancer cells [5]. The third piece of evidence is the abnormal
metabolism state of cancer stem cells [6]. The fourth piece of evidence is the effects of
cancer stem cells on the cells in the tumor microenvironment (TME), especially immune
cells [7]. The metabolism of cancer stem cells has been a research hotspot in recent years.
More and more studies have shown close relationships between metabolic reprogramming
and stemness [8-10]. In this review, we will summarize the metabolic phenotype of cancer
stem cells and further present potential therapeutic targets for treatment.
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2. Overview of Cancer Metabolism

Metabolic reprogramming refers to the change in the metabolic mode of cancer cells
compared with normal cells [11]. The reprogramming provides sufficient energy and
nutrients for cancer cells and cancer stem cells [11]. The high proliferation and metas-
tasis of cancer cells are signs of metabolic disorders [12]. Otto Warburg reported on the
increased utilization of glycolysis in cancer cells to meet energy requirements in 1924 [13].
In normal cells, glucose mainly generates pyruvate through glycolysis [14]. Pyruvate is
transported into mitochondria and generates adenosine triphosphate (ATP) through tri-
carboxylic acid (TCA) cycle-coupled mitochondrial oxidative phosphorylation (OXPHOS)
to supply energy for cancer cells [14]. Warburg found that the growth of normal cells
mainly depends on the TCA cycle in mitochondria to convert glucose into energy ATP,
while cancer cells have a different metabolic phenotype from normal cells; that is, cancer
cells prefer anaerobic glycolysis even in the presence of oxygen [13]. Since the Warburg
effect was discovered, abnormal metabolism has been a never-ending topic in the field of
cancer research. At present, researchers not only pay attention to glucose metabolism, but
also pay attention to other metabolic types, such as glutamine metabolism (Figure 1) [15].
Abnormal metabolism usually produces a higher expression of hypoxia-inducible factor-1
(HIF-1) that is a critical premise for epithelial to mesenchymal transition (EMT) [16]. The
metabolism-EMT-metastasis network has been delineated in recent studies [17-19]. EMT
refers to the process of epithelial cells changing into mesenchymal cells under physio-
logical or pathological conditions, which endows the cells with stemness characteristics,
including metastasis, differentiation and proliferation. It not only plays a key role in the
development process, but also participates in the process of tissue healing, organ fibrosis
and cancer occurrence [20]. In the following sections, we will summarize various metabolic
abnormalities of cancer stem cells.
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Figure 1. Metabolic pathways in cells. Glucose is broken down into pyruvate and ATP in cells, which is
called glycolysis. Nicotinamide adenine dinucleotide (NAD*) from glycolysis will maintain the levels
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of reduced glutathione (GSH). GSH can reduce the levels of reactive oxygen species (ROS) and protect
cells from the oxidative damage caused by free radicals. The tricarboxylic acid (TCA) cycle is a
necessary pathway for the complete oxidative decomposition of glucose, fatty acids and amino acids.
Some intermediate metabolite molecules formed by the TCA cycle are also precursors for the synthesis
of many important biological molecules. Fatty acids are synthesized from acetyl CoA produced from
TCA cycle. NADH: nicotinamide adenine dinucleotide reduced form; NAD: nicotinamide adenine
dinucleotide; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; LDH: lactate dehydrogenase;
PDH: pyruvate dehydrogenase; ROS: reactive oxygen species; GSH: reduced glutathione; GSSG:
oxidized glutathione; TCA cycle: Tricarboxylic acid cycle.

3. Glucose Metabolism

Glucose metabolism is the first and most widely studied metabolic abnormality in
cancer cells (Figure 1) [21-24]. Normal cells metabolize glucose into carbon dioxide and
water through oxygen-consuming mitochondrial metabolism in physiological conditions,
but convert glucose into lactic acid (glycolysis) in a low oxygen and anaerobic environ-
ment [25]. In all conditions, glycolysis is the priority selection for cancer cells to generate
energy, termed the “Warburg effect” [26]. Compared with cancer cells, CSCs have higher
rates of glycolysis [27]. Glucose induces the expression of key genes and the activity of
glycolytic enzymes in the glucose metabolism pathway, such as hexokinase 1 (HK-1), HK-2
and glucose transporter 1 (GLUT1) [28-30]. High oxygen and low glucose decline the CSC
population from breast cancer, ovarian cancer, lung cancer and colon cancer cells [31-34].
Breast cancer stem-cell-like cells have higher activities of pyruvate kinase M2 (PKM2),
lactate dehydrogenase (LDH) and reactive oxygen species (ROS) than other breast cancer
cells [35]. ROS is a key factor in maintaining the stemness of CD44" breast cancer cells
through upregulating the expression of CD44 and signal transducer and activator of tran-
scription 3 (STAT3) [36]. Hepatocellular carcinoma and nasopharyngeal carcinoma stem
cells show a preference for glycolysis during radiotherapy [37,38]. Based on the evidence
above, CSCs usually show an increase in glucose uptake and lactate production, together
with a decrease in mitochondrial respiration. However, there seems to exist differences re-
garding the metabolic state in heterogeneous tumors. Compared with glioma cells, glioma
stem cells consume less glucose and produce less lactic acid, while ATP production is very
high [39]. Low glycolysis levels and high oxidative phosphorylation in glioma stem cells
are due to abundant mitochondria [39]. These results further proved that the glycolysis
pathway can be used as a target for anticancer therapy.

4. Mitochondrial Metabolism

Mitochondria are key organelles to generate ATP and maintain cell metabolism [40].
Although other processes, such as glycolysis, can generate ATP in normal cells, more than
90% of ATP is generated in the mitochondria through oxidative phosphorylation (OXPHOS)
pathway (Figure 1) [41]. OXPHOS is suppressed in most CSCs for losing the function of
mitochondria [42]. The upregulated OXPHOS pathway is closely related to the process of
EMT and tumor metastasis [43]. In a relatively nutrient deficient environment, the oxidative
stress reaction promotes tumor cells to produce lactic acid and other metabolites through
glycolysis, and further supply the anabolism of tumor cells with OXPHOS as the main
metabolic pathway, to promote tumor growth [44].

Dichloroacetate (DCA) has been used to treat children born with mitochondrial dis-
eases since the 1960s [45]. It can inhibit pyruvate dehydrogenase kinase (PDK)-induced
phosphorylation of pyruvate dehydrogenase (PDH), promote the conversion of pyruvate
to Acetoacetyl coenzyme A (Acetoacetyl-CoA, Acetyl-CoA) and change mitochondrial
metabolism from glycolysis to oxidative phosphorylation, so as to reduce cell proliferation,
promote apoptosis and inhibit glioblastoma growth [46]. DCA increases mitochondrial
depolarization and ROS production, and induces apoptosis in CD133 positive glioblastoma
stem cells both in vitro and in vivo [47]. In addition to ATP, mitochondria are also the
main place to produce ROS [48]. ROS is a highly reactive metabolic molecule, including
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superoxide radical anion, hydrogen peroxide and hydroxyl radical [48]. ROS can be used
as the second messenger of many stimulating factors to participate in the regulation of
cancer stem cell migration, proliferation, stemness maintenance and differentiation [49]. In
physiological status, the production and clearance of ROS are in dynamic equilibrium with
the action of the antioxidant system [48]. Excessive ROS accumulation causes oxidative
stress, DNA damage and tumorigenesis [48]. Compared with breast cancer cells, breast
cancer stem cells (BCSCs) have a high ability to clear ROS and keep ROS at a relatively low
level for the high expression levels of superoxide dismutase, catalase, and glutathione per-
oxidase [50]. Based on this finding, ROS regulation in CSCs may be a potential anti-tumor
treatment for killing CSCs and eliminate tumors.

5. Glutamine Metabolism

Glutamine is an important non-essential amino acid required for cell proliferation [51].
It is not only the substrate for the synthesis of hexosamine and nucleic acid, but also
can enter the oxidative phosphorylation pathway to produce energy through TCA cycle
under hypoxia, which is also an important metabolic mode necessary for tumor cells to
maintain their own activity (Figure 1) [51]. Glutamine can be converted into glutamate
under the action of glutaminase for the synthesis of fatty acids and reduced glutathione
(GSH) [52]. The antioxidant glutathione can maintain the balance of redox reaction in
cancer cells and help the cells resist oxidative stress [53]. The low ROS level of CD44-
positive gastrointestinal CSCs may be related to antioxidant-reduced glutathione [54].
CD44 interacts with and stabilizes the glutamate cystine transporter, xCT (SLC7A11), and
promotes the synthesis of GSH in gastrointestinal CSCs, thus improving the cells against
ROS [55]. As a functional group of glutamate/cystine reverse transporter, xCT transports
extracellular cystine into cells [56]. To maintain intracellular glutamine levels, tumor cells
overexpress XCT to meet the needs of rapid proliferation [57-59]. It has been confirmed that
the expression level of xCT is increased in various types of tumors, such as hepatocellular
carcinoma [57], colorectal cancer [58] and breast cancer [59]. The high expression of xCT is
associated with the late progression of lung cancer and the reduction in the 5-year survival
rate of patients [60]. Downregulation of xCT can weaken the proliferation and invasion
ability of non-small cell lung cancer cells in vivo and in vitro [60]. xCT also promotes the
invasion and proliferation of prostate cancer cells [61]. xCT overexpression changes the
morphology and cytoskeleton of glioma cells, accompanied by high migration, invasion and
cell adhesion [62]. xCT also upregulates the stem cell markers’ expression, such as Nanog,
Musashi-1, Sox-2 and nestin in glioma cells [62]. xCT expression promotes GSH synthesis
and indirectly activates Nanog to enrich CSCs in breast cancer [63]. The above results show
that xCT can induce the expression of CSC markers and promote tumorigenesis. It means
xCT is a candidate gene for small molecule-targeted drugs.

6. Lipid Metabolism

Fatty acid (FA) metabolism is also one of the important metabolic pathways required by
tumor cells to maintain their growth activity (Figure 1) [64]. In aerobic conditions, fatty acids
will be oxidized and decomposed to release energy [65]. This process is called fatty acid
oxidation (FAO) [65]. Carnitine palmitoyltransferase 1oc (CTP1«) is the key rate-limiting
enzyme of FAO, which catalyzes the transfer of long-chain acyl groups from coenzyme A
to carnitine and transports long-chain fatty acids to the mitochondrial matrix [66]. Fatty
acid synthesis uses Acetyl-CoA, a product of glycolysis, the TCA cycle and amino acid
decomposition, to synthesize the intermediate product of sixteen carbon and then process
it into various fatty acids [67]. The level of unsaturated fatty acids in CSCs is higher than
other cancer cells, which inhibits the activities of stearoyl-COA desaturase 1 (SCD1) and
acetaldehyde dehydrogenase 1A1 (ALDH1A1) in CSCs, reduces the stemness of CSCs
and delays tumor formation [68]. The key lipases of FA synthesis in CSCs, such as ATP
citrate lyase (acly), acetyl CoA carboxylase (ACC) and fatty acid synthase (FASN), are
increased [69]. These lipases, which regulated by lipogenic transcription factor (SREBP1c),
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have gradually become ideal markers for CSCs [70]. Expression of acly, ACC, FASN and
fatty acid transporter (CD36) are increased, and SREBP1c is also highly activated in liver
CSCs [70]. In addition, the analysis of AMP protein kinase (AMPK) related to metabolism
showed that the phosphorylation level and content of AMPK in CSCs decreased [71]. This
change enhanced the activity of lipase in CSCs and increased the content of malonyl CoA,
the precursor of FA synthesis, to improve the synthesis of FA and enhance the metabolism
of mitochondria 3-oxidation [71]. Glycolipid metabolism in CSCs is connected by acetyl
coenzyme A (AcCoA) produced after the oxidation of pyruvate, which can be used to
synthesize FA [72]. This connection promotes the self-renewal of CSCs and is a main factor
in maintaining the stemness [72].

The mevalonate pathway is an important metabolic pathway of steroid hormones,
cholesterol and nonsterol isoprene [73]. This pathway mainly maintains the homeostasis
of CSCs” microenvironment through protein prenylation [74]. HMG-CoA is the rate-
limiting enzyme of mevalonate pathway and also is the molecular target of statins, the
cholesterol-lowering drugs [75]. Statins interfere with the mevalonate pathway and block
protein prenylation, thereby destroying the steady state of CSCs microenvironment and
killing CSCs [76]. HMG-CoA is overexpressed in basal-like tumors, and inhibition of the
mevalonate pathway by simvastatin can reduce the number of CSCs [77]. The combination
of valproic acid and simvastatin can simultaneously regulate the mevalonate pathway
and AMPK phosphorylation level to inhibit the Yap oncogene, thereby enhancing the
sensitivity of castration-tolerant prostate cancer cells to docetaxel and reducing the drug
resistance caused by CSCs [78]. After treatment with metformin, an AMPK activator and
a HMG-CoA reductase inhibitor, the number of CSCs in colorectal cancer significantly
decreased, while the number of CSCs increased after treatment with mevalonate [79]. The
mevalonate pathway can accelerate the proliferation of pancreatic CSCs, while atorvastatin
can inhibit this proliferation effect [80]. Medroxyprogesterone acetate (MPA) can increase
the expression of CD44 and the activity of ALDH1A1 in BCSCs, enhance the tumorigenesis
of CSCs and block cholesterol synthesis, which can reduce the formation of tumor spheres
in BCSCs [81].

7. Iron Metabolism and Ferroptosis

Due to the increase in proliferation rate and metabolic activity of malignant tumors,
tumor cells have a high demand for iron [82]. In order to ensure adequate supply, the
absorption of iron in tumor cells increases and the release decreases [83]. The synthesis
of transferrin exhibits an autocrine mechanism to support iron supply and tumor cell
growth [84]. Overexpression of transferrin receptor 1 (TfR1) has been confirmed in cancer
tissues, which is related to the short survival of cancer patients [85]. Inhibition of TfR1 ex-
pression significantly blocks tumor growth and metastasis [86]. In contrast, iron transporter
expression was reduced in tumor cells and was associated with poor patient survival [87].
Elevated levels of hepcidin are found in different tumor types, inhibiting transferrin (Tf)-
mediated iron transport [88]. In addition, iron regulatory protein 2 (IRP2) promotes the
proliferation of tumor cells and is associated with the low survival of patients [89]. In
various tumors, abnormal iron metabolism was significantly related to CSCs [90-98]. Com-
pared with non CSCs, the expression level of transferrin in CSCs of glioma and breast
cancer are significantly increased [90,91]. Iron plays a role in the regulation of non-small
cell lung cancer CSCs through hydroxyl radicals and promotes tumor invasion [92]. More-
over, iron supplementation can promote the stemness of breast cancer, lung cancer and
cholangiocarcinoma cells, while iron chelators inhibit the spheroid formation of lung cancer
and cholangiocarcinoma cells [93-95]. The results indicated that CSCs need more iron than
other cancer cells during tumor formation. Compared with CSCs, cancer cells have low ex-
pression levels of TfR and high expression levels of Ferroportin 1 (FPN1) and Hephaestion,
resulting in low intracellular iron levels [96]. FPN expression is lower in CD44-positive
CSCs than negative cells [96]. CD44 interacts with TfR to increase iron absorption through
TE/2Fe3*, and FPN downregulation reduces iron outflow, resulting in increased iron levels
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in CSCs [96]. It indicates that CD44 is not only a surface marker for CSCs, but also can
increase the iron in CSCs, and maintain the stemness of CSCs.

Ferroptosis is mainly caused by the abnormal increase in “iron” dependent lipid
oxygen free radicals and the imbalance of redox homeostasis [97]. Salinomycin can se-
lectively inhibit tumor growth and significantly reduce the proportion of BCSCs in vitro
and in vivo [98]. Ferrimycin, as a salinomycin derivative, has better selectivity than sali-
nomycin, and specifically kills BCSCs by promoting the generation of ROS and inducing
ferroptosis [99]. Derivatives of epomycin are highly selective for BCSCs, and inhibit glu-
tathione peroxidases (GPXs) activity and bind with system xc- to block cystine uptake
to induce ferroptosis of BCSCs [100]. System xc- promotes GSH synthesis by mediat-
ing cystine uptake and glutamate release, thereby protecting cells from oxidative stress
damage and maintaining the redox balance of cells [101]. Salinomycin derivatives can
induce ferroptosis of BCSCs through targeting lysosomal iron [99]. Ovarian cancer stem
cells (OCSCs) are characterized by self-renewal, uptake and retention of excess iron [102].
Alastin, a ferroptosis inducer, successfully reduced the viability of OCSCs by inhibiting
the GSH/glutathione peroxidase 4 (GPX4) system, but it had no significant effect on non-
OCSCs [102]. Artesunate promoted the generation of ROS in OCSCs in a dose-dependent
manner to induce ferroptosis [103]. After the intervention of the ferroptosis-inhibitor,
ferrostatin, the death of OCSCs induced by artesunate was significantly reversed [103].
Sulfasalazine, an inhibitor of system xc-, can weaken ROS defense mechanism and thus
induce ferroptosis of gastric-cancer stem cells [104]. Salinomycin and docetaxel effectively
reduce CD44 expression, promote ROS generation and cause ferroptosis of gastric-cancer
stem cells [105]. The CD44v-xCT axis regulates the internal redox reaction of CSCs to
treat colon cancer [106]. System xc- deficiency causes cysteine deficiency, inhibits GSH
synthesis and thus causes ferroptosis in colon CSCs [106]. Temozolomide in combination
with quinacrine (hydroxychloroquine derivative) can induce the death of glioblastoma stem
cells through iron dependence and accumulation of lipid peroxides [107]. This combination
inhibits tumor proliferation and induced these cells to be more susceptible to chemotherapy
and radiotherapy [107]. Sulfasalazine and etoposide can reduce the intracellular GSH level,
downregulate GPx4 activity and stimulate lipid peroxidation, leading to ferroptosis in
neuroblastoma stem cells [108].

8. Metabolism of ALDH1 Positive Cancer Stem Cells

The human ALDH family contains 19 different ALDH-protein subtypes [109]. As
important members of the non-P450 oxidase system, ALDH proteins mainly participate
in the oxidative metabolism of aldehydes in cells [110]. With nicotinamide adenine dinu-
cleotide phosphate (NADP™), it catalyzes aldehydes to generate corresponding carboxylic
acids [110]. ALDH1A1, ALDH1A2 and ALDH1AS3 are three highly conserved isoenzymes
in the ALDH1 family, which can catalyze retinol into retinoic acid and degrade toxic sub-
stances to protect cells [111]. ALDH]1 is highly expressed in a variety of tumor tissues
and leads to poor prognosis of patients, such as lung cancer [112], breast cancer [113],
esophageal cancer [114] and colon cancer [115]. ALDH1-positive cancer cells have many
characteristics of CSCs, such as self-renewal, multidirectional differentiation, tumorigenicity
and metastasis [116]. The drug resistance of ALDH1* CSCs is related to the detoxification
of ALDHI [117]. ALDHI1 converts aldehyde phosphoramide, an intermediate metabolite
of the oxidative-alkylating agent, cyclophosphamide (CTX), into a non-toxic carboxyl phos-
phoramide, which plays a detoxifying role on CTX, leading to drug resistance of cancers
to CTX [117]. Gastric cancer cells show high ALDH activity and the expression of the
notch and sonic hedgehog (SHH) signaling pathway after 5-fluorouracil and cisplatin treat-
ment [118]. ALDH1A1 upregulates the secretion of granulocyte macrophage-stimulating
factor (GM-CSF) by activating the TAK1/NF-kB signaling pathway to increase the en-
richment of myeloid-derived suppressor cells (MDSCs) in the tumor microenvironment
(TME) of breast cancer, and to inhibit the proliferation and activation of killer T cells [119].
ALDH1-positive head and neck squamous cell carcinoma cells inhibited T-cell proliferation
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more efficiently than ALDH1-negative cells, and inhibited cytokine, interferon y (IFN-vy),
Interleukin-2 (IL-2) and tumor necrosis factor o« (TNF-cx) [120]. Stemness and drug resis-
tance of ALDH1* cancer stem cells are the key reasons why cancers are difficult to cure,
but its molecular mechanism needs further research.

9. Tumor Microenvironment and Metabolism

The tumor microenvironment (TME) is composed of tumor cells, stromal cells, fibrob-
lasts, immune cells, extracellular matrix and cytokines [121]. Both cellular and non-cellular
factors promote CSCs to participate in tumor recurrence, metastasis and treatment resis-
tance [122]. The TME is very important for cancer stem cells, mainly involving hypoxia,
nutrient deficiency, immune cells in the microenvironment and their secreted cytokines,
growth factors and hormones [123]. The hypoxia microenvironment can promote the ex-
pression of stem cell markers in breast cancer, activate the JAK2/STAT3 signaling pathway
and increase the fatty acid oxidation level to maintain its stemness [124]. Hypoxia and
glucose deficiency will induce immune cells in the microenvironment to develop into
immunosuppressive phenotypes, change the interaction between CSCs and immune cells
and thus promote the occurrence and development of tumors [125]. Compared with normal
tissues, TME is more acidic, thus triggering angiogenesis and improving the invasion of
CSCs [126]. In addition, IL-8 can upregulate the expression of GLUT3, improve glucose
uptake and hexosamine biosynthesis and regulate the development of CSCs [127]. Leptin
derived from breast adipocytes can maintain the stemness and chemoresistance of BC-
SCs [128]. TGF-p and cytotoxic T lymphocyte-associated antigen-4 (CTLA4) can help CSCs
escape immune monitoring [129].

Tumor-related metabolic reprogramming is not only affected by tumor cells them-
selves, but also by cancer-associated fibroblasts (CAFs), endothelial cells, mesenchymal
stem cells (MSCs), immune cells and their secreted cytokines, growth factors and extracel-
lular vesicles in TME [130]. The energy metabolism process of tumor cells can promote
the interaction between CSCs and CAFs [130]. CAFs provide sufficient energy for self-
renewal, invasion and metastasis of CSCs [130]. Lactic acid, a tumor metabolite, is mainly
discharged from cells through the monocarboxylic acid-transporter family [131]. Can-
cer cells, CSCs and CAFs express different types of MCTs [132]. CSCs with epithelial
cell-like phenotype express MCT-1, while CAFs and other non-CSC tumor cells express
MCT-4 [132]. Under hypoxia, CAFs and lactate produced by tumor cells are excreted
through MCT-4 and then absorbed by epithelial-like CSCs expressing MCT-1 as substrates
for energy metabolism [133]. Endothelial progenitor cells in TME can differentiate into
blood vessels and provide oxygen and nutrients for the tumor [134]. In order to generate
ATP faster, glycolysis is the preferred pathway for tumor-associated endothelial cells” for-
mation [135]. Vascular endothelial growth factor (VEGF) mainly supports angiogenesis by
activating the glycolytic pathway, while the downregulation of predicted 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) in the glycolytic pathway of endothelial
cells inhibits the glycolytic pathway and reduces the efficiency of angiogenesis [136]. In
view of the important role of VEGF in angiogenesis, it has become the target for anti-
angiogenic therapy.

Tumor-associated immune cells have both inhibitory and promoting effects on progres-
sive tumors, and the balance between them determines the development of tumors [137].
Tumor-associated macrophages (TAMs) are a type of natural immune cell, which are abun-
dant in TME and play a double-edged sword role in tumorigenesis [138]. In the inflamma-
tory tumor microenvironment, the phenotype of TAM changes from M1 (tumor-killing phe-
notype) to M2 (tumor-promoting phenotype), and changes in cellular energy metabolism
are critical for the polarization of TAMs from M1 to M2 [139]. M1-type macrophages
maintain survival through high glycolysis and release of lactate under hypoxia, while
M2 macrophages maintain energy demand through OXPHOS (Figure 2) [140]. On the
one hand, CSCs induce TAMs to produce the M2 phenotype, block the anti-tumor effect
of CD8" T cells during chemotherapy and induce M2 macrophages to secrete tumor cell
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colony-stimulating factor (CSF), transforming growth factor (TGF), VEGF and chemokine
ligand [141]. On the other hand, M2-type macrophages can secrete IL-6, IL-10, TGF-f3 and
VEGE, and by activating the STAT3/NF-«B signaling pathway promotes the self-renewal of
CSCs, thereby increasing the number, tumorigenicity and drug resistance of CSCs [142].
The activation of these pathways induces the production of cytokines and further recruit-
ment of M2-type macrophages, resulting in a TME that is more conducive to the invasion
and migration of CSCs [143]. In particular, IL-10 inhibits cytotoxic T-cell activation by
downregulating major histocompatibility complex (MHC) expression on cancer cells and
antigen-presenting cells (APCs), and prevents antigen specific T cells from recognizing
cancer cells [144].

ADP ATP
B-oxidation

* Acetyl-CoA

OAA TCA CYCLE Citrate

a-KG

Figure 2. Metabolic difference between tumor-associated macrophage (TAM) M1 and M2 type.
Metabolites of cancer cells and stromal cells in the tumor microenvironment (TME) lead to metabolic
reprogramming of TAMs and change the composition and function of TAMs. M1-type TAMs have
a high level of aerobic glycolytic activity and can produce oxygen species (ROS) to kill cancer cells.
M2-type TAMs rely on high levels of oxidative phosphorylation (OXPHOS) to produce cytokines
to promote the proliferation of cancer cells. G6P: glucose-6-phosphate; F6P: fructose-6-phosphate;
GLUT1: glucose transporter 1; PPP: phosphoprotein phosphatase; STAT6: signal transducer and
activator of transcription 6; OAA: oxaloacetate; «-KG: a-Ketoglutaric acid; FFA: fatty acids; NADH:
nicotinamide adenine dinucleotide reduced form; NAD: nicotinamide adenine dinucleotide; ROS:
reactive oxygen species.

10. Cancer Stem Cell Metabolism and Treatment

Targeting tumor metabolic reprogramming may provide new ideas for tumor preven-
tion and treatment. The significantly enhanced FAO in recurrent LSCs can compensate for
the lack of production capacity caused by the imbalance in amino acid metabolism [145].
Acetyl carnitine, which assists the transport of fatty acids into mitochondria, is significantly
increased in LSCs with treatment resistance [146]. Inhibition of cellular uptake of fatty
acids or inhibition of carnitine acyltransferase activity to block fatty acids from entering
mitochondria can restore the sensitivity of LSCs to chemotherapy [146]. FAO plays an
important role in maintaining self-renewal and inducing the chemotherapy resistance of
BCSCs [128]. Leptin derived from breast adipose tissue can promote the expression of
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carnitine palmitoyltransferase 1B (CPT1B) through the JAK/STAT3 signaling pathway and
thus enhance FAO in BCSCs [147]. In the mouse model of breast cancer, inhibiting the
leptin JAK/STAT3-CPT1B axis can restore the chemosensitivity of BCSCs [128]. Recurrent
LSCs can increase the level of intracellular NAD* by enhancing nicotine metabolism, and
then promote the metabolism of amino acids and fatty acids in cells mediated by NAD*,
thereby driving and maintaining the OXPHOS of cells [147]. Inhibition of nicotinamide
phosphoribosyltransferase, an important rate-limiting enzyme in nicotine metabolism, can
significantly reduce the tumor load and the number of LSCs in xenograft models [147]. It is
worth noting that, in addition to the change in CSCs” metabolism directly caused by treat-
ment, TME affects the metabolic phenotype of CSCs through interaction with CSCs, thereby
enhancing the therapeutic resistance of CSCs. In chronic myeloid leukemia (CML) animal
models, gonadal adipose tissue (GAT) is an important storage pool of LSCs in addition
to hematopoietic organs [148]. LSCs in GAT have an obvious pro-inflammatory pheno-
type, and they can upregulate and secrete a variety of proinflammatory and chemokines,
including some of the cytokines TNF-«, IL-1x and IL-1f3 [148]. CSF2 can promote fat
mobilization and decomposition of GAT, and the lipolysis of GAT can in turn enhance the
activation of FAO in CD36" LSCs, thus enabling LSCs in GAT to acquire stronger therapeu-
tic resistance than bone marrow LSCs [148]. For advanced gastric cancer, mesenchymal
stem cells in tumor tissue secrete a large amount of TGF-1 that induces the expression
of long-chain noncoding RNA MACC1-AS], thereby enhancing the self-renewal and ther-
apeutic resistance of CSCs mediated by FAO [149]. In addition, the acquired resistance
of pancreatic cancer CSCs to gemcitabine has become a huge obstacle in the treatment of
advanced pancreatic cancer [150]. It has been found that the hypoxia microenvironment
further enhances the chemoresistance of pancreatic cancer CSCs through protein kinase B
(AKT)/Notchl-mediated signaling pathway [150].

11. Future Perspectives

The unique metabolic characteristics of cancer stem cells are one of the reasons for their
resistance to treatment and lead to tumor recurrence. Targeting cancer stem-cell metabolism
has become a new idea in tumor therapy, but it still faces many problems and challenges.
First of all, the metabolic network of CSCs is extremely complex (Figure 3). In this complex
network, we still do not fully understand the core genes, but more and more evidence
shows that MYC, as a proto-oncogene, regulates the stemness and the metabolism of cancer
cells [151,152]. However, it is still uncertain whether MYC can be used as a therapeutic
target. Secondly, the effect of the tumor microenvironment on the metabolic reprogramming
of CSCs is still unclear. During tumorigenesis, the metabolic characteristics of CSCs will
change, and different subsets of CSCs will appear, which increases the difficulty of targeted
therapy. In the future, targeted cancer stem-cell metabolic therapy may need to target
multiple metabolic pathways at the same time. Although the research on cancer stem-cell
metabolism remains to be deepened, targeted cancer stem-cell metabolic therapy strategies
have shown great potential and application value in tumor therapy:.
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Figure 3. Metabolic difference between normal cells and cancer (stem) cells. Cancer stem cells
exhibited enhanced glycolysis, catabolism of glutamate and fatty acids (FAs), which provided more
intermediate metabolites tricarboxylic acid (TCA) cycle to generate more ATP. Signaling pathways,
such as PI3K-AKT-mTOR pathway, which involved in the metabolic reprogramming in cancer stem
cells, were also effective targets for cancer-targeted therapy. OXPHOS: oxidative phosphorylation;
NADH: nicotinamide adenine dinucleotide reduced form; NAD: nicotinamide adenine dinucleotide;
ROS: reactive oxygen species; EMT: epithelial-mesenchymal transition; GLUT: glucose transporter;
MCT1: monocarboxylate transporter 1, MCT4: monocarboxylate transporter 4.

Author Contributions: Conceptualization, P.X.; software, G.-M.W. and P.X.; writing—original draft
preparation, X.-Y.X. and P.X,; writing—review and editing, P.X.; supervision, P.X.; project adminis-
tration, P.X.; funding acquisition, P.X. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the National Natural Scientific Foundation of China (No0.81972784),
the Natural Scientific Foundation of Liaoning (N0.2019-MS-146), and the “Double First-Class” Disciplinary
Construction Project of Jinzhou Medical University.

Conflicts of Interest: The authors declare no conflict of interest. Figures were created by Figdraw
software (https:/ /www.figdraw.com/).

References

1. Reya, T.; Morrison, S.J.; Clarke, M.E,; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001, 414, 105-111. [CrossRef]

2. Visvader, J.E.; Lindeman, G.J. Cancer stem cells: Current status and evolving complexities. Cell Stem Cell 2012, 10, 717-728.
[CrossRef]

3. Schatton, T.; Frank, N.Y.; Frank, M.H. Identification and targeting of cancer stem cells. Bioessays 2009, 31, 1038-1049. [CrossRef]

4. Walcher, L.; Kistenmacher, A K.; Suo, H,; Kitte, R.; Dluczek, S.; Strauf$, A.; Blaudszun, A.R.; Yevsa, T.; Fricke, S.; Kossatz-Boehlert,
U. Cancer Stem Cells-Origins and Biomarkers: Perspectives for Targeted Personalized Therapies. Front. Immunol. 2020, 11, 1280.
[CrossRef] [PubMed]

5. Skvortsov, S.; Debbage, P.; Skvortsova, I. Proteomics of cancer stem cells. Int. |. Radiat. Biol. 2014, 90, 653-658. [CrossRef]

6. Jagust, P; de Luxdn-Delgado, B.; Parejo-Alonso, B.; Sancho, P. Metabolism-Based Therapeutic Strategies Targeting Cancer Stem
Cells. Front. Pharmacol. 2019, 10, 203. [CrossRef]

7. Lopez de Andrés, J.; Grifidn-Lison, C.; Jiménez, G.; Marchal, J.A. Cancer stem cell secretome in the tumor microenvironment: A
key point for an effective personalized cancer treatment. J. Hematol. Oncol. 2020, 13, 136. [CrossRef]

8.  Menendez, ]J.A. Metabolic control of cancer cell stemness: Lessons from iPS cells. Cell Cycle 2015, 14, 3801-3811. [CrossRef]
[PubMed]

9. Milanovic, M.; Fan, D.N.Y.; Belenki, D.; Dabritz, ] H.M.; Zhao, Z.; Yu, Y.; Dorr, J.R.; Dimitrova, L.; Lenze, D.; Monteiro Barbosa,
I.A; et al. Senescence-associated reprogramming promotes cancer stemness. Nature 2018, 553, 96-100. [CrossRef] [PubMed]


https://www.figdraw.com/
http://doi.org/10.1038/35102167
http://doi.org/10.1016/j.stem.2012.05.007
http://doi.org/10.1002/bies.200900058
http://doi.org/10.3389/fimmu.2020.01280
http://www.ncbi.nlm.nih.gov/pubmed/32849491
http://doi.org/10.3109/09553002.2013.873559
http://doi.org/10.3389/fphar.2019.00203
http://doi.org/10.1186/s13045-020-00966-3
http://doi.org/10.1080/15384101.2015.1022697
http://www.ncbi.nlm.nih.gov/pubmed/25738999
http://doi.org/10.1038/nature25167
http://www.ncbi.nlm.nih.gov/pubmed/29258294

Cells 2022, 11, 3790 11 0f 16

10.
11.
12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sebastian, C. Tracking down the origin of cancer: Metabolic reprogramming as a driver of stemness and tumorigenesis. Crit. Rev.
Oncog. 2014, 19, 363-382. [CrossRef]

Pavlova, N.N.; Thompson, C.B. The emerging hallmarks of cancer metabolism. Cell Metab. 2016, 23, 27-47. [CrossRef] [PubMed]
Bergers, G.; Fendt, S.M. The metabolism of cancer cells during metastasis. Nat. Rev. Cancer 2021, 21, 162-180. [CrossRef] [PubMed]
Johar, D.; Elmehrath, A.O.; Khalil, RM.; Elberry, M.H.; Zaky, S.; Shalabi, S.A.; Bernstein, L.H. Protein networks linking Warburg
and reverse Warburg effects to cancer cell metabolism. Biofactors 2021, 47, 713-728. [CrossRef] [PubMed]

Baldwin, J.E.; Krebs, H. The evolution of metabolic cycles. Nature 1981, 291, 381-382. [CrossRef] [PubMed]

Xu, F; Shi, J.; Qin, X.; Zheng, Z.; Chen, M.; Lin, Z.; Ye, ].; Li, M. Hormone-Glutamine Metabolism: A Critical Regulatory Axis in
Endocrine-Related Cancers. Int. . Mol. Sci. 2022, 23, 10086. [CrossRef]

Erin, N.; Grahovac, J.; Brozovic, A.; Efferth, T. Tumor microenvironment and epithelial mesenchymal transition as targets to
overcome tumor multidrug resistance. Drug Resist. Updat. 2020, 53, 100715. [CrossRef]

Jinesh, G.G.; Brohl, A.S. Classical epithelial-mesenchymal transition (EMT) and alternative cell death process-driven blebbishield
metastatic-witch (BMW) pathways to cancer metastasis. Signal Transduct. Target. Ther. 2022, 7, 296. [CrossRef]

Sun, H.; Yang, X.; Liang, L.; Zhang, M.; Li, Y,; Chen, J.; Wang, E; Yang, T.; Meng, F,; Lai, X.; et al. Metabolic switch and
epithelial-mesenchymal transition cooperate to regulate pluripotency. EMBO J. 2020, 39, €102961. [CrossRef] [PubMed]

Lai, X.; Li, Q.; Wu, E; Lin, J.; Chen, J.; Zheng, H.; Guo, L. Epithelial-Mesenchymal Transition and Metabolic Switching in Cancer:
Lessons From Somatic Cell Reprogramming. Front. Cell Dev. Biol. 2020, 8, 760. [CrossRef]

Wahl, G.M.; Spike, B.T. Cell state plasticity, stem cells, EMT, and the generation of intra-tumoral heterogeneity. NP] Breast Cancer
2017, 3, 14. [CrossRef] [PubMed]

Xie, W.; Zeng, Y.; Hu, L.; Hao, J.; Chen, Y.; Yun, X.; Lin, Q.; Li, H. Based on different immune responses under the glucose
metabolizing type of papillary thyroid cancer and the response to anti-PD-1 therapy. Front. Immunol. 2022, 13, 991656. [CrossRef]
Balakrishnan, K. Hepatocellular carcinoma stage: An almost loss of fatty acid metabolism and gain of glucose metabolic pathways
dysregulation. Med. Oncol. 2022, 39, 247. [CrossRef] [PubMed]

Gauthier-Coles, G.; Broer, A.; McLeod, M.D.; George, A J.; Hannan, R.D.; Broer, S. Identification and characterization of a novel
SNAT?2 (SLC38A2) inhibitor reveals synergy with glucose transport inhibition in cancer cells. Front. Pharmacol. 2022, 13, 963066.
[CrossRef] [PubMed]

Liu, YH.; Hu, CM,; Hsu, Y.S.; Lee, W.H. Interplays of glucose metabolism and KRAS mutation in pancreatic ductal adenocarci-
noma. Cell Death Dis. 2022, 13, 817. [CrossRef]

Vinaik, R.; Barayan, D.; Auger, C.; Abdullahi, A.; Jeschke, M.G. Regulation of glycolysis and the Warburg effect in wound healing.
JCI Insight 2020, 5, €138949. [CrossRef]

Liberti, M.V.; Locasale, ]. W. The Warburg effect: How does it benefit cancer cells? Trends Biochem. Sci. 2016, 41, 211-218. [CrossRef]
[PubMed]

Abad, E.; Samino, S.; Yanes, O.; Potesil, D.; Zdrahal, Z.; Lyakhovich, A. Activation of glycogenolysis and glycolysis in breast
cancer stem cell models. Biochim. Biophys. Acta. Mol. Basis Dis. 2020, 1866, 165886. [CrossRef]

Mulukutla, B.C.; Yongky, A.; Le, T.; Mashek, D.G.; Hu, W.S. Regulation of Glucose Metabolism—A Perspective From Cell
Bioprocessing. Trends Biotechnol. 2016, 34, 638—651. [CrossRef]

Li, Z.; Zhang, H. Reprogramming of glucose, fatty acid and amino acid metabolism for cancer progression. Cell Mol. Life Sci. 2016,
73,377-392. [CrossRef]

Hopp, A K,; Griiter, P; Hottiger, M.O. Regulation of Glucose Metabolism by NAD+ and ADP-Ribosylation. Cells 2019, 8, 890.
[CrossRef]

Walsh, H.R.; Cruickshank, B.M.; Brown, ].M.; Marcato, P. The Flick of a Switch: Conferring Survival Advantage to Breast Cancer
Stem Cells Through Metabolic Plasticity. Front. Oncol. 2019, 9, 753. [CrossRef] [PubMed]

Nozawa-Suzuki, N.; Nagasawa, H.; Ohnishi, K.; Morishige, K. The inhibitory effect of hypoxic cytotoxin on the expansion of
cancer stem cells in ovarian cancer. Biochem. Biophys. Res. Commun. 2015, 457, 706-711. [CrossRef] [PubMed]

Chang, W.H.; Lai, A.G. Aberrations in Notch-Hedgehog signalling reveal cancer stem cells harbouring conserved oncogenic
properties associated with hypoxia and immunoevasion. Br. |. Cancer 2019, 121, 666—678. [CrossRef]

Tirinato, L.; Pagliari, F.; Di Franco, S.; Sogne, E.; Marafioti, M.G.; Jansen, J.; Falqui, A.; Todaro, M.; Candeloro, P; Liberale, C.; et al.
ROS and Lipid Droplet accumulation induced by high glucose exposure in healthy colon and Colorectal Cancer Stem Cells. Genes
Dis. 2019, 7, 620-635. [CrossRef] [PubMed]

Ishikawa, M.; Inoue, T.; Shirai, T.; Takamatsu, K.; Kunihiro, S.; Ishii, H.; Nishikata, T. Simultaneous expression of cancer stem
cell-like properties and cancer-associated fibroblast-like properties in a primary culture of breast cancer cells. Cancers 2014, 6,
1570-1578. [CrossRef] [PubMed]

Ryoo, I.G.; Choi, B.H.; Ku, S.K.; Kwak, M.K. High CD44 expression mediates p62-associated NFE2L2/NREF?2 activation in breast
cancer stem cell-like cells: Implications for cancer stem cell resistance. Redox Biol. 2018, 17, 246-258. [CrossRef]

Icard, P; Simula, L.; Wu, Z; Berzan, D.; Sogni, P.; Dohan, A.; Dautry, R.; Coquerel, A.; Lincet, H.; Loi, M.; et al. Why may citrate
sodium significantly increase the effectiveness of transarterial chemoembolization in hepatocellular carcinoma? Drug Resist.
Updat. 2021, 59, 100790. [CrossRef]

Shen, Y.A.; Wang, C.Y,; Hsieh, Y.T.; Chen, Y.].; Wei, Y. H. Metabolic reprogramming orchestrates cancer stem cell properties in
nasopharyngeal carcinoma. Cell Cycle 2015, 14, 86-98. [CrossRef]


http://doi.org/10.1615/CritRevOncog.2014011844
http://doi.org/10.1016/j.cmet.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26771115
http://doi.org/10.1038/s41568-020-00320-2
http://www.ncbi.nlm.nih.gov/pubmed/33462499
http://doi.org/10.1002/biof.1768
http://www.ncbi.nlm.nih.gov/pubmed/34453457
http://doi.org/10.1038/291381a0
http://www.ncbi.nlm.nih.gov/pubmed/7242661
http://doi.org/10.3390/ijms231710086
http://doi.org/10.1016/j.drup.2020.100715
http://doi.org/10.1038/s41392-022-01132-6
http://doi.org/10.15252/embj.2019102961
http://www.ncbi.nlm.nih.gov/pubmed/32090361
http://doi.org/10.3389/fcell.2020.00760
http://doi.org/10.1038/s41523-017-0012-z
http://www.ncbi.nlm.nih.gov/pubmed/28649654
http://doi.org/10.3389/fimmu.2022.991656
http://doi.org/10.1007/s12032-022-01839-0
http://www.ncbi.nlm.nih.gov/pubmed/36209296
http://doi.org/10.3389/fphar.2022.963066
http://www.ncbi.nlm.nih.gov/pubmed/36210829
http://doi.org/10.1038/s41419-022-05259-w
http://doi.org/10.1172/jci.insight.138949
http://doi.org/10.1016/j.tibs.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26778478
http://doi.org/10.1016/j.bbadis.2020.165886
http://doi.org/10.1016/j.tibtech.2016.04.012
http://doi.org/10.1007/s00018-015-2070-4
http://doi.org/10.3390/cells8080890
http://doi.org/10.3389/fonc.2019.00753
http://www.ncbi.nlm.nih.gov/pubmed/31552162
http://doi.org/10.1016/j.bbrc.2015.01.053
http://www.ncbi.nlm.nih.gov/pubmed/25619133
http://doi.org/10.1038/s41416-019-0572-9
http://doi.org/10.1016/j.gendis.2019.09.010
http://www.ncbi.nlm.nih.gov/pubmed/33335962
http://doi.org/10.3390/cancers6031570
http://www.ncbi.nlm.nih.gov/pubmed/25089665
http://doi.org/10.1016/j.redox.2018.04.015
http://doi.org/10.1016/j.drup.2021.100790
http://doi.org/10.4161/15384101.2014.974419

Cells 2022, 11, 3790 12 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ji, C.C; Hu, Y.Y,; Cheng, G.; Liang, L.; Gao, B.; Ren, Y.P; Liu, ].T,; Cao, X.L.; Zheng, M.H.; Li, S.Z; et al. A ketogenic diet attenuates
proliferation and stemness of glioma stem-like cells by altering metabolism resulting in increased ROS production. Int. J. Oncol.
2020, 56, 606-617. [CrossRef]

Birk, A.V,; Chao, WM.; Bracken, C.; Warren, ].D.; Szeto, H.H. Targeting mitochondrial cardiolipin and the cytochrome
¢/ cardiolipin complex to promote electron transport and optimize mitochondrial ATP synthesis. Br. |. Pharmacol. 2014, 171,
2017-2028. [CrossRef]

Fernandez-Vizarra, E.; Lopez-Calcerrada, S.; Sierra-Magro, A.; Pérez-Pérez, R.; Formosa, L.E.; Hock, D.H.; Illescas, M.; Pefias,
A.; Brischigliaro, M.; Ding, S.; et al. Two independent respiratory chains adapt OXPHOS performance to glycolytic switch. Cell
Metab. 2022. Online ahead of print. [CrossRef]

Karp, I.; Lyakhovich, A. Targeting cancer stem cells with antibiotics inducing mitochondrial dysfunction as an alternative
anticancer therapy. Biochem. Pharmacol. 2022, 198, 114966. [CrossRef]

De Luca, A.; Fiorillo, M.; Peiris-Pages, M.; Ozsvari, B.; Smith, D.L.; Sanchez-Alvarez, R.; Martinez-Outschoorn, U.E.; Cappello,
AR;Pezzi, V,; Lisanti, M.P; et al. Mitochondrial biogenesis is required for the anchorage-independent survival and propagation
of stem-like cancer cells. Oncotarget 2015, 6, 14777-14795. [CrossRef]

Vikramdeo, K.S.; Sudan, S.K,; Singh, A.P; Singh, S.; Dasgupta, S. Mitochondrial respiratory complexes: Significance in human
mitochondrial disorders and cancers. J. Cell Physiol. 2022, Online ahead of print. [CrossRef]

Lavorato, M.; Nakamaru-Ogiso, E.; Mathew, N.D.; Herman, E.; Shah, N.; Haroon, S.; Xiao, R.; Seiler, C.; Falk, M.]. Dichloroacetate
improves mitochondrial function, physiology, and morphology in FBXL4 disease models. JCI Insight 2022, 7, €156346. [CrossRef]
Shen, H.; Decollogne, S.; Dilda, PJ.; Hau, E.; Chung, S.A.; Luk, PP; Hogg, PJ.; McDonald, K.L. Dual-targeting of aberrant glucose
metabolism in glioblastoma. J. Exp. Clin. Cancer Res. 2015, 34, 14. [CrossRef] [PubMed]

Michelakis, E.D.; Sutendra, G.; Dromparis, P.; Webster, L.; Haromy, A.; Niven, E.; Maguire, C.; Gammer, T.L.; Mackey, ].R.; Fulton,
D.; et al. Metabolic modulation of glioblastoma with dichloroacetate. Sci. Transl. Med. 2010, 2, 31ra34. [CrossRef] [PubMed]
Yang, Y.; Karakhanova, S.; Hartwig, W.; D’'Haese, ].G.; Philippov, P.P.; Werner, J.; Bazhin, A.V. Mitochondria and Mitochondrial
ROS in Cancer: Novel Targets for Anticancer Therapy. . Cell Physiol. 2016, 231, 2570-2581. [CrossRef] [PubMed]

Panieri, E.; Pinho, S.A.; Afonso, G.J.M.; Oliveira, PJ.; Cunha-Oliveira, T.; Saso, L. NRF2 and Mitochondrial Function in Cancer
and Cancer Stem Cells. Cells 2022, 11, 2401. [CrossRef] [PubMed]

Zhong, G.; Qin, S.; Townsend, D.; Schulte, B.A.; Tew, K.D.; Wang, G.Y. Oxidative stress induces senescence in breast cancer stem
cells. Biochem. Biophys. Res. Commun. 2019, 514, 1204-1209. [CrossRef]

Corbet, C.; Feron, O. Metabolic and mind shifts: From glucose to glutamine and acetate addictions in cancer. Curr. Opin. Clin.
Nutr. Metab. Care 2015, 18, 346-353. [CrossRef]

Dringen, R.; Brandmann, M.; Hohnholt, M.C.; Blumrich, E.M. Glutathione-Dependent Detoxification Processes in Astrocytes.
Neurochem. Res. 2015, 40, 2570-2582. [CrossRef] [PubMed]

Claiborne, M.D.; Leone, R. Differential glutamine metabolism in the tumor microenvironment—Studies in diversity and
heterogeneity: A mini-review. Front. Oncol. 2022, 12, 1011191. [CrossRef] [PubMed]

Jogo, T.; Oki, E.; Nakanishi, R.; Ando, K.; Nakashima, Y.; Kimura, Y,; Saeki, H.; Oda, Y.; Maehara, Y.; Mori, M. Expression of CD44
variant 9 induces chemoresistance of gastric cancer by controlling intracellular reactive oxygen spices accumulation. Gastric.
Cancer 2021, 24, 1089-1099. [CrossRef]

Ishimoto, T.; Nagano, O.; Yae, T.; Tamada, M.; Motohara, T.; Oshima, H.; Oshima, M.; Ikeda, T.; Asaba, R.; Yagi, H.; et al. CD44
variant regulates redox status in cancer cells by stabilizing the xCT subunit of system xc(-) and thereby promotes tumor growth.
Cancer Cell 2011, 19, 387—400. [CrossRef] [PubMed]

Jiménez-Vidal, M.; Gasol, E.; Zorzano, A.; Nunes, V.; Palacin, M.; Chillarén, J. Thiol modification of cysteine 327 in the eighth
transmembrane domain of the light subunit XCT of the heteromeric cystine/glutamate antiporter suggests close proximity to the
substrate binding site/permeation pathway. |. Biol. Chemn. 2004, 279, 11214-11221. [CrossRef]

Wada, F.; Koga, H.; Akiba, ].; Niizeki, T.; Iwamoto, H.; Ikezono, Y.; Nakamura, T.; Abe, M.; Masuda, A.; Sakaue, T.; et al. High
expression of CD44v9 and xCT in chemoresistant hepatocellular carcinoma: Potential targets by sulfasalazine. Cancer Sci. 2018,
109, 2801-2810. [CrossRef]

Sugano, K.; Maeda, K.; Ohtani, H.; Nagahara, H.; Shibutani, M.; Hirakawa, K. Expression of xCT as a predictor of disease
recurrence in patients with colorectal cancer. Anticancer Res. 2015, 35, 677-682. [PubMed]

Lanzardo, S.; Conti, L.; Rooke, R.; Ruiu, R.; Accart, N.; Bolli, E.; Arigoni, M.; Macagno, M.; Barrera, G.; Pizzimenti, S.; et al.
Immunotargeting of Antigen XCT Attenuates Stem-like Cell Behavior and Metastatic Progression in Breast Cancer. Cancer Res.
2016, 76, 62-72. [CrossRef] [PubMed]

Ji, X.; Qian, J.; Rahman, S.M.]; Siska, PJ.; Zou, Y.; Harris, B.K.; Hoeksema, M.D.; Trenary, I.A.; Heidi, C.; Eisenberg, R.; et al. xCT
(SLC7A11)-mediated metabolic reprogramming promotes non-small cell lung cancer progression. Oncogene 2018, 37, 5007-5019.
[CrossRef]

Zhong, W.; Weiss, H.L.; Jayswal, R.D.; Hensley, P.J.; Downes, L.M.; St Clair, D.K.; Chaiswing, L. Extracellular redox state shift: A
novel approach to target prostate cancer invasion. Free Radic. Biol. Med. 2018, 117, 99-109. [CrossRef] [PubMed]

Polewski, M.D.; Reveron-Thornton, R.F,; Cherryholmes, G.A.; Marinov, G.K.; Aboody, K.S. SLC7A11 Overexpression in Glioblas-
toma Is Associated with Increased Cancer Stem Cell-Like Properties. Stem Cells Dev. 2017, 26, 1236-1246. [CrossRef] [PubMed]


http://doi.org/10.3892/ijo.2019.4942
http://doi.org/10.1111/bph.12468
http://doi.org/10.1016/j.cmet.2022.09.005
http://doi.org/10.1016/j.bcp.2022.114966
http://doi.org/10.18632/oncotarget.4401
http://doi.org/10.1002/jcp.30869
http://doi.org/10.1172/jci.insight.156346
http://doi.org/10.1186/s13046-015-0130-0
http://www.ncbi.nlm.nih.gov/pubmed/25652202
http://doi.org/10.1126/scitranslmed.3000677
http://www.ncbi.nlm.nih.gov/pubmed/20463368
http://doi.org/10.1002/jcp.25349
http://www.ncbi.nlm.nih.gov/pubmed/26895995
http://doi.org/10.3390/cells11152401
http://www.ncbi.nlm.nih.gov/pubmed/35954245
http://doi.org/10.1016/j.bbrc.2019.05.098
http://doi.org/10.1097/MCO.0000000000000178
http://doi.org/10.1007/s11064-014-1481-1
http://www.ncbi.nlm.nih.gov/pubmed/25428182
http://doi.org/10.3389/fonc.2022.1011191
http://www.ncbi.nlm.nih.gov/pubmed/36203456
http://doi.org/10.1007/s10120-021-01194-5
http://doi.org/10.1016/j.ccr.2011.01.038
http://www.ncbi.nlm.nih.gov/pubmed/21397861
http://doi.org/10.1074/jbc.M309866200
http://doi.org/10.1111/cas.13728
http://www.ncbi.nlm.nih.gov/pubmed/25667445
http://doi.org/10.1158/0008-5472.CAN-15-1208
http://www.ncbi.nlm.nih.gov/pubmed/26567138
http://doi.org/10.1038/s41388-018-0307-z
http://doi.org/10.1016/j.freeradbiomed.2018.01.023
http://www.ncbi.nlm.nih.gov/pubmed/29421238
http://doi.org/10.1089/scd.2017.0123
http://www.ncbi.nlm.nih.gov/pubmed/28610554

Cells 2022, 11, 3790 13 of 16

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.
86.

87.

88.

89.

Lu, H,; Samanta, D.; Xiang, L.; Zhang, H.; Hu, H.; Chen, L; Bullen, ] W.; Semenza, G.L. Chemotherapy triggers HIF-1-dependent
glutathione synthesis and copper chelation that induces the breast cancer stem cell phenotype. Proc. Natl. Acad. Sci. USA 2015,
112, E4600-E4609. [CrossRef]

Nagarajan, S.R.; Butler, L.M.; Hoy, A.]. The diversity and breadth of cancer cell fatty acid metabolism. Cancer Metab. 2021, 9, 2.
[CrossRef]

Gtinenc, A.N,; Graf, B.; Stark, H.; Chari, A. Fatty Acid Synthase: Structure, Function, and Regulation. Subcell Biochem. 2022, 99,
1-33.

Qu, Q.; Zeng, F; Liu, X.; Wang, Q.J.; Deng, F. Fatty acid oxidation and carnitine palmitoyltransferase I: Emerging therapeutic
targets in cancer. Cell Death Dis. 2016, 7, €2226. [CrossRef]

Carracedo, A.; Cantley, L.C.; Pandolfi, P.P. Cancer metabolism: Fatty acid oxidation in the limelight. Nat. Rev. Cancer 2013, 13,
227-232. [CrossRef]

Sun, M.; Yang, Z. Metabolomic Studies of Live Single Cancer Stem Cells Using Mass Spectrometry. Anal. Chem. 2019, 91,
2384-2391. [CrossRef]

Liu, H.; Zhang, Z.; Song, L.; Gao, J.; Liu, Y. Lipid metabolism of cancer stem cells. Oncol. Lett. 2022, 23, 119. [CrossRef]

Bort, A.; Sanchez, B.G.; de Miguel, I.; Mateos-Gémez, P.A.; Diaz-Laviada, I. Dysregulated lipid metabolism in hepatocellular
carcinoma cancer stem cells. Mol. Biol. Rep. 2020, 47, 2635-2647. [CrossRef] [PubMed]

Kim, TH.; Park, ].H.; Park, J.; Son, D.M.; Baek, J.Y.; Jang, H.].; Jung, W.K; Byun, Y.; Kim, S.K.; Park, S.K. Stereospecific inhibition
of AMPK by (R)-crizotinib induced changes to the morphology and properties of cancer and cancer stem cell-like cells. Eur. |.
Pharmacol. 2021, 911, 174525. [CrossRef]

Yeh, S.C.; Wang, PY.; Lou, Y.W.; Khoo, K.H.; Hsiao, M.; Hsu, T.L.; Wong, C.H. Glycolipid GD3 and GD3 synthase are key drivers
for glioblastoma stem cells and tumorigenicity. Proc. Natl. Acad. Sci. USA 2016, 113, 5592-5597. [CrossRef]

Juarez, D.; Fruman, D.A. Targeting the Mevalonate Pathway in Cancer. Trends Cancer 2021, 7, 525-540. [CrossRef]

Guerra, B.; Recio, C.; Aranda-Tavio, H.; Guerra-Rodriguez, M.; Garcia-Castellano, ]. M.; Ferndndez-Pérez, L. The Mevalonate
Pathway, a Metabolic Target in Cancer Therapy. Front. Oncol. 2021, 11, 626971. [CrossRef]

Trub, A.G.; Wagner, G.R.; Anderson, K.A.; Crown, S.B.; Zhang, G.E; Thompson, ].W.; Ilkayeva, O.R.; Stevens, R.D.; Grimsrud,
P.A.; Kulkarni, R.A,; et al. Statin therapy inhibits fatty acid synthase via dynamic protein modifications. Nat. Commun. 2022, 13,
2542. [CrossRef]

Jiang, W.; Hu, JW.; He, X.R; Jin, W.L.; He, X.Y. Statins: A repurposed drug to fight cancer. J. Exp. Clin. Cancer Res. 2021, 40, 241.
[CrossRef]

Mancini, R.; Noto, A.; Pisanu, M.E.; De Vitis, C.; Maugeri-Sacca, M.; Ciliberto, G. Metabolic features of cancer stem cells: The
emerging role of lipid metabolism. Oncogene 2018, 37, 2367-2378. [CrossRef] [PubMed]

Iannelli, F.; Roca, M.S.; Lombardi, R.; Ciardiello, C.; Grumetti, L.; De Rienzo, S.; Moccia, T.; Vitagliano, C.; Sorice, A.; Costantini,
S.; et al. Synergistic antitumor interaction of valproic acid and simvastatin sensitizes prostate cancer to docetaxel by targeting
CSCs compartment via YAP inhibition. J. Exp. Clin. Cancer Res. 2020, 39, 213. [CrossRef] [PubMed]

Sharon, C.; Baranwal, S.; Patel, N.J.; Rodriguez-Agudo, D.; Pandak, W.M.; Majumdar, A.P.; Krystal, G.; Patel, B.B. Inhibition of
insulin-like growth factor receptor/ AKT/mammalian target of rapamycin axis targets colorectal cancer stem cells by attenuating
mevalonate-isoprenoid pathway in vitro and in vivo. Oncotarget 2015, 6, 15332-15347. [CrossRef]

Brandi, J.; Dando, I.; Pozza, E.D.; Biondani, G.; Jenkins, R.; Elliott, V.; Park, K.; Fanelli, G.; Zolla, L.; Costello, E.; et al. Proteomic
analysis of pancreatic cancer stem cells: Functional role of fatty acid synthesis and mevalonate pathways. J. Proteom. 2017, 150,
310-322. [CrossRef] [PubMed]

Ehmsen, S.; Pedersen, M.H.; Wang, G.; Terp, M.G.; Arslanagic, A.; Hood, B.L.; Conrads, T.P; Leth-Larsen, R.; Ditzel, H.]. Increased
Cholesterol Biosynthesis Is a Key Characteristic of Breast Cancer Stem Cells Influencing Patient Outcome. Cell Rep. 2019, 27,
3927-3938.€6. [CrossRef] [PubMed]

Richardson, D.R.; Kalinowski, D.S.; Lau, S.; Jansson, PJ.; Lovejoy, D.B. Cancer cell iron metabolism and the development of potent
iron chelators as anti-tumour agents. Biochim. Biophys. Acta 2009, 1790, 702-717. [CrossRef] [PubMed]

Torti, S.V.; Torti, EM. Iron and cancer: More ore to be mined. Nat. Rev. Cancer 2013, 13, 342-355. [CrossRef] [PubMed]

Levina, A.; Chetcuti, A.R.M.; Lay, P.A. Controversial Role of Transferrin in the Transport of Ruthenium Anticancer Drugs.
Biomolecules 2022, 12, 1319. [CrossRef]

Kawabata, H. Transferrin and transferrin receptors update. Free Radic. Biol. Med. 2019, 133, 46-54. [CrossRef]

Cui, C; Cheng, X.; Yan, L.; Ding, H.; Guan, X.; Zhang, W.; Tian, X.; Hao, C. Downregulation of TfR1 promotes progression of
colorectal cancer via the JAK/STAT pathway. Cancer Manag. Res. 2019, 11, 6323-6341. [CrossRef]

Zhu, B.; Zhi, Q.; Xie, Q.; Wu, X,; Gao, Y.; Chen, X.; Shi, L. Reduced expression of ferroportinl and ceruloplasmin predicts poor
prognosis in adrenocortical carcinoma. J. Trace Elem. Med. Biol. 2019, 56, 52-59. [CrossRef]

Tseng, H.H.; Chang, ].G.; Hwang, Y.H.; Yeh, K.T.; Chen, Y.L.; Yu, H.S. Expression of hepcidin and other iron-regulatory genes in
human hepatocellular carcinoma and its clinical implications. J. Cancer Res. Clin. Oncol. 2009, 135, 1413-1420. [CrossRef]
Khiroya, H.; Moore, ].S.; Ahmad, N.; Kay, J.; Woolnough, K.; Langman, G.; Ismail, I.; Naidu, B.; Tselepis, C.; Turner, A.M. IRP2 as
a potential modulator of cell proliferation, apoptosis and prognosis in nonsmall cell lung cancer. Eur. Respir. ]. 2017, 49, 1600711.
[CrossRef]


http://doi.org/10.1073/pnas.1513433112
http://doi.org/10.1186/s40170-020-00237-2
http://doi.org/10.1038/cddis.2016.132
http://doi.org/10.1038/nrc3483
http://doi.org/10.1021/acs.analchem.8b05166
http://doi.org/10.3892/ol.2022.13239
http://doi.org/10.1007/s11033-020-05352-3
http://www.ncbi.nlm.nih.gov/pubmed/32125560
http://doi.org/10.1016/j.ejphar.2021.174525
http://doi.org/10.1073/pnas.1604721113
http://doi.org/10.1016/j.trecan.2020.11.008
http://doi.org/10.3389/fonc.2021.626971
http://doi.org/10.1038/s41467-022-30060-w
http://doi.org/10.1186/s13046-021-02041-2
http://doi.org/10.1038/s41388-018-0141-3
http://www.ncbi.nlm.nih.gov/pubmed/29445137
http://doi.org/10.1186/s13046-020-01723-7
http://www.ncbi.nlm.nih.gov/pubmed/33032653
http://doi.org/10.18632/oncotarget.3684
http://doi.org/10.1016/j.jprot.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27746256
http://doi.org/10.1016/j.celrep.2019.05.104
http://www.ncbi.nlm.nih.gov/pubmed/31242424
http://doi.org/10.1016/j.bbagen.2008.04.003
http://www.ncbi.nlm.nih.gov/pubmed/18485918
http://doi.org/10.1038/nrc3495
http://www.ncbi.nlm.nih.gov/pubmed/23594855
http://doi.org/10.3390/biom12091319
http://doi.org/10.1016/j.freeradbiomed.2018.06.037
http://doi.org/10.2147/CMAR.S198911
http://doi.org/10.1016/j.jtemb.2019.07.009
http://doi.org/10.1007/s00432-009-0585-5
http://doi.org/10.1183/13993003.00711-2016

Cells 2022, 11, 3790 14 of 16

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

Mu, LM,; By, Y.Z,; Liu, L.; Xie, HJ.; Ju, R].; Wu, ].S.; Zeng, E; Zhao, Y.; Zhang, ].Y.; Lu, W.L. Lipid vesicles containing transferrin
receptor binding peptide TfR-T12 and octa-arginine conjugate stearyl-R8 efficiently treat brain glioma along with glioma stem
cells. Sci. Rep. 2017, 7, 3487. [CrossRef]

Abuzaid, H.; Abdelrazig, S.; Ferreira, L.; Collins, H-M.; Kim, D.H.; Lim, K.H.; Kam, T.S.; Turyanska, L.; Bradshaw, T.D. Apoferritin-
Encapsulated Jerantinine A for Transferrin Receptor Targeting and Enhanced Selectivity in Breast Cancer Therapy. ACS Omega
2022, 7,21473-21482. [CrossRef] [PubMed]

Chanvorachote, P.; Luanpitpong, S. Iron induces cancer stem cells and aggressive phenotypes in human lung cancer cells. Am. J.
Physiol. Cell Physiol. 2016, 310, C728-C739. [CrossRef] [PubMed]

Ozer, U. The role of Iron on breast cancer stem-like cells. Cell Mol. Biol. 2016, 62, 25-30. [PubMed]

Mirhadi, S.; Zhang, W.; Pham, N.A.; Karimzadeh, E; Pintilie, M.; Tong, J.; Taylor, P.; Krieger, J.; Pitcher, B.; Sykes, J.; et al.
Mitochondrial aconitase ACO2 links iron homeostasis with tumorigenicity in non-small cell lung cancer. Mol. Cancer Res. 2022.
MCR-22-0163. [CrossRef]

Raggi, C.; Gammella, E.; Correnti, M.; Buratti, P; Forti, E.; Andersen, ].B.; Alpini, G.; Glaser, S.; Alvaro, D.; Invernizzi, P; et al.
Dysregulation of Iron Metabolism in Cholangiocarcinoma Stem-like Cells. Sci. Rep. 2017, 7, 17667. [CrossRef]

Wang, L.; Li, X.; Mu, Y,; Lu, C; Tang, S.; Lu, K,; Qiu, X.; Wei, A.; Cheng, Y.; Wei, W. The iron chelator desferrioxamine synergizes
with chemotherapy for cancer treatment. J. Trace Elem. Med. Biol. 2019, 56, 131-138. [CrossRef]

Chen, X.; Kang, R.; Kroemer, G.; Tang, D. Broadening horizons: The role of ferroptosis in cancer. Nat. Rev. Clin. Oncol. 2021, 18,
280-296. [CrossRef]

Wang, H.; Zhang, H.; Zhu, Y.; Wu, Z,; Cui, C.; Cai, F. Anticancer Mechanisms of Salinomycin in Breast Cancer and Its Clinical
Applications. Front. Oncol. 2021, 11, 654428. [CrossRef]

Mai, T.T.; Hamai, A.; Hienzsch, A.; Cafieque, T.; Miiller, S.; Wicinski, J.; Cabaud, O.; Leroy, C.; David, A.; Acevedo, V.; et al.
Salinomycin kills cancer stem cells by sequestering iron in lysosomes. Nat. Chem. 2017, 9, 1025-1033. [CrossRef] [PubMed]
Taylor, W.R.; Fedorka, S.R.; Gad, I.; Shah, R.; Algahtani, H.D.; Koranne, R.; Kuganesan, N.; Dlamini, S.; Rogers, T.; Al-Hamashi,
A.; et al. Small-Molecule Ferroptotic Agents with Potential to Selectively Target Cancer Stem Cells. Sci. Rep. 2019, 9, 5926.
[CrossRef]

Liu, M.R.; Zhu, W.T.; Pei, D.S. System Xc™: A key regulatory target of ferroptosis in cancer. Investig. New Drugs 2021, 39,
1123-1131. [CrossRef]

Basuli, D.; Tesfay, L.; Deng, Z.; Paul, B.; Yamamoto, Y.; Ning, G.; Xian, W.; McKeon, E,; Lynch, M.; Crum, C.P,; et al. Iron addiction:
A novel therapeutic target in ovarian cancer. Oncogene 2017, 36, 4089-4099. [CrossRef] [PubMed]

Greenshields, A.L.; Shepherd, T.G.; Hoskin, D.W. Contribution of reactive oxygen species to ovarian cancer cell growth arrest and
killing by the anti-malarial drug artesunate. Mol. Carcinog. 2017, 56, 75-93. [CrossRef] [PubMed]

Shitara, K.; Doi, T.; Nagano, O.; Imamura, C.K.; Ozeki, T.; Ishii, Y.; Tsuchihashi, K.; Takahashi, S.; Nakajima, T.E.; Hironaka,
S.; et al. Dose-escalation study for the targeting of CD44v+ cancer stem cells by sulfasalazine in patients with advanced gastric
cancer (EPOC1205). Gastric. Cancer 2017, 20, 341-349. [CrossRef] [PubMed]

Li, L.; Cui, D; Ye, L.; Li, Y.; Zhu, L.; Yang, L.; Bai, B.; Nie, Z.; Gao, J.; Cao, Y. Codelivery of salinomycin and docetaxel using
poly(D,L-lactic-co-glycolic acid)-poly(ethylene glycol) nanoparticles to target both gastric cancer cells and cancer stem cells.
Anticancer Drugs 2017, 28, 989-1001. [CrossRef]

Ju, HQ.; Lu, Y.X;; Chen, D.L,; Tian, T.; Mo, H.Y.; Wei, X.L.; Liao, ].W.; Wang, F.; Zeng, Z.L.; Pelicano, H.; et al. Redox Regulation of
Stem-like Cells Though the CD44v-xCT Axis in Colorectal Cancer: Mechanisms and Therapeutic Implications. Theranostics 2016,
6,1160-1175. [CrossRef]

Buccarelli, M.; Marconi, M.; Pacioni, S.; De Pascalis, I.; D’ Alessandris, Q.G.; Martini, M.; Ascione, B.; Malorni, W.; Larocca,
L.M.; Pallini, R.; et al. Inhibition of autophagy increases susceptibility of glioblastoma stem cells to temozolomide by igniting
ferroptosis. Cell Death Dis. 2018, 9, 841. [CrossRef]

Monteleone, L.; Speciale, A.; Valenti, G.E.; Traverso, N.; Ravera, S.; Garbarino, O.; Leardi, R.; Farinini, E.; Roveri, A.; Ursini, F;
et al. PKCx Inhibition as a Strategy to Sensitize Neuroblastoma Stem Cells to Etoposide by Stimulating Ferroptosis. Antioxidants
2021, 10, 691. [CrossRef]

Jackson, B.; Brocker, C.; Thompson, D.C.; Black, W.; Vasiliou, K.; Nebert, D.W.; Vasiliou, V. Update on the aldehyde dehydrogenase
gene (ALDH) superfamily. Hum. Genom. 2011, 5, 283-303. [CrossRef]

Muzio, G.; Maggiora, M.; Paiuzzi, E.; Oraldi, M.; Canuto, R.A. Aldehyde dehydrogenases and cell proliferation. Free Radic. Biol.
Med. 2012, 52, 735-746. [CrossRef]

Napoli, J.L. Retinoic acid: Its biosynthesis and metabolism. Prog. Nucleic Acid Res. Mol. Biol. 1999, 63, 139-188.

Huo, W.; Du, M,; Pan, X.; Zhu, X,; Li, Z. Prognostic value of ALDHI expression in lung cancer: A meta-analysis. Int. ]. Clin. Exp.
Med. 2015, 8, 2045-2051. [PubMed]

Guan, X.; Dong, Y.;; Fan, Z.; Zhan, Y.; Xie, X,; Xu, G.; Zhang, Y.; Guo, G.; Shi, A. Aldehyde dehydrogenase 1 (ALDH1)
immunostaining in axillary lymph node metastases is an independent prognostic factor in ALDH1-positive breast cancer. J. Int.
Med. Res. 2021, 49, 3000605211047279. [CrossRef]

Islam, F.; Gopalan, V.; Lam, A.K. Detention and Identification of Cancer Stem Cells in Esophageal Squamous Cell Carcinoma.
Methods Mol. Biol. 2020, 2129, 177-191.


http://doi.org/10.1038/s41598-017-03805-7
http://doi.org/10.1021/acsomega.2c00997
http://www.ncbi.nlm.nih.gov/pubmed/35785302
http://doi.org/10.1152/ajpcell.00322.2015
http://www.ncbi.nlm.nih.gov/pubmed/26911281
http://www.ncbi.nlm.nih.gov/pubmed/27188730
http://doi.org/10.1158/1541-7786.MCR-22-0163
http://doi.org/10.1038/s41598-017-17804-1
http://doi.org/10.1016/j.jtemb.2019.07.008
http://doi.org/10.1038/s41571-020-00462-0
http://doi.org/10.3389/fonc.2021.654428
http://doi.org/10.1038/nchem.2778
http://www.ncbi.nlm.nih.gov/pubmed/28937680
http://doi.org/10.1038/s41598-019-42251-5
http://doi.org/10.1007/s10637-021-01070-0
http://doi.org/10.1038/onc.2017.11
http://www.ncbi.nlm.nih.gov/pubmed/28319068
http://doi.org/10.1002/mc.22474
http://www.ncbi.nlm.nih.gov/pubmed/26878598
http://doi.org/10.1007/s10120-016-0610-8
http://www.ncbi.nlm.nih.gov/pubmed/27055559
http://doi.org/10.1097/CAD.0000000000000541
http://doi.org/10.7150/thno.14848
http://doi.org/10.1038/s41419-018-0864-7
http://doi.org/10.3390/antiox10050691
http://doi.org/10.1186/1479-7364-5-4-283
http://doi.org/10.1016/j.freeradbiomed.2011.11.033
http://www.ncbi.nlm.nih.gov/pubmed/25932135
http://doi.org/10.1177/03000605211047279

Cells 2022, 11, 3790 150f 16

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Mahmood, N.A.; Abdulghany, Z.S.; Al-Sudani, .M. Expression of Aldehyde Dehydrogenase (ALDH1) and ATP Binding Cassette
Transporter G2 (ABCG2) in Iraqi Patients with Colon Cancer and the Relation with Clinicopathological Features. Int. J. Mol. Cell
Med. 2018, 7, 234-240.

Cui, J; Li, W,; Bu, W,; Liu, J.; Chen, X,; Li, X;; Liu, C.; Meng, L.; Chen, M.; Sun, H.; et al. Folic acid-modified disulfiram/Zn-IRMOF3
nanoparticles for oral cancer therapy by inhibiting ALDH1A1+ cancer stem cells. Biomater Adv. 2022, 139, 213038. [CrossRef]
Takebe, N.; Zhao, S.C.; Adhikari, D.; Mineishi, S.; Sadelain, M.; Hilton, J.; Colvin, M.; Banerjee, D.; Bertino, J.R. Generation of dual
resistance to 4-hydroperoxycyclophosphamide and methotrexate by retroviral transfer of the human aldehyde dehydrogenase
class 1 gene and a mutated dihydrofolate reductase gene. Mol. Ther. 2001, 3, 88-96. [CrossRef] [PubMed]

Nishikawa, S.; Konno, M.; Hamabe, A.; Hasegawa, S.; Kano, Y.; Ohta, K.; Fukusumi, T.; Sakai, D.; Kudo, T.; Haraguchi, N.; et al.
Aldehyde dehydrogenase high gastric cancer stem cells are resistant to chemotherapy. Int. J. Oncol. 2013, 42, 1437-1442. [CrossRef]
[PubMed]

Liu, C.; Qiang, J.; Deng, Q.; Xia, J.; Deng, L.; Zhou, L.; Wang, D.; He, X.; Liu, Y,; Zhao, B.; et al. ALDH1A1 Activity in
Tumor-Initiating Cells Remodels Myeloid-Derived Suppressor Cells to Promote Breast Cancer Progression. Cancer Res. 2021, 81,
5919-5934. [CrossRef] [PubMed]

Liao, T.; Kaufmann, A.M.; Qian, X.; Sangvatanakul, V.; Chen, C.; Kube, T.; Zhang, G.; Albers, A.E. Susceptibility to cytotoxic T cell
lysis of cancer stem cells derived from cervical and head and neck tumor cell lines. J. Cancer Res. Clin. Oncol. 2013, 139, 159-170.
[CrossRef]

Fridman, W.H.; Zitvogel, L.; Sautes-Fridman, C.; Kroemer, G. The immune contexture in cancer prognosis and treatment. Nat.
Rev. Clin. Oncol. 2017, 14, 717-734. [CrossRef]

Dunn, G.P; Bruce, A.T,; Ikeda, H.; Old, L.J.; Schreiber, R.D. Cancer immunoediting: From immunosurveillance to tumor escape.
Nat. Immunol. 2002, 3, 991-998. [CrossRef]

Kapoor-Narula, U.; Lenka, N. Cancer stem cells and tumor heterogeneity: Deciphering the role in tumor progression and
metastasis. Cytokine 2022, 157, 155968. [CrossRef] [PubMed]

Jacobsson, H.; Harrison, H.; Hughes, E.; Persson, E.; Rhost, S.; Fitzpatrick, P.; Gustafsson, A.; Andersson, D.; Gregersson, P.;
Magnusson, Y.; et al. Hypoxia-induced secretion stimulates breast cancer stem cell regulatory signalling pathways. Mol. Oncol.
2019, 13, 1693-1705. [CrossRef] [PubMed]

Liu, X.; Zhao, Y.; Wu, X; Liu, Z,; Liu, X. A novel strategy to fuel cancer immunotherapy: Targeting glucose metabolism to remodel
the tumor microenvironment. Front. Oncol. 2022, 12, 931104. [CrossRef]

Quail, D.F,; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423-1437.
[CrossRef] [PubMed]

Shimizu, M.; Tanaka, N. IL-8-induced O-GlcNAc modification via GLUT3 and GFAT regulates cancer stem cell-like properties in
colon and lung cancer cells. Oncogene 2019, 38, 1520-1533. [CrossRef]

Wang, T.; Fahrmann, J.E; Lee, H.; Li, Y.J.; Tripathi, S.C.; Yue, C.; Zhang, C.; Lifshitz, V.; Song, J.; Yuan, Y.; et al. JAK/STAT3-
Regulated Fatty Acid 3-Oxidation Is Critical for Breast Cancer Stem Cell Self-Renewal and Chemoresistance. Cell Metab. 2018, 27,
136-150.€5. [CrossRef]

Zheng, F; Dang, |.; Zhang, H.; Xu, F; Ba, D.; Zhang, B.; Cheng, F.; Chang, A.E.; Wicha, M.S,; Li, Q. Cancer Stem Cell Vaccination
With PD-L1 and CTLA-4 Blockades Enhances the Eradication of Melanoma Stem Cells in a Mouse Tumor Model. |. Immunother.
2018, 41, 361-368. [CrossRef]

Zhu, Y.; Li, X;; Wang, L.; Hong, X.; Yang, J. Metabolic reprogramming and crosstalk of cancer-related fibroblasts and immune cells
in the tumor microenvironment. Front. Endocrinol. 2022, 13, 988295. [CrossRef]

Ippolito, L.; Sonveaux, P.; Chiarugi, P. Unconventional roles of lactate along the tumor and immune landscape. Trends Endocrinol.
Metab. 2022, 33, 231-235. [CrossRef] [PubMed]

Fiaschi, T.; Marini, A.; Giannoni, E.; Taddei, M.L.; Gandellini, P.; De Donatis, A.; Lanciotti, M.; Serni, S.; Cirri, P.; Chiarugi, P.
Reciprocal metabolic reprogramming through lactate shuttle coordinately influences tumor-stroma interplay. Cancer Res. 2012, 72,
5130-5140. [CrossRef] [PubMed]

Pavlides, S.; Whitaker-Menezes, D.; Castello-Cros, R.; Flomenberg, N.; Witkiewicz, A K.; Frank, P.G.; Casimiro, M.C.; Wang, C.;
Fortina, P; Addya, S.; et al. The reverse Warburg effect: Aerobic glycolysis in cancer associated fibroblasts and the tumor stroma.
Cell Cycle 2009, 8, 3984-4001. [CrossRef] [PubMed]

De Bock, K.; Georgiadou, M.; Carmeliet, P. Role of endothelial cell metabolism in vessel sprouting. Cell Metab. 2013, 18, 634—647.
[CrossRef] [PubMed]

Parra-Bonilla, G.; Alvarez, D.F.; Al-Mehdi, A.B.; Alexeyev, M.; Stevens, T. Critical role for lactate dehydrogenase A in aerobic
glycolysis that sustains pulmonary microvascular endothelial cell proliferation. Am. J. Physiol. Lung Cell Mol. Physiol. 2010, 299,
L513-L522. [CrossRef] [PubMed]

Peng, E; Li, Q.; Sun, ].Y.; Luo, Y.; Chen, M.; Bao, Y. PEKFB3 is involved in breast cancer proliferation, migration, invasion and
angiogenesis. Int. J. Oncol. 2018, 52, 945-954. [CrossRef]

Guo, Q.; Jin, Z.; Yuan, Y.; Liu, R.; Xu, T.; Wei, H.; Xu, X.; He, S.; Chen, S.; Shi, Z.; et al. New Mechanisms of Tumor-Associated
Macrophages on Promoting Tumor Progression: Recent Research Advances and Potential Targets for Tumor Immunotherapy.
J. Immunol. Res. 2016, 2016, 9720912. [CrossRef]


http://doi.org/10.1016/j.bioadv.2022.213038
http://doi.org/10.1006/mthe.2000.0236
http://www.ncbi.nlm.nih.gov/pubmed/11162315
http://doi.org/10.3892/ijo.2013.1837
http://www.ncbi.nlm.nih.gov/pubmed/23440340
http://doi.org/10.1158/0008-5472.CAN-21-1337
http://www.ncbi.nlm.nih.gov/pubmed/34580061
http://doi.org/10.1007/s00432-012-1311-2
http://doi.org/10.1038/nrclinonc.2017.101
http://doi.org/10.1038/ni1102-991
http://doi.org/10.1016/j.cyto.2022.155968
http://www.ncbi.nlm.nih.gov/pubmed/35872504
http://doi.org/10.1002/1878-0261.12500
http://www.ncbi.nlm.nih.gov/pubmed/31066211
http://doi.org/10.3389/fonc.2022.931104
http://doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
http://doi.org/10.1038/s41388-018-0533-4
http://doi.org/10.1016/j.cmet.2017.11.001
http://doi.org/10.1097/CJI.0000000000000242
http://doi.org/10.3389/fendo.2022.988295
http://doi.org/10.1016/j.tem.2022.01.005
http://www.ncbi.nlm.nih.gov/pubmed/35168874
http://doi.org/10.1158/0008-5472.CAN-12-1949
http://www.ncbi.nlm.nih.gov/pubmed/22850421
http://doi.org/10.4161/cc.8.23.10238
http://www.ncbi.nlm.nih.gov/pubmed/19923890
http://doi.org/10.1016/j.cmet.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/23973331
http://doi.org/10.1152/ajplung.00274.2009
http://www.ncbi.nlm.nih.gov/pubmed/20675437
http://doi.org/10.3892/ijo.2018.4257
http://doi.org/10.1155/2016/9720912

Cells 2022, 11, 3790 16 of 16

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Luo, S; Yang, G.; Ye, P.; Cao, N.; Chi, X.; Yang, W.H.; Yan, X. Macrophages Are a Double-Edged Sword: Molecular Crosstalk
between Tumor-Associated Macrophages and Cancer Stem Cells. Biomolecules 2022, 12, 850. [CrossRef]

Wang, S.; Liu, G; Li, Y.; Pan, Y. Metabolic Reprogramming Induces Macrophage Polarization in the Tumor Microenvironment.
Front. Immunol. 2022, 13, 840029. [CrossRef] [PubMed]

Zhu, L.; Zhao, Q.; Yang, T.; Ding, W.; Zhao, Y. Cellular metabolism and macrophage functional polarization. Int. Rev. Immunol.
2015, 34, 82-100. [CrossRef]

Nusblat, L.M.; Carroll, M.].; Roth, C.M. Crosstalk between M2 macrophages and glioma stem cells. Cell. Oncol. 2017, 40, 471-482.
[CrossRef] [PubMed]

Wang, Y.; Gong, X,; Li, ].; Wang, H.; Xu, X.; Wu, Y.; Wang, ].; Wang, S.; Li, Y.; Zhang, Z. M2 macrophage microvesicle-inspired
nanovehicles improve accessibility to cancer cells and cancer stem cells in tumors. J. Nanobiotechnol. 2021, 19, 397. [CrossRef]
[PubMed]

Schreiber, R.D.; Old, L.J.; Smyth, M.]J. Cancer immunoediting: Integrating immunity’s roles in cancer suppression and promotion.
Science 2011, 331, 1565-1570. [CrossRef] [PubMed]

Oft, M. Immune regulation and cytotoxic T cell activation of IL-10 agonists—Preclinical and clinical experience. Semin. Immunol.
2019, 44, 101325. [CrossRef]

Jones, C.L.; Stevens, B.M.; D’Alessandro, A.; Reisz, J.A.; Culp-Hill, R.; Nemkov, T.; Pei, S.; Khan, N.; Adane, B.; Ye, H.; et al.
Inhibition of amino acid metabolism selectively targets human leukemia stem cells. Cancer Cell 2018, 34, 724-740. [CrossRef]
Stevens, B.M.; Jones, C.L.; Pollyea, D.A.; Culp-Hill, R.; D’Alessandro, A.; Winters, A.; Krug, A.; Abbott, D.; Goosman, M.;
Pei, S.; et al. Fatty acid metabolism underlies venetoclax resistance in acute myeloid leukemia stem cells. Nat. Cancer 2020, 1,
1176-1187. [CrossRef]

Jones, C.L.; Stevens, B.M.; Pollyea, D.A.; Culp-Hill, R;; Reisz, ].A.; Nemkov, T.; Gehrke, S.; Gamboni, F; Krug, A.; Winters, A.; et al.
Nicotinamide metabolism mediates resistance to venetoclax in relapsed acute myeloid leukemia stem cells. Cell Stem Cell 2020, 27,
748-764.e4. [CrossRef]

Ye, H.; Adane, B.; Khan, N.; Sullivan, T.; Minhajuddin, M.; Gasparetto, M.; Stevens, B.; Pei, S.; Balys, M.; Ashton, ].M.; et al.
Leukemic stem cells evade chemotherapy by metabolic adaptation to an adipose tissue niche. Cell Stem Cell 2016, 19, 23-37.
[CrossRef]

He, W,; Liang, B.; Wang, C.; Li, S.; Zhao, Y.; Huang, Q.; Liu, Z.; Yao, Z.; Wu, Q.; Liao, W.; et al. MSC-regulated IncRNA
MACCI1-AS1 promotes stemness and chemoresistance through fatty acid oxidation in gastric cancer. Oncogene 2019, 38, 4637-4654.
[CrossRef]

Zhang, Z.; Han, H.; Rong, Y.; Zhu, K.; Zhu, Z.; Tang, Z.; Xiong, C.; Tao, ]. Hypoxia potentiates gemcitabine-induced stemness in
pancreatic cancer cells through AKT/Notch1 signaling. J. Exp. Clin. Cancer Res. 2018, 37, 291. [CrossRef]

Hsieh, A.L.; Walton, Z.E.; Altman, B.J.; Stine, Z.E.; Dang, C.V. MYC and metabolism on the path to cancer. Semin. Cell Dev. Biol.
2015, 43, 11-21. [CrossRef] [PubMed]

Dejure, ER,; Eilers, M. MYC and tumor metabolism: Chicken and egg. EMBO ]. 2017, 36, 3409-3420. [CrossRef] [PubMed]


http://doi.org/10.3390/biom12060850
http://doi.org/10.3389/fimmu.2022.840029
http://www.ncbi.nlm.nih.gov/pubmed/35874739
http://doi.org/10.3109/08830185.2014.969421
http://doi.org/10.1007/s13402-017-0337-5
http://www.ncbi.nlm.nih.gov/pubmed/28643230
http://doi.org/10.1186/s12951-021-01143-5
http://www.ncbi.nlm.nih.gov/pubmed/34838042
http://doi.org/10.1126/science.1203486
http://www.ncbi.nlm.nih.gov/pubmed/21436444
http://doi.org/10.1016/j.smim.2019.101325
http://doi.org/10.1016/j.ccell.2018.10.005
http://doi.org/10.1038/s43018-020-00126-z
http://doi.org/10.1016/j.stem.2020.07.021
http://doi.org/10.1016/j.stem.2016.06.001
http://doi.org/10.1038/s41388-019-0747-0
http://doi.org/10.1186/s13046-018-0972-3
http://doi.org/10.1016/j.semcdb.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26277543
http://doi.org/10.15252/embj.201796438
http://www.ncbi.nlm.nih.gov/pubmed/29127156

	Introduction 
	Overview of Cancer Metabolism 
	Glucose Metabolism 
	Mitochondrial Metabolism 
	Glutamine Metabolism 
	Lipid Metabolism 
	Iron Metabolism and Ferroptosis 
	Metabolism of ALDH1 Positive Cancer Stem Cells 
	Tumor Microenvironment and Metabolism 
	Cancer Stem Cell Metabolism and Treatment 
	Future Perspectives 
	References

