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Abstract

Cancer stem cells (CSCs) possess self-renewal and differentiation potential, which
may be related to recurrence, metastasis, and radiochemotherapy resistance
during tumor treatment. Understanding the mechanisms via which CSCs
maintain self-renewal may reveal new therapeutic targets for attenuating CSC
resistance and extending patient life-span. Recent studies have shown that amino
acid metabolism plays an important role in maintaining the self-renewal of CSCs
and is involved in regulating their tumorigenicity characteristics. This review
summarizes the relationship between CSCs and amino acid metabolism, and
discusses the possible mechanisms by which amino acid metabolism regulates
CSC characteristics particularly self-renewal, survival and stemness. The ultimate
goal is to identify new targets and research directions for elimination of CSCs.
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Core Tip: Amino acid metabolism plays an important role in maintaining the stemness of
cancer stem cells (CSCs) and is involved in regulating their self-renewal and differen-
tiation potential. This review summarizes the relationship between CSCs and amino acid
metabolism and discusses possible mechanisms via which amino acid metabolism
regulates the self-renewal and differentiation potential of CSCs. The ultimate goal is to
identify new targets and research directions for elimination of CSCs.
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INTRODUCTION

The concept of cancer stem cells (CSCs) has emerged in recent years. CSCs are a population of self-
renewing cell types identified in many types of liquid and solid tumors, and persist predominantly in a
low pH, low O,, and nutrient-deficient tumor microenvironment (TME)[1,2]. CSCs possess the
capability to initiate cancer development, recurrence and metastasis[1-4], and play important roles in
radio-, chemo- and immunotherapy resistance[5,6]. The TME is a dynamic milieu comprising of cancer
cells and stromal cells[7-9] and provides specific conditions favorable to tumor growth such as low pH,
hypoxia, ischemia, and limited nutrients[7]. TME regulates the morphology of cancer cells, induces
tumor cell activation and CSC production, mediates immunosuppression, and determines tumor
response to treatment[2,7,10-12]. The CSC niche is a part of the TME, in which perivascular, invasive,
and hypoxic niches are involved in the generation and maintenance of CSCs[13,14]. CSCs also rebuild
the microenvironment by transdifferentiation into vascular endothelial cells, fibroblasts, and pericytes[7,
14]. CSCs obtain nutrients from TME to support their proliferation[15]. Owing to the increased interest
in CSCs, the role of metabolism in the regulation of CSC biology is now being extensively investigated.

Amino acids are indispensable nutrients for the body and play important roles in TME[16]. The
human body contains twenty amino acids, which are divided as essential and nonessential. Among
these, eight essential amino acids are obtained from food, as they cannot be synthesized by the body or
their rate of synthesis cannot meet the body requirements[17]. Although nonessential amino acids can
be synthesized by the body, they are equally or more important than essential amino acids for cancer
progression[18]. Arginine and histidine are semi-essential amino acids as their organic synthesis is not
sufficient for metabolic requirements, and hence they have to be obtained from the environment[19].
However, some researchers consider cysteine and tyrosine as semi-essential amino acids as well because
they can be converted from methionine and phenylalanine in vivo; thus, conversion and food intake can
complement each other[20,21]. In this review we have described these four amino acids as nonessential
amino acids.

In addition to being the building blocks of proteins, amino acids participate in many biosynthetic
pathways as intermediate metabolites[22]. Previously, researchers have studied the relationship
between tumors and amino acid metabolism. In tumor cells, nonessential amino acids may act as
essential amino acids to meet the requirement of abnormal proliferation[23]. For example, glutamine is
considered to be a “conditional” essential amino acid[24], and therefore, it has been proposed that
amino acid metabolism-related enzymes may be used to disrupt amino acid metabolism in targeted
therapy[25]. Whether CSCs also harbor similar therapeutic targets warrants detailed investigation, but
the exact relationship between CSCs and amino acid metabolism is not completely elucidated. This
review tries to summarize the relationship between CSC self-renewal and other characteristics and
amino acid metabolism to provide new targets for cancer therapy.

TUMORIGENICITY CHARACTERISTICS OF CSCs AND ESSENTIAL AMINO ACID META-
BOLISM

In recent years, researchers have focused on the differences in amino acid metabolism between CSCs
and tumor cells, in which essential amino acids play a major role. Several studies have investigated the
relationship between methionine and tryptophan metabolism and CSCs; however, studies on
phenylalanine metabolism are lacking, and those on the metabolism of the other five essential amino
acids are limited. In this review, we have attempted to summarize the role of metabolism of these amino
acids in CSC self-renewal.

Methionine metabolism

The methionine cycle maintains the balance of methionine levels in vivo. Homocysteine, an intermediate
of the methionine cycle, regenerates methionine and tetrahydrofolate (THF) with one-carbon THF (1C-
THF) catalyzed by methyltransferase (MTase), while methionine reenters the methionine cycle. THF acts
as a carrier in the transfer and utilization of 1C unit, which is crucial for biosynthesis of nucleic acids,
DNA stability, and gene expression[26,27]. As conversion of homocysteine to methionine is folic acid-
dependent, content of folic acid affects the tumorsphere-forming ability, nucleotide biosynthesis, and
DNA methylation in colon cancer cells and glioblastoma cells[27-29]. Cancer cells consume higher
amount of methionine than normal cells in some malignant tumors[30,31]; hence, methionine and its
derivatives may be labeled with radionuclides in clinics for identification of malignant recurrent glioma,
meningioma, as well as prostate cancer and multiple myeloma[28,32-34]. The methionine cycle is
enhanced in CSCs of various cancers, such as lung, breast cancer, osteosarcoma, and brain tumor, owing
to their disordered proliferation and higher rate of DNA biosynthesis[28,35,36]. As the concentration of
methionine increases, the glioblastoma tumorsphere formation ability that supports the self-renewal
capacity of CSCs increases; while methionine deprivation not only promotes embryonic stem cell (ESC)
differentiation but also weakens clonal formation and tumorigenicity of lung and breast cancer
tumorsphere cells, which can be rescued by the re-addition of methionine[28,36]. It was further found
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that betaine, synthesized from choline, provides methyl group to homocysteine under the action of
betaine homocysteine MTas; this in turn leads to the recycling of methionine[29,37,38]. Stem cell
reprogramming requires methionine metabolism and the choline/betaine axis to jointly regulate
intracellular homocysteine, abnormality in which causes oxidative stress, mitochondrial toxicity, and
inflammation[29].

S-adenosine methionine (SAM) is a crucial intermediate of the methionine cycle, which acts as a direct
donor of the methyl group and is involved in genome methylation in vivo[28,39,40]. In gastric CSCs,
higher methylation of miR-7-5p promoter region reduces its intracellular expression, while in
methionine-deficient medium, miR-7-5p expression is up-regulated and inhibits the formation of gastric
CSCs by targeting Notch and Hedgehog signaling pathways[41]. Nuclear reprogramming is usually
accompanied by an increase in DNA methylation level in ESCs[29]. Methionine adenosyltransferase
(MAT) catalyzes the production of SAM and has two isozymes, MATal and MATo2[42]. MATal is
mainly expressed in hepatocytes, while MATo2 is present in extrahepatic tissue[42,43]. MATa2, which
maintains the epigenome of CSCs, is a key enzyme involved in the SAM generation in lung, breast, and
liver CSCs[36,39,44]. The inhibition of tumorsphere formation and genome methylation by MATa2
inhibitors FIDAS-5 and cycloleucine demonstrates that methionine circulation is necessary to maintain
CSC self-renewal and tumorigenicity[36,39]. Another study found that sirtuin 1 (SIRT1), a NAD*-
dependent protein deacetylase, regulated methionine metabolism and histone methylation by
regulating MYC-mediated MAT expression in mouse ESCs (mESC)[45,46]. Nicotinamide N-methyl-
transferase (NNMT) catalyzes the transfer of methyl groups from SAM to nicotinamide and is overex-
pressed in a variety of cancer cells. NNMT promotes cancer cell invasion, migration, and proliferation
by inhibiting the methylation potential of cancer cells[47,48]. Overexpression of NNMT in glioblastoma
mesenchymal stem-like cells promotes hypomethylation of mesenchymal subtype genes by down-
regulating DNA methyltransferase 1 (DNMT1) and DNMT3A[49]. Ras, Stat3, and nuclear factor-kappaB
(NF-xB) signaling pathways upregulate NNMT in cancer cells, which may be related to the epithelial-to-
mesenchymal transition (EMT)[47]. Several other enzymes that catalyze SAM, such as DNMT1/3L,
AMD1, SRM, and MTAP, are downregulated in colon CSCs. The reduction of DNMT1/3L, which
catalyzes the transfer of methyl groups from SAM to DNA, leads to the accumulation of SAM in CSCs
and thus affects DNA methylation[50].

Overall, maintenance of CSC phenotype mainly requires methionine cycle and folic acid cycle, as they
either directly supply CSCs with nutrients or participate in genome methylation as methyl donors.
Therefore, reducing the exogenous intake of methionine and folic acid or blocking the methionine cycle
may be new therapeutic directions, which are worth investigating[26,51,52].

Tryptophan metabolism

Tryptophan is a source of the 1C unit and high consumption causes changes in TME. Tryptophan 2,3-
dioxygenase (TDO?2), a rate-limiting enzyme in tryptophan metabolism, was overexpressed in
esophageal CSCs and may promote their production by inducing Oct4 and CD44 expression and
activating EGFR pathway, which stimulates EMT and invasion of esophageal CSCs[53,54]. TDO2 is
involved in the formation of tumorspheres of esophageal CSCs and TDO2 suppression reduces the size
and number of spheres[53]. Indoleamine-2,3-dioxygenase-1 (IDO1), one of two IDO isozymes, is another
rate-limiting enzyme that catalyzes the production of kynurenine in tryptophan metabolism. Similar to
TDO2, the expression of IDO1 is increased in breast and prostate CSCs as well as mesothelioma stem
cells[55]. The increased IDO1 promotes immune escape by depleting tryptophan in TME and inducing
the binding of tryptophan catabolites to aryl hydrocarbon receptor (AhR) resulting in regulatory T cell
activation; this can be reversed by IDO1 inhibitors such as LW106[55-57]. Additionally, IDO also
regulates tumor-related immune responses through molecular stress response pathways, mTOR kinase,
and NF-xB pathway[56,58,59]. IDO1 and kynurenine pathway metabolites may promote colon cancer
cell proliferation and cancer-therapy resistance by altering the PI3K/ Akt and B-catenin pathways, which
are known to be beneficial for self-renewal of colon CSCs[60-63]. 2-(1'H-indole-3'-carbonyl)-thiazole-4-
carboxylic acid methyl ester (ITE) is a tryptophan metabolite. ITE reduces the expression of Oct4 in
CSCs by activating the AhR transcriptional pathway, thereby inducing CSC differentiation and
ultimately reducing CSC tumorigenicity[53]. Tryptophan deprivation in TME decreases endogenous ITE
level and increases Oct4 expression in CSCs, which subsequently maintains the stemness of CSCs[53,
64]. Recent findings on ITE synthesis and stimulation of the AhR transcriptional pathway have provided
crucial targets for the treatment of CSCs[64,65]. Tryptophan derivative, melatonin, may inhibit the
proliferation and tumorigenicity of glioma stem cells by inhibiting the zeste homologue 2 and Notch
pathways that are important for the survival of glioma stem-like cells[66,67]. In conclusion, tryptophan
metabolic enzymes or metabolites, rather than tryptophan itself, are more essential for CSC self-renewal
and survival[53,56] and provide new directions for eliminating CSCs.

Threonine, lysine, leucine, isoleucine, and valine metabolism

Threonine is involved in the synthesis of nucleotides and is an important nutrient for mESCs[68].
Threonine content was significantly increased during tumorsphere formation of the colon cancer
HCT116 cell line, but it was not explored in-depth[69]. Glycine and acetyl-CoA, produced by threonine
dehydrogenase (TDH)-mediated threonine metabolism, are involved in various biosynthetic pathways.
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Additionally, glycine produces 1C-THF, which results in SAM synthesis via the methionine cycle. SAM
ultimately regulates epigenetic modifications in ESCs, which play a significant role in their stemness
maintenance and self-renewal[68,70]. TDH is highly expressed in mESCs, and inhibition of TDH or
depletion of threonine in the growth medium reduces trimethylation of histone H3 Lysine 4 (H3K4me3)
and ESC growth[68,71].

Studies on the relationship between lysine metabolism and CSCs are limited. Only a few studies have
suggested that lysine metabolism in CD110+ colorectal CSCs not only reduces the production of reactive
oxygen species (ROS), which suppress the proliferation of cancer cells, but also maintains the self-
renewal of CSCs by activating the Wnt signaling pathway|[72,73]. Instead, researchers have extensively
investigated the role of epigenetic modification of histone lysine residues in CSCs[74,75], which may be
of greater relevance.

Studies on the relationship between leucine or isoleucine metabolism and CSCs are also limited.
Several studies have focused on the leucine-rich repeat of G-protein coupled receptor 5, a
gastrointestinal CSC biomarker[71,76-78]. A few studies have found that leucine and isoleucine inhibit
the stemness and self-renewal of EpCAM+ hepatocellular carcinoma stem cells by activating the
mammalian target of rapamycin pathway complex 1 (mTORC1), in addition to enhanced chemotherapy
sensitivity[72,79]. But a recent study suggested that the reduction of leucine caused apoptosis of CD13+
CSCs in hepatocellular carcinoma, but the specific mechanism is not yet clear[80].

Valine is reported to be elevated in canine mammary CSCs[72] and a decrease in valine can cause
apoptosis of CD13+ CSCs in hepatocellular carcinoma by unknown mechanisms[80]. 3-Hydroxy-
isobutyryl-CoA hydrolase (HIBCH), which catalyzes 3-hydroxyisobutyryl-CoA to 3-hydroxyisobu-
tyrate, is a key enzyme in valine metabolism and is highly expressed in a colorectal cancer, prostate
cancer, and brain tumor. Elevated HIBCH promotes the initiation and progression of colorectal cancer
by increasing the proliferation of tumor cells and the resistance to bevacizumab, while reducing cancer
cell autophagy[81,82]. In brain tissue with breast cancer metastasis, HIBCH expression was significantly
increased in the areas of reactive gliosis associated with metastatic cells, tumor margins, and
hemorrhagic areas, which may provide metabolic substrates[82]. Although studies on metabolism of
these five amino acids in CSCs is limited, we confirm their involvement in maintaining self-renewal,
survival, and drug resistance of CSCs.

TUMORIGENICITY CHARACTERISTICS OF CSCS AND NONESSENTIAL AMINO ACID
METABOLISM

Humans do not have a dietary requirement for nonessential amino acids; however, they have crucial
roles to play in CSC survival. To date, only one study illustrates the role of histidine metabolism in the
central nervous system of Drosophila[83]. This section will further enumerate the roles of other
nonessential amino acid metabolism in CSC biology.

Glycine/serine metabolism

Serine and glycine are commonly obtained via a branch of glycolysis and subsequent biosynthetic
pathways. They can be interconverted by serine hydroxymethyl transferase (SHMT1/2), and participate
in the folic acid cycle by providing a carbon unit[84]. Hence, in this review, we have jointly discussed
the relationship between serine and glycine metabolism and CSCs. In colon CSCs, canine mammary
CSCs, and neuroblastoma stem-like cells, the level of glycine is significantly higher than that in normal
cancer cells[69,72,85-87]. If levels of glycine in colon CSC spheres are reduced, EMT suppression and
induction of CSC apoptosis will occur[69]. Glycine decarboxylase (GLDC) is highly expressed in several
cancers, including lung, ovarian, cervical, prostate, lymphoma, and breast except gastric cancer,
catalyzes the conversion of glycine to 1C-THF, and participates in the methionine cycle[36,84,88-90]. The
silent GLDC in gastric cancer may be due to hypermethylation of CpG islands in the promoter region of
GLDC, which causes invasion and migration of gastric cancer cells[90,91]. GLDC is also related to bone
metastases from breast cancer and may increase the aggressiveness of malignant tumors by aiding their
metabolic adaptation to hypoxia[89,92]. Overexpressed GLDC in non-small cell lung CSCs alters
glycolysis, promotes cellular transformation and synthesis of pyrimidines for cell proliferation that
eventually promotes tumorigenesis[88,90]. GLDC knockout suppresses colony formation and CD166 on
the surface markers of lung CSCs and reduces tumorigenicity[36,88]. Glycine metabolism via glycine
and GLDC is a requirement to drive CSCs and promote tumorigenesis[72,88]. Recently, it was found
that a new splice variant of GLDC is overexpressed in non-small cell lung CSCs; its tumorigenic ability
is similar to that of GLDC and can be exerted by activating MAPK/ERK signaling pathway and
regulating cyclin[93]. The binding of c-Myc to GLDC promoter also results in GLDC overexpression in
ESCs, which is critical for maintaining their stemness by adjusting H3K4me3 levels; however, whether
this is related to c-Myc in CSCs is not yet clear[94-96]. In glioblastoma multiforme, GLDC knockdown
results in conversion of excess glycine into toxic aminoacetone and methylglyoxal by glycine C-acetyl-
transferase (GCAT), leading to highly expressing SHMT?2 cell growth arrest[97]. Importantly, GCAT
silencing and preemptive knockdown of SHMT2 can suppress the toxicity due to GLDC knockdown

WJSC | https://www.wjgnet.com 270 April 26,2022 | Volume14 | Issued |



Jaishideng®

Zhang Q et al. Amino acid metabolism and CSCs

[97]. Thus, excess glycine is probably toxic to CSCs, and inducing excessive accumulation of glycine in
CSC cytoplasm may be a new treatment strategy for glioblastoma[98].

Serine is involved in nucleotide and one-carbon unit biosynthesis. It plays an important role in tumor
cell proliferation and is found at a high level in colorectal CSCs, ovarian clear cell adenocarcinoma,
cervical squamous cell carcinoma, and neuroblastoma stem-like cells[69,87,99]. In ovarian clear cell
adenocarcinoma and cervical squamous cell carcinoma stem-like cells, the high levels of serine are
accompanied by elevated levels of aspartate, glutamate, and glutamine, all of which are involved in the
tricarboxylic acid cycle (TCA cycle)[99]. In neuroblastoma stem-like cells, upregulated activating
transcription factor 4 can activate genes of the glycine/serine pathway to promote formation of
tumorspheres[87,100]. Moreover, in melanoma stem-like cells, up-regulated phosphoenolpyruvate
carboxykinase, an enzyme in gluconeogenesis, promotes tumorigenesis by promoting glycolysis and
serine/ glycine pathway[101]. Phosphoglycerate dehydrogenase (PHGDH) is the first key enzyme in the
glycolytic serine biosynthetic pathway and is overexpressed in breast cancer[102-104]. The serine
synthesized by PHGDH is converted to glycine by SHMT and then forms glutathione (GSH) to maintain
intracellular redox balance[105,106]. PHGDH was found to be preferentially expressed in hypoxia-
induced breast CSCs and preserved the breast CSC stemness by maintaining the balance of redox
reactions and shunting a portion of glucose-derived 3-phosphoglycerate[103,104]. The shunt from
glucose metabolism to serine metabolism produces NADPH, which can maintain the reduced state of
GSH and forms an antioxidant barrier in breast CSCs[104,107]. Additionally, high intra-tumoral co-
expression of PHGDH and Oct4 in NT2/D1 (embryonal carcinoma stem-like cells) is beneficial for the
survival of CSCs[103]. PHGDH can interact with kinesin family member 15, which is overexpressed in
liver cancer cells and liver CSCs, and increase its stability to promote the liver CSC phenotype[108].
Because CSCs are more dependent on mitochondrial metabolic pathways than glycolytic pathways,
mitochondrial inhibitors can limit their growth[107,109,110]. However, increased intracellular PHGDH
expression was observed after the use of mitochondrial inhibitors, indicating that PHGDH may play a
protective role against mitochondrial inhibitors in CSCs. Additionally, increasing the intake of
exogenous serine or synthesis of intracellular serine also countervails the damage to CSCs caused by
mitochondrial inhibitors[107]. PHGDH deficiency suppresses tumorsphere formation and reduces
expression of stem factors (Oct4, Sox2, Nanog, Bmi-1) in breast CSCs, embryonal carcinoma, and brain
tumor stem-like cells, and also impairs metastasis from breast to lung and increases chemotherapy
sensitivity[103,104,106]. Mechanistically, the inhibition of PHGDH not only results in redox imbalance
but also promotes the differentiation of CSCs through the degradation of Oct4 and the differential
ubiquitination of B3-tubulin; it also promotes p-AMPK mediated-Beclin-1 dependent autophagy in a p-
mTOR-independent manner. These findings suggest that PHGDH is necessary for maintaining CSC
stemness and self-renewal and may be a new metabolic target for eradication of CSCs[103,104,108].
Other enzymes, including SHMT1/2, phosphoserine phosphatase, phosphoserine aminotransferase,
and GCAT, required for glycine/serine metabolism, are up-regulated in non-small cell lung CSCs with
different amplitudes and promote tumorigenesis by up-regulating glycine/serine metabolism[88].

Glutamate and glutamine metabolism

Glutamate and glutamine, often upregulated in CSCs, have an amine group (-NH2) difference and
glutamine is converted to glutamate via deamination by glutaminase (GLS), which constitutes the first
step of glutaminolysis[111]. Glutaminolysis, a series of reactions in which glutamine is degraded to
produce metabolic components and energy, may either replace or complement glucose dependence of
cancer cells and CSCs[111-113]. Glutamine and glutamate are structurally similar and their roles in vivo
are interrelated[114]. Glutamine is used in the biosynthesis of nucleotides, lipids, and amino acids;
glutamate forms o-ketoglutarate (a-KG) catalyzed by glutamate dehydrogenase (GDH or GLUD),
thereby producing ATP for cellular activities. Interestingly, the biological functions of both these amino
acids may be specific to the cancer types[115-118].

Glutamine acts as a “conditionally” essential amino acid in multiple CSCs because the biosynthesis of
three major nutrients and nucleic acids requires glutamine to provide the source of carbon and amino
nitrogen[99,111,112,117,119]. The glutamine transporter ASCT2 (also known as SLC1A5), encoded by
SLC1A5, is highly expressed in various CSCs and is associated with tumor progression and poor
prognosis[120,121]. CD9-mediated ASCT2 plasma membrane localization increases glutamine uptake
and provides energy for CSC growth in pancreatic ductal adenocarcinoma[122]. The up-regulation of
MYC-regulated ASCT2 and GLSI1 in colorectal CSCs increases glutamine metabolism and metformin
resistance[118,123-125]. MYC in CSCs is regulated by the tumor suppressor TP73/p73, and loss of
TP73/p73 reduces the expression of MYC and GLS, thereby inhibiting ASCT2 and reducing glutamine-
uptake and glutamine metabolism[126,127]. ASCT?2 also activates the downstream mTORC1 signaling
pathway to promote the growth of prostate cancer cells or melanoma cells by increasing glutamine
uptake[128,129]. Of the other SLC1A family members, the upregulation of SLC1A3 (also called
glutamate aspartate transporter, GLAST) in CD133+ thyroid CSCs depends on the activation of the NF-
kB pathway; SLC1A3 expression in glioblastoma stem-like cells depends on the activation of the STAT3
pathway triggered by glutamate, whereas SLC1A6 that acts as a glutamate exporter is down-regulated
in EMT[130-132]. The higher glutamine and glutamate levels in ovarian clear cell adenocarcinoma and
cervical squamous cell carcinoma stem-like cells are related to TCA cycle; in glioblastoma stem-like cells
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with high GLS expression, GLS inhibition attenuates the influx of glutamine metabolites into the TCA
cycle[99,111]. Exogenous glutamine via GLS induces tumorsphere formation and expression of ALDH, a
stem cell marker of head and neck squamous cell carcinoma, which can be prevented by glutamine
deprivation and GLS inhibitors[112]. Glutamine not only promotes the expression of CSC markers and
self-renewal potential of pancreatic CSCs, but also increases radiotherapy resistance by maintaining
ROS stability[118,133]. Glutamine also promotes clonogenic formation and stemness marker expression
in non-small cell lung CSCs and hepatocellular carcinoma CSCs via the maintenance of redox balance
and activation of the Wnt/p-catenin signaling pathway[119,134]. Additionally, the AMPK-mTOR
pathway is involved in the regulation of glutamine metabolism on the metformin sensitivity of
colorectal CSCs; in absence of glutamine, the activation of AMPK and inhibition of mTOR will increase
the sensitivity of metformin-resistant SW620 colorectal CSCs to metformin; however, as metformin-
sensitive HT29 CSCs have an activated AMPK pathway, inhibition of glutamine metabolism will
enhance the inhibitory effect of metformin[118,125]. Moreover, mTOR inhibition in ovarian clear cell
adenocarcinoma stem-like cells in absence of glutamine confirms that glutamine regulates CSCs through
the mTOR pathway[135]. The ammonia molecule released by glutaminolysis also neutralizes the excess
acid produced by the Warburg effect in epithelial CSCs, in which stemness and EMT are uncoupled
[136]. 0-KG, another metabolite produced during glutaminolysis in ESCs, regulates the demethylation of
DNA /histone to maintain pluripotency[137]. If the overexpressed GDH1 is suppressed in CSCs, the
level of a-KG will be reduced, which not only reduces the production of ATP but also produces a large
amount of ROS to damage CSCs[132].

GLS has two isoenzyme forms, GLS1 and GLS2; GLS1 is a tumor promoter in many cancers, while
GLS2 appears to be a tumor suppressor[123,134,138]. Recently, studies have found that GLS1 induced
by distal-less homeobox-2 promotes the progression of transcription factor Snail-mediated EMT by
negatively regulating p53 in colon and breast cancer. However, GLS2 inhibits Snail to prevent EMT in
hepatocellular carcinoma independent of glutaminase activity; during breast cancer EMT, GLS2 and
glutamine utilization are reduced, which can be rescued by the suppression of transcription factor,
FOXC2[117,123,139,140]. In intrahepatic cholangiocarcinoma and lung cancer, the expression of GLSI is
negatively correlated with the expression of E-cadherin but positively correlated with that of vimentin,
and cells with low E-cadherin/high vimentin are more sensitive to GLS1 inhibitors[138,141].
Additionally, aspartate aminotransferase (GOT1) is upregulated and system L-type amino acid
transporter 1 is down-regulated in ovarian clear cell adenocarcinoma stem-like cells[135,142]. Glutamine
depletion and ASCT2/SLC1A3/GLS/GDH/GOTT1 inhibition increase CSC apoptosis and sensitivity to
therapy, all of which are new ways for CSC therapy[111,119,128,133,134]. For instance, GLS inhibitors
CB839 and compound 968 suppress cloning ability of high GLS-expressing glioblastoma stem-like cells
and reduce expression of stemness marker CD133. CB839 also selectively leads to cell cycle arrest
without inducing apoptosis[111]. Other GLS inhibitors, such as BPTES and Zaprinast, effectively
sensitizes pancreatic CSCs to radiotherapy and induces apoptosis through intracellular ROS accumu-
lation[133]. SLC1A3 knockdown reduces intracellular glutamate levels and inhibits the self-renewal
activity and tumorigenicity of CD133 + thyroid CSCs; SLC1A3 inhibitor UCPH-101 induces apoptosis of
glioblastoma stem-like cells[130,131].

Cysteine metabolism

Cysteine is a special amino acid that can be obtained not only from cystine conversion but also via
homocysteine transsulfuration[31,143]. The cystathionine produced from homocysteine by cystathionine
B-synthase (CBS) is further converted to cysteine by cystathionine y-lyase (CGL). Cysteine then
produces GSH so as to maintain the redox balance[143]. Increased homocysteine to cysteine metabolism
is observed in tamoxifen-resistant breast cancer, and both CBS and CGL are significantly upregulated in
CD133+ colon CSCs[50,144]. The cystine-glutamate antiporter xCT (SLC7A11) on the cell membrane,
which is stabilized by CD44/CD44 variant (CD44v) and overexpressed in breast CSCs, is associated
with cystine intake as well as cysteine and GSH production[145-149]. CD133 in liver CSCs, CD44v in
lung CSCs, and CD44v8-10 in esophageal squamous cell carcinoma and urothelial cancer stem-like cells
upregulate or stabilize xCT against intercellular ROS, and overexpressed CD44v in lung CSCs is not
related to stem-like properties[150-153]. Inhibition of xCT leads to changes in redox levels of breast
CSCs, decreased survival rate, and reduced self-renewal[146,147]. Sulfasalazine (SSZ), an inhibitor of
xCT, selectively inhibits CD44+/CD44v+ CSCs, such as those in gastrointestinal tumors, metastatic
bladder cancer, esophageal squamous cell carcinoma, and glioma, decreases intracellular GSH levels,
and increases ROS levels[145,152,154-156]. The same SSZ effect also occurs in CD133+ liver CSCs[150,
157]. In CD44v"¢"head and neck squamous cell carcinoma cells, the cytotoxicity of SSZ depends on
ASCT2-dependent glutamine uptake and GDH-mediated production of a-KG; GDH depletion and
ASCT2 inhibition not only significantly attenuate SSZ-induced intracellular ROS accumulation but also
weaken the inhibitory effect of SSZ on cell survival[120]. A phase I study on combined drug therapy in
advanced non-small cell lung cancer (UMIN000017854) proposed that SSZ 1.5 g/day can be safely used
in combination with standard-dose cisplatin and pemetrexed, but its side effects include intestinal
toxicity and limited absorption[158]. Another phase 1 study in patients with refractory cisplatin CD44v+
gastric cancer (UMIN000015595) showed that a combination of 6 g dose of SSZ and cisplatin is feasible,
but side effects and disappearance of the inhibitory effect of SSZ on xCT after oral administration were
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reported[159]. In addition, vaccines against xCT antigens induce xCT antibody production that mediates
antibody-dependent cell cytotoxicity, resulting in redox imbalance, inhibition of breast CSC phenotype
and self-renewal, increased chemosensitivity, delay in primary tumor growth, and impaired pulmonary
metastasis[146,147,160,161]. Therefore, targeted inhibition and immunotargeting therapy of xCT
promotes CSC apoptosis, which may provide new methods for adjuvant anti-cancer therapy[147,150,
154,155,160]. Glutamate cysteine ligase (GCL) catalyzes condensation of cysteine, produced by above
mentioned pathways, and glutamate to form y-glutamyl-cysteine, which reacts with glycine to form
GSH by the action of glutathione synthetase[162]. GCL is composed of a catalytic subunit (GCLC) and a
modifier subunit (GCLM); upregulated GCLC, regulated by nuclear factor erythroid-derived 2-like 2, in
breast CSCs can mediate the production of GSH to upregulate the expression of FoxO3a and Bmi-1,
which are essential for maintaining stemness, whereas GCLM is induced in a HIF-1 dependent manner
during chemotherapy or hypoxia[162,163]. In short, GSH is the key to elucidating the role of cysteine
metabolism in CSCs.

Aspartate and asparagine metabolism

Aspartate and asparagine differ in cellular functions owing to their structural differences. In tumor cells,
asparagine is involved in the synthesis of proteins and is a nitrogen source for the synthesis of purines
and pyrimidines[164]. Recently, studies have focused on the regulatory role of asparagine in cancers.
Asparagine regulates the cellular adaptation to glutamine depletion and inhibits glutamine depletion-
mediated apoptosis; in case of sufficient availability of other amino acids, asparagine depletion also
causes apoptosis[165]. Asparagine synthetase, which synthesizes asparagine from glutamine, is
associated with tumorigenesis in lung cancer and poor prognosis in glioma and neuroblastoma as well
as plays a crucial role in glutamine-dependent survival[165,166]. Asparagine can also be used as an
exchange factor for cellular uptake of amino acids, such as serine, arginine, and histidine, thereby
activating mTORC1 and regulating amino acid metabolism[167]. Aspartate is also involved in the
synthesis of nucleotides[168]. Aspartate and asparagine are upregulated in osteosarcoma stem-like cells,
and GOT1, an enzyme that converts aspartate to oxaloacetate, is upregulated in ovarian clear cell
adenocarcinoma stem-like cells[35,135,169]. The upregulated aspartate in ovarian clear cell adenocar-
cinoma and cervical squamous cell carcinoma stem-like cells may be involved in TCA cycle reactions
[99]. Although research on aspartate and asparagine in CSCs is limited, their established functions in
cancer cells provides a basis for further research on CSCs.

Alanine, proline, arginine, and tyrosine metabolism

A recent study revealed that alanine and proline levels are increased in canine mammary CSCs, which
may be related to maintenance of stemness[72]. Over-expression of glutamic pyruvate transaminase 2,
which catalyzes the reaction between alanine and a-KG to form pyruvate and glutamate, reduces the
level of a-KG in cells, thereby leading to proline hydroxylase 2 activity inhibition and HIF-1a stabil-
ization. HIF-1a in turn activates the sonic hedgehog signaling pathway and promotes breast cancer
tumorigenesis and CSC growth[170,171]. Arginine and proline metabolism are upregulated in
osteosarcoma stem-like cells. The level of arginine and ornithine, converted from arginine via arginase,
increases significantly and participates in cell proliferation and urea cycle[35]. Addition of proline to
Dulbecco's minimum essential media allows ESC to maintain pluripotency. Moreover, proline also
induces ESC transformation to mesenchymal-like state and genome-wide reprogramming involving
H3K9 and H3K36 methylation[172,173]. TP73/p73 regulates proline metabolism in CSCs; loss of
TP73/p73 reduces proline synthesis by inhibiting pyrroline-5-carboxylate reductase 1, which catalyzes
proline formation from pyrroline-5-carboxylate[126]. In addition, proline metabolism also plays an
important role in the self-renewal of human breast CSCs via proline dehydrogenase (PRODH), and
inhibiting PRODH damages spheroidal growth and metastasis[72]. CD13+ CSCs are habituated to
tyrosine metabolism in hepatocellular carcinoma; acetyl-CoA, produced by tyrosine metabolism, not
only enters the TCA cycle to provide energy to CD13+ CSCs, but also promotes the transcription factor
Foxd3 acetylation to maintain the CD13+ CSC self-renewal[80]. Due to the lack of phenylalanine
hydroxylase in CD13+ CSCs, deprivation of phenylalanine has no effect on cell survival[80]. Thus, the
metabolism of arginine, alanine, proline, and tyrosine seem to be necessary in CSCs of specific cancer
species.

RELATIONSHIP BETWEEN AMINO ACID METABOLISM AND TME

In addition to regulating CSCs, amino acid metabolism is also interconnected with TME or CSC niches
as TME plays an important role in maintaining the self-renewal of CSCs[119,174]. As microenvir-
onments of different cancer types exhibit variable conditions (glucose concentration and oxygen
tension), CSCs display diverse metabolic phenotypes to adapt to these microenvironments[113,175-
177]. For instance, in the absence of glucose, glutamine compensates for the shortage of glucose[12,113].
However, in the absence of glutamine, extracellular asparagine becomes critical because intracellular
asparagine is redirected to glutamine synthesis to avoid apoptosis[165,178,179]. Glutamine metabolism
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Figure 1 Enzymes and transporters that are potential therapeutic targets in cancer stem cell-based therapy. The red and green triangles
indicate the enzyme and transporter, respectively, which may serve as potential targets. IDO1: Indoleamine-2,3-dioxygenase-1; TDO2: Tryptophan 2,3-dioxygenase;
PHGDH: Phosphoglycerate dehydrogenase; PSAT1: Phosphoserine aminotransferase; PSPH: P phosphatase; GOT: Aspartate aminotransferase; SHMT: Serine
hydroxymethyl transferase; GLDC: Glycine decarboxylase; GLS: Glutaminase; CBS: Cystathionine B synthase; CGL: Cystathionine y lyase; MTase:
Methyltransferase; MAT: Methionine adenosyltransferase; GDH: Glutamate dehydrogenase; GCL: Glutamate cysteine ligase; GSS: Glutathione synthetase; ASCT2:
Alanine-serine-cysteine transporter 2; xCT: Cystine-glutamate antiporter; Glut: Glucose transporter; THF: Tetrahydrofolate; 1C-THF: One-canton tetrahydrofolate;
HCy: Homocysteine; SAH: S-adenosine homocysteine; Met: Methionine; SAM: S-adenosine methionine; Cys—Cys: Cystine; GSH: Glutathione; a-KG: a-ketoglutarate;
TCA cycle: Tricarboxylic acid cycle.
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is also affected in TME as interleukin-4 (IL-4), secreted by immune cells, increases ASCT2 expression in
breast cancer cells[180,181]. Growth factor IL-3 in TME, through binding to IL-3Ra, up-regulates ASCT2
expression and promotes glutamine uptake via the JAK/STAT pathway[180,182]. Hypoxic microenvir-
onment causes the accumulation of lactate, which affects ASCT2 and GLS1 expression by activating c-
Myc[180,183]. Glutamine-dependent ovarian cancer cells form a glutamine loop with cancer-associated
fibroblasts (CAFs) within TME; tumor cells convert glutamine to glutamate, which is regenerated into
glutamine by CAFs to supply to tumor cells[12,184]. CAFs also secrete cysteine and GSH, which are
absorbed by ovarian cancer cells to induce resistance to platinum-based chemotherapy. However, drug
resistance induced by TME is destroyed by effector T cells, which suppress xCT expression of CAFs
through the JAK/STAT1 pathway[180,185].

Cancer cell metabolism produces an acidic, hypoxic, and malnourished TME, which is detrimental to
the antitumor immune response[186]. The main amino acids in the tumor immune microenvironment
are tryptophan and arginine, whose increased catabolism is a common marker of TME[187]. Cells that
decompose tryptophan and arginine, such as myeloid-derived suppressor cells and tumor-associated
dendritic cells, induce regulatory T cells and suppress effector T cells to suppress antitumor immunity
and promote tumorigenesis[187,188]. Interestingly, tryptophan has a significant effect on T cell survival
and function[189]. Tumor cells that overexpress IDO show reduced extracellular tryptophan, which
affects the effector function of T cells[189]. Whereas kynurenine, an immunosuppressive product of
tryptophan metabolism, induces CD4+ T cells to differentiate into regulatory T cells by activating AhR,
which weakens the ability of the immune system to recognize and kill cancer cells[178,190]. However, it
does not seem to be a contradiction, as the expression of IDO, extracellularly consumed tryptophan, and
synthesized kynurenine all synergistically inhibit T cell proliferation and activation[188]. The increased
IDO1 in breast and prostate CSCs also activates regulatory T cells through the kynurenine pathway to
promote immune escape[55]. The presence of arginine promotes the effector function and survival of T
cells, which indicates that the lack of arginine in TME leads to T cell dysfunction[12,184,188]. Citrulline
and ornithine, downstream metabolites of arginine, also affect T cell activation[178]. Glutamine is not
only used for cancer cell metabolism, but also provides nitrogen and carbon sources for active T cells in
TME[178,191]. Glutamine metabolism is essential to B cell proliferation and differentiation into plasma
cells, and macrophage antigen presentation and phagocytosis[188,189]. Amino acids such as serine and
alanine are also critical to the tumor immune microenvironment. Serine provides purines for T cell
proliferation, but has no effect on T cell function. Conversely, alanine affects T cell effector function and
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Table 1 Summary of the role and mechanism of amino acid metabolism in cancer stem cells

Amino acid . i . -

) Possible mechanisms in CSCs Role in CSC properties
metabolism
Methionine Direct nutrients; Genetic modification; DNA biosynthesis Self-renewal; tumorigenicity
metabolism
Tryptophan Immune escape and resistance; regulates stem genes and signal pathway Self-renewal; survival
metabolism
Threonine Upregulated in colon CSCs (HCT116), but mechanism is unknown Self-renewal
metabolism
Lysine metabolism Reduces ROS and activates Wnt pathway Self-renewal
Leucine Regulates CD13+ CSCs survival in hepatocellular carcinoma, but mechanism is unknown; Stemness; survival
metabolism Inhibits stemness and growth of EpCAM+ hepatocellular carcinoma stem cells by

activating MTORC1

Valine metabolism Regulates CD13+ CSCs survival in hepatocellular carcinoma, but mechanism is unknown  survival

Phenylalanine Unknown Unknown

metabolism

Isoleucine Inhibits stemness and growth of EpCAM+ hepatocellular carcinoma stem cells by Stemness

metabolism activating MTORC1

Histidine Unknown Unknown

metabolism

Glycine Direct nutrients within a certain range; epigenetic modification; DNA synthesis; regulates  Self-renewal; survival; tumorigenicity;

metabolism redox homeostasis; carries out TCA cycle metastasis

Serine metabolism  Regulates redox homeostasis; shunts glucose metabolism; carries out TCA cycle; Self-renewal; survival; tumorigenicity;
influences T cell proliferation stemness; metastasis; resistance

Glutamine Direct nutrients; carries out TCA cycle; synthesis of nucleic acids; maintains redox balance; Self-renewal; survival; tumorigenicity;

metabolism regulates tumor immunity stemness; resistance

Glutamate Carries out TCA cycle; participates serine metabolism; maintains redox balance Self-renewal; survival; tumorigenicity;

metabolism stemness

Cysteine Mainly maintains redox balance Self-renewal; survival; tumorigenicity;

metabolism resistance; metastasis

Aspartate Replenishes TCA cycle; synthesis of nucleic acids Survival

metabolism

Asparagine Replenishes TCA cycle; synthesis of nucleic acids; exchanges amino acids Survival

metabolism

Alanine Upregulated in breast CSCs, but mechanism is unknown; regulates T cell function Self-renewal;stemness; tumorigenicity

metabolism

Arginine Participates in cell proliferation and urea cycle; regulates tumor immunity Self-renewal

metabolism

Proline metabolism Maybe epigenetic modification and transform steadily; synthesize collagen Self-renewal; stemness; metastasis

Tyrosine Provides energy; Foxd3 acetylation Self-renewal

metabolism

CSC: Cancer stem cell; TCA cycle: Tricarboxylic acid cycle.

proinflammatory cytokine secretion by promoting T cell protein synthesis and initial activation[189,
192]. In addition to tumor metabolism and immune microenvironment, amino acid metabolism also has
an influence on the structural microenvironment. Collagen, the main component of the extracellular
matrix in TME, is degraded to proline by the action of metalloproteinases and collagenases. The
extracellular proline is an energy source for tumor cells and may be resynthesized into collagen to
promote the extracellular matrix remodeling, which is responsible for cancer cell reprogramming[174,
193,194]. High-density extracellular collagen matrix also shifts the metabolism of metastatic breast
cancer 4T1 cell line from glucose to glutamine[195]. All the above evidence shows that amino acid
metabolism, cancer cells or CSCs, and TME form a complex regulatory network that can be efficiently
applied in clinical research.
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Table 2 Potential enzymes targets for cancer stem cell therapy, role in metabolism, treatment strategy in cancer stem cell-based

therapy

Enzyme Role in amino acid metabolism CSC therapy

MTase Translates homocysteine to methionine Inhibition

MATo2 Induces the production of SAM Inhibition

IDO1 Catalyzes tryptophan into kynurenine Inhibition

TDO2 Catalyzes tryptophan into kynurenine Inhibition

GLDC Catalyzes glycine into NH;, CO, and CH2-THF Inhibition (except gastric cancer, better inhibit SHMT

and GCAT simultaneously)

PHGDH Catalyzes 3P-glycerate into 3-P-OH-pyruvate Inhibition

SHMT1/2 Completes the conversion between serine and glycine  Inhibition

GLS1 Catalyzes glutamine into glutamate Inhibition

GDH Catalyzes glutamate into 0-KG Inhibition

CBS Translates homocysteine to cystathionine Inhibition

CGL Catalyzes cystathionine to cysteine Inhibition

GCL Catalyzes the production of y-glutamyl-cysteine Inhibition

GSS Catalyzes GSH production Inhibition

GOT1 Catalyzes the production of oxaloacetate from Inhibition

aspartate
GPT2 Catalyzes transamination between alanine and o-KG to Inhibition

pyruvate and glutamate

PRODH Oxidize proline to glutamate Inhibition

CSC: Cancer stem cell; MTase: Methyltransferase; MAT: Methionine adenosyltransferase; SAM: S-adenosine methionine; IDO1: Indoleamine-2,3-
dioxygenase-1; TDO2: Tryptophan 2,3-dioxygenase; GLDC: Glycine decarboxylase; 1C-THF: One-canton tetrahydrofolate; PHGDH: Phosphoglycerate
dehydrogenase; SHMT: Serine hydroxymethyl transferase; GCAT: Glycine C-acetyltransferase; GLS: Glutaminase; GDH: Glutamate dehydrogenase; oa-KG:
a-ketoglutarate; CBS: Cystathionine B synthase; CGL: Cystathionine y lyase; GCL: Glutamate cysteine ligase; GSS: Glutathione synthetase; GSH:
Glutathione; GOT: Aspartate aminotransferase; GPT2: Glutamic pyruvate transaminase; PRODH: Proline dehydrogenase.

CONCLUSION

The concept of CSCs, a class of cells with potential for self-renewal and differentiation, was proposed
owing to the emergence of recurrence, metastasis, and drug or radiotherapy resistance in tumors, and
renders tumor treatment challenging[196]. Currently, researchers are focusing on issues related to the
metabolism within CSCs and attempting to identify new research directions and therapeutic targets to
eliminate CSC population. In TME, researchers have indicated the involvement of amino acids as a
nutrition and energy source, apart from glycolysis, by demonstrating abnormal mitochondrial function
in tumor cells[197,198]. Amino acids are not only involved in protein synthesis, but also participate in
important biosynthetic pathways as intermediate metabolites. As amino acids are important nutritional
components in TME, an increasing number of studies are focusing on the role of amino acids in self-
renewal and other biological characteristics of CSCs. This review focuses on the role of amino acid
metabolism in CSC biology, particularly self-renewal and their mechanism of action.

The role of 20 amino acids in CSCs is summarized in Table 1. The metabolism of certain amino acid
plays an important role in the self-renewal of CSCs, such as methionine, tryptophan, glycine, serine, and
glutamine. The effects of amino acids depletion in TME or inhibition of key enzymes on the self-renewal
and survival of CSCs further illustrate the influence of amino acid metabolism on the characteristics of
CSCs and provide potential targets for cancer therapy. An increasing number of clinical trials focus on
targeting key proteins in amino acid metabolism pathways in CSCs. For example, xCT, a cystine-
glutamate antiporter, plays an important role in CSC self-renewal; clinical studies involving its
inhibitor, SSZ, in advanced non-small cell lung cancer (UMIN000017854) and refractory cisplatin
CD44v+ gastric cancer (UMIN000015595) suggest the potential feasibility of targeting amino acid
metabolism transporters for tumor therapy[158,159]. In two clinical cases of CD44v9-positive urogenital
cancer, SSZ was also used as a new adjuvant treatment approach[199]. Further, parthenolide and
piperlongumine targeting aberrant glutathione metabolism in leukemia stem cells[200]; pegcris-
antaspase depleting plasma glutamine and asparagine in relapsed/refractory acute myeloid leukemia
[201]; and L-asparaginase exhausting asparagine in acute lymphoblastic leukaemia[202] highlight the
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extensive prospect of targeting amino acid metabolism in cancer therapy. Additionally, key metabolic
enzymes also act as potential targets for CSC-based cancer therapy; they are listed in Table 2 and
Figure 1.

Ein conclusion, the role of amino acid metabolism is varied in different cancer types and metabolism of
amino acids are interlinked, which adds to the complexity of TME. Based on these reports, we expect
the future research on amino acid metabolism to be based on cancer types, amino acid interrelations,
and TME. Only through this research path, can we propose better solutions for CSC clinical therapy and
ultimately prolong patient life-expectancy.

ACKNOWLEDGEMENTS

We thank all the reviewers for their valuable suggestions.

FOOTNOTES

Author contributions: Zhang Q wrote the manuscript; Li W reviewed the manuscript critically; all authors have read
and approved the final manuscript.

Supported by Capital’s Funds for Health Improvement and Research (CFH), No. 2020-2-2175; and Beijing Talents
Project.

Conflict-of-interest statement: Authors declare no conflict of interests for this article.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by
external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-
NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license
their derivative works on different terms, provided the original work is properly cited and the use is non-

commercial. See: https:/ /creativecommons.org/ Licenses/by-nc/4.0/
Country/Territory of origin: China
ORCID number: Qi Zhang 0000-0001-8992-2295; Wei Li 0000-0002-9991-7892.

S-Editor: Fan JR
L-Editor: A
P-Editor: Fan JR

REFERENCES

1 Najafi M, Mortezaee K, Majidpoor J. Cancer stem cell (CSC) resistance drivers. Life Sci 2019; 234: 116781 [PMID:
31430455 DOI: 10.1016/.1£5.2019.116781]

2 Najafi M, Farhood B, Mortezaee K. Cancer stem cells (CSCs) in cancer progression and therapy. J Cell Physiol 2019;
234: 8381-8395 [PMID: 30417375 DOI: 10.1002/jcp.27740]

3 Akbulut H, Babahan C, Abgarmi SA, Ocal M, Besler M. Recent Advances in Cancer Stem Cell Targeted Therapy. Crit
Rev Oncog 2019; 24: 1-20 [PMID: 31679215 DOI: 10.1615/CritRevOncog.2018029574]

4 Najafi M, Mortezaee K, Ahadi R. Cancer stem cell (a)symmetry & plasticity: Tumorigenesis and therapy relevance. Life
Sci 2019; 231: 116520 [PMID: 31158379 DOI: 10.1016/1.15.2019.05.076]

5 TangT, Guo C, Xia T, Zhang R, Zen K, Pan Y, Jin L. LncCCAT1 Promotes Breast Cancer Stem Cell Function through
Activating WNT/B-catenin Signaling. Theranostics 2019; 9: 7384-7402 [PMID: 31695775 DOI: 10.7150/thno.37892]

6 Najafi M, Farhood B, Mortezaee K, Kharazinejad E, Majidpoor J, Ahadi R. Hypoxia in solid tumors: a key promoter of
cancer stem cell (CSC) resistance. J Cancer Res Clin Oncol 2020; 146: 19-31 [PMID: 31734836 DOI:
10.1007/s00432-019-03080-1]

7 Najafi M, Goradel NH, Farhood B, Salehi E, Solhjoo S, Toolee H, Kharazinejad E, Mortezaee K. Tumor
microenvironment: Interactions and therapy. J Cell Physiol 2019; 234: 5700-5721 [PMID: 30378106 DOI:
10.1002/jep.27425]

8 Jiang E, Yan T, Xu Z, Shang Z. Tumor Microenvironment and Cell Fusion. Biomed Res Int 2019; 2019: 5013592 [PMID:
31380426 DOI: 10.1155/2019/5013592]

9 Katoh M. FGFR inhibitors: Effects on cancer cells, tumor microenvironment and whole-body homeostasis (Review). Int J
Mol Med 2016; 38: 3-15 [PMID: 27245147 DOI: 10.3892/ijmm.2016.2620]

10 Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Science 2015; 348: 69-74 [PMID: 25838375
DOI: 10.1126/science.aaa4971]

11 Huber V, Camisaschi C, Berzi A, Ferro S, Lugini L, Triulzi T, Tuccitto A, Tagliabue E, Castelli C, Rivoltini L. Cancer
acidity: An ultimate frontier of tumor immune escape and a novel target of immunomodulation. Semin Cancer Biol 2017,

WJSC | https://www.wjgnet.com 277 April 26,2022 | Volume14 | Issued |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0001-8992-2295
http://orcid.org/0000-0001-8992-2295
http://orcid.org/0000-0002-9991-7892
http://orcid.org/0000-0002-9991-7892
http://www.ncbi.nlm.nih.gov/pubmed/31430455
https://dx.doi.org/10.1016/j.lfs.2019.116781
http://www.ncbi.nlm.nih.gov/pubmed/30417375
https://dx.doi.org/10.1002/jcp.27740
http://www.ncbi.nlm.nih.gov/pubmed/31679215
https://dx.doi.org/10.1615/CritRevOncog.2018029574
http://www.ncbi.nlm.nih.gov/pubmed/31158379
https://dx.doi.org/10.1016/j.lfs.2019.05.076
http://www.ncbi.nlm.nih.gov/pubmed/31695775
https://dx.doi.org/10.7150/thno.37892
http://www.ncbi.nlm.nih.gov/pubmed/31734836
https://dx.doi.org/10.1007/s00432-019-03080-1
http://www.ncbi.nlm.nih.gov/pubmed/30378106
https://dx.doi.org/10.1002/jcp.27425
http://www.ncbi.nlm.nih.gov/pubmed/31380426
https://dx.doi.org/10.1155/2019/5013592
http://www.ncbi.nlm.nih.gov/pubmed/27245147
https://dx.doi.org/10.3892/ijmm.2016.2620
http://www.ncbi.nlm.nih.gov/pubmed/25838375
https://dx.doi.org/10.1126/science.aaa4971

Zhang Q et al. Amino acid metabolism and CSCs

Jaishideng®

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

43: 74-89 [PMID: 28267587 DOI: 10.1016/j.semcancer.2017.03.001]

Anderson KG, Stromnes IM, Greenberg PD. Obstacles Posed by the Tumor Microenvironment to T cell Activity: A Case
for Synergistic Therapies. Cancer Cell 2017; 31: 311-325 [PMID: 28292435 DOI: 10.1016/j.ccell.2017.02.008]

Plaks V, Kong N, Werb Z. The cancer stem cell niche: how essential is the niche in regulating stemness of tumor cells?
Cell Stem Cell 2015; 16: 225-238 [PMID: 25748930 DOI: 10.1016/j.stem.2015.02.015]

Eun K, Ham SW, Kim H. Cancer stem cell heterogeneity: origin and new perspectives on CSC targeting. BMB Rep 2017,
50: 117-125 [PMID: 27998397 DOI: 10.5483/bmbrep.2017.50.3.222]

Natarajan SK, Venneti S. Glutamine Metabolism in Brain Tumors. Cancers (Basel) 2019; 11 [PMID: 31652923 DOI:
10.3390/cancers11111628]

Korshunov DA, Kondakova IV, Shashova EE. Modern Perspective on Metabolic Reprogramming in Malignant
Neoplasms. Biochemistry (Mosc) 2019; 84: 1129-1142 [PMID: 31694509 DOI: 10.1134/S000629791910002X]

Yue M, Jiang J, Gao P, Liu H, Qing G. Oncogenic MYC Activates a Feedforward Regulatory Loop Promoting Essential
Amino Acid Metabolism and Tumorigenesis. Cell Rep 2017; 21: 3819-3832 [PMID: 29281830 DOI:
10.1016/j.celrep.2017.12.002]

Phang JM, Liu W, Hancock C. Bridging epigenetics and metabolism: role of non-essential amino acids. Epigenetics
2013; 8:231-236 [PMID: 23422013 DOL: 10.4161/epi.24042]

Wijnands KA, Castermans TM, Hommen MP, Meesters DM, Poeze M. Arginine and citrulline and the immune response
in sepsis. Nutrients 2015; 7: 1426-1463 [PMID: 25699985 DOI: 10.3390/nu7031426]

Ding S, Fang J, Liu G, Veeramuthu D, Naif Abdullah AD, Yin Y. The impact of different levels of cysteine on the plasma
metabolomics and intestinal microflora of sows from late pregnancy to lactation. Food Funct 2019; 10: 691-702 [PMID:
30663724 DOI: 10.1039/c8fo01838c]

Friedman M, Levin CE. Nutritional and medicinal aspects of D-amino acids. Amino Acids 2012; 42: 1553-1582 [PMID:
21519915 DOLI: 10.1007/s00726-011-0915-1]

Tabe Y, Lorenzi PL, Konopleva M. Amino acid metabolism in hematologic malignancies and the era of targeted therapy.
Blood 2019; 134: 1014-1023 [PMID: 31416801 DOI: 10.1182/blood.2019001034]

Combs JA, DeNicola GM. The Non-Essential Amino Acid Cysteine Becomes Essential for Tumor Proliferation and
Survival. Cancers (Basel) 2019; 11 [PMID: 31100816 DOI: 10.3390/cancers1 1050678]

Bernfeld E, Foster DA. Glutamine as an Essential Amino Acid for KRas-Driven Cancer Cells. Trends Endocrinol Metab
2019; 30: 357-368 [PMID: 31040047 DOI: 10.1016/j.tem.2019.03.003]

Zou S, Wang X, Liu P, Ke C, Xu S. Arginine metabolism and deprivation in cancer therapy. Biomed Pharmacother 2019;
118: 109210 [PMID: 31330440 DOI: 10.1016/j.biopha.2019.109210]

Hanley MP, Kadaveru K, Perret C, Giardina C, Rosenberg DW. Dietary Methyl Donor Depletion Suppresses Intestinal
Adenoma Development. Cancer Prev Res (Phila) 2016;9: 812-820 [PMID: 27530130 DOI:
10.1158/1940-6207.Capr-16-0042]

Farias N, Ho N, Butler S, Delaney L, Morrison J, Shahrzad S, Coomber BL. The effects of folic acid on global DNA
methylation and colonosphere formation in colon cancer cell lines. J Nutr Biochem 2015; 26: 818-826 [PMID: 25804133
DOI: 10.1016/j.jnutbio.2015.02.002]

Zgheib R, Battaglia-Hsu SF, Hergalant S, Quéré M, Alberto JM, Chéry C, Rouyer P, Gauchotte G, Guéant JL, Namour F.
Folate can promote the methionine-dependent reprogramming of glioblastoma cells towards pluripotency. Cell Death Dis
2019; 10: 596 [PMID: 31395852 DOI: 10.1038/s41419-019-1836-2]

Fernandez-Arroyo S, Cuyas E, Bosch-Barrera J, Alarcon T, Joven J, Menendez JA. Activation of the methylation cycle
in cells reprogrammed into a stem cell-like state. Oncoscience 2015; 2: 958-967 [PMID: 26909364 DOI:
10.18632/oncoscience.280]

Lopci E, Novellis P, Testori A, Rahal D, Voulaz E, Bottoni E, Ferraroli GM, Crepaldi A, Ceresoli GL, Perrino M,
Castello A, Alloisio M, Veronesi G, Zucali PA. In-vivo imaging of methionine metabolism in patients with suspected
malignant pleural mesothelioma. Nucl/ Med Commun 2019; 40: 1179-1186 [PMID: 31568271 DOI:
10.1097/MNM.0000000000001078]

Schrier MS, Trivedi MS, Deth RC. Redox-Related Epigenetic Mechanisms in Glioblastoma: Nuclear Factor (Erythroid-
Derived 2)-Like 2, Cobalamin, and Dopamine Receptor Subtype 4. Front Oncol 2017; 7: 46 [PMID: 28424758 DOI:
10.3389/fonc.2017.00046]

Arora G, Sharma P, Sharma A, Mishra AK, Hazari PP, Biswas A, Garg A, Aheer D, Kumar R. 9mTc-Methionine
Hybrid SPECT/CT for Detection of Recurrent Glioma: Comparison With 18F-FDG PET/CT and Contrast-Enhanced MRI.
Clin Nucl Med 2018; 43: ¢132-¢138 [PMID: 29517540 DOI: 10.1097/RLU.0000000000002036]

Mesguich C, Zanotti-Fregonara P, Hindié E. New Perspectives Offered by Nuclear Medicine for the Imaging and Therapy
of Multiple Myeloma. Theranostics 2016; 6: 287-290 [PMID: 26877786 DOI: 10.7150/thno.14400]

Hong H, Zhang Y, Sun J, Cai W. Positron emission tomography imaging of prostate cancer. Amino Acids 2010; 39: 11-27
[PMID: 19946787 DOI: 10.1007/s00726-009-0394-9]

Zhong Z, Mao S, Lin H, Li H, Lin J, Lin JM. Alteration of intracellular metabolome in osteosarcoma stem cells revealed
by liquid chromatography-tandem mass spectrometry. Talanta 2019; 204: 6-12 [PMID: 31357340 DOI:
10.1016/j.talanta.2019.05.088]

Wang Z, Yip LY, Lee JHJ, Wu Z, Chew HY, Chong PKW, Teo CC, Ang HY, Peh KLE, Yuan J, Ma S, Choo LSK, Basri
N, Jiang X, Yu Q, Hillmer AM, Lim WT, Lim TKH, Takano A, Tan EH, Tan DSW, Ho YS, Lim B, Tam WL. Methionine
is a metabolic dependency of tumor-initiating cells. Nat Med 2019; 25: 825-837 [PMID: 31061538 DOIL:
10.1038/s41591-019-0423-5]

Obeid R. The metabolic burden of methyl donor deficiency with focus on the betaine homocysteine methyltransferase
pathway. Nutrients 2013; 5: 3481-3495 [PMID: 24022817 DOI: 10.3390/nu5093481]

Robinson JL, McBreairty LE, Randell EW, Brunton JA, Bertolo RF. Restriction of dietary methyl donors limits
methionine availability and affects the partitioning of dietary methionine for creatine and phosphatidylcholine synthesis in
the neonatal piglet. J Nutr Biochem 2016; 35: 81-86 [PMID: 27469995 DOI: 10.1016/j.jnutbio.2016.07.001]

WJSC | https://www.wjgnet.com 278 April 26,2022 | Volume14 | Issued |


http://www.ncbi.nlm.nih.gov/pubmed/28267587
https://dx.doi.org/10.1016/j.semcancer.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28292435
https://dx.doi.org/10.1016/j.ccell.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25748930
https://dx.doi.org/10.1016/j.stem.2015.02.015
http://www.ncbi.nlm.nih.gov/pubmed/27998397
https://dx.doi.org/10.5483/bmbrep.2017.50.3.222
http://www.ncbi.nlm.nih.gov/pubmed/31652923
https://dx.doi.org/10.3390/cancers11111628
http://www.ncbi.nlm.nih.gov/pubmed/31694509
https://dx.doi.org/10.1134/S000629791910002X
http://www.ncbi.nlm.nih.gov/pubmed/29281830
https://dx.doi.org/10.1016/j.celrep.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23422013
https://dx.doi.org/10.4161/epi.24042
http://www.ncbi.nlm.nih.gov/pubmed/25699985
https://dx.doi.org/10.3390/nu7031426
http://www.ncbi.nlm.nih.gov/pubmed/30663724
https://dx.doi.org/10.1039/c8fo01838c
http://www.ncbi.nlm.nih.gov/pubmed/21519915
https://dx.doi.org/10.1007/s00726-011-0915-1
http://www.ncbi.nlm.nih.gov/pubmed/31416801
https://dx.doi.org/10.1182/blood.2019001034
http://www.ncbi.nlm.nih.gov/pubmed/31100816
https://dx.doi.org/10.3390/cancers11050678
http://www.ncbi.nlm.nih.gov/pubmed/31040047
https://dx.doi.org/10.1016/j.tem.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/31330440
https://dx.doi.org/10.1016/j.biopha.2019.109210
http://www.ncbi.nlm.nih.gov/pubmed/27530130
https://dx.doi.org/10.1158/1940-6207.Capr-16-0042
http://www.ncbi.nlm.nih.gov/pubmed/25804133
https://dx.doi.org/10.1016/j.jnutbio.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/31395852
https://dx.doi.org/10.1038/s41419-019-1836-2
http://www.ncbi.nlm.nih.gov/pubmed/26909364
https://dx.doi.org/10.18632/oncoscience.280
http://www.ncbi.nlm.nih.gov/pubmed/31568271
https://dx.doi.org/10.1097/MNM.0000000000001078
http://www.ncbi.nlm.nih.gov/pubmed/28424758
https://dx.doi.org/10.3389/fonc.2017.00046
http://www.ncbi.nlm.nih.gov/pubmed/29517540
https://dx.doi.org/10.1097/RLU.0000000000002036
http://www.ncbi.nlm.nih.gov/pubmed/26877786
https://dx.doi.org/10.7150/thno.14400
http://www.ncbi.nlm.nih.gov/pubmed/19946787
https://dx.doi.org/10.1007/s00726-009-0394-9
http://www.ncbi.nlm.nih.gov/pubmed/31357340
https://dx.doi.org/10.1016/j.talanta.2019.05.088
http://www.ncbi.nlm.nih.gov/pubmed/31061538
https://dx.doi.org/10.1038/s41591-019-0423-5
http://www.ncbi.nlm.nih.gov/pubmed/24022817
https://dx.doi.org/10.3390/nu5093481
http://www.ncbi.nlm.nih.gov/pubmed/27469995
https://dx.doi.org/10.1016/j.jnutbio.2016.07.001

Jaishideng®

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Zhang Q et al. Amino acid metabolism and CSCs

Strekalova E, Malin D, Weisenhorn EMM, Russell JD, Hoelper D, Jain A, Coon JJ, Lewis PW, Cryns VL. S-
adenosylmethionine biosynthesis is a targetable metabolic vulnerability of cancer stem cells. Breast Cancer Res Treat
2019; 175: 39-50 [PMID: 30712196 DOI: 10.1007/s10549-019-05146-7]

Quinlan CL, Kaiser SE, Bolafios B, Nowlin D, Grantner R, Karlicek-Bryant S, Feng JL, Jenkinson S, Freeman-Cook K,
Dann SG, Wang X, Wells PA, Fantin VR, Stewart AE, Grant SK. Targeting S-adenosylmethionine biosynthesis with a
novel allosteric inhibitor of Mat2A. Nat Chem Biol 2017; 13: 785-792 [PMID: 28553945 DOI: 10.1038/nchembio.2384]
Xin L, Liu L, Liu C, Zhou LQ, Zhou Q, Yuan YW, Li SH, Zhang HT. DNA-methylation-mediated silencing of miR-7-5p
promotes gastric cancer stem cell invasion via increasing Smo and Hes1. J Cell Physiol 2020; 235: 2643-2654 [PMID:
31517391 DOI: 10.1002/jcp.29168]

Murray B, Barbier-Torres L, Fan W, Mato JM, Lu SC. Methionine adenosyltransferases in liver cancer. World J
Gastroenterol 2019; 25: 4300-4319 [PMID: 31496615 DOI: 10.3748/wjg.v25.i31.4300]

Lozano-Rosas MG, Chavez E, Velasco-Loyden G, Dominguez-Lopez M, Martinez-Pérez L, Chagoya De Sanchez V.
Diminished S-adenosylmethionine biosynthesis and its metabolism in a model of hepatocellular carcinoma is recuperated
by an adenosine derivative. Cancer Biol Ther 2020; 21: 81-94 [PMID: 31552788 DOI: 10.1080/15384047.2019.1665954]
Pascale RM, Peitta G, Simile MM, Feo F. Alterations of Methionine Metabolism as Potential Targets for the Prevention
and Therapy of Hepatocellular Carcinoma. Medicina (Kaunas) 2019; 55 [PMID: 31234428 DOI:
10.3390/medicina55060296]

Tang S, Fang Y, Huang G, Xu X, Padilla-Banks E, Fan W, Xu Q, Sanderson SM, Foley JF, Dowdy S, McBurney MW,
Fargo DC, Williams CJ, Locasale JW, Guan Z, Li X. Methionine metabolism is essential for SIRT1-regulated mouse
embryonic stem cell maintenance and embryonic development. EMBO J2017; 36: 3175-3193 [PMID: 29021282 DOI:
10.15252/embj.201796708]

Qiao PF, Yao L, Zeng ZL. Catalpolmediated microRNA34a suppresses autophagy and malignancy by regulating SIRT1
in colorectal cancer. Oncol Rep 2020; 43: 1053-1066 [PMID: 32323786 DOI: 10.3892/0r.2020.7494]

Ulanovskaya OA, Zuhl AM, Cravatt BF. NNMT promotes epigenetic remodeling in cancer by creating a metabolic
methylation sink. Nat Chem Biol 2013; 9: 300-306 [PMID: 23455543 DOI: 10.1038/nchembio.1204]

Sperber H, Mathieu J, Wang Y, Ferreccio A, Hesson J, Xu Z, Fischer KA, Devi A, Detraux D, Gu H, Battle SL,
Showalter M, Valensisi C, Bielas JH, Ericson NG, Margaretha L, Robitaille AM, Margineantu D, Fiehn O, Hockenbery D,
Blau CA, Raftery D, Margolin AA, Hawkins RD, Moon RT, Ware CB, Ruohola-Baker H. The metabolome regulates the
epigenetic landscape during naive-to-primed human embryonic stem cell transition. Nat Cell Biol 2015; 17: 1523-1535
[PMID: 26571212 DOI: 10.1038/ncb3264]

Jung J, Kim LJ, Wang X, Wu Q, Sanvoranart T, Hubert CG, Prager BC, Wallace LC, Jin X, Mack SC, Rich JN.
Nicotinamide metabolism regulates glioblastoma stem cell maintenance. JCI Insight 2017; 2 [PMID: 28515364 DOI:
10.1172/jci.insight.90019]

Chen KY, Liu X, Bu P, Lin CS, Rakhilin N, Locasale JW, Shen X. A metabolic signature of colon cancer initiating cells.
Annu Int Conf IEEE Eng Med Biol Soc 2014; 2014: 4759-4762 [PMID: 25571056 DOI: 10.1109/EMBC.2014.6944688]
Guéant JL, Oussalah A, Zgheib R, Siblini Y, Hsu SB, Namour F. Genetic, epigenetic and genomic mechanisms of
methionine dependency of cancer and tumor-initiating cells: What could we learn from folate and methionine cycles.
Biochimie 2020; 173: 123-128 [PMID: 32289469 DOI: 10.1016/j.biochi.2020.03.015]

Momparler RL, Coté S. Targeting of cancer stem cells by inhibitors of DNA and histone methylation. Expert Opin
Investig Drugs 2015; 24: 1031-1043 [PMID: 26004134 DOIL: 10.1517/13543784.2015.1051220]

Pham QT, Oue N, Sekino Y, Yamamoto Y, Shigematsu Y, Sakamoto N, Sentani K, Uraoka N, Yasui W. TDO2
Overexpression Is Associated with Cancer Stem Cells and Poor Prognosis in Esophageal Squamous Cell Carcinoma.
Oncology 2018; 95: 297-308 [PMID: 30134247 DOI: 10.1159/000490725]

Sato F, Kubota Y, Natsuizaka M, Maehara O, Hatanaka Y, Marukawa K, Terashita K, Suda G, Ohnishi S, Shimizu Y,
Komatsu Y, Ohashi S, Kagawa S, Kinugasa H, Whelan KA, Nakagawa H, Sakamoto N. EGFR inhibitors prevent
induction of cancer stem-like cells in esophageal squamous cell carcinoma by suppressing epithelial-mesenchymal
transition. Cancer Biol Ther 2015; 16: 933-940 [PMID: 25897987 DOI: 10.1080/15384047.2015.1040959]

Stapelberg M, Zobalova R, Nguyen MN, Walker T, Stantic M, Goodwin J, Pasdar EA, Thai T, Prokopova K, Yan B, Hall
S, de Pennington N, Thomas SR, Grant G, Stursa J, Bajzikova M, Meedeniya AC, Truksa J, Ralph SJ, Ansorge O, Dong
LF, Neuzil J. Indoleamine-2,3-dioxygenase elevated in tumor-initiating cells is suppressed by mitocans. Free Radic Biol
Med 2014; 67: 41-50 [PMID: 24145120 DOI: 10.1016/j.freeradbiomed.2013.10.003]

Wu H, Gong J, Liu Y. Indoleamine 2, 3-dioxygenase regulation of immune response (Review). Mol Med Rep 2018; 17:
4867-4873 [PMID: 29393500 DOI: 10.3892/mmr.2018.8537]

Fu R, Zhang YW, Li HM, Lv WC, Zhao L, Guo QL, Lu T, Weiss SJ, Li ZY, Wu ZQ. LW106, a novel indoleamine 2,3-
dioxygenase 1 inhibitor, suppresses tumour progression by limiting stroma-immune crosstalk and cancer stem cell
enrichment in tumour micro-environment. Br J Pharmacol 2018; 175: 3034-3049 [PMID: 29722898 DOI:
10.1111/bph.14351]

Katz JB, Muller AJ, Prendergast GC. Indoleamine 2,3-dioxygenase in T-cell tolerance and tumoral immune escape.
Immunol Rev 2008; 222: 206-221 [PMID: 18364004 DOI: 10.1111/j.1600-065X.2008.00610.x]

Prendergast GC, Smith C, Thomas S, Mandik-Nayak L, Laury-Kleintop L, Metz R, Muller AJ. Indoleamine 2,3-
dioxygenase pathways of pathogenic inflammation and immune escape in cancer. Cancer Immunol Immunother 2014; 63:
721-735 [PMID: 24711084 DOI: 10.1007/s00262-014-1549-4]

Bishnupuri KS, Alvarado DM, Khouri AN, Shabsovich M, Chen B, Dieckgraefe BK, Ciorba MA. IDO1 and Kynurenine
Pathway Metabolites Activate PI3K-Akt Signaling in the Neoplastic Colon Epithelium to Promote Cancer Cell
Proliferation and Inhibit Apoptosis. Cancer Res 2019; 79: 1138-1150 [PMID: 30679179 DOI:
10.1158/0008-5472.CAN-18-0668]

Thaker Al, Rao MS, Bishnupuri KS, Kerr TA, Foster L, Marinshaw JM, Newberry RD, Stenson WF, Ciorba MA. IDO1
metabolites activate B-catenin signaling to promote cancer cell proliferation and colon tumorigenesis in mice.
Gastroenterology 2013; 145: 416-25.e1 [PMID: 23669411 DOI: 10.1053/j.gastr0.2013.05.002]

WJSC | https://www.wjgnet.com 279 April 26,2022 | Volume14 | Issued |


http://www.ncbi.nlm.nih.gov/pubmed/30712196
https://dx.doi.org/10.1007/s10549-019-05146-7
http://www.ncbi.nlm.nih.gov/pubmed/28553945
https://dx.doi.org/10.1038/nchembio.2384
http://www.ncbi.nlm.nih.gov/pubmed/31517391
https://dx.doi.org/10.1002/jcp.29168
http://www.ncbi.nlm.nih.gov/pubmed/31496615
https://dx.doi.org/10.3748/wjg.v25.i31.4300
http://www.ncbi.nlm.nih.gov/pubmed/31552788
https://dx.doi.org/10.1080/15384047.2019.1665954
http://www.ncbi.nlm.nih.gov/pubmed/31234428
https://dx.doi.org/10.3390/medicina55060296
http://www.ncbi.nlm.nih.gov/pubmed/29021282
https://dx.doi.org/10.15252/embj.201796708
http://www.ncbi.nlm.nih.gov/pubmed/32323786
https://dx.doi.org/10.3892/or.2020.7494
http://www.ncbi.nlm.nih.gov/pubmed/23455543
https://dx.doi.org/10.1038/nchembio.1204
http://www.ncbi.nlm.nih.gov/pubmed/26571212
https://dx.doi.org/10.1038/ncb3264
http://www.ncbi.nlm.nih.gov/pubmed/28515364
https://dx.doi.org/10.1172/jci.insight.90019
http://www.ncbi.nlm.nih.gov/pubmed/25571056
https://dx.doi.org/10.1109/EMBC.2014.6944688
http://www.ncbi.nlm.nih.gov/pubmed/32289469
https://dx.doi.org/10.1016/j.biochi.2020.03.015
http://www.ncbi.nlm.nih.gov/pubmed/26004134
https://dx.doi.org/10.1517/13543784.2015.1051220
http://www.ncbi.nlm.nih.gov/pubmed/30134247
https://dx.doi.org/10.1159/000490725
http://www.ncbi.nlm.nih.gov/pubmed/25897987
https://dx.doi.org/10.1080/15384047.2015.1040959
http://www.ncbi.nlm.nih.gov/pubmed/24145120
https://dx.doi.org/10.1016/j.freeradbiomed.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29393500
https://dx.doi.org/10.3892/mmr.2018.8537
http://www.ncbi.nlm.nih.gov/pubmed/29722898
https://dx.doi.org/10.1111/bph.14351
http://www.ncbi.nlm.nih.gov/pubmed/18364004
https://dx.doi.org/10.1111/j.1600-065X.2008.00610.x
http://www.ncbi.nlm.nih.gov/pubmed/24711084
https://dx.doi.org/10.1007/s00262-014-1549-4
http://www.ncbi.nlm.nih.gov/pubmed/30679179
https://dx.doi.org/10.1158/0008-5472.CAN-18-0668
http://www.ncbi.nlm.nih.gov/pubmed/23669411
https://dx.doi.org/10.1053/j.gastro.2013.05.002

Zhang Q et al. Amino acid metabolism and CSCs

Jaishideng®

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Chen J, Shao R, Li F, Monteiro M, Liu JP, Xu ZP, Gu W. PI3K/Akt/mTOR pathway dual inhibitor BEZ235 suppresses
the stemness of colon cancer stem cells. Clin Exp Pharmacol Physiol 2015; 42: 1317-1326 [PMID: 26399781 DOI:
10.1111/1440-1681.12493]

Vermeulen L, De Sousa E Melo F, van der Heijden M, Cameron K, de Jong JH, Borovski T, Tuynman JB, Todaro M,
Merz C, Rodermond H, Sprick MR, Kemper K, Richel DJ, Stassi G, Medema JP. Wnt activity defines colon cancer stem
cells and is regulated by the microenvironment. Nat Cell Biol 2010; 12: 468-476 [PMID: 20418870 DOI:
10.1038/ncb2048]

Cheng J, Li W, Kang B, Zhou Y, Song J, Dan S, Yang Y, Zhang X, LiJ, Yin S, Cao H, Yao H, Zhu C, Yi W, Zhao Q, Xu
X, Zheng M, Zheng S, Li L, Shen B, Wang YJ. Tryptophan derivatives regulate the transcription of Oct4 in stem-like
cancer cells. Nat Commun 2015; 6: 7209 [PMID: 26059097 DOI: 10.1038/ncomms&209]

Kolluri SK, Jin UH, Safe S. Role of the aryl hydrocarbon receptor in carcinogenesis and potential as an anti-cancer drug
target. Arch Toxicol 2017; 91: 2497-2513 [PMID: 28508231 DOI: 10.1007/s00204-017-1981-2]

Zheng X, Pang B, Gu G, Gao T, Zhang R, Pang Q, Liu Q. Melatonin Inhibits Glioblastoma Stem-like cells through
Suppression of EZH2-NOTCHI1 Signaling Axis. Int J Biol Sci 2017; 13: 245-253 [PMID: 28255276 DOI:
10.7150/ijbs.16818]

Giirsel DB, Berry N, Boockvar JA. The contribution of Notch signaling to glioblastoma via activation of cancer stem cell
self-renewal: the role of the endothelial network. Neurosurgery 2012; 70: N19-N21 [PMID: 22251985 DOI:
10.1227/01.neu.0000410937.38828.6f]

Chen G, Wang J. A regulatory circuitry locking pluripotent stemness to embryonic stem cell: Interaction between
threonine catabolism and histone methylation. Semin Cancer Biol 2019; 57: 72-78 [PMID: 30710616 DOI:
10.1016/j.semcancer.2019.01.005]

Terasaki M, Mima M, Kudoh S, Endo T, Maeda H, Hamada J, Osada K, Miyashita K, Mutoh M. Glycine and succinic
acid are effective indicators of the suppression of epithelial-mesenchymal transition by fucoxanthinol in colorectal cancer
stem-like cells. Oncol Rep 2018; 40: 414-424 [PMID: 29693702 DOI: 10.3892/0r.2018.6398]

Chen G, Wang J. Threonine metabolism and embryonic stem cell self-renewal. Curr Opin Clin Nutr Metab Care 2014;
17: 80-85 [PMID: 24232288 DOI: 10.1097/MC0O.0000000000000007]

Shyh-Chang N, Locasale JW, Lyssiotis CA, Zheng Y, Teo RY, Ratanasirintrawoot S, Zhang J, Onder T, Unternachrer JJ,
Zhu H, Asara JM, Daley GQ, Cantley LC. Influence of threonine metabolism on S-adenosylmethionine and histone
methylation. Science 2013; 339: 222-226 [PMID: 23118012 DOI: 10.1126/science.1226603]

Michishita M, Saito N, Nozawa S, Furumoto R, Nakagawa T, Sato T, Ochiai K, Azakami D, Katayama K, Nakahira R,
Tazaki H, Machida Y, Ishiwata T. Metabolite profiling in sphere-forming cells from canine mammary adenocarcinoma
cell lines using gas chromatography-mass spectrometry. J Vet Med Sci 2019; 81: 1238-1248 [PMID: 31308293 DOI:
10.1292/jvms.19-0194]

Wu Z, Wei D, Gao W, Xu Y, Hu Z, Ma Z, Gao C, Zhu X, Li Q. TPO-Induced Metabolic Reprogramming Drives Liver
Metastasis of Colorectal Cancer CD110+ Tumor-Initiating Cells. Cell Stem Cell 2015; 17: 47-59 [PMID: 26140605 DOI:
10.1016/j.stem.2015.05.016]

Gu B, Lee MG. Histone H3 Lysine 4 methyltransferases and demethylases in self-renewal and differentiation of stem
cells. Cell Biosci 2013; 3: 39 [PMID: 24172249 DOL: 10.1186/2045-3701-3-39]

Volkel P, Dupret B, Le Bourhis X, Angrand PO. Diverse involvement of EZH2 in cancer epigenetics. Am J Transl Res
2015; 7: 175-193 [PMID: 25901190]

Zavros Y. Initiation and Maintenance of Gastric Cancer: A Focus on CD44 Variant Isoforms and Cancer Stem Cells. Cell
Mol Gastroenterol Hepatol 2017; 4: 55-63 [PMID: 28560289 DOI: 10.1016/j.jemgh.2017.03.003]

Nakajima T, Uehara T, Iwaya M, Kobayashi Y, Maruyama Y, Ota H. Characterization of LGRS expression in poorly
differentiated colorectal carcinoma with mismatch repair protein deficiency. BMC Cancer 2020; 20: 319 [PMID:
32293346 DOI: 10.1186/512885-020-06791-8]

Shekarriz R, Montazer F, Alizadeh-Navaei R. Overexpression of cancer stem cell marker Lgr5 in colorectal cancer
patients and association with clinicopathological findings. Caspian J Intern Med 2019; 10: 412-416 [PMID: 31814939
DOLI: 10.22088/cjim.10.4.411]

Nishitani S, Horie M, Ishizaki S, Yano H. Branched chain amino acid suppresses hepatocellular cancer stem cells through
the activation of mammalian target of rapamycin. PLoS One 2013; 8: 82346 [PMID: 24312415 DOI:
10.1371/journal.pone.0082346]

Sun L, Zhang L, Chen J, Li C, Sun H, Wang J, Xiao H. Activation of Tyrosine Metabolism in CD13+ Cancer Stem Cells
Drives Relapse in Hepatocellular Carcinoma. Cancer Res Treat 2020; 52: 604-621 [PMID: 32019286 DOI:
10.4143/crt.2019.444]

Shan Y, Gao Y, Jin W, Fan M, Wang Y, Gu Y, Shan C, Sun L, Li X, Yu B, Luo Q, Xu Q. Targeting HIBCH to reprogram
valine metabolism for the treatment of colorectal cancer. Cell Death Dis 2019; 10: 618 [PMID: 31409769 DOI:
10.1038/s41419-019-1832-6]

Kalita-de Croft P, Straube J, Lim M, Al-Ejeh F, Lakhani SR, Saunus JM. Proteomic Analysis of the Breast Cancer Brain
Metastasis Microenvironment. /nt J Mol Sci 2019; 20 [PMID: 31121957 DOI: 10.3390/ijms20102524]

Froldi F, Pachnis P, Szuperak M, Costas O, Fernando T, Gould AP, Cheng LY. Histidine is selectively required for the
growth of Myc-dependent dedifferentiation tumours in the Drosophila CNS. EMBO J 2019; 38 [PMID: 30804004 DOI:
10.15252/embj.201899895]

Kim SK, Jung WH, Koo JS. Differential expression of enzymes associated with serine/glycine metabolism in different
breast cancer subtypes. PLoS One 2014; 9: ¢101004 [PMID: 24979213 DOI: 10.1371/journal.pone.0101004]

Terasaki M, Matsumoto N, Hashimoto R, Endo T, Maeda H, Hamada J, Osada K, Miyashita K, Mutoh M. Fucoxanthin
administration delays occurrence of tumors in xenograft mice by colonospheres, with an anti-tumor predictor of glycine. J
Clin Biochem Nutr 2019; 64: 52-58 [PMID: 30705512 DOI: 10.3164/jcbn.18-45]

Terasaki M, Ogawa Y, Endo T, Maeda H, Hamada J, Osada K, Miyashita K, Mutoh M. Glycine Is a Predictor for a
Suppressive Effect of Fucoxanthinol on Colonosphere Formation Under Hypoxia. Anticancer Res 2018; 38: 2169-2179

WJSC | https://www.wjgnet.com 280 April 26,2022 | Volume14 | Issued |


http://www.ncbi.nlm.nih.gov/pubmed/26399781
https://dx.doi.org/10.1111/1440-1681.12493
http://www.ncbi.nlm.nih.gov/pubmed/20418870
https://dx.doi.org/10.1038/ncb2048
http://www.ncbi.nlm.nih.gov/pubmed/26059097
https://dx.doi.org/10.1038/ncomms8209
http://www.ncbi.nlm.nih.gov/pubmed/28508231
https://dx.doi.org/10.1007/s00204-017-1981-2
http://www.ncbi.nlm.nih.gov/pubmed/28255276
https://dx.doi.org/10.7150/ijbs.16818
http://www.ncbi.nlm.nih.gov/pubmed/22251985
https://dx.doi.org/10.1227/01.neu.0000410937.38828.6f
http://www.ncbi.nlm.nih.gov/pubmed/30710616
https://dx.doi.org/10.1016/j.semcancer.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/29693702
https://dx.doi.org/10.3892/or.2018.6398
http://www.ncbi.nlm.nih.gov/pubmed/24232288
https://dx.doi.org/10.1097/MCO.0000000000000007
http://www.ncbi.nlm.nih.gov/pubmed/23118012
https://dx.doi.org/10.1126/science.1226603
http://www.ncbi.nlm.nih.gov/pubmed/31308293
https://dx.doi.org/10.1292/jvms.19-0194
http://www.ncbi.nlm.nih.gov/pubmed/26140605
https://dx.doi.org/10.1016/j.stem.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/24172249
https://dx.doi.org/10.1186/2045-3701-3-39
http://www.ncbi.nlm.nih.gov/pubmed/25901190
http://www.ncbi.nlm.nih.gov/pubmed/28560289
https://dx.doi.org/10.1016/j.jcmgh.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/32293346
https://dx.doi.org/10.1186/s12885-020-06791-8
http://www.ncbi.nlm.nih.gov/pubmed/31814939
https://dx.doi.org/10.22088/cjim.10.4.411
http://www.ncbi.nlm.nih.gov/pubmed/24312415
https://dx.doi.org/10.1371/journal.pone.0082346
http://www.ncbi.nlm.nih.gov/pubmed/32019286
https://dx.doi.org/10.4143/crt.2019.444
http://www.ncbi.nlm.nih.gov/pubmed/31409769
https://dx.doi.org/10.1038/s41419-019-1832-6
http://www.ncbi.nlm.nih.gov/pubmed/31121957
https://dx.doi.org/10.3390/ijms20102524
http://www.ncbi.nlm.nih.gov/pubmed/30804004
https://dx.doi.org/10.15252/embj.201899895
http://www.ncbi.nlm.nih.gov/pubmed/24979213
https://dx.doi.org/10.1371/journal.pone.0101004
http://www.ncbi.nlm.nih.gov/pubmed/30705512
https://dx.doi.org/10.3164/jcbn.18-45

Jaishideng®

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

Zhang Q et al. Amino acid metabolism and CSCs

[PMID: 29599336 DOI: 10.21873/anticanres.12458]

Liu M, Xia Y, Ding J, Ye B, Zhao E, Choi JH, Alptekin A, Yan C, Dong Z, Huang S, Yang L, Cui H, Zha Y, Ding HF.
Transcriptional Profiling Reveals a Common Metabolic Program in High-Risk Human Neuroblastoma and Mouse
Neuroblastoma Sphere-Forming Cells. Cell Rep 2016; 17: 609-623 [PMID: 27705805 DOI: 10.1016/j.celrep.2016.09.021]
Zhang WC, Shyh-Chang N, Yang H, Rai A, Umashankar S, Ma S, Soh BS, Sun LL, Tai BC, Nga ME, Bhakoo KK,
Jayapal SR, Nichane M, Yu Q, Ahmed DA, Tan C, Sing WP, Tam J, Thirugananam A, Noghabi MS, Pang YH, Ang HS,
Mitchell W, Robson P, Kaldis P, Soo RA, Swarup S, Lim EH, Lim B. Glycine decarboxylase activity drives non-small
cell lung cancer tumor-initiating cells and tumorigenesis. Cel/ 2012; 148: 259-272 [PMID: 22225612 DOI:
10.1016/j.cell.2011.11.050]

Zhao C, Lou Y, Wang Y, Wang D, Tang L, Gao X, Zhang K, Xu W, Liu T, Xiao J. A gene expression signature-based
nomogram model in prediction of breast cancer bone metastases. Cancer Med 2019; 8: 200-208 [PMID: 30575323 DOI:
10.1002/cam4.1932]

Min HL, Kim J, Kim WH, Jang BG, Kim MA. Epigenetic Silencing of the Putative Tumor Suppressor Gene GLDC
(Glycine Dehydrogenase) in Gastric Carcinoma. Anticancer Res 2016; 36: 179-187 [PMID: 26722042]

Zhuang H, Li Q, Zhang X, Ma X, Wang Z, Liu Y, Yi X, Chen R, Han F, Zhang N, Li Y. Downregulation of glycine
decarboxylase enhanced cofilin-mediated migration in hepatocellular carcinoma cells. Free Radic Biol Med 2018; 120: 1-
12 [PMID: 29524606 DOI: 10.1016/j.freeradbiomed.2018.03.003]

Berezowska S, Galvan JA, Langer R, Bubendorf L, Savic S, Gugger M, Schmid RA, Marti TM. Glycine decarboxylase
and HIF-1a expression are negative prognostic factors in primary resected early-stage non-small cell lung cancer.
Virchows Arch 2017; 470: 323-330 [PMID: 28062918 DOI: 10.1007/s00428-016-2057-7]

Yuan Y, Sun L, Wang X, Chen J, JiaM, Zou Y, Sa H, Cai Y, Xu Y, Sun C, Guo Y, Li H, Ma K. Identification of a new
GLDC gene alternative splicing variant and its protumorigenic roles in lung cancer. Future Oncol 2019; 15: 4127-4139
[PMID: 31773974 DOI: 10.2217/fon-2019-0403]

Kang PJ, Zheng J, Lee G, Son D, Kim IY, Song G, Park G, You S. Glycine decarboxylase regulates the maintenance and
induction of pluripotency via metabolic control. Metab Eng 2019; 53: 35-47 [PMID: 30779965 DOI:
10.1016/j.ymben.2019.02.003]

Arribas-Carreira L, Bravo-Alonso I, Lopez-Marquez A, Alonso-Barroso E, Briso-Montiano A, Arroyo I, Ugarte M,
Pérez B, Pérez-Cerda C, Rodriguez-Pombo P, Richard E. Generation and characterization of a human iPSC line
(UAMI005-A) from a patient with nonketotic hyperglycinemia due to mutations in the GLDC gene. Stem Cell Res 2019;
39: 101503 [PMID: 31349202 DOI: 10.1016/j.scr.2019.101503]

Tian S, Feng J, Cao Y, Shen S, Cai Y, Yang D, Yan R, Wang L, Zhang H, Zhong X, Gao P. Glycine cleavage system
determines the fate of pluripotent stem cells via the regulation of senescence and epigenetic modifications. Life Sci
Alliance 2019; 2 [PMID: 31562192 DOI: 10.26508/Lsa.201900413]

Kim D, Fiske BP, Birsoy K, Freinkman E, Kami K, Possemato RL, Chudnovsky Y, Pacold ME, Chen WW, Cantor JR,
Shelton LM, Gui DY, Kwon M, Ramkissoon SH, Ligon KL, Kang SW, Snuderl M, Vander Heiden MG, Sabatini DM.
SHMT?2 drives glioma cell survival in ischaemia but imposes a dependence on glycine clearance. Nature 2015; 520: 363-
367 [PMID: 25855294 DOI: 10.1038/nature14363]

Kahlert UD, Mooney SM, Natsumeda M, Steiger HJ, Maciaczyk J. Targeting cancer stem-like cells in glioblastoma and
colorectal cancer through metabolic pathways. Int J Cancer 2017; 140: 10-22 [PMID: 27389307 DOI: 10.1002/ijc.30259]
Sato M, Kawana K, Adachi K, Fujimoto A, Yoshida M, Nakamura H, Nishida H, Inoue T, Taguchi A, Takahashi J,
Eguchi S, Yamashita A, Tomio K, Wada-Hiraike O, Oda K, Nagamatsu T, Osuga Y, Fujii T. Spheroid cancer stem cells
display reprogrammed metabolism and obtain energy by actively running the tricarboxylic acid (TCA) cycle. Oncotarget
2016; 7: 33297-33305 [PMID: 27120812 DOI: 10.18632/oncotarget.8947]

Zhao E, Ding J, Xia Y, Liu M, Ye B, Choi JH, Yan C, Dong Z, Huang S, Zha Y, Yang L, Cui H, Ding HF. KDM4C and
ATF4 Cooperate in Transcriptional Control of Amino Acid Metabolism. Cell Rep 2016; 14: 506-519 [PMID: 26774480
DOI: 10.1016/j.celrep.2015.12.053]

LiY, Luo S,MaR, LiuJ, Xu P, Zhang H, Tang K, Ma J, Zhang Y, Liang X, Sun Y, Ji T, Wang N, Huang B.
Upregulation of cytosolic phosphoenolpyruvate carboxykinase is a critical metabolic event in melanoma cells that
repopulate tumors. Cancer Res 2015; 75: 1191-1196 [PMID: 25712344 DOI: 10.1158/0008-5472.CAN-14-2615]
Pacold ME, Brimacombe KR, Chan SH, Rohde JM, Lewis CA, Swier LJ, Possemato R, Chen WW, Sullivan LB, Fiske
BP, Cho S, Freinkman E, Birsoy K, Abu-Remaileh M, Shaul YD, Liu CM, Zhou M, Koh MJ, Chung H, Davidson SM,
Luengo A, Wang AQ, Xu X, Yasgar A, Liu L, Rai G, Westover KD, Vander Heiden MG, Shen M, Gray NS, Boxer MB,
Sabatini DM. A PHGDH inhibitor reveals coordination of serine synthesis and one-carbon unit fate. Nat Chem Biol 2016;
12: 452-458 [PMID: 27110680 DOI: 10.1038/nchembio.2070]

Sharif T, Martell E, Dai C, Ghassemi-Rad MS, Lee K, Singh SK, Weaver ICG, Gujar S. Phosphoglycerate dehydrogenase
inhibition induces p-mTOR-independent autophagy and promotes multilineage differentiation in embryonal carcinoma
stem-like cells. Cell Death Dis 2018; 9: 990 [PMID: 30250195 DOI: 10.1038/s41419-018-0997-8]

Samanta D, Semenza GL. Serine Synthesis Helps Hypoxic Cancer Stem Cells Regulate Redox. Cancer Res 2016; 76:
6458-6462 [PMID: 27811150 DOI: 10.1158/0008-5472.CAN-16-1730]

Zhang T, Gillies MC, Madigan MC, Shen W, Du J, Griinert U, Zhou F, Yam M, Zhu L. Disruption of De Novo Serine
Synthesis in Miiller Cells Induced Mitochondrial Dysfunction and Aggravated Oxidative Damage. Mol Neurobiol 2018;
55:7025-7037 [PMID: 29383682 DOI: 10.1007/s12035-017-0840-8]

Semenza GL. Hypoxia-inducible factors: coupling glucose metabolism and redox regulation with induction of the breast
cancer stem cell phenotype. EMBO J 2017; 36: 252-259 [PMID: 28007895 DOI: 10.15252/embj.201695204]

Subedi A, Muroi M, Futamura Y, Kawamura T, Aono H, Nishi M, Ryo A, Watanabe N, Osada H. A novel inhibitor of
tumorspheres reveals the activation of the serine biosynthetic pathway upon mitochondrial inhibition. FEBS Lett 2019;
593: 763-776 [PMID: 30874300 DOI: 10.1002/1873-3468.13361]

Li Q, QiuJ, Yang H, Sun G, Hu Y, Zhu D, Deng Z, Wang X, Tang J, Jiang R. Kinesin family member 15 promotes
cancer stem cell phenotype and malignancy via reactive oxygen species imbalance in hepatocellular carcinoma. Cancer

WJSC | https://www.wjgnet.com 281 April 26,2022 | Volume14 | Issued |


http://www.ncbi.nlm.nih.gov/pubmed/29599336
https://dx.doi.org/10.21873/anticanres.12458
http://www.ncbi.nlm.nih.gov/pubmed/27705805
https://dx.doi.org/10.1016/j.celrep.2016.09.021
http://www.ncbi.nlm.nih.gov/pubmed/22225612
https://dx.doi.org/10.1016/j.cell.2011.11.050
http://www.ncbi.nlm.nih.gov/pubmed/30575323
https://dx.doi.org/10.1002/cam4.1932
http://www.ncbi.nlm.nih.gov/pubmed/26722042
http://www.ncbi.nlm.nih.gov/pubmed/29524606
https://dx.doi.org/10.1016/j.freeradbiomed.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28062918
https://dx.doi.org/10.1007/s00428-016-2057-z
http://www.ncbi.nlm.nih.gov/pubmed/31773974
https://dx.doi.org/10.2217/fon-2019-0403
http://www.ncbi.nlm.nih.gov/pubmed/30779965
https://dx.doi.org/10.1016/j.ymben.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/31349202
https://dx.doi.org/10.1016/j.scr.2019.101503
http://www.ncbi.nlm.nih.gov/pubmed/31562192
https://dx.doi.org/10.26508/Lsa.201900413
http://www.ncbi.nlm.nih.gov/pubmed/25855294
https://dx.doi.org/10.1038/nature14363
http://www.ncbi.nlm.nih.gov/pubmed/27389307
https://dx.doi.org/10.1002/ijc.30259
http://www.ncbi.nlm.nih.gov/pubmed/27120812
https://dx.doi.org/10.18632/oncotarget.8947
http://www.ncbi.nlm.nih.gov/pubmed/26774480
https://dx.doi.org/10.1016/j.celrep.2015.12.053
http://www.ncbi.nlm.nih.gov/pubmed/25712344
https://dx.doi.org/10.1158/0008-5472.CAN-14-2615
http://www.ncbi.nlm.nih.gov/pubmed/27110680
https://dx.doi.org/10.1038/nchembio.2070
http://www.ncbi.nlm.nih.gov/pubmed/30250195
https://dx.doi.org/10.1038/s41419-018-0997-8
http://www.ncbi.nlm.nih.gov/pubmed/27811150
https://dx.doi.org/10.1158/0008-5472.CAN-16-1730
http://www.ncbi.nlm.nih.gov/pubmed/29383682
https://dx.doi.org/10.1007/s12035-017-0840-8
http://www.ncbi.nlm.nih.gov/pubmed/28007895
https://dx.doi.org/10.15252/embj.201695204
http://www.ncbi.nlm.nih.gov/pubmed/30874300
https://dx.doi.org/10.1002/1873-3468.13361

Zhang Q et al. Amino acid metabolism and CSCs

Jaishideng®

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

Lett 2020; 482: 112-125 [PMID: 31733289 DOI: 10.1016/j.canlet.2019.11.008]

Subedi A, Futamura Y, Nishi M, Ryo A, Watanabe N, Osada H. High-throughput screening identifies artesunate as
selective inhibitor of cancer stemness: Involvement of mitochondrial metabolism. Biochem Biophys Res Commun 2016;
477: 737-742 [PMID: 27363336 DOIL: 10.1016/j.bbrc.2016.06.128]

Loureiro R, Mesquita KA, Magalhdes-Novais S, Oliveira PJ, Vega-Naredo 1. Mitochondrial biology in cancer stem cells.
Semin Cancer Biol 2017; 47: 18-28 [PMID: 28673608 DOI: 10.1016/j.semcancer.2017.06.012]

Koch K, Hartmann R, Tsiampali J, Uhlmann C, Nickel AC, He X, Kamp MA, Sabel M, Barker RA, Steiger HJ, Hinggi
D, Willbold D, Maciaczyk J, Kahlert UD. A comparative pharmaco-metabolomic study of glutaminase inhibitors in
glioma stem-like cells confirms biological effectiveness but reveals differences in target-specificity. Cell Death Discov
2020; 6: 20 [PMID: 32337072 DOI: 10.1038/s41420-020-0258-3]

Kamarajan P, Rajendiran TM, Kinchen J, Bermudez M, Danciu T, Kapila YL. Head and Neck Squamous Cell
Carcinoma Metabolism Draws on Glutaminolysis, and Stemness Is Specifically Regulated by Glutaminolysis via
Aldehyde Dehydrogenase. J Proteome Res 2017; 16: 1315-1326 [PMID: 28168879 DOI: 10.1021/acs.jproteome.6b00936]
Chae YC, Kim JH. Cancer stem cell metabolism: target for cancer therapy. BMB Rep 2018; 51: 319-326 [PMID:
29764565 DOI: 10.5483/bmbrep.2018.51.7.112]

Tapiero H, Mathé G, Couvreur P, Tew KD. II. Glutamine and glutamate. Biomed Pharmacother 2002; 56: 446-457
[PMID: 12481981 DOI: 10.1016/s0753-3322(02)00285-8]

Tian Y, Du W, Cao S, Wu Y, Dong N, Wang Y, Xu Y. Systematic analyses of glutamine and glutamate metabolisms
across different cancer types. Chin J Cancer 2017; 36: 88 [PMID: 29116024 DOI: 10.1186/s40880-017-0255-y]
Plaitakis A, Kalef-Ezra E, Kotzamani D, Zaganas I, Spanaki C. The Glutamate Dehydrogenase Pathway and Its Roles in
Cell and Tissue Biology in Health and Disease. Biology (Basel) 2017; 6 [PMID: 28208702 DOI:
10.3390/biology6010011]

Lee SY, Ju MK, Jeon HM, Lee YJ, Kim CH, Park HG, Han SI, Kang HS. Oncogenic Metabolism Acts as a Prerequisite
Step for Induction of Cancer Metastasis and Cancer Stem Cell Phenotype. Oxid Med Cell Longev 2018; 2018: 1027453
[PMID: 30671168 DOI: 10.1155/2018/1027453]

Peixoto J, Lima J. Metabolic traits of cancer stem cells. Dis Model Mech 2018; 11 [PMID: 29991569 DOI:
10.1242/dmm.033464]

Liao J, Liu PP, Hou G, Shao J, Yang J, Liu K, Lu W, Wen S, Hu Y, Huang P. Regulation of stem-like cancer cells by
glutamine through B-catenin pathway mediated by redox signaling. Mol Cancer 2017; 16: 51 [PMID: 28245869 DOI:
10.1186/s12943-017-0623-x]

Okazaki S, Umene K, Yamasaki J, Suina K, Otsuki Y, Yoshikawa M, Minami Y, Masuko T, Kawaguchi S, Nakayama H,
Banno K, Aoki D, Saya H, Nagano O. Glutaminolysis-related genes determine sensitivity to xCT-targeted therapy in head
and neck squamous cell carcinoma. Cancer Sci 2019; 110: 3453-3463 [PMID: 31444923 DOIL: 10.1111/cas.14182]
LuH,LiX,LuY, QiuS, Fan Z. ASCT2 (SLC1AS5) is an EGFR-associated protein that can be co-targeted by cetuximab
to sensitize cancer cells to ROS-induced apoptosis. Cancer Lett 2016; 381: 23-30 [PMID: 27450723 DOI:
10.1016/j.canlet.2016.07.020]

Wang VM, Ferreira RMM, Almagro J, Evan T, Legrave N, Zaw Thin M, Frith D, Carvalho J, Barry DJ, Snijders AP,
Herbert E, Nye EL, MacRae JI, Behrens A. CD?9 identifies pancreatic cancer stem cells and modulates glutamine
metabolism to fuel tumour growth. Nat Cell Biol 2019; 21: 1425-1435 [PMID: 31685994 DOI:
10.1038/s41556-019-0407-1]

Ramirez-Peiia E, Arnold J, Shivakumar V, Joseph R, Vidhya Vijay G, den Hollander P, Bhangre N, Allegakoen P,
Prasad R, Conley Z, Matés JM, Marquez J, Chang JT, Vasaikar S, Soundararajan R, Sreekumar A, Mani SA. The
Epithelial to Mesenchymal Transition Promotes Glutamine Independence by Suppressing GLS2 Expression. Cancers
(Basel) 2019; 11 [PMID: 31652551 DOI: 10.3390/cancers11101610]

Hanaford AR, Alt J, Rais R, Wang SZ, Kaur H, Thorek DLJ, Eberhart CG, Slusher BS, Martin AM, Raabe EH. Orally
bioavailable glutamine antagonist prodrug JHU-083 penetrates mouse brain and suppresses the growth of MYC-driven
medulloblastoma. Trans! Oncol 2019; 12: 1314-1322 [PMID: 31340195 DOI: 10.1016/j.tranon.2019.05.013]

Kim JH, Lee KJ, Seo Y, Kwon JH, Yoon JP, Kang JY, Lee HJ, Park SJ, Hong SP, Cheon JH, Kim WH, Il Kim T. Effects
of metformin on colorectal cancer stem cells depend on alterations in glutamine metabolism. Sci Rep 2018; 8: 409 [PMID:
29323154 DOLI: 10.1038/541598-017-18762-4]

Sharif T, Martell E, Dai C, Singh SK, Gujar S. Regulation of the proline regulatory axis and autophagy modulates
stemness in TP73/p73 deficient cancer stem-like cells. Autophagy 2019; 15: 934-936 [PMID: 30849274 DOI:
10.1080/15548627.2019.1586321]

Sharif T, Dai C, Martell E, Ghassemi-Rad MS, Hanes MR, Murphy PJ, Kennedy BE, Venugopal C, Subapanditha M,
Giacomantonio CA, Marcato P, Singh SK, Gujar S. TAp73 Modifies Metabolism and Positively Regulates Growth of
Cancer Stem-Like Cells in a Redox-Sensitive Manner. Clin Cancer Res 2019; 25: 2001-2017 [PMID: 30593514 DOI:
10.1158/1078-0432.CCR-17-3177]

Wang Q, Hardie RA, Hoy AJ, van Geldermalsen M, Gao D, Fazli L, Sadowski MC, Balaban S, Schreuder M, Nagarajah
R, Wong JJ, Metierre C, Pinello N, Otte NJ, Lehman ML, Gleave M, Nelson CC, Bailey CG, Ritchie W, Rasko JE, Holst
J. Targeting ASCT2-mediated glutamine uptake blocks prostate cancer growth and tumour development. J Pathol 2015;
236: 278-289 [PMID: 25693838 DOI: 10.1002/path.4518]

Wang Q, Beaumont KA, Otte NJ, Font J, Bailey CG, van Geldermalsen M, Sharp DM, Tiffen JC, Ryan RM, Jormakka
M, Haass NK, Rasko JE, Holst J. Targeting glutamine transport to suppress melanoma cell growth. /nt J Cancer 2014;
135: 1060-1071 [PMID: 24531984 DOI: 10.1002/ijc.28749]

Wang C, Wang Z, Liu W, Ai Z. CD133 promotes the self-renewal capacity of thyroid cancer stem cells through activation
of glutamate aspartate transporter SLC1A3 expression. Biochem Biophys Res Commun 2019; 511: 87-91 [PMID:
30771902 DOI: 10.1016/j.bbrc.2019.02.023]

Corbetta C, Di Ianni N, Bruzzone MG, Patan¢ M, Pollo B, Cantini G, Cominelli M, Zucca I, Pisati F, Poliani PL,
Finocchiaro G, Pellegatta S. Altered function of the glutamate-aspartate transporter GLAST, a potential therapeutic target

WJSC | https://www.wjgnet.com 282 April 26,2022 | Volume14 | Issued |


http://www.ncbi.nlm.nih.gov/pubmed/31733289
https://dx.doi.org/10.1016/j.canlet.2019.11.008
http://www.ncbi.nlm.nih.gov/pubmed/27363336
https://dx.doi.org/10.1016/j.bbrc.2016.06.128
http://www.ncbi.nlm.nih.gov/pubmed/28673608
https://dx.doi.org/10.1016/j.semcancer.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/32337072
https://dx.doi.org/10.1038/s41420-020-0258-3
http://www.ncbi.nlm.nih.gov/pubmed/28168879
https://dx.doi.org/10.1021/acs.jproteome.6b00936
http://www.ncbi.nlm.nih.gov/pubmed/29764565
https://dx.doi.org/10.5483/bmbrep.2018.51.7.112
http://www.ncbi.nlm.nih.gov/pubmed/12481981
https://dx.doi.org/10.1016/s0753-3322(02)00285-8
http://www.ncbi.nlm.nih.gov/pubmed/29116024
https://dx.doi.org/10.1186/s40880-017-0255-y
http://www.ncbi.nlm.nih.gov/pubmed/28208702
https://dx.doi.org/10.3390/biology6010011
http://www.ncbi.nlm.nih.gov/pubmed/30671168
https://dx.doi.org/10.1155/2018/1027453
http://www.ncbi.nlm.nih.gov/pubmed/29991569
https://dx.doi.org/10.1242/dmm.033464
http://www.ncbi.nlm.nih.gov/pubmed/28245869
https://dx.doi.org/10.1186/s12943-017-0623-x
http://www.ncbi.nlm.nih.gov/pubmed/31444923
https://dx.doi.org/10.1111/cas.14182
http://www.ncbi.nlm.nih.gov/pubmed/27450723
https://dx.doi.org/10.1016/j.canlet.2016.07.020
http://www.ncbi.nlm.nih.gov/pubmed/31685994
https://dx.doi.org/10.1038/s41556-019-0407-1
http://www.ncbi.nlm.nih.gov/pubmed/31652551
https://dx.doi.org/10.3390/cancers11101610
http://www.ncbi.nlm.nih.gov/pubmed/31340195
https://dx.doi.org/10.1016/j.tranon.2019.05.013
http://www.ncbi.nlm.nih.gov/pubmed/29323154
https://dx.doi.org/10.1038/s41598-017-18762-4
http://www.ncbi.nlm.nih.gov/pubmed/30849274
https://dx.doi.org/10.1080/15548627.2019.1586321
http://www.ncbi.nlm.nih.gov/pubmed/30593514
https://dx.doi.org/10.1158/1078-0432.CCR-17-3177
http://www.ncbi.nlm.nih.gov/pubmed/25693838
https://dx.doi.org/10.1002/path.4518
http://www.ncbi.nlm.nih.gov/pubmed/24531984
https://dx.doi.org/10.1002/ijc.28749
http://www.ncbi.nlm.nih.gov/pubmed/30771902
https://dx.doi.org/10.1016/j.bbrc.2019.02.023

Jaishideng®

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

Zhang Q et al. Amino acid metabolism and CSCs

in glioblastoma. Int J Cancer 2019; 144: 2539-2554 [PMID: 30418668 DOI: 10.1002/ijc.31985]

Farris JC, Pifer PM, Zheng L, Gottlieb E, Denvir J, Frisch SM. Grainyhead-like 2 Reverses the Metabolic Changes
Induced by the Oncogenic Epithelial-Mesenchymal Transition: Effects on Anoikis. Mol Cancer Res 2016; 14: 528-538
[PMID: 27084311 DOI: 10.1158/1541-7786.MCR-16-0050]

LiD, Fu Z, Chen R, Zhao X, Zhou Y, Zeng B, Yu M, Zhou Q, Lin Q, Gao W, Ye H, Zhou J, Li Z, Liu Y. Inhibition of
glutamine metabolism counteracts pancreatic cancer stem cell features and sensitizes cells to radiotherapy. Oncotarget
2015; 6: 31151-31163 [PMID: 26439804 DOI: 10.18632/oncotarget.5150]

LiB, Cao Y, Meng G, Qian L, Xu T, Yan C, Luo O, Wang S, Wei J, Ding Y, Yu D. Targeting glutaminase 1 attenuates
stemness properties in hepatocellular carcinoma by increasing reactive oxygen species and suppressing Wnt/beta-catenin
pathway. EBioMedicine 2019; 39: 239-254 [PMID: 30555042 DOI: 10.1016/j.ebiom.2018.11.063]

Sato M, Kawana K, Adachi K, Fujimoto A, Yoshida M, Nakamura H, Nishida H, Inoue T, Taguchi A, Ogishima J,
Eguchi S, Yamashita A, Tomio K, Wada-Hiraike O, Oda K, Nagamatsu T, Osuga Y, Fujii T. Targeting glutamine
metabolism and the focal adhesion kinase additively inhibits the mammalian target of the rapamycin pathway in spheroid
cancer stem-like properties of ovarian clear cell carcinoma in vitro. /nt J Oncol 2017; 50: 1431-1438 [PMID: 28259988
DOI: 10.3892/1j0.2017.3891]

Aguilar E, Marin de Mas I, Zodda E, Marin S, Morrish F, Selivanov V, Meca-Cortés O, Delowar H, Pons M, Izquierdo I,
Celia-Terrassa T, de Atauri P, Centelles JJ, Hockenbery D, Thomson TM, Cascante M. Metabolic Reprogramming and
Dependencies Associated with Epithelial Cancer Stem Cells Independent of the Epithelial-Mesenchymal Transition
Program. Stem Cells 2016; 34: 1163-1176 [PMID: 27146024 DOI: 10.1002/stem.2286]

Carey BW, Finley LW, Cross JR, Allis CD, Thompson CB. Intracellular a-ketoglutarate maintains the pluripotency of
embryonic stem cells. Nature 2015; 518: 413-416 [PMID: 25487152 DOI: 10.1038/nature13981]

Cao J, Zhang C, Jiang GQ, Jin SJ, Gao ZH, Wang Q, Yu DC, Ke AW, Fan YQ, Li DW, Wang AQ, Bai DS. Expression of
GLS1 in intrahepatic cholangiocarcinoma and its clinical significance. Mol Med Rep 2019; 20: 1915-1924 [PMID:
31257527 DOI: 10.3892/mmr.2019.10399]

Bhattacharya D, Scimé A. Metabolic Regulation of Epithelial to Mesenchymal Transition: Implications for Endocrine
Cancer. Front Endocrinol (Lausanne) 2019; 10: 773 [PMID: 31849832 DOI: 10.3389/fend0.2019.00773]

Kuo TC, Chen CK, Hua KT, Yu P, Lee WJ, Chen MW, Jeng YM, Chien MH, Kuo KT, Hsiao M, Kuo ML. Glutaminase
2 stabilizes Dicer to repress Snail and metastasis in hepatocellular carcinoma cells. Cancer Lett 2016; 383: 282-294
[PMID: 27725225 DOI: 10.1016/j.canlet.2016.10.012]

Ulanet DB, Couto K, Jha A, Choe S, Wang A, Woo HK, Steadman M, DeLaBarre B, Gross S, Driggers E, Dorsch M,
Hurov JB. Mesenchymal phenotype predisposes lung cancer cells to impaired proliferation and redox stress in response to
glutaminase inhibition. PLoS One 2014; 9: e115144 [PMID: 25502225 DOI: 10.1371/journal.pone.0115144]

Sato M, Kawana K, Adachi K, Fujimoto A, Taguchi A, Fujikawa T, Yoshida M, Nakamura H, Nishida H, Inoue T,
Ogishima J, Eguchi S, Yamashita A, Tomio K, Arimoto T, Wada-Hiraike O, Oda K, Nagamatsu T, Osuga Y, Fujii T. Low
uptake of fluorodeoxyglucose in positron emission tomography/computed tomography in ovarian clear cell carcinoma
may reflect glutaminolysis of its cancer stem cell-like properties. Oncol Rep 2017; 37: 1883-1888 [PMID: 28112360 DOI:
10.3892/0r.2017.5398]

Seibt TM, Proneth B, Conrad M. Role of GPX4 in ferroptosis and its pharmacological implication. Free Radic Biol Med
2019; 133: 144-152 [PMID: 30219704 DOI: 10.1016/j.freeradbiomed.2018.09.014]

Ryu CS, Kwak HC, Lee JY, Oh SJ, Phuong NT, Kang KW, Kim SK. Elevation of cysteine consumption in tamoxifen-
resistant MCF-7 cells. Biochem Pharmacol 2013; 85: 197-206 [PMID: 23123664 DOI: 10.1016/j.bcp.2012.10.021]
Haryu S, Saito R, Jia W, Shoji T, Mano Y, Sato A, Kanamori M, Sonoda Y, Sampetrean O, Saya H, Tominaga T.
Convection-enhanced delivery of sulfasalazine prolongs survival in a glioma stem cell brain tumor model. J Neurooncol
2018; 136: 23-31 [PMID: 28929335 DOI: 10.1007/s11060-017-2621-7]

Bolli E, O'Rourke JP, Conti L, Lanzardo S, Rolih V, Christen JM, Barutello G, Forni M, Pericle F, Cavallo F. A Virus-
Like-Particle immunotherapy targeting Epitope-Specific anti-xCT expressed on cancer stem cell inhibits the progression
of metastatic cancer in vivo. Oncoimmunology 2018; 7: e1408746 [PMID: 29399412 DOI:
10.1080/2162402X.2017.1408746]

Quaglino E, Conti L, Cavallo F. Breast cancer stem cell antigens as targets for immunotherapy. Semin Immunol 2020; 47:
101386 [PMID: 31932198 DOIL: 10.1016/j.smim.2020.101386]

Digomann D, Linge A, Dubrovska A. SLC3A2/CD98hc, autophagy and tumor radioresistance: a link confirmed.
Autophagy 2019; 15: 1850-1851 [PMID: 31276435 DOI: 10.1080/15548627.2019.1639302]

Ishimoto T, Nagano O, Yae T, Tamada M, Motohara T, Oshima H, Oshima M, Ikeda T, Asaba R, Yagi H, Masuko T,
Shimizu T, Ishikawa T, Kai K, Takahashi E, Imamura Y, Baba Y, Ohmura M, Suematsu M, Baba H, Saya H. 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 [PMID: 21397861 DOI: 10.1016/j.ccr.2011.01.038]

Song Y, Park IS, Kim J, Seo HR. Actinomycin D inhibits the expression of the cystine/glutamate transporter XCT via
attenuation of CD133 synthesis in CD133" HCC. Chem Biol Interact 2019; 309: 108713 [PMID: 31226288 DOI:
10.1016/5.¢bi.2019.06.026]

Horibe S, Kawauchi S, Tanahashi T, Sasaki N, Mizuno S, Rikitake Y. CD44v-dependent upregulation of xCT is involved
in the acquisition of cisplatin-resistance in human lung cancer A549 cells. Biochem Biophys Res Commun 2018; 507: 426~
432 [PMID: 30448176 DOI: 10.1016/j.bbrc.2018.11.055]

Kagami T, Yamade M, Suzuki T, Uotani T, Tani S, Hamaya Y, Iwaizumi M, Osawa S, Sugimoto K, Baba S, Sugimura H,
Miyajima H, Furuta T. High expression level of CD44v8-10 in cancer stem-like cells is associated with poor prognosis in
esophageal squamous cell carcinoma patients treated with chemoradiotherapy. Oncotarget 2018; 9: 34876-34888 [PMID:
30405881 DOI: 10.18632/oncotarget.26172]

Hagiwara M, Kikuchi E, Tanaka N, Kosaka T, Mikami S, Saya H, Oya M. Variant isoforms of CD44 involves acquisition
of chemoresistance to cisplatin and has potential as a novel indicator for identifying a cisplatin-resistant population in
urothelial cancer. BMC Cancer 2018; 18: 113 [PMID: 29385995 DOI: 10.1186/s12885-018-3988-3]

WJSC | https://www.wjgnet.com 283 April 26,2022 | Volume14 | Issued |


http://www.ncbi.nlm.nih.gov/pubmed/30418668
https://dx.doi.org/10.1002/ijc.31985
http://www.ncbi.nlm.nih.gov/pubmed/27084311
https://dx.doi.org/10.1158/1541-7786.MCR-16-0050
http://www.ncbi.nlm.nih.gov/pubmed/26439804
https://dx.doi.org/10.18632/oncotarget.5150
http://www.ncbi.nlm.nih.gov/pubmed/30555042
https://dx.doi.org/10.1016/j.ebiom.2018.11.063
http://www.ncbi.nlm.nih.gov/pubmed/28259988
https://dx.doi.org/10.3892/ijo.2017.3891
http://www.ncbi.nlm.nih.gov/pubmed/27146024
https://dx.doi.org/10.1002/stem.2286
http://www.ncbi.nlm.nih.gov/pubmed/25487152
https://dx.doi.org/10.1038/nature13981
http://www.ncbi.nlm.nih.gov/pubmed/31257527
https://dx.doi.org/10.3892/mmr.2019.10399
http://www.ncbi.nlm.nih.gov/pubmed/31849832
https://dx.doi.org/10.3389/fendo.2019.00773
http://www.ncbi.nlm.nih.gov/pubmed/27725225
https://dx.doi.org/10.1016/j.canlet.2016.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25502225
https://dx.doi.org/10.1371/journal.pone.0115144
http://www.ncbi.nlm.nih.gov/pubmed/28112360
https://dx.doi.org/10.3892/or.2017.5398
http://www.ncbi.nlm.nih.gov/pubmed/30219704
https://dx.doi.org/10.1016/j.freeradbiomed.2018.09.014
http://www.ncbi.nlm.nih.gov/pubmed/23123664
https://dx.doi.org/10.1016/j.bcp.2012.10.021
http://www.ncbi.nlm.nih.gov/pubmed/28929335
https://dx.doi.org/10.1007/s11060-017-2621-7
http://www.ncbi.nlm.nih.gov/pubmed/29399412
https://dx.doi.org/10.1080/2162402X.2017.1408746
http://www.ncbi.nlm.nih.gov/pubmed/31932198
https://dx.doi.org/10.1016/j.smim.2020.101386
http://www.ncbi.nlm.nih.gov/pubmed/31276435
https://dx.doi.org/10.1080/15548627.2019.1639302
http://www.ncbi.nlm.nih.gov/pubmed/21397861
https://dx.doi.org/10.1016/j.ccr.2011.01.038
http://www.ncbi.nlm.nih.gov/pubmed/31226288
https://dx.doi.org/10.1016/j.cbi.2019.06.026
http://www.ncbi.nlm.nih.gov/pubmed/30448176
https://dx.doi.org/10.1016/j.bbrc.2018.11.055
http://www.ncbi.nlm.nih.gov/pubmed/30405881
https://dx.doi.org/10.18632/oncotarget.26172
http://www.ncbi.nlm.nih.gov/pubmed/29385995
https://dx.doi.org/10.1186/s12885-018-3988-3

Zhang Q et al. Amino acid metabolism and CSCs

Jaishideng®

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

Shitara K, Doi T, Nagano O, Imamura CK, Ozeki T, Ishii Y, Tsuchihashi K, Takahashi S, Nakajima TE, Hironaka S,
Fukutani M, Hasegawa H, Nomura S, Sato A, Einaga Y, Kuwata T, Saya H, Ohtsu A. 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 [PMID: 27055559 DOI: 10.1007/s10120-016-0610-8]

Ogihara K, Kikuchi E, Okazaki S, Hagiwara M, Takeda T, Matsumoto K, Kosaka T, Mikami S, Saya H, Oya M.
Sulfasalazine could modulate the CD44v9-xCT system and enhance cisplatin-induced cytotoxic effects in metastatic
bladder cancer. Cancer Sci 2019; 110: 1431-1441 [PMID: 30719824 DOI: 10.1111/cas.13960]

Miyoshi S, Tsugawa H, Matsuzaki J, Hirata K, Mori H, Saya H, Kanai T, Suzuki H. Inhibiting xCT Improves 5-
Fluorouracil Resistance of Gastric Cancer Induced by CD44 Variant 9 Expression. Anticancer Res 2018; 38: 6163-6170
[PMID: 30396933 DOI: 10.21873/anticanres.12969]

Song Y, Jang J, Shin TH, Bae SM, Kim JS, Kim KM, Myung SJ, Choi EK, Seo HR. Sulfasalazine attenuates evading
anticancer response of CD133-positive hepatocellular carcinoma cells. J Exp Clin Cancer Res 2017, 36: 38 [PMID:
28253902 DOI: 10.1186/513046-017-0511-7]

Otsubo K, Nosaki K, Imamura CK, Ogata H, Fujita A, Sakata S, Hirai F, Toyokawa G, Iwama E, Harada T, Seto T,
Takenoyama M, Ozeki T, Mushiroda T, Inada M, Kishimoto J, Tsuchihashi K, Suina K, Nagano O, Saya H, Nakanishi Y,
Okamoto 1. Phase I study of salazosulfapyridine in combination with cisplatin and pemetrexed for advanced non-small-
cell lung cancer. Cancer Sci 2017; 108: 1843-1849 [PMID: 28667792 DOI: 10.1111/cas.13309]

Shitara K, Doi T, Nagano O, Fukutani M, Hasegawa H, Nomura S, Sato A, Kuwata T, Asai K, Einaga Y, Tsuchihashi K,
Suina K, Maeda Y, Saya H, Ohtsu A. Phase 1 study of sulfasalazine and cisplatin for patients with CD44v-positive gastric
cancer refractory to cisplatin (EPOC1407). Gastric Cancer 2017; 20: 1004-1009 [PMID: 28466360 DOI:
10.1007/s10120-017-0720-y]

Donofrio G, Tebaldi G, Lanzardo S, Ruiu R, Bolli E, Ballatore A, Rolih V, Macchi F, Conti L, Cavallo F. Bovine
herpesvirus 4-based vector delivering the full length xCT DNA efficiently protects mice from mammary cancer metastases
by targeting cancer stem cells. Oncoimmunology 2018; 7: €1494108 [PMID: 30524888 DOI:
10.1080/2162402X.2018.1494108]

Ruiu R, Rolih V, Bolli E, Barutello G, Riccardo F, Quaglino E, Merighi IF, Pericle F, Donofrio G, Cavallo F, Conti L.
Fighting breast cancer stem cells through the immune-targeting of the xCT cystine-glutamate antiporter. Cancer Immunol
Immunother 2019; 68: 131-141 [PMID: 29947961 DOI: 10.1007/s00262-018-2185-1]

Lu H, Samanta D, Xiang L, Zhang H, Hu H, Chen I, Bullen JW, Semenza GL. Chemotherapy triggers HIF-1-dependent
glutathione synthesis and copper chelation that induces the breast cancer stem cell phenotype. Proc Natl Acad Sci U S A
2015; 112: E4600-E4609 [PMID: 26229077 DOIL: 10.1073/pnas.1513433112]

Kim DH, Jang JH, Kwon OS, Cha HJ, Youn HJ, Chun KS, Surh YJ. Nuclear Factor Erythroid-Derived 2-Like 2-Induced
Reductive Stress Favors Self-Renewal of Breast Cancer Stem-Like Cells via the FoxO3a-Bmi-1 Axis. Antioxid Redox
Signal 2020; 32: 1313-1329 [PMID: 31672029 DOI: 10.1089/ars.2019.7730]

Zhu Y, Li T, Ramos da Silva S, Lee JJ, Lu C, Eoh H, Jung JU, Gao SJ. A Critical Role of Glutamine and Asparagine y-
Nitrogen in Nucleotide Biosynthesis in Cancer Cells Hijacked by an Oncogenic Virus. mBio 2017; 8 [PMID: 28811348
DOI: 10.1128/mBio0.01179-17]

Zhang J, Fan J, Venneti S, Cross JR, Takagi T, Bhinder B, Djaballah H, Kanai M, Cheng EH, Judkins AR, Pawel B,
Baggs J, Cherry S, Rabinowitz JD, Thompson CB. Asparagine plays a critical role in regulating cellular adaptation to
glutamine depletion. Mol Cell 2014; 56: 205-218 [PMID: 25242145 DOI: 10.1016/j.molcel.2014.08.018]

Xu Y, LvF, Zhu X, Wu'Y, Shen X. Loss of asparagine synthetase suppresses the growth of human lung cancer cells by
arresting cell cycle at GO/G1 phase. Cancer Gene Ther 2016; 23: 287-294 [PMID: 27444726 DOI: 10.1038/cgt.2016.28]
Krall AS, Xu S, Graeber TG, Braas D, Christofk HR. Asparagine promotes cancer cell proliferation through use as an
amino acid exchange factor. Nat Commun 2016; 7: 11457 [PMID: 27126896 DOI: 10.1038/ncomms11457]

Patel D, Menon D, Bernfeld E, Mroz V, Kalan S, Loayza D, Foster DA. Aspartate Rescues S-phase Arrest Caused by
Suppression of Glutamine Utilization in KRas-driven Cancer Cells. J Biol Chem 2016; 291: 9322-9329 [PMID: 26921316
DOLI: 10.1074/jbc.M115.710145]

Anglin J, Zavareh RB, Sander PN, Haldar D, Mullarky E, Cantley LC, Kimmelman AC, Lyssiotis CA, Lairson LL.
Discovery and optimization of aspartate aminotransferase 1 inhibitors to target redox balance in pancreatic ductal
adenocarcinoma. Bioorg Med Chem Lett 2018; 28: 2675-2678 [PMID: 29731362 DOI: 10.1016/j.bmcl.2018.04.061]

Cao Y, Lin SH, Wang Y, Chin YE, Kang L, Mi J. Glutamic Pyruvate Transaminase GPT2 Promotes Tumorigenesis of
Breast Cancer Cells by Activating Sonic Hedgehog Signaling. Theranostics 2017; 7: 3021-3033 [PMID: 28839461 DOL:
10.7150/thno.18992]

Ouyang Q, Nakayama T, Baytas O, Davidson SM, Yang C, Schmidt M, Lizarraga SB, Mishra S, Ei-Quessny M, Niaz S,
Gul Butt M, Imran Murtaza S, Javed A, Chaudhry HR, Vaughan DJ, Hill RS, Partlow JN, Yoo SY, Lam AT, Nasir R, Al-
Saffar M, Barkovich AJ, Schwede M, Nagpal S, Rajab A, DeBerardinis RJ, Housman DE, Mochida GH, Morrow EM.
Mutations in mitochondrial enzyme GPT2 cause metabolic dysfunction and neurological disease with developmental and
progressive features. Proc Natl Acad Sci U S A 2016; 113: E5598-E5607 [PMID: 27601654 DOI:
10.1073/pnas.1609221113]

Phang JM, Liu W, Hancock CN, Fischer JW. Proline metabolism and cancer: emerging links to glutamine and collagen.
Curr Opin Clin Nutr Metab Care 2015; 18: 71-77 [PMID: 25474014 DOI: 10.1097/MC0O.0000000000000121]

Comes S, Gagliardi M, Laprano N, Fico A, Cimmino A, Palamidessi A, De Cesare D, De Falco S, Angelini C, Scita G,
Patriarca EJ, Matarazzo MR, Minchiotti G. L-Proline induces a mesenchymal-like invasive program in embryonic stem
cells by remodeling H3K9 and H3K36 methylation. Stem Cell Reports 2013; 1: 307-321 [PMID: 24319666 DOL:
10.1016/j.stemcr.2013.09.001]

D'Aniello C, Patriarca EJ, Phang JM, Minchiotti G. Proline Metabolism in Tumor Growth and Metastatic Progression.
Front Oncol 2020; 10: 776 [PMID: 32500033 DOI: 10.3389/fonc.2020.00776]

Deshmukh A, Deshpande K, Arfuso F, Newsholme P, Dharmarajan A. Cancer stem cell metabolism: a potential target for
cancer therapy. Mol Cancer 2016; 15: 69 [PMID: 27825361 DOI: 10.1186/s12943-016-0555-x]

WJSC | https://www.wjgnet.com 284 April 26,2022 | Volume14 | Issued |


http://www.ncbi.nlm.nih.gov/pubmed/27055559
https://dx.doi.org/10.1007/s10120-016-0610-8
http://www.ncbi.nlm.nih.gov/pubmed/30719824
https://dx.doi.org/10.1111/cas.13960
http://www.ncbi.nlm.nih.gov/pubmed/30396933
https://dx.doi.org/10.21873/anticanres.12969
http://www.ncbi.nlm.nih.gov/pubmed/28253902
https://dx.doi.org/10.1186/s13046-017-0511-7
http://www.ncbi.nlm.nih.gov/pubmed/28667792
https://dx.doi.org/10.1111/cas.13309
http://www.ncbi.nlm.nih.gov/pubmed/28466360
https://dx.doi.org/10.1007/s10120-017-0720-y
http://www.ncbi.nlm.nih.gov/pubmed/30524888
https://dx.doi.org/10.1080/2162402X.2018.1494108
http://www.ncbi.nlm.nih.gov/pubmed/29947961
https://dx.doi.org/10.1007/s00262-018-2185-1
http://www.ncbi.nlm.nih.gov/pubmed/26229077
https://dx.doi.org/10.1073/pnas.1513433112
http://www.ncbi.nlm.nih.gov/pubmed/31672029
https://dx.doi.org/10.1089/ars.2019.7730
http://www.ncbi.nlm.nih.gov/pubmed/28811348
https://dx.doi.org/10.1128/mBio.01179-17
http://www.ncbi.nlm.nih.gov/pubmed/25242145
https://dx.doi.org/10.1016/j.molcel.2014.08.018
http://www.ncbi.nlm.nih.gov/pubmed/27444726
https://dx.doi.org/10.1038/cgt.2016.28
http://www.ncbi.nlm.nih.gov/pubmed/27126896
https://dx.doi.org/10.1038/ncomms11457
http://www.ncbi.nlm.nih.gov/pubmed/26921316
https://dx.doi.org/10.1074/jbc.M115.710145
http://www.ncbi.nlm.nih.gov/pubmed/29731362
https://dx.doi.org/10.1016/j.bmcl.2018.04.061
http://www.ncbi.nlm.nih.gov/pubmed/28839461
https://dx.doi.org/10.7150/thno.18992
http://www.ncbi.nlm.nih.gov/pubmed/27601654
https://dx.doi.org/10.1073/pnas.1609221113
http://www.ncbi.nlm.nih.gov/pubmed/25474014
https://dx.doi.org/10.1097/MCO.0000000000000121
http://www.ncbi.nlm.nih.gov/pubmed/24319666
https://dx.doi.org/10.1016/j.stemcr.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/32500033
https://dx.doi.org/10.3389/fonc.2020.00776
http://www.ncbi.nlm.nih.gov/pubmed/27825361
https://dx.doi.org/10.1186/s12943-016-0555-x

Jaishideng®

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

Zhang Q et al. Amino acid metabolism and CSCs

Bezuidenhout N, Shoshan M. A Shifty Target: Tumor-Initiating Cells and Their Metabolism. Int J Mol Sci 2019; 20
[PMID: 31661927 DOI: 10.3390/ijms20215370]

Libby CJ, Tran AN, Scott SE, Griguer C, Hjelmeland AB. The pro-tumorigenic effects of metabolic alterations in
glioblastoma including brain tumor initiating cells. Biochim Biophys Acta Rev Cancer 2018; 1869: 175-188 [PMID:
29378228 DOI: 10.1016/j.bbcan.2018.01.004]

Fahrmann JF, Vykoukal JV, Ostrin EJ. Amino Acid Oncometabolism and Immunomodulation of the Tumor
Microenvironment in Lung Cancer. Front Oncol 2020; 10: 276 [PMID: 32266129 DOI: 10.3389/fonc.2020.00276]
Pavlova NN, Hui S, Ghergurovich JM, Fan J, Intlekofer AM, White RM, Rabinowitz JD, Thompson CB, Zhang J. As
Extracellular Glutamine Levels Decline, Asparagine Becomes an Essential Amino Acid. Cell Metab 2018; 27: 428-438.e5
[PMID: 29337136 DOI: 10.1016/j.cmet.2017.12.006]

Yang L, Venneti S, Nagrath D. Glutaminolysis: A Hallmark of Cancer Metabolism. Annu Rev Biomed Eng 2017; 19: 163-
194 [PMID: 28301735 DOI: 10.1146/annurev-bioeng-071516-044546]

Venmar KT, Kimmel DW, Cliffel DE, Fingleton B. IL4 receptor o mediates enhanced glucose and glutamine metabolism
to support breast cancer growth. Biochim Biophys Acta 2015; 1853: 1219-1228 [PMID: 25746764 DOI:
10.1016/j.bbamcr.2015.02.020]

Wellen KE, Lu C, Mancuso A, Lemons JM, Ryczko M, Dennis JW, Rabinowitz JD, Coller HA, Thompson CB. The
hexosamine biosynthetic pathway couples growth factor-induced glutamine uptake to glucose metabolism. Genes Dev
2010; 24: 2784-2799 [PMID: 21106670 DOI: 10.1101/gad.1985910]

Pérez-Escuredo J, Dadhich RK, Dhup S, Cacace A, Van Hée VF, De Saedeleer CJ, Sboarina M, Rodriguez F, Fontenille
MJ, Brisson L, Porporato PE, Sonveaux P. Lactate promotes glutamine uptake and metabolism in oxidative cancer cells.
Cell Cycle 2016; 15: 72-83 [PMID: 26636483 DOI: 10.1080/15384101.2015.1120930]

Sun L, Suo C, Li ST, Zhang H, Gao P. Metabolic reprogramming for cancer cells and their microenvironment: Beyond
the Warburg Effect. Biochim Biophys Acta Rev Cancer 2018; 1870: 51-66 [PMID: 29959989 DOI:
10.1016/j.bbcan.2018.06.005]

Wang W, Kryczek I, Dostal L, Lin H, Tan L, Zhao L, Lu F, Wei S, Maj T, Peng D, He G, Vatan L, Szeliga W, Kuick R,
Kotarski J, Tarkowski R, Dou Y, Rattan R, Munkarah A, Liu JR, Zou W. Effector T Cells Abrogate Stroma-Mediated
Chemoresistance in Ovarian Cancer. Cell 2016; 165: 1092-1105 [PMID: 27133165 DOI: 10.1016/j.cell.2016.04.009]
Leone RD, Zhao L, Englert JM, Sun IM, Oh MH, Sun IH, Arwood ML, Bettencourt IA, Patel CH, Wen J, Tam A, Blosser
RL, Prchalova E, Alt J, Rais R, Slusher BS, Powell JD. Glutamine blockade induces divergent metabolic programs to
overcome tumor immune evasion. Science 2019; 366: 1013-1021 [PMID: 31699883 DOI: 10.1126/science.aav2588]
Lemos H, Huang L, Prendergast GC, Mellor AL. Immune control by amino acid catabolism during tumorigenesis

and therapy. Nat Rev Cancer 2019; 19: 162-175 [PMID: 30696923 DOI: 10.1038/s41568-019-0106-7]

LiY, Wan YY, Zhu B. Immune Cell Metabolism in Tumor Microenvironment. Adv Exp Med Biol 2017; 1011: 163-196
[PMID: 28875490 DOI: 10.1007/978-94-024-1170-6 5]

Cassim S, Pouyssegur J. Tumor Microenvironment: A Metabolic Player that Shapes the Immune Response. Int J Mol Sci
2019; 21 [PMID: 31881671 DOI: 10.3390/ijms21010157]

Lyssiotis CA, Kimmelman AC. Metabolic Interactions in the Tumor Microenvironment. Trends Cell Biol 2017; 27: 863-
875 [PMID: 28734735 DOI: 10.1016/j.tcb.2017.06.003]

Klysz D, Tai X, Robert PA, Craveiro M, Cretenet G, Oburoglu L, Mongellaz C, Floess S, Fritz V, Matias MI, Yong C,
Surh N, Marie JC, Huehn J, Zimmermann V, Kinet S, Dardalhon V, Taylor N. Glutamine-dependent a-ketoglutarate
production regulates the balance between T helper 1 cell and regulatory T cell generation. Sci Signal 2015; 8: ra97 [PMID:
26420908 DOI: 10.1126/scisignal.aab2610]

Ghosh-Choudhary S, Liu J, Finkel T. Metabolic Regulation of Cell Fate and Function. Trends Cell Biol 2020; 30: 201-
212 [PMID: 31983571 DOI: 10.1016/j.tcb.2019.12.005]

Olivares O, Mayers JR, Gouirand V, Torrence ME, Gicquel T, Borge L, Lac S, Roques J, Lavaut MN, Berthezene P,
Rubis M, Secq V, Garcia S, Moutardier V, Lombardo D, Iovanna JL, Tomasini R, Guillaumond F, Vander Heiden MG,
Vasseur S. Collagen-derived proline promotes pancreatic ductal adenocarcinoma cell survival under nutrient limited
conditions. Nat Commun 2017; 8: 16031 [PMID: 28685754 DOI: 10.1038/ncomms16031]

Lane SW, Williams DA, Watt FM. Modulating the stem cell niche for tissue regeneration. Nat Biotechnol 2014; 32: 795-
803 [PMID: 25093887 DOI: 10.1038/nbt.2978]

Morris BA, Burkel B, Ponik SM, Fan J, Condeelis JS, Aguirre-Ghiso JA, Castracane J, Denu JM, Keely PJ. Collagen
Matrix Density Drives the Metabolic Shift in Breast Cancer Cells. EBioMedicine 2016; 13: 146-156 [PMID: 27743905
DOI: 10.1016/j.ebiom.2016.10.012]

Bai X, Ni J, Beretov J, Graham P, Li Y. Cancer stem cell in breast cancer therapeutic resistance. Cancer Treat Rev 2018;
69: 152-163 [PMID: 30029203 DOI: 10.1016/j.ctrv.2018.07.004]

Ananieva E. Targeting amino acid metabolism in cancer growth and anti-tumor immune response. World J Biol Chem
2015; 6: 281-289 [PMID: 26629311 DOI: 10.4331/wjbc.v6.14.281]

Mathupala SP. Metabolic targeting of malignant tumors: small-molecule inhibitors of bioenergetic flux. Recent Pat
Anticancer Drug Discov 2011; 6: 6-14 [PMID: 21110820 DOI: 10.2174/157489211793980114]

Takayama T, Kubo T, Morikawa A, Morita T, Nagano O, Saya H. Potential of sulfasalazine as a therapeutic sensitizer for
CD44 splice variant 9-positive urogenital cancer. Med Oncol 2016; 33: 45 [PMID: 27044355 DOI:
10.1007/s12032-016-0760-x]

Pei S, Minhajuddin M, Callahan KP, Balys M, Ashton JM, Neering SJ, Lagadinou ED, Corbett C, Ye H, Liesveld JL,
O'Dwyer KM, Li Z, Shi L, Greninger P, Settleman J, Benes C, Hagen FK, Munger J, Crooks PA, Becker MW, Jordan CT.
Targeting aberrant glutathione metabolism to eradicate human acute myelogenous leukemia cells. J Biol Chem 2013; 288:
33542-33558 [PMID: 24089526 DOI: 10.1074/jbc.M113.511170]

Emadi A, Kapadia B, Bollino D, Bhandary B, Baer MR, Niyongere S, Strovel ET, Kaizer H, Chang E, Choi EY, Ma X,
Tighe KM, Carter-Cooper B, Moses BS, Civin CI, Mahurkar A, Shetty AC, Gartenhaus RB, Kamangar F, Lapidus RG.

WJSC | https://www.wjgnet.com 285 April 26,2022 | Volume14 | Issued |


http://www.ncbi.nlm.nih.gov/pubmed/31661927
https://dx.doi.org/10.3390/ijms20215370
http://www.ncbi.nlm.nih.gov/pubmed/29378228
https://dx.doi.org/10.1016/j.bbcan.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/32266129
https://dx.doi.org/10.3389/fonc.2020.00276
http://www.ncbi.nlm.nih.gov/pubmed/29337136
https://dx.doi.org/10.1016/j.cmet.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28301735
https://dx.doi.org/10.1146/annurev-bioeng-071516-044546
http://www.ncbi.nlm.nih.gov/pubmed/25746764
https://dx.doi.org/10.1016/j.bbamcr.2015.02.020
http://www.ncbi.nlm.nih.gov/pubmed/21106670
https://dx.doi.org/10.1101/gad.1985910
http://www.ncbi.nlm.nih.gov/pubmed/26636483
https://dx.doi.org/10.1080/15384101.2015.1120930
http://www.ncbi.nlm.nih.gov/pubmed/29959989
https://dx.doi.org/10.1016/j.bbcan.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27133165
https://dx.doi.org/10.1016/j.cell.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/31699883
https://dx.doi.org/10.1126/science.aav2588
http://www.ncbi.nlm.nih.gov/pubmed/30696923
https://dx.doi.org/10.1038/s41568-019-0106-z
http://www.ncbi.nlm.nih.gov/pubmed/28875490
https://dx.doi.org/10.1007/978-94-024-1170-6_5
http://www.ncbi.nlm.nih.gov/pubmed/31881671
https://dx.doi.org/10.3390/ijms21010157
http://www.ncbi.nlm.nih.gov/pubmed/28734735
https://dx.doi.org/10.1016/j.tcb.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26420908
https://dx.doi.org/10.1126/scisignal.aab2610
http://www.ncbi.nlm.nih.gov/pubmed/31983571
https://dx.doi.org/10.1016/j.tcb.2019.12.005
http://www.ncbi.nlm.nih.gov/pubmed/28685754
https://dx.doi.org/10.1038/ncomms16031
http://www.ncbi.nlm.nih.gov/pubmed/25093887
https://dx.doi.org/10.1038/nbt.2978
http://www.ncbi.nlm.nih.gov/pubmed/27743905
https://dx.doi.org/10.1016/j.ebiom.2016.10.012
http://www.ncbi.nlm.nih.gov/pubmed/30029203
https://dx.doi.org/10.1016/j.ctrv.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26629311
https://dx.doi.org/10.4331/wjbc.v6.i4.281
http://www.ncbi.nlm.nih.gov/pubmed/21110820
https://dx.doi.org/10.2174/157489211793980114
http://www.ncbi.nlm.nih.gov/pubmed/27044355
https://dx.doi.org/10.1007/s12032-016-0760-x
http://www.ncbi.nlm.nih.gov/pubmed/24089526
https://dx.doi.org/10.1074/jbc.M113.511170

Zhang Q et al. Amino acid metabolism and CSCs

Venetoclax and pegcrisantaspase for complex karyotype acute myeloid leukemia. Leukemia 2021; 35: 1907-1924 [PMID:
33199836 DOI: 10.1038/s41375-020-01080-6]

202  Patil S, Coutsouvelis J, Spencer A. Asparaginase in the management of adult acute lymphoblastic leukaemia: is it used
appropriately? Cancer Treat Rev 2011; 37: 202-207 [PMID: 20822851 DOI: 10.1016/j.ctrv.2010.08.002]

WJSC | https://www.wjgnet.com 286 April 26,2022 | Volume14 | Issued |

Jaishideng®


http://www.ncbi.nlm.nih.gov/pubmed/33199836
https://dx.doi.org/10.1038/s41375-020-01080-6
http://www.ncbi.nlm.nih.gov/pubmed/20822851
https://dx.doi.org/10.1016/j.ctrv.2010.08.002

(]' f World Journal of
Stem Cells

Submit a Manuscript: https:/ /www.f6publishing.com World | Stem Cells 2022 April 26; 14(4): 287-302

DOI: 10.4252 /wijsc.v14.i4.287

ISSN 1948-0210 (online)

SYSTEMATIC REVIEWS

Dental stem cell-conditioned medium for tissue regeneration:
Optimization of production and storage

Batoul Chouaib, Frédéric Cuisinier, Pierre-Yves Collart-Dutilleul

Specialty type: Cell and tissue
engineering

Provenance and peer review:
Invited article; Externally peer
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific
quality classification

Grade A (Excellent): 0

Grade B (Very good): B
Grade C (Good): C

Grade D (Fair): 0

Grade E (Poor): 0

P-Reviewer: Ocak E, Turkey;
Sukumaran A, Qatar

Received: March 28, 2021
Peer-review started: March 28, 2021
First decision: May 12, 2021
Revised: May 19, 2021

Accepted: April 21, 2022

Article in press: April 21, 2022
Published online: April 26, 2022

Batoul Chouaib, Frédéric Cuisinier, Pierre-Yves Collart-Dutilleul, Laboratory Bioengineering and
Nanosciences UR_UM104, University of Montpellier, Montpellier 34000, France

Corresponding author: Pierre-Yves Collart-Dutilleul, DDS, PhD, Associate Professor,
Laboratory Bioengineering and Nanosciences UR_UM104, University of Montpellier, 545
Avenue du Professeur Jean-Louis Viala, Montpellier 34000, France. pierre-yves.collart-
dutilleul@umontpellier.fr

Abstract

BACKGROUND

Mesenchymal stem cells (MSC) effects on tissue regeneration are mainly mediated
by their secreted substances (secretome), inducing their paracrine activity. This
Conditioned medium (CM), including soluble factors (proteins, nucleic acids,
lipids) and extracellular vesicles is emerging as a potential alternative to cell
therapy. However, the manufacturing of CM suffers from variable procedures
and protocols leading to varying results between studies. Besides, there is no well-
defined optimized procedure targeting specific applications in regenerative
medicine.

AIM

To focus on conditioned medium produced from dental MSC (DMSC-CM), we
reviewed the current parameters and manufacturing protocols, in order to
propose a standardization and optimization of these manufacturing procedures.

METHODS
We have selected all publications investigating the effects of dental MSC

secretome in in vitro and in vivo models of tissue regeneration, in accordance with
the PRISMA guidelines.

RESULTS

A total of 351 results were identified. And based on the inclusion criteria
described above, 118 unique articles were included in the systematic review.
DMSC-CM production was considered at three stages: before CM recovery (cell
sources for CM), during CM production (culture conditions) and after production
(CM treatment).

CONCLUSION
No clear consensus could be recovered as evidence-based methods, but we were
able to describe the most commonly used protocols: donors under 30 years of age,
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dental pulp stem cells and exfoliated deciduous tooth stem cells with cell passage between 1 and 5,
at a confluence of 70% to 80%. CM were often collected during 48 h, and stored at -80 °C. It is
important to point out that the preconditioning environment had a significant impact on DMSC-
CM content and efficiency.

Key Words: Tissue engineering; Mesenchymal stem cells; Dental; Conditioned medium; Secretome;
Regeneration

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Dental Mesenchymal stem cells (DMSC) effects on tissue regeneration are highly mediated by
their secreted substances [conditioned medium (CM)] such as soluble factors and extracellular vesicles.
The manufacturing of CM products suffers from variable procedures and protocols leading to different
results between studies. Focusing on CM produced from DMSC (DMSC-CM), we reviewed the current
parameters and manufacturing protocols, aiming to facilitate the standardization and optimization of
manufacturing procedures, in accordance with PRISMA guideline. No clear consensus could be recovered
as evidence-based methods, but it clearly appeared that the preconditioning environment had a significant
impact on DMSC-CM content and efficiency.

Citation: Chouaib B, Cuisinier F, Collart-Dutilleul PY. Dental stem cell-conditioned medium for tissue
regeneration: Optimization of production and storage. World J Stem Cells 2022; 14(4): 287-302
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INTRODUCTION

Although mesenchymal stem cells (MSC) were initially isolated from bone marrow, MSC from dental
and periodontal tissue (DMSC) have attracted international attention for future therapies because of
their practical and technical advantages[1]. Since 2000, when Gronthos et al[2] described a population of
pluripotent progenitors in adult dental pulp, studies have shown that dental tissues can be an important
resource of MSCs: dental pulp stem cells (DPSC), exfoliated deciduous tooth stem cells (SHED), apical
papilla stem cells (SCAP) which are situated at the ends of growing dental roots[3], periodontal
ligament stem cells (PDLSC), dental follicle stem cells (DFPC) located around the tooth germ, and
responsible for cementum, periodontal ligament and alveolar bone formation during tooth development
[4], gingiva-derived mesenchymal stem cells (GMSC) (Figure 1). For teeth at early stage of development
(bell stage), multipotent progenitors from dental mesenchyme have been described, named as tooth
germ progenitor cells (TGPC)[5].

An important advantage of these sources of MSC is the absence of morbidity and the fact that no
additional surgical procedures is required[6]. DMSC are obtained from exfoliated teeth, teeth extracted
for orthodontic or medical needs, and supernumerary teeth. While generally discarded as medical
waste, teeth could be an abundant source of mesenchymal stem cells.

Numerous studies have indicated that MSC effects on tissue regeneration are mostly mediated by
their secreted substances[7] defined as secretome, or MSC-conditioned medium (MSC-CM), which are
endowed with paracrine activity. These MSC-CM include soluble factors (proteins, nucleic acids, lipids)
and extracellular vesicles (EV)[8]. MSC-CM appears as a potential substitute for cell therapy, with
considerable potential to be developed into pharmaceutical products for use in regenerative medicine

9]

Compared to non-dental MSC-CM, dental mesenchymal stem cell-conditioned medium (DMSC-CM)
have greater amounts of transcriptional, metabolic and proliferation-associated proteins, neurotrophins
and chemokines. They also present reduced levels of proteins required for extracellular matrix
production and adhesion, and superior effects on cell differentiation, maturation and tissue
regeneration[10].

Many research works have described the application of DMSC secretome for various diseases
treatment and for tissue regeneration[8,10-12]. Dental MSC-CM have been investigated for the repair of
neurological disorders[13-18], cardiac lesions[19], diabetic disorders[20], liver diseases[21,22],
pulmonary lesions[23], immunity problems[24-26], dental and bone defects[27-30], and growth of hair
[31]. These potentials are assigned to positive effects on cell proliferation-migration-protection, to
specific effects such as anti-apoptotic, pro-angiogenic, immunomodulation, or to cell differentiation and
further tissue regeneration like osteodifferentiation, neuron-like regeneration, dentin-pulp complex
formation, periodontal regeneration (Figure 2 and Table 1).
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Table 1 Studies investigating the effects of secretomes from dental pulp stem cells, stem cells from human exfoliated deciduous teeth,

periodontal ligament stem cells, stem cells from apical papilla, dental follicle stem cells, gingiva-derived mesenchymal stem cells and

tooth germ progenitor cells for tissue regeneration

Type of DMSC

Ref.

Dental pulp stem
cells

Stem cells from
human exfoliated
deciduous teeth

Periodontal
ligament stem
cells

Stem cells from
apical papilla

Dental follicule
stem cells

Gingiva-derived
mesenchymal
stem cells

Tooth germ
progenitor cells

Kumar[33], 2017; Kumar([34], 2018; Kumar[35], 2017; Gervois[36], 2017; Horibe[37], 2014; Zhou[38], 2020; Venugopal[39], 2018; Caseiro
[40], 2019; Shen[41], 2015; Mead[42], 2014; Wada[43], 2009; Kolar[44], 2017; Bronckaers[45], 2013; Paschalidis[46], 2014; Piva[47], 2017;
Gharaei[48], 2018; Murakami[49], 2013; Li[50], 2019; Yamamoto[51], 2014; Sakai[52], 2012; Hu[53], 2019; Wang[17], 2019; Nakayama
[54], 2017; Merckx[55], 2020; Swanson[56], 2020; Gervois[57], 2019; Ivica[58], 2020; Zhang[59], 2020; Yamamoto[60], 2016; Ahmed[13],
2016; Xian[61], 2018; Song[62], 2015; Joo[63], 2018; Shen[64], 2020; Akazawa[65], 2015; De rosa[66], 2011; Ji[67], 2019; Aranha[68], 2010;
Huang][69], 2016; Lambricht[70], 2017; Iohara[71], 2008; Ishizaka[72], 2013; Kawamura[73], 2016; Hayashi[74], 2015; Iohara[75], 2014;
Iohara[76], 2013; Murakami[77], 2015; Omi[78], 2017; Makino[79], 2019; Omi[80], 2016; Chen[&1], 2019

Li[82], 2017; Pivoraite[25], 2015; Jarmalaviciute[16], 2015; Kano[83], 2017; Matsubara[84], 2015; Matsushita[21], 2017; Omori[27], 2015;
Yamagata[85], 2013; Fujii[86], 2015; Tsuruta[87], 2018; Shimojima[24], 2016; Yamaguchi[19], 2015; Sugimura-Wakayama[88], 2015;
Han[89], 2020; Sakai[52], 2012; Yamamoto[51], 2014; Chen[15], 2020; Mussano[90], 2018; Gunawardena[31], 2019; De cara[29], 2019;
Wang][91], 2020; Hiraki[28], 2020; Miura-Yura[92], 2020; Ishikawa[26], 2016; Wakayama[23], 2015; Izumoto-Akita[20], 2015; Ogasawara
[93], 2020; Sakai[94], 2020; Hirata[22], 2016; Asadi-Golshan[14], 2018; Mita[18], 2015; Inoue[95], 2013; Wei[96], 2020; Li[97], 2019

Kang[98], 2018; Diomede[99], 2018; Aghamohamadi[100], 2020; Kolar[44], 2017; Nagata[101], 2017; Cianci[102], 2016; Wada[43], 2009;
Qiu[30], 2020; Zhang[103], 2020

Kolar[44], 2017; Kumar[35], 2017; Kumar[33], 2017; Kumar[34], 2018; Bakopoulou[104], 2015; Zhuang[105], 2020; Yu[106], 2016; Yu
[107], 2020; Yu[108], 2020

Kumar[35], 2017; Kumar[33], 2017; Kumar[34], 2018; Chen[109], 2018; Wen[110], 2015; Wen[111], 2011; Liu[112], 2014; Wu[113], 2013

Jin[114], 2020; Qiu[30], 2020; Mao[115], 2019; Wang][116], 2020; Zhang[117], 2019; Rajan[118], 2017; Rao[119], 2019, Diomede[120], 2018;
Silvestro[121], 2020

Wang|[122], 2011; Huo[123], 2010; Ye[124], 2015; Yu[125], 2006; Shan[126], 2015; Yang[127], 2009; Yang[128], 2009

DMSC: Dental mesenchymal stem cells.

346)

Identification

Records identified through
database searching (n =

Additional records identified
through other sources (n =
15)

Screening

Eligibility

A .

Records after duplicates removed (77 = 351)

A

Records excluded
(n=232)

Records screened
(n=351)

A4

Full-text articles excluded,
with reasons (non-english
language = 1) (DMSC-CM
effects on cancer = 3)

Full-text articles
assessed for eligibility
(n=119)

A

Studies included in
qualitative synthesis
(n=115)
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Figure 1 PRISMA 2009 flow diagram. DMSC-CM: Dental mesenchymal stem cell conditioned medium.

JBaishideng®

WJSC | https://www.wjgnet.com

However, MSC-CM manufacturing suffers from variable procedures and protocols, leading to
different results between studies. Besides, there is no well-defined optimized procedure targeting
specific applications in regenerative medicine.

In the present article, we focus on conditioned medium produced from DMSC and their derivative
products. We review the current parameters and DMSC culture conditions used in the manufacturing
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Figure 2 Orthopantomogram X-ray, with representative sources of various dental mesenchymal stem cells. (1) Dental pulp stem cells; (2) Stem
cells from human exfoliated teeth; (3) Periodontal ligament stem cells; (4) Stem cells from apical papilla; (5) Dental follicle stem cells; and (6) Gingiva-derived
mesenchymal stem cells.
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protocols. The ultimate objective is to facilitate the standardization and optimization of manufacturing
procedures needed for the clinical translation of DMSC-CM and their derivative products.

MATERIALS AND METHODS

This systematic review was performed in accordance with the PRISMA guidelines[32].

Data sources and research strategy

We have selected all publications investigating the effects of dental MSC secretome (CM, EV, exosomes)
in in vitro and in vivo models of tissue regeneration by using the PubMed electronic database and the
following search terms: ((dental stem cells) AND ((conditioned medium) OR (secretome))) / ((dental
stem cells) AND ((extravesicles) OR (exosomes))). The bibliographic search considered articles meeting
the inclusion criteria, and published between 2006 and July 2020. Articles taken into account had
studied the DMSC secretome as a therapeutic agent, had analyzed the profiles of DMSC-CM, or
included experiments based on DMSC-CM or its derivatives (EV, exosomes) to assess the paracrine
activity of DMSC. Only articles in English were considered. All results were screened based on titles and
abstracts. Full texts of the potentially selected records were obtained for definitive inclusion.

RESULTS

A total of 351 results were identified. And based on the inclusion criteria described above, 118 unique
articles were included in the systematic review. Flow diagram is available as Figure 1.

To organize the analysis and interpretation, DMSC-CM production was considered at three stages:
Before CM recovery (cell sources for CM), during CM production (culture conditions) and after
production (CM treatment). For these three steps, we identified key points that were often taken into

account in the published experimental works. A schematic representation of these elements is shown in
Figure 3.

Dental mesenchymal cells: Type of cells
Most of studies have investigated the secretome effects of DPSC and SHED. The other secretomes, from
PDLSC, SCAP, DFSC, GMSC, or TGPC have been less investigated (Table 1).

Most of these studies analyzed DMSC to verify their stemness. Specific cell surface markers were
verified before starting the experimentation: positive expression of CD90, CD73, CD29, CD44, and
CD105 (MSC markers), and absence of CD34, CD45, CD11b/c, CD31, CD144, and HLA-DR
(endothelial /hematopoietic markers). Cell differentiation capacities were controlled for the adipogenic,
chondrogenic, and osteogenic lineage. However, there were several studies in which stemness character
was not controlled. And few studies did not considered stemness character for dental cells[58,65,111-
113,129] (Supplementary Table 1).

DPSC, SHED, PDLSC, SCAP, DFPC, GMSC and TGPC derive from oral and tooth related structures.
However, the specific properties of these different dental stem cell populations are slightly different
according to the location from which they are isolated, in term of marker expression and differentiation
potencies[130]. Thus, their secretome may also vary. A previously published study compared the neural
potential of DMSC-CM obtained from three sources (DPSC, DFSC, and SCAP) with BMSC-CM: the
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Figure 3 Schematic representation of the characteristics investigated as potential applications of dental mesenchymal stem cell
conditioned medium. Number in brackets indicates the number of publications considering the activity. DMSC-CM: Dental mesenchymal stem cell conditioned

medium.
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results showed that neurite extension in neural cells were significantly lowered when cells were
incubated in BMSC-CM, compared to DMSC-CM. However, among these three dental CM, a significant
difference was observed, in term of in vitro effects and secretome profiles. Thus, neurite length was
increased with neural cells incubated with DPSC-CM, compared to DFSC-CM and SCAP-CM. Besides,
significantly different levels of neurotrophins and cytokines were observed in the three secretomes[35].
Another study compared also the neural potential of DMSC-CM from three dental sources (DPSC,
SCAP, and PDLSC) of the same donor; Although all CM significantly enhanced axon regeneration and
showed neuroprotective effects on neurons, results were better with SCAP-CM. By protein quanti-
fication, it was revealed that the level of secreted proteins were very similar for DPSC-CM and SCAP-
CM, but different from PDLSC-CM[44]. A third study, comparing SHED and DPSC, could not highlight
any difference between SHED-CM and DPSC-CM, as both secretome promoted neurite extension[52].

DMSC-CM have been generally compared with ASC-CM and BMSC-CM. Small particles with
molecular weights between 30 and 100 nm were more abundant in DPSC-CM, whereas the fraction of
intermediate particles (100-300 nm) was larger in BM-MSC[55]. DPSC-CM seemed to be more potent in
neurogenesis[35,72], neuroprotection[13,39,42], angiogenesis[72,74], and migration[74] than ADCS-CM
and BMSC-CM. Furthermore, the anti-apoptotic potential of DPSC-CM was found to be greater than
that of BMSC-CM and ADSC-CM][39,74]. However, endothelial cell chemotaxis and in ovo neovascular-
ization were less observed with DPSC-CM than BM-MSC[55]. Compared to umbilical cord mesen-
chymal stem cells (UMSC), some growth factors dominated in UMSC secretion, while others were more
evident in DPSC, despite their overall similar profiles[40].

Similarly, SHED and other MSC differed in their basal expression of several biomolecules. Some
relevant factors were abundant in SHED-CM but hardly detectable in ASC-CM[90]. SHED-CM was
more anti-inflammatory[19,21] and anti-apoptotic[19] compared to BMSC-CM and ASC-CM. It was
more efficient than BMSC-CM for the treatment of arthritis[26] and diabetes[20], for neuroprotection[62]
and repair[18].

Concerning SCAP-CM, studies have shown that compared to BMSC, SCAP secrete more proteins
associated with metabolic processes and transcription, but less proteins involved in biological adhesion,
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immune function, and developmental processes. The amounts of chemokines and neurotrophins
secreted by SCAP are significantly higher than those of BMSC, in contrast to extracellular matrix
proteins and proangiogenic factors[106].

Cells origin: Donors

Aging has a clear influence on cell proliferation and capacity to differentiate. However, it is difficult to
define a barrier discriminating optimal age for cell recovery. Decrease in dental MSC proliferation,
migration, and differentiation has been correlated with age in the literature[131]. But among the public-
ations considered in this systematic review, only one investigated the impact of donor age and could not
highlight any significant difference between DPSC-CM from aged (44-70 years old) and young donors
(19-30 years old), in term of trophic effects[37]. Taking the overall publications, donor age range in most
of the studies is between 14 to 30 years old. Some studies considered donors over 30 years old[38,53,66,
67,102], with good results overall. In general, the number of donors, their gender and medical status
were not reported. Inter-donor variability has rarely been taken into account, although teeth have been
extracted from several donors. In most cases, DPSC were isolated from erupted or impacted third
molars, but they were also obtained from premolars, canines and incisors in some studies. SHED were
always isolated from deciduous teeth, with donors under 12 years of age. CSDF were obtained mainly
from molars and premolars. The developmental stages of the teeth were considered only in few studies,
and their clinical status (decayed or not) were not systematically provided.

Some studies used dental cells from rats, dogs, and pigs, making comparison even more complicated,
in term of donor. Thus, it is not possible to conclude about optimal donor age range, according to the
available data. However, except for SHED, most of the investigations were conducted with donors
under 30 years (Figure 4). Complete donors’ characteristics of studies investigating DMSC-CM are given
in supplementary data (Supplementary Table 2).

Cell expansion

To our knowledge, the impact of cell passage number on their secretions has never been examined,
while its effect on the concentration of secreted growth factors has only been noted once by Miura-Yura
et al[92]. The passage number of cells ranged from 1 to 12 in studies investigating the potential of DMSC
secretomes (Supplementary Table 3). Some studies did not even precise cell passage numbers[6,16,20,29,
30,60,66,68,72,82,85,87,88,92,98]. When considering cell expansion (through passage number), we can
only observe that the majority of works were conducted with cells before passage 5, to prevent any risk
of senescence during cell expansion (Figures 4 and 5).

Cell sorting
Significant variability in proliferative and differentiation capabilities have been observed for individual
DPSC populations expanded from human teeth from donors within a similar age range. Inherent
differences were even identified between DPSC populations derived from the same patient[132]. In
some studies, cell population was selected before investigating DMSC-CM. Side populations were used
in some studies, targeting CD31 marker[72,74] or CD31/CD146 markers[71,133]. These sorted
populations from dental pulps are enriched in stem/progenitor cells and can significantly stimulate
angiogenesis/ vasculogenesis[133]. Stem cell mobilization through G-CSF induction was also used in
several studies to isolate stem cells[37,49,54,60,73,75-77]. This technique generated a mobilized subpopu-
lation of dental pulp stem cells that are stable and age-independent, with high proliferative, migratory
and regenerative potentials. Single cell clones derived from human deciduous tooth pulp cells were
used by Akazawa et al[65]. Finally, De Rosa et al[66] selected DPSC based on their relative positivity
profile for markers such as CD34, CD117, CD44, STRO-1, RUNX-2 and OC, before studying the
secretome potential of osteodifferentiated DPSC.

No consensus could be described about cell sorting before CM recovery. This is not surprising as
mesenchymal/stromal population are heterogeneous populations in which no specific/ unique marker
is described so far.

Conditioning period

In most studies investigating DMSC-CM effects from secretome, cells were harvested for 48 h, starting
with DMSC at 70%-80% of confluency (Histograms in Figure 4 and Supplementary Table 4 in supple-
mentary data). Paschalidis et al[46] followed DPSC-CM collections from 4 d to 24 d, and described most
pronounced effects within the first collection. The conditioning period was always considered with cells
incubated in serum-free media. No clear difference could be enlightened from the various studies about
protein concentration or DMSC-CM effects, but 48 h was the most used duration.

Cell culture medium

The principal culture medium used for DMSC-CM processing was DMEM. This medium was used for
processing indifferently of the targeted application, or clinical objective: cardiac injury[19], diabetes[20],
lung[23] or liver[22] injuries, bone regeneration[27], nerve regeneration[60], dental regeneration[73], and
cerebral ischemia[95]. During the processing, in most of the studies, cells were kept in serum-free
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Figure 5 Histograms showing the number of publications for each parameter from the 4 specific key points: Conditioning period; Cell
passage number; Cell confluence; Donor age.
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conditions, without Phosphate Buffer Saline (PBS) washing step before conditioning period
(Supplementary Table 5).

Microenvironmental cues

It has been described that MSC could act as repair cells within the body when stimulated and recruited.
This concept lead to MSC implication, not only by natural and constitutive secretion of regenerative
factors, but also by producing specific factors in response to stimuli[134]. Thus, the secretion of different
potential therapeutic factors by MSC can be modulated according to various physical, chemical, and
biological cues.

During DMSC-CM production, the effects of hypoxia, 3D culture, LPS preconditioning, and osteodif-
ferentiation were studied (Supplementary Table 6). Hypoxia is an environmental cue increasing VEGF
levels[68,104] in the secretome. A study even described that hypoxia increased angiogenic potential of
SCAP conditioned medium[104]. It was shown that 3D culture increased anti-apoptotic effects of SHED
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conditioned medium, when used with dopaminergic neurons[16]. LPS preconditioning increased DPSC
conditioned medium potential for Schwann cells proliferation, migration, and odontogenic differen-
tiation[50]. Secretome with LPS preconditioning also increased PDLSC anti-inflammatory effects[98].
The cytokine, chemokine and growth factor profiles of SHED-CM were significantly affected after
osteoinduction of SHED cells[90], which also strengthened the effect of SHED-Exosomes on the
osteogenic differentiation of PDLSC[91]. Osteogenesis of amniotic fluid stem cells was also stimulated
by the secretome of osteodifferentiated DPSCs[66]. Kolar et al[44] stimulated DMSC using a previously
published protocol[135], which increased significantly the secretion of VEGF-A and BDNF proteins and
enhanced the effect of DMSC secretome on neurite outgrowth.

Each preconditioning regimen induced an individual expression profile with a wide variety of
factors, including several growth factors and cytokines[136].

Secretome purification

DMSC-CM was concentrated before use in some studies and diluted to 50% in others[35,46,109,110]. A
50% diluted DMSC-CM has sometimes been proposed as the most effective[46], probably because of an
optimal balance achieved between paracrine stimulatory and metabolic inhibitory products[46,137].
Only protein fractions with a molecular weight between 10 kDa and 3 kDa were able to protect neurons
from induced neurodegeneration, indicating a possible responsibility of these microproteins for the
neuroprotective character of DPSC-CM[39]. Only the fraction smaller than 6 kDa of SHED-CM
promoted neurite growth in dorsal root ganglion neurons[92]. Finally, in most studies, filtration with
0.2pum pore filters was performed, in order to sterilize the CM and/or remove debris.
Supplementary Table 7 summarizes the CM purification procedures in studies using DMSC-CM for
tissue regeneration.

Numerous studies have been performed to assess if DMSC functions are associated with EV-enriched
fractions or not. Merckx et al[55] demonstrated that the main angiogenic effect of growth factors secreted
by DMSC was not associated with EVs. Nevertheless, Zhou et al[38] showed a decrease in the
proangiogenic effects of DPSC-CM when EV secretion was blocked. DPSC exosomes in comparison
with DPSC-CM showed similar neuroprotective efficacy, with superior anti-necrotic properties and
implication in aging processes[39,138]. SHED-exosomes, in contrast to SHED-derived microvesicles,
have approved anti-apoptotic effects in dopaminergic neurons[16]. However, they did not show the
neuritogenic potential observed in SHED-CM[92]. Supplementary Table 8 in supplementary data
summarizes the methods used to purify the DMSC-EV in the literature.

Secretome storage

DMSC-CM was stored at -80 °C in most studies, at -20 °C in three studies[78-80] and at +4 in two studies
[87,88]. These different kind of storage did not affect the potentials of CM. Protease inhibitors were
added to secretomes just in few studies[13,16,73,74]. Supplementary Table 9 in supplementary data
summarizes the storage conditions of DMSC-CM in literature.

Secretome characterization

Secretome characterization is necessary to identify DMSC-CM profiles and to confirm the reprodu-
cibility of manufacturing. Different technics were used in the literature (Supplementary Table 10).
Protein concentration in the secretome was measured with the BCA and Bradford protein assays. Other
techniques were used for qualitative and quantitative identification of CM. With the development of
technology, proteomics has become a strong tool for identification, and mass spectrometry has emerged
as the main technique applied for the detection of proteins in cell secretomes[139]. A high protein
coverage was obtained by mass spectrometry in a study conducted by Tachida et al[140] to identify the
secretion profile of DPSC-CM. In that study, CM was prepared with DPSC isolated from rat incisors,
having a confluence of 80-90%. Three washes with PBS were done before starting the conditioning of
serum-free alpha-MEM medium by DPSC for 72 h. A 0.2pm filtration and a 50-fold concentration with a
3 KDa MWCO centrifugal unit were then performed[140]. The CM profile described in this study cannot
represent DPSC-CM in general, as the CM preparation protocol is different from those used in other
DMSC-CM studies. Comparing protein profiles and concentrations directly between studies is
hampered by the variability of all the factors detailed above, and a production standardization may be
the key to obtaining clear DMSC-CM profiles and ensure appropriate use of each CM based on its
profile.

DISCUSSION

Among all the considered key points, at the 3 Levels of CM production, no consensus could be
highlighted as evidence-based methods. We could only describe the most commonly used protocols.
However, the various microenviroenmental cues were shown many times to have a significant impact
on CM protein content, and improved effect on specifically targeted applications. Hypoxia enhanced the
VEGEF secretion and proangiogenic; 3D culture increased anti-apoptotic effects on neurons; LPS precon-
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ditioning increased cell proliferation and migration, with enhanced anti-inflammatory activity; osteo-
induction of DMSC enhanced the CM effect for further cell osteodifferentiation. Taken altogether, each
preconditioning manipulation induced a specific protein expression profile.

More recently, we have demonstrated that specific preconditioning protocols could lead to DMSC-
CM which significantly increase neurite growth in sensory neurons[141]. This neuroregenerative effect
of CM due to preconditioning was linked to a change in secretome composition, with an increase of
several factors involved in neurogenesis, neuroprotection, and angiogenesis.

CONCLUSION

We have reviewed here the different conditions and protocols used in the manufacturing of DMSC-CM
and their derived products. This literature survey allowed us to describe that donors under 30 years of
age are often used to produce CM. DPSC and SHED were the most commonly used cells, with cell
passage between 1 and 5, and at a confluence of 70% to 80%. DMEM was the most commonly used
culture medium for all applications. CM were often collected during the first 48 h, and frozen at -80 °C.
The preconditioning environment (environmental cues) had a significant impact on DMSC-CM content
and efficiency. Therefore, further studies should be conducted to confirm which environmental
conditions specifically optimize the potentials of DMSC-CM for each application in tissue regeneration,
and which parts of DMSC-CM are responsible for these potentials.

ARTICLE HIGHLIGHTS

Research background

Dental Mesenchymal stem cells are progenitor populations recovered from dental and periodontal
tissues easily accessible when a tooth is extracted (and usually discarded as medical waste). One of the
main effects of Mesenchymal stem cells on tissue regeneration is due to their paracrine activity,
mediated by their secreted substances defined as secretome or conditioned medium. Conditioned
medium represents a cell-free product with wide potential applications for various diseases treatment
and tissue regeneration.

Research motivation

Conditioned medium manufacturing suffers from variable procedures and protocols. Results presented
by various studies are difficult to compare, due to the different methods of production. Moreover, there
is no well-defined optimized procedure to specifically target specialized tissue in regenerative medicine.

Research objectives

To describe potential consensus for the standardization and optimization of manufacturing procedures,
mandatory for further clinical applications. In this systematic review, we focused on conditioned
medium produced from Dental Mesenchymal stem cells. We explored the current parameters and
culture conditions used in the manufacturing protocols.

Research methods

The bibliographic research was conducted in accordance with the PRISMA guidelines. All articles
published between 2006 and 2020 investigating the effects of Dental Mesenchymal stem cells secretome
on tissue regeneration were selected. We used the electronic PubMed database with these search terms:
((dental stem cells) AND ((conditioned medium) OR (secretome))) / ((dental stem cells) AND
((extravesicles) OR (exosomes))). Only publications in English were considered.

Research results

Based on the inclusion criteria, 118 articles were included in the systematic review. Conditioned
medium production was considered at three levels: before recovery (cell sources), during production
(culture conditions) and after production (secretome treatment). We identified key points that were
often taken into account in the published experimental works.

Research conclusions

Among all the considered key points, no consensus could be highlighted. However, some tendencies
could be described: cells used were mainly from donors under 30 years of age, with cell passage
between 1 and 5, at a confluence of 70% to 80%. Conditioned medium was usually collected during the
first 48 h, and kept frozen at -80°C. The various microenviroenmental cues were shown many times to
have a significant impact on protein content, and improved effects on specifically targeted applications:
each preconditioning manipulation induced a specific protein expression profile.

WJSC | https://www.wjgnet.com 295 April 26,2022 | Volume14 | Issued |



Chouaib B et al. Optimizing dental stem cell-conditioned medium

Jaishideng®

Research perspectives

Standardization of procedures is of prior importance to develop clinical-grade products. However, the
protein contents of secretome is more linked to preconditioning than to specific technical methods. The
challenge to overcome in the near future is to define specific preconditioning protocols to produce tissue
specific conditioned medium (i.e, osteogenic environement, neuronal environment, cell incubation with
inflammatory proteins...).
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Abstract

BACKGROUND

Syringomyelia is a disease caused by the formation of a cavity inside the spinal
cord and is accompanied by such symptoms as pain, paresthesia, and urination
and defecation disorders, and in severe cases causes various paralyses. Currently,
there are only surgical methods for the treatment of syringomyelia, but these
methods carry the possibility of failure, recurrence, and side effects.

CASE SUMMARY

The patient was a 59-year-old woman who suffered from pain due to syrin-
gomyelia. For treatment, the patient received transplant of uncultured umbilical
cord-derived mesenchymal stem cells. As intended, the patient's pain was
relieved after treatment. Interestingly, an additional benefit was found in that the
size of the cavity also decreased. After 2 years from the last treatment, the

patient's cavity had almost completely disappeared and her syringomyelia was
deemed cured.

CONCLUSION

Using uncultured umbilical cord-derived mesenchymal stem cells may be a new
treatment alternative for syringomyelia.

Key Words: Syringomyelia; Umbilical cord mesenchymal stem cells; Cell therapy;
Allogenic stem cells; Chiari malformations; Case report
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Core Tip: Syringomyelia has no suitable treatment other than surgical methods, but these methods carry the
possibility of failure, recurrence, and side effects. In this study, we treated a patient with syringomyelia
using uncultured umbilical cord-derived mesenchymal stem cells. This method could be a new treatment
alternative for syringomyelia.
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INTRODUCTION

Syringomyelia is a disease in which a cavity composed of fluid similar to cerebrospinal fluid or
extracellular fluid is formed inside the spinal cord and gradually expands, thereby damaging the spinal
nerves[1-4]. Cerebrospinal fluid is a bodily fluid that surrounds the brain and spinal cord and is known
to protect the brain and spinal cord from external shocks and to transport nutrients and waste products
[5]. Cerebrospinal fluid is produced in the choroid plexus of the ventricles located inside the brain and
circulates in the subarachnoid space around the brain and spinal cord[6]. It is known that a spinal cavity
is formed when the circulation of the cerebrospinal fluid is blocked in the subarachnoid space[1-4].

Various diseases can cause syringomyelia to include Chiari malformation, arachnoiditis, scoliosis,
spinal tumors, spina bifida, and the like[4,7]. It is also known that syringomyelia can occur in patients
with spinal cord injury due to traumal4,8]. The most common sites for syringomyelia are the cervical
and thoracic portions of the spinal cord, and sometimes even the medulla oblongata[1-4]. Symptoms
caused by syringomyelia vary, depending on the scope. Patients may experience pain, abnormal
sensations, and loss of sensation[4,9]. If the autonomic nervous system is invaded, then abnormal body
temperature and defecation and urination disorders may occur[10]. If syringomyelia affects the medulla
oblongata, then paralysis and atrophy of the tongue, difficulty swallowing, dysarthria, and facial
paralysis may occur[4]. If syringomyelia is not treated, the 10-year survival rate is known to be about
50%[4]. In particular, post-traumatic syringomyelia can range from transient neurological deficits due to
minor trauma to complete paralysis of the upper and lower limbs[1,4,8].

To date, surgery has been the only treatment method for syringomyelia[4,11,12]. Surgical treatment
for syringomyelia focuses on the cause of the cavity and reducing the pressure of the subarachnoid
space, and the shunt is mainly used to draw fluid out from the cavity[13,14]. In the case of Chiari
malformation, the subarachnoid space is enlarged with foramen magnum decompression and dura
mater plastic surgery, and the cerebellar tonsils that obstruct the flow of cerebrospinal fluid are excised.
However, these surgical treatments are suboptimal for the treatment of syringomyelia[15-17]. While this
treatment prevents further nerve damage and can be expected to improve symptoms, there is a risk of
complications such as bleeding, inflammation, and nerve damage. After surgery, symptoms may
continue to worsen or the cavity may become enlarged[17]. Therefore, surgery is usually not performed
unless symptoms worsen after the observation period of the patient’s progress.

In this study, we transplanted uncultured umbilical cord-derived mesenchymal stem cells (UC-MSCs)
for the purpose of alleviating pain in a patient with syringomyelia. At the beginning of treatment, it was
expected that this treatment would be effective in relieving pain, but it was not expected that the
syringomyelia would be cured. As intended, the patient’s disease-related pain gradually decreased.
After the stem cell treatment, the patient also experienced an unexpected positive change which was
observed during subsequent regular check-ups for follow-up after surgery for the Chiari malformation.
First detected as a slight decrease in the patient’s cavity size, the shrinkage continued until the cavity
had almost completely disappeared at 2 years after the stem cell treatment. Although we could not
elucidate the underlying mechanism of this beneficial outcome, we expect that the transplantation of
uncultured UC-MSCs may have produced a direct or indirect effect on both her syringomyelia and
related Chiari malformation.

CASE PRESENTATION

Chief complaints

On May 25, 2016, a 59-year-old woman, suffering from syringomyelia, visited our clinic. The patient had
extreme symptoms of pain and dysphonia. The patient reported suffering particularly from pain in the
eye, hand, and knee, as well as myalgia and occipital headache.
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History of present illness

The patient reported having started experiencing neck and hand pain after a fall in 2009, with those pain
symptoms having persisted for more than 1 year. In July 2010, the patient was diagnosed with Chiari
malformation with syringomyelia. The patient underwent foramen magnum decompression on
November 22, 2010, to treat the Chiari malformation and syringomyelia. After surgery, however, the
imaging analysis revealed no changes at the C6-T2 level of the spinal cord in the localized
syringomyelia (Figure 1A and B). Subsequent magnetic resonance imaging investigations of the
extended cervical spine were performed on August 29, 2011 and August 22, 2012, to check changes in
the cavity’s size (Figure 1C-F). The data showed no significant changes at the C6-T2 level of the spinal
cord in the localized cavity compared to imaging findings from 21 mo prior. The patient did not receive
any additional treatment related to this disease other than the treatment received at our clinic after
surgery.

History of past illness
The patient had no specific disease, except for Chiari malformation with syringomyelia.

Personal and family history
The patient had no relevant personal and family disease histories.

Physical examination

At the time of the first visit, the patient participated in a brief question-and-answer session to confirm
the symptoms. The patient’s pronunciation was not clear (but understandable) due to dysphonia. The
patient also reported experiencing eye, hand, and knee pain, myalgia, and occipital headache at that
time.

Laboratory examinations

Overall, there were no abnormalities on the routine blood and urine tests but total cholesterol (217
mg/dL; normal range: < 200 mg/dL) and low-density lipoprotein cholesterol (157 mg/dL; normal
range: < 130 mg/dL) levels were borderline high.

Imaging examinations
Imaging examinations were not performed.

FINAL DIAGNOSIS

The patient was diagnosed with syringomyelia and was suffering from substantial pain and dysphonia.

TREATMENT

UC procurement

UCs were donated by the Obstetrics and Gynecology Department at Lynn Woman’s Hospital (Seoul,
South Korea). The mothers who had donated the UCs had signed informed consent forms. All UCs were
confirmed for safety through various tests of the mothers” blood and urine.

Isolation and quality evaluation of UC-MSCs

UC-MSCs were obtained from the donated UCs. The isolation method is as follows[18-21]. The UCs
were disinfected with 70% ethanol and washed with 1 x phosphate-buffered saline. Next, three vessels
and the amniotic membrane were removed from the UCs. Then, the UC tissues were cut into 2-3 cm
pieces and placed into a 50-mL conical tube containing collagenase and hyaluronidase mixture solution.
The UC tissues were then cut into smaller pieces using surgical scissors and ground using a disposable
tissue grinder. Following, the ground tissues were placed in a 37 °C incubator with 50 mL/L CO, for 1
h. After filtration of the solution using a 100-pm filter, the UC-MSCs were harvested by centrifugation of
the flow-through. The UC-MSCs were frozen using CryoStor® CS10 (Stemcell Technologies, Cambridge,
MA, United States) and then stored at -80 °C for a day. The following day, the frozen cells were stored
in liquid nitrogen.

The isolated UC-MSCs were analyzed by the expression level of MSC-specific proteins, such as CD73,
CD90, and CD105. A CyFlow® Cube 6 (Sysmex, Lincolnshire, IL, United States) and FCS Express 5
software (De Novo Software, Glendale, CA, United States) were used. We only used cells that met the
criteria of CD73 2 70%, CD90 = 90%, and CD105 = 90% as a result of the analysis of the UC-MSCs. The
UC-MSCs that were used also passed microbiological tests.
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Figure 1 Imaging analyses before and after stem cell treatment. A-F: Magnetic resonance imaging scans of the patient before stem cell treatment, from
November 26, 2010 (A: Sagittal; B: Transverse), August 29, 2011 (C: Sagittal; D: Transverse) and August 21, 2012 (E: Sagittal; F: Transverse); G-J: Magnetic
resonance imaging of the patient after stem cell treatment, from July 18, 2018 (G: Sagittal; H: Transverse) and August 31, 2020 (I: Sagittal; J: Transverse). Orange
arrows indicate where the cavity is or was.
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Preparation of injection solution

We prepared 6 x 107 cells per treatment to transplant into the patient, calculated for 1 x 10° cells per kg
body weight. In order to lower the viscosity of the injection solution, we divided the cell content in half,
for two solutions with each containing 3 x 10” uncultured UC-MSCs mixed with 10-mL of 0.9% normal
saline solution for each.

Treatment

We chose the intravenous injection method instead of local injection into the painful area as the
transplantation method because the patient was experiencing pain throughout the whole body. The 10-
mL injection solutions (as above, containing 3 x 107 UC-MSCs) were diluted for use by adding to 100 mL
of 0.9% normal saline solution. In one treatment, the patient was injected with this 110-mL solution two
times. The first 110-mL injection was given over a period of 1-2 h. After a 1 h break, the patient received
the second injection. The patient received a total of four treatments over 8 mo. In July 2018, the patient
received an additional treatment (Table 1).

OUTCOME AND FOLLOW-UP

During the treatment period, the patient experienced repeated pain reductions and then recurrences.
After receiving the first (May 25, 2016) and second (July 26, 2016) treatments, the effectiveness of the
treatment did not last long. The effect of the third treatment (August 9, 2016), however, was maintained
for about 5 mo, and on January 13, 2017, the patient received the fourth treatment. The patient
maintained the pain-reducing effect for a long period.

After syringopleural foramen magnum decompression for the treatment of Chiari malformation, the
patient attended regular check-ups for follow-up after the surgery at the hospital where the surgery had
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Table 1 Transplantation of uncultured umbilical cord-derived mesenchymal stem cells to the patient

In an injection As a treatment
Treatment number Date ; —
Cell amount Volume in mL Number of injections Total cell amount
1 May 25, 2016 3 %107 110 2 6 x 107
2 July 26, 2016
3 August 9, 2016
4 January 13, 2017
5 July 20, 2018

been performed. Interestingly, it was confirmed during the regular check-up in July 2018 that the cavity
decreased in size (Figure 1G and H). Since the patient did not receive any treatment except for the
uncultured UC-MSC transplantation, we considered the possibility that the stem cell treatment induced
a reduction of the cavity size. Therefore, in July 2018, the patient received one more treatment.
Afterward, the patient’s existing symptoms, such as eye, hand, and knee pain, myalgia, occipital
headache, and dysphonia, improved significantly. As a result of imaging analysis performed in August
2020, the cavity was almost completely disappeared (Figure 1I and ]). Since then, the patient has
maintained a significant decrease in pain and dysphonia.

Report of side effects

The patient had temporary nausea and dizziness after the first treatment. However, these symptoms
were not present in the second through fourth treatments. The patient did not report any particular side
effects during the follow-up period.

DISCUSSION

MSCs have a paracrine effect that helps protect and regenerate neuronal cells and promotes the ability
for differentiation into neuronal cells[22-24]. Recently, as MSC transplantation has shown therapeutic
potential in patients with spinal cord injury, clinical cases using MSC transplantation are increasing[25,
26]. Meanwhile, a Spanish research team reported the first case of MSC transplantation for a patient
with post-traumatic syringomyelia in 2017, and the results of the follow-up study were announced in
2018[27,28]. So far, there have been only these two cases of syringomyelia treatment using cell therapy,
and two additional studies using a syringomyelia model were reported in 2018 and 2020[29,30].
Although the mechanism of this benefit is not clear, as there are not many studies on MSCs and the
treatment of syringomyelia, previous studies have shown that MSC transplantation has potential as an
alternative treatment for syringomyelia.

The patient had undergone syringopleural foramen magnum decompression for the treatment of
Chiari malformation with syringomyelia in 2010, but the syringomyelia remained. In the medical
records issued by the hospital where the patient had been operated on, there was no significant change
detected in the size of the cavity before 2014; however, there was a record of a slight decrease in the size
of the cavity detected in March 2014. Unfortunately, since we could not secure magnetic resonance
imaging (MRI), C-spine data was obtained in March 2014, but this precluded our ability to directly
confirm the change in the size of the cavity. In addition, there was no record of syringomyelia in the
medical record from March 2014 until May 25, 2016 (the start-day of UC-MSCs treatment). Therefore,
based on the medical records and historic MRI C-spine results, we estimated that the patient’s cavity
size before UC-MSC therapy was similar or slightly reduced compared to that before surgery. After four
UC-MSC treatments had been administered over an 8-mo period, the patient showed cavity size that
was significantly reduced according to the magnetic resonance imaging findings in 2018. Confirmed by
magnetic resonance imaging, the cavity had almost disappeared in 2020.

Because the initial purpose of the UC-MSC-based treatment of this patient was pain relief, our data
are insufficient to support the treatment of syringomyelia by MSCs. In particular, the absence of data for
the imaging investigations carried out just before the stem cell treatment and the pressure change that
occurred due to the reduction of the cavity’s size make it difficult to accurately interpret the study
results. However, based on our results and findings from previous studies on the effect of MSC
transplantation on syringomyelia, it is possible that MSC transplantation therapy plays a positive role in
the treatment of syringomyelia patients[27-30]. We, therefore, expect that a future well-controlled and
planned large-scale clinical study will provide support for this therapy as a new alternative for
syringomyelia, which is particularly important since an appropriate treatment method is currently not
available.
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CONCLUSION

In this case study, a patient with syringomyelia was treated by intravenous transplantation of
uncultured allogeneic UC-MSCs. Although this study is a case report for a single patient and there is
room for interpretation of the data, considering the results of previously reported studies along with it,

MSC transplantation may hold promise as a new treatment alternative for syringomyelia.
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Abstract

Epigenetic modifications have been observed as a decline in miRNA-21
expression and breast cancer stem cell (CSC) population after 3 cycles of standard
chemotherapy. The epigenetic response (miRNAs expression) and CSCs are also
correlated in patients with Breast Cancer. In patients who tolerated chemotherapy
well, miRNA-21 (non-coding RNA) expression decreased significantly after three
cycles of chemotherapy. The miRNA-21 expression in breast cancer tissue was
quantified by quantitative PCR (real-time PCR) using the standard protocol. In
addition, breast CSCs (CD44+/CD24-) were also decreased in these patients. The
miRNA-21 regulates cell division, proliferation, and autophagy of cancerous cells
(as it targets phosphatase and tensin homolog/AKT/transcription factor
EB/programmed cell death 4/autophagy-related protein 5 and chemotherapy
also produces similar effects), thereby contributing to these benefits. Therefore,
when all of the targets on genes have been explored by mimic miRNA,
chemotherapy combined with anti-miRNA21 therapy may prove useful in the
care of cancer patients.
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Core Tip: Epigenetic modification by non-coding RNAs (miRNA), along with the discovery of a cancer
stem cell (CSC) database for all cancer types, has revolutionized oncology. The hallmarks of cancer
include six capabilities acquired during the development of human tumors. These include sustaining
proliferative signaling, evading growth suppressors, resisting cell death, facilitating replicative
immortality, promoting angiogenesis, and promoting invasion and metastasis. These hallmarks are
primarily manifestations of genome instability, which facilitates their acquisition, epigenetic modific-
ations, and CSCs (Heterogenic tissue populations), which play vital roles in nurturing multiple hallmark
functions. These alterations can be explored and targeted for better cancer management.
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TO THE EDITOR

The article by Mandhair et al[1] provides an excellent review of the mechanisms behind autophagy,
commonly known during cancer progression for its function as an oncolytic and adaptive signaling
pathway. Additionally, the authors discussed various epigenetic modifications such as methylation,
acetylation, non-coding RNA (miRNAs), and cancer stem cells (CSCs), which influence genomic
diversity and promote carcinogenesis. The relentless work by scientists and clinicians on carcinogenesis
has proposed a few hallmarks of cancer, including maintaining proliferative signaling, evading growth
suppressors, avoiding cell death, inducing angiogenesis, and activating invasion and metastasis[2].

The author provided an excellent, well-organized description of transcriptional factors expression
that are crucial for stemness behavior of CSCs, as well as the contribution of epigenetic modulation,
which is involved in regulation of autophagy through various transcriptional factors and signaling
pathways. Apoptosis (established hallmark) is regulated by autophagy through the degradation of
NOXA (Phorbol-12-myristate-13-acetate-induced protein 1), while inhibiting autophagy increases
NOXA protein levels by extending the protein half-life. NOXA accumulation inhibits tumor cell growth
by inducing apoptosis, which is further enhanced when p53 is present[3].

The authors have successfully provided an in-depth understanding of autophagy in cancer and its
modulation, even though we liked the idea that transcriptional factors, methylations, and non-coding
microRNAs have diverse crossroads that affect other indicators of cancer and interfere with them[2].
Similarly, cancer treatment strategies such as chemotherapy and radiation therapy have also been found
to interfere with and affect various transcriptional factors and epigenomic milieus of cancers.

Chemotherapy affects autophagy, and the cell cycle in well-tolerated and chemosensitive patients,
resulting in better outcomes[4]. We also find, in patients with breast carcinoma (unpublished work), that
miR-21 (non-coding RNA) was decreased significantly after three cycles of chemotherapy in those
patients who had well tolerated the chemotherapy. Quantitative real-time PCR was used to assess miR-
21 expression from breast cancer tissue using the established standard protocol[5].

The breast CSC populations (CD44+/CD24-) also declined in these breast cancer patients. The breast
CSC populations (CD44+/CD24) were counted by Flow-cytometer using corresponding antibodies[5].
The miR-21 is one of the most consistently highly expressed onco-miRs in several cancers, where it
regulates multiple stemness parameters. Suppression of apoptosis is one of the key roles of miR-21.

Few cancer types appear to be highly affected by epigenetic modifications that modulate miR-21
expression. As a result of treatment with the demethylating agent 5-aza-2’-deoxycytidine, several
miRNAs such as miR-21 were strongly induced in the ovarian cell line OVCAR3 (Human ovarian cancer
cell lines). In this study, hypomethylation may be responsible for promoting its in vivo overexpression.
miR-21 inhibits apoptosis by targeting the FASL and by inhibiting an entire network of onco-suppressor
genes, including tumor protein p53 (TP53), transforming growth factor B, PTEN (phosphatase and
tensin homolog), and PDCD4 (programmed cell death 4)[6,7]. In addition, it is also known that tumor
suppressor gene PDCD4 inhibits the expression of autophagy-related gene autophagy-related protein 5
(ATG5)[8]. According to the study, miRNA-21 regulates autophagy via PDCD4 and the autophagy-
related gene ATG5.
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We believe that the miRNA21 mimic study should also be conducted prior to planning translational
research. The mimic-miRNAs are chemically synthesized duplexes that are designed to activate only
one miRNA strand. It is often used to overexpress miRNA transiently and to augment endogenous
microRNA activity for investigating gain or loss of function. In conjunction with microRNA and gene
expression profiles, miRNA mimics and inhibitors may be tested for their role in identifying specific
microRNA-gene relationships.

Several genes can be affected by a single microRNA, which is well established. They may, for
instance, influence to the expression of proteins that are essential for normal biochemical reactions and
physiological functions, or they may contribute to the development of diseases. In order to achieve
therapeutic success, mimic-miRNA-based in vivo and in vitro studies must be performed to explore all
possible target sites. Thus, miRNA-mimics-based studies can provide a complete understanding. It is
thus may possible to unravel the whole scenario of gene targets just by increasing the targeted oligonuc-
leotides (miRNA mimics).

Autophagy plays a context-dependent role in the development of cancer. CSCs have been found in
almost all types of cancers with mildly altered immunophenotype but almost identical functions.
Further, recent findings lend support to the hypothesis that the CSCs microenvironment can
intriguingly regulate autophagy. Cells of malignant tumors, for example, induce autophagy in the
microenvironment to increase the availability of recycled nutrients to support their own growth.
Autophagy inhibition within the tumor has moderate effects on tumor progression through modulation
of essential signaling pathways or by promoting resistance to chemotherapy, while autophagy
inhibition through chloroquine oral administration reduces tumor growth and invasion more
noticeably. Cancer (CSCs) regulates autophagy in vivo, but its exact role in tumor growth remains
unclear. Recently, a study in the animal model of Drosophila melanogaster malignant tumors confirmed
that autophagy is induced within the tumor microenvironment and distant tissues. It also reported that
metabolically stressed tumor cells trigger autophagy through Drosophila tumor necrosis factor and
interleukin-6-like signals[9].

We thus agree with the authors that modulating epigenetic factors (methylation, non-coding RNAs)
and CSCs can modulate autophagy, and lead to better cancer treatment. Thus, translational cancer
research must be planned in order to facilitate a paradigm shift from laboratory to bedside sites in the
future and to pave the way for better cancer management.
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Abstract

The original study by Alessio et al reported that skinny people (SP) serum can
promote the formation of brown adipocytes, but not the differentiation of white
adipocytes. This finding may explain why SP do not often become obese, despite
consuming more calories than the body needs. More importantly, they
demonstrated that circulating factors in SP serum can promote the expression of
UCP-1 protein, thereby reducing fat accumulation. In this study, only male serum
samples were evaluated to avoid the interference of sex hormones in experiments,
but adult males also synthesize estrogen, which is produced by the cells of the
testes. At the same time, adult females secrete androgens, and females synthesize
androgens that are mainly produced by the adrenal cortex. We believe that the
approach of excluding sex hormone interference by sex selection alone may be
flawed, so we comment on the article and debate the statistical analysis of the
article.

Key Words: Androgen; Cytokine; Estrogen; Gender; Multipotent stem cell; Obesity

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Both men and women secrete estrogens and androgens. In females, androgens
are mainly derived from the sites of the zona fasciculata and the zona reticularis in the
adrenal cortex. In males, estrogens are produced by surrounding tissues, such as the
skin, through the conversion of testosterone. Sex hormones in the serum can affect the
differentiation and the stereotype of multipotent stem cells.
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TO THE EDITOR

We have read with great interest the ingenious article written by Alessio et al[1] published in World
Journal of Stem Cells. Their valuable research explains why skinny people (SP) ingest more calories than
the body needs while presenting normal body composition. They reasoned that the existence of certain
factors in the serum of SP can promote the differentiation of multipotent stem cells (MSCs) towards
brown adipocytes. After reading the article, we agreed that several issues are worthy of discussion.
Here, we state our views and contribute to the debate.

Studies have shown that sex hormones, including estrogens and androgens, can affect the differen-
tiation and commitment of MSCs|[2]. In a previous study, Alrabadi[3] reported that androgen injections
could increase aggressiveness, as well as the body weight of rats, indicative of an association between
aggressiveness and body weight. Serum androgen levels in men are usually higher than those in women
due to testosterone secretion by the cells of the testes. Androgens can affect body weight by affecting
MSCs, and testosterone (a type of androgen) can induce skeletal muscle hypertrophy through a variety
of mechanisms. For instance, testosterone can regulate the commitment and differentiation of MSCs.
Furthermore, testosterone increases lean body mass and reduces fat mass in young men, and the
magnitude of these changes is significantly correlated with testosterone concentration[4]. Therefore, we
suggest that the interference of androgen itself on MSC commitment and differentiation should be
excluded as much as possible when studying cytokine stimulators of MSCs in the sera of adult males.

In men, estrogen exists in the plasma in a form with high biological activity, estradiol. Approximately
15% of the circulating estrogens are derived directly from the cells of the testes, and the remaining
estradiol is derived from aromatase catalysis in peripheral tissues[5,6]. Adult males secrete approx-
imately 30-40 micrograms of estradiol per day, and accumulating evidence supports the key roles of this
hormone in the regulation of male metabolism. In men, estradiol may be a stronger influencing factor of
obesity than testosterone, and even short-term estradiol deprivation can lead to increased fat mass[4,6].
Therefore, it is not ideal to eliminate the influence of sex hormones through gender selection, and we
recommend that the authors expand the study by isolating and eliminating the interfering effects of sex
hormones.

In the context of the global pandemic, there are no gender differences in overweight and obesity in
most regions, except for a few developing areas with gender or ethnic differences[7,8]. We suggest that
the authors expand the female sample size and consider the following factors. Androgen synthesis also
occurs in women, and androgens are synthesized by the adrenal cortex and ovary. The adrenal cortex is
a major contributor of androgen synthesis in women (Figure 1), and the sites of androgen synthesis are
the zona fasciculata and the zona reticularis in the adrenal cortex. The adrenal cortex’s ability to secrete
androgens is maintained throughout life, with the organ mainly synthesizing dehydroepiandrosterone
and androstenedione. Although their biological activity is weak, these hormones are converted into
more active forms, where they function in the peripheral blood. More importantly, the active forms of
androgens synthesized by the adrenal glands affect MSC commitment and differentiation, which in turn
affects body weight and fat metabolism[9-11].

The study stated that serum samples were collected from 12 adult men with a normal body mass
index. The author divided these men into two groups, namely, the SP group and the normal people
(NP) group, with six samples in each group. Although the author stated that the daily calorie intake of
the SP group exceeded 30%-40% of the body calorie requirement, we recommend that the author
provide additional details on the individual diets.

Using the author’s data, we employed Power and Sample Size Calculation software (HyLown
Consulting LLC Atlanta, GA, United States) for sample size estimation. We estimated the sample size of
triglycerides to a type II error B of 0.2, that is, a power of 0.8 (1-B) and a first type error (o) of 5%.
According to the data in Table 1, which reported the clinical parameters, the mean concentrations of
triglycerides in NP and SP groups were 79.2 mmol/L and 98.1 mmol/L, respectively, the sample ratio
was 1, and the standard deviation(o) was 22. According to our calculation, the theoretical conservative
estimate of the sample size of each group should be at least 22 cases, while the sample size of each
group in this study was only 6 cases. Thus, we believe that the statistical power of this study was low,
and we suggest that the author expand the study by increasing the sample size.
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Table 1 Normal and skinny patient parameters

NP SP
BMI (kg/m?) 2210+ 1.10 20.50 +1.30
Glucose (mmol/L) 84.8 +£6.20 87.0 £5.80
Total cholesterol (mmol/L) 190.6 +23.18 185.6 +20.12
LDL cholesterol (mmol/L) 127.2£21.10 130.6 + 25.27
HDL cholesterol (mmol/L) 59.3 +8.80 62.6+12.14
Triglycerides (mmol/L) 79.2+22.40 98.1 +46.42

NP: Normal people; SP: Skinny people; BMI: Body mass index; LDL: Low density lipoprotein; HDL: High density lipoprotein.
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Figure 1 Schematic diagram of the major steps of corticosteroid synthesis in the adrenal glands. Cholesterol is the synthetic raw material for all
steroid hormones, including those produced by the adrenal glands. Approximately 80% of the cholesterol that is synthesized is derived from low density lipoprotein
(LDL) in the blood, and a small amount is synthesized from acetic acid in cortical cells. After cholesterol binds to the LDL receptor in the cortical cell membrane, it
enters the cell and is stored in the form of cholesterol. Under the actions of cholesterol-associating enzymes, cholesterol is decomposed into free cholesterol, which is
transported into mitochondria via transporters, converted into pregnenolone by cholesterol side chain lyase, and then further transformed into various cortical stimuli.
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