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Signaling pathways in cancer metabolism: mechanisms and

therapeutic targets

Mengshu You'?3, Zhuolin Xie'?3, Nan Zhang1'2'3, Yixuan Zhang1'2’3, Desheng Xiao ¥ Shuang Liu ?, Wei Zhuang6g, Lili Li”® and
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A wide spectrum of metabolites (mainly, the three major nutrients and their derivatives) can be sensed by specific sensors, then
trigger a series of signal transduction pathways and affect the expression levels of genes in epigenetics, which is called metabolite
sensing. Life body regulates metabolism, immunity, and inflammation by metabolite sensing, coordinating the pathophysiology of
the host to achieve balance with the external environment. Metabolic reprogramming in cancers cause different phenotypic
characteristics of cancer cell from normal cell, including cell proliferation, migration, invasion, angiogenesis, etc. Metabolic disorders
in cancer cells further create a microenvironment including many kinds of oncometabolites that are conducive to the growth of
cancer, thus forming a vicious circle. At the same time, exogenous metabolites can also affect the biological behavior of tumors.
Here, we discuss the metabolite sensing mechanisms of the three major nutrients and their derivatives, as well as their
abnormalities in the development of various cancers, and discuss the potential therapeutic targets based on metabolite-sensing

signaling pathways to prevent the progression of cancer.
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INTRODUCTION

Since Warburg discovered aerobic glycolysis as a metabolic
marker of cancer cells, extensive studies have enhanced our
understanding of the metabolic changes in cancer cells.'”
Metabolic reprogramming is a common feature of many tumors,
enabling cancer cells to meet their specific growth requirements
through alterations in glucose, lipid, and amino acid metabo-
lism.%” In addition to the well-known phenomenon of aerobic
glycolysis, cancer-specific metabolic changes have been discov-
ered, including elevated lactate production, increased glutamine
metabolism, fatty acid synthesis, and decreased fatty acid
oxidation.'? The cellular metabolism of tumors is a complex and
diverse spectrum, with each nutrient’s source and metabolic
pathways being better understood.?

Metabolic reprogramming satisfies the growing demands of
cancer cells and governs their behaviors by modulating the types
and concentrations of metabolites in the tumor microenviron-
ment In addition to endogenous metabolites, exogenous
nutrients also impact the metabolic microenvironment of tumors.
Cells possess the ability to sense changes in metabolism and
initiate a cascade of reactions known as metabolite sensing, which
involves the regulation of cell signaling transductions and
epigenetic modifications.” Metabolite sensing enables changes
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in metabolites to be translated into biochemical signals that
regulate a series of signal transduction pathways and gene
expression in cells. Metabolite sensing serves as a crucial link
between the external environment and cells, allowing cells to
promptly detect changes in the external environment, reorganize
the metabolic network, and adjust cell signaling and other cellular
processes.'® However, some of these changes may promote
cancer progression.'’

Metabolite sensing can be achieved in three ways: metabolite
sensor-mediated signal transduction, a metabolic sensing module,
and conjugate sensing. Metabolite sensors are biological macro-
molecules, including proteins, RNAs, and DNAs, that directly bind
to metabolites, triggering changes in downstream proteins. These
sensors possess three key characteristics: 1. Specificity: Specificity
is achieved using specific domains that enable sensors to
recognize and bind to metabolites with high specificity, ensuring
accurate metabolite sensing.'? 2. Dynamicity: Dynamicity refers to
the reversible nature of the sensor-metabolite interaction,
allowing sensors to sense fluctuations in metabolite concentra-
tions and enabling competitive metabolite binding assays to verify
sensor identity.”>'* 3. Functionality: Functionality is achieved by
changes in the activity or function of metabolic receptors sensors,
as the different states of metabolites alter protein conformation or
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interaction. It is worth noting that the role of receptor sensors is to
translate the chemical signal of metabolites into a biological signal
that interacts with the biological networks, thereby acting as
translators of the cellular environment.

Epigenetic modifications are important in many diseases,
especially in cancer development.'” Epigenetics regulates gene
expression without altering the DNA sequence and occur at
multiple levels, including chromatin remodeling, DNA modifica-
tion, histone protein modification, non-coding RNA regulation,
and nucleosome positioning.'® Epigenetic alterations related to
oncogenes and tumor suppressor genes often cause cell
transformation, tumor progression, and metastasis.'’ For instance,
lymphoid-specific helicase (LSH), a chromatin remodeling factor
that regulates DNA methylation patterns, has been found to play a
crucial role in epigenetics.'’'® LSH is highly expressed in almost all
B-cell lymphoma samples'® and has been implicated in the
pathogenesis of other tumors, such as glioma, lung cancer, and
nasopharyngeal carcinoma.’® Metabolites also contribute to
chromatin dynamics through chemical posttranslational modifica-
tions (PTMs) that alter chromatin structures and functions, in
addition to acting as signaling molecules to respond to the
environment via metabolite sensing mechanisms.?' Histones can
undergo a wide range of PTMs, such as acetylation, methylation,
phosphorylation, and other acylation modifications, as DNA and
RNA are chemically modified by methylation. In general, cancer
cell proliferation and distant metastasis are related to epigenetic
changes, including increased histone acetylation and decreased
histone methylation,?? while DNA methylation is linked to gene
silence,® histone acetylation is related to gene transcription.?*
Currently, there are two main viewpoints regarding the role of
metabolites in epigenetic regulation: one suggests that metabo-
lites provide substrates for epigenetic enzymes, while the other
proposes that metabolites act as allosteric regulators of these
enzymes. For example, in Hela cells, acetic acid absorbed from the
culture medium can be covalently bound to histones, leading to
histone acetylation and the regulation of protein function.?> This
finding supports that metabolites can covalently modify proteins
and regulate their functions. In addition, increased succinate
inhibits histone demethylase activity, triggering.?® Recently,
epigenetic drugs have received extensive attention, such as
histone demethylases (HDM) inhibitors, bromodomain and extra-
terminal motif (BET) inhibitors, and histone deacetylase (HDAC)
inhibitors. However, these drugs have been ineffective on solid
tumors due to stability and dose limitations. As a result,
combination therapy has emerged as a promising avenue in
epigenetic therapy, with ongoing clinical trials exploring the use
of programmed death-1 (PD-1) or programmed death ligand-1
(PD-L1) mAbs in combination with DNA methyltransferase
(DNMT), HDAC and enhancer of enhancer of zest homolog 2
(EZH2) inhibitors are in clinical trials.

In humans, cell metabolism is integrated into a complex
biological network that involves a wide range of metabolites
and ubiquitous metabolite-sensing mechanisms. Endogenous or
exogenous metabolites can regulate signal transduction and
epigenetics of these mechanisms. However, aberrant metabolic
reprogramming in cancers can lead to abnormal inhibition and
activation of metabolite sensing, which is a significant contributor
to cancer progression. Thus, the abnormality of metabolite
sensing suggests the existence of numerous potential targets
that could be targeted to suppress tumorigenesis and cancer
development.?”” Meanwhile, epigenetic regulation in cancer
development is a post-genomic era revolution in cancer genetics,
which may provide new targets for cancer therapy.?® Interestingly,
unlike genetic mutations, epigenetic mutations are reversible,
which means that the epigenome can be reprogrammed and has
high potential as a therapeutic strategy for cancer.?

In this review, we focus on the effect of the tumor metabolic
microenvironment on cancer cells, especially on how metabolites
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influence signal transduction and epigenetics in cancer cells. A
better understanding of the tumor metabolic microenvironment’s
effect on cancer cells’ life activities will be performed and some
potential therapeutic targets based on the tumor metabolic
microenvironment will be discussed.

SIGNAL TRANSDUCTION AND EPIGENETIC REGULATION OF
GLUCOSE METABOLISM

Signal transduction mediated by GPCRs

G protein-coupled receptors (GPCRs) constitute the most prominent
family of receptors in mammals and are involved in regulating
almost all cellular and physiological functions in the body. These
receptors have gained attention as targeted drug development
candidates due to their high specificity and affinity for ligand
binding, accounting for approximately 20% of currently developed
drug targets.® Once activated by the ligand, GPCR can be coupled
to four different heterotrimeric G protein families (Gs, Gi/Go, Gg/G11,
and G12/G13) and then act on different effectors, such as
downstream enzymes and ion channels.>'~*3 Therefore, the modular
structure of the signaling system mediated by GPCR and G protein is
vital for its role. In GPCRs, there are several receptors worth paying
attention to, and the following are related to glucose metabolism:

GPR31 plays an essential role in the immune system and tumor
progression. GPR31 is a G protein-coupled receptor that recog-
nizes citric acid cycle intermediates. In addition to its critical role in
inflammation, emerging evidence suggests that GPR31 contributes
to tumor progression.>* Recent studies have identified lactic acid
and pyruvate as potent inducers of GPR31-mediated dendritic
processes of intestinal CX3CR1 + phagocytes, potentially enhancing
the immune response. These findings suggest that GPR31 may play
a complex role in cancer development and progression and may
represent a promising target for anti-tumor therapy. Further
research is needed to fully elucidate the mechanisms underlying
GPR31’s functions and to explore its therapeutic potential >

The connection between SUCNR1 and the cancer metastasis. Suc-
cinate receptor 1(SUCNR1), also known as GRP91, is widely
expressed in different organs. SUCNR1 is activated by succinate
and as an intermediate molecule of the citric acid cycle. Studies
have shown that SUNCR1 plays an essential role in tumor
metastasis, especially in individuals with succinate dehydrogenase
(SDH) germline mutation. Extracellular succinate activated the
PI3K-Akt pathway by combining SUCNRT in tumor cells and
upregulating HIF-1a, promoting cancer cell invasion and driving
epithelial-mesenchymal.*¢~3® In gastric cancer, it was found that
succinate could activate it via the SUCNR1-ERK1/2-STAT3-VEGF
pathway leading to the angiogenesis.>® Besides driving cancer cell
migration, extracellular succinate significantly impacts macro-
phages within the tumor microenvironment. Succinate induces
polarization of tumor-associated macrophages (TAMs) by activat-
ing the SUCNR-1 receptor on macrophage membranes and its
downstream PI-3K/Akt-HIF-1a signaling pathway. This succinate-
induced macrophage polarization leads to increased cancer cell
migration by promoting the secretion of promigratory cytokines,
such as interleukin (IL) -6. Moreover, extracellular succinate targets
M2 macrophages and activates M2 macrophage gene transcrip-
tion through SUCNR1.*® SUCNR1 expression is upregulated in
human SDH-mutated tumors and in various prevalent cancers. It
may be associated with heightened risks of tumor metastasis and
recurrence, making it a potential predictive biomarker for SDH-
mutated tumors.

The function of glucose and its metabolites in epigenetics
regulation

Ubiquitination and acetylation, and tyrosine phosphorylation of
histone H3 induced by glucose. Histone protein is an important
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part of epigenetic regulation. It's also the central component of
the nucleosome which is the element responsible for the stable
maintenance of repressive chromatin. The nucleosome is com-
posed of histones H2A, H2B, H3, and H4 in an octameric core with
a linker histone, H1."> Histone H3 ubiquitination markers are
essential in transcriptional regulation. H3 ubiquitination is
physiologically induced by glucose, and H3 acetylation has also
been extensively studied and has been shown to occur at specific
lysine residues, including K9, K14, K27, and K56 by selectively
recruiting histone acetyltransferases (HAT) general control non-
depressible 5 (GCN5). Whole genome chromatin immunoprecipi-
tation and sequencing (ChIP-seq) data set analysis showed that
glucose-induced H3 acetylation in a gene-specific manner
(approximately 2000 genes) at the transcription start site (TSS).
The comprehensive analysis combined with ChlIP-seq and gene
expression microarray data sets further indicates that these
acetylation events at TSS are significantly related to the expression
of their target genes, many of which are involved in cancer-related
pathways in the neuronally expressed developmentally down-
regulated 4 (NEDD4)-dependent manner. Interestingly, H3 ubiqui-
tination and NEDD4, GCN5, and histone H3 are essential regulators
of tumor formation. Glucose-induced H3 ubiquitination target
genes, such as IL-1q, IL-13, and glutamate-cysteine ligase modifier
(GCLM) subunit, are also important factors for tumor sphere
formation.*'

Glucose can induce the tyrosine phosphorylation of NEDDA4,
thereby activating the activity of NEDD4 E3 ligase. However, it
needs to be made clear which upstream signaling pathway is
involved in NEDD4 phosphorylation. While the upstream signaling
pathway involved in NEDD4 phosphorylation is not entirely
understood, previous studies have shown that growth factors
such as fibroblast growth factor or epidermal growth factor can
induce NEDD4 tyrosine phosphorylation through Src kinase.*?
Instead, it has been suggested that the tyrosine kinase. Yes, the
closest member of the Src family kinase (SFK) to Src may be
involved in glucose-induced NEDD4 phosphorylation. Previous
studies have also shown that glucose activation of SFK is essential
for glucose-induced NEDD4 activation. This suggests that SFKs
may be involved in the upstream signaling pathway that leads to
NEDD4 phosphorylation in response to glucose.*?

Hyperglycemia or hyperglycemic state can affect cancer
development and progression. Studies have shown that hyper-
glycemic conditions can promote a more aggressive phenotype in
various cancers, including breast and liver cancer. In diabetic
patients, hyperglycemia is an important cause of increased cancer
mortality. High glucose conditions increased the phosphorylation
of histone H3 at serine 10, which is associated with increased cell
proliferation.*

The preferential expression of PKM2 protein promotes the increase of
glycolysis. The preferential expression of Pyruvate kinase isozyme
M2 (PKM2) is related to increased aerobic glycolysis and the
growth advantage of cancer cells.** After the depletion of DNA
methyltransferase three beta (DNMT3B) or Brother of the
Regulator of Imprinted Sites (BORIS) and the mutation of
Bardet-Biedl syndrome (BBS) at exon 10 of PKM, the splicing
transition from PKM2 to PKM1 isomer is related to the reversal of
the Warburg effect, which further inhibits the growth of breast
cancer cells. Although the observed reversal of the Warburg effect
may not be entirely due to the splicing transition caused by
DNMT3B and BORIS, it can partially explain the cause of poor
prognosis or poor growth of breast cancer associated with
DNMT3B* and BORIS.*’

The effect of glucose on OGT and O-GIcNAcylation. High glucose
levels in cells have been found to increase the concentration of
UDP-N-acetylglucosamine (UDP-GIcNAc), which in turn increases
the overall O-B-N-acetylglucosamine (O-GIcNAc) levels.*®
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O-GlcNAcylation refers to an O-GlcNAc moiety that attaches to a
serine or threonine residue on nuclear or cytoplasmic proteins.*
The addition and removal of GIcNAc to proteins are catalyzed by
O-GIcNAc transferase (OGT) and O-GIcNAcase (OGA), respec-
tively.>® O-GlcNAcylation regulates a variety of cellular processes,
such as nutritional sensing, cell cycle progression, transcription,
translation, epigenetic regulation, and protein-protein interac-
tions.”®~>3 Glycosyl groups of O-GIcNAc are considered to mediate
glucose homeostasis and stress response, serving as a signaling
cascade.>

Elevated O-GIcNAcylation levels have been observed in
different types of cancer; It is noteworthy that the inhibition of
OGT has been demonstrated to impede tumor growth in various
models.>>>” Among many eukaryotic initiation factors in the
translation mechanism, eukaryotic initiation factor 4E (elF4E) is a
key factor regulating the initiation of translation, which is also
modified by O-GIcNAc in liver cancer.>® O-GlcNAcylation has been
shown to be involved in regulating protein stability. Specifically,
at T168/T177, O-GIcNAcylation protects elF4E from degradation,
resulting in increased elF4E protein levels. Given the fact that the
high expression of elF4E indicates a poor prognosis of HCC, the
OGT-elF4E axis plays a critical role in the progression and
prognosis of HCC. Moreover, OGT activates the stem cell potential
of HCC cells by upregulating elF4E. These results indicate that
glucose promotes the proliferation of hepatoma cells and stem
cell-like potential through OGT. Currently, several pathways have
been proposed that implicate O-GlcNAcylated proteins in the link
between tumorigenesis and hyperglycemia. Specificity protein 1
(Sp1) is an important transcription factor in cells. In cancer, higher
levels of Sp1 are associated with tumor cell survival, proliferation
and invasion, and angiogenesis within the tumor. Sp1 is O-
GIcNAcylated, and at least one O-GIcNAc site is associated with its
stability.”® Therefore, Hyperglycemia and high glucose increase
O-GlcNAcylation of Sp1, thereby promoting tumor cell metabo-
lism and survival>® Elevated glucose levels enhance the
transcriptional activity of at least two members of the NF-kB
family, p65 and c-Rel, via O-GlcNAcylation modification. The NF-
kB pathway is known to be associated with the Hexosamine
Biosynthetic Pathway, which has been shown to promote the
growth of tumor cells.®® Similar to its role in regulating NF-kB,
high glucose conditions increase the activity of the B-catenin
pathway, amplifying the response of different human cancer cells
to Wnt through O-GlcNAcylation.®” O-GIcNAc has been found to
stimulate Yes-associated protein (YAP) function, which plays a
crucial role in tumorigenesis. When GIcNAc and PUGNAc induce
Hyper-O-GlcNAcylation or when OGT is overexpressed, the
transcriptional activity of YAP/TEAD increases along with the
expression of their target gene CTGF, which is related to cell
proliferation®® (Fig. 1).

Glucose starvation suppresses histone 2A K119 monoubiquitination
(H2Aub). Glucose starvation inhibits H2Aub, a histone modifica-
tion related to gene suppression.®*®> The inhibition of H2Aub
levels by glucose deficiency is independent of energy stress-
mediated AMP-activated protein kinase(AMPK) activation and may
result from nicotinamide adenine dinucleotide phosphate
(NADPH) depletion and subsequent inhibition of BMI1, a
component of polycomb repressive complex 1 (PRC1) that
catalyzes H2Aub on chromatin sections.®®”' Comprehensive
transcriptomic and epigenomic analysis link glucose starvation-
mediated H2Aub suppression with the activation of genes related
to the endoplasmic reticulum (ER) stress response.”? The
epigenetic mechanism plays a role in glucose starvation-induced
cell death, and the pharmacological inhibition of glucose
transporter 1 (GLUT1) and PRC1 synergistically promotes ER stress
and inhibits tumor growth in vivo. Together, these results reveal a
hitherto unrecognized epigenetic mechanism that couples the
availability of glucose with the ER stress response.”®
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The effect of glucose on OGT and O-GlcNAcylation. GIcNAc is an O-p-N-acetylglucosamine moiety attached to a nuclear protein,

cytoplasmic protein serine, or threonine residue. The addition of GIcNAc to proteins is catalyzed by OGT, while its removal is catalyzed by
OGA. Currently, several pathways have been proposed that implicate O-GlcNAcylated proteins in the link between tumorigenesis and
hyperglycemia. O-GlcNAcylation stabilizes SP1, B-catenin and YAP proteins promoting expression of target genes and transcriptional activity
of NF-kB pathway. O-GIcNAc O-p-N-acetylglucosamine, OGT O-GIcNAc transferase, OGA O-GlcNAcase, SP1 Specificity protein 1, YAP Yes-

associated protein

The role of ncRNA in the glucose metabolism. Non-coding RNA
(ncRNA) is a class of functional RNA molecules that regulate the
expression of target genes without being translated into proteins.
Based on their size, ncRNAs can be classified into small ncRNAs
(including microRNA, small interfering RNA, PIWI-interacting RNA,
small nucleolar RNA, and small nuclear RNA) and long
NcRNAs(IncRNA). The transcription and processing method of
IncRNA is similar to that of microRNA. Functionally, IncRNA exerts
various mechanisms of action in cells, including direct transcrip-
tional regulation, histone modification, and regulation of the
transcription of regulatory factors acting as bait-binding sites.
Gene expression profiles indicate that IncRNA is expressed in a
tissue-specific or cell-specific manner and has different expres-
sions under different pathophysiological conditions. ncRNA is
associated with a variety of cancers. mircoRNA and IncRNA, known
as oncogenes and tumor suppressors, act on receptor tyrosine
kinase (RTK) and hypoxia-mediated pathways. Anticancer micro-
RNA replacement therapy has a high potential in cancer
treatment. For example, the drugs for bone metastasis and colon
cancer, which are microRNA mimics, resulted in a significant
decrease in tumor size.”*

ncRNAs modulate glucose transport in cancer cells by elevating
GLUT levels. Among the 14 GLUT isotypes,”>”® GLUT1 is known to
be overexpressed in cancer. ncRNA is involved in the regulation of
GLUT1 expression. The IncRNA neighbor BRCA1 gene 2 (NBR2)
promotes cell survival by upregulating GLUT1 expression.”’

In addition to regulating GLUTs, ncRNAs also modulate key
glycolytic enzymes involved in the three critical steps of glycolysis.
The first is the phosphorylation of glucose by hexokinases (HKs) to
produce glucose 6-phosphate (G6P). In addition to the ubiquitously
expressed HK1, cancer cells overexpress HK2, which is critical to the
Warburg effect because phosphorylated glucose is trapped in the
cytoplasm. Other regulators of HK2 are microRNA-143 and -145,
which cluster on chromosome 532 and are down-regulated in
many cancer types.”®’® The second key step of glycolysis is the
conversion of fructose-6-phosphate (F6P) to fructose-1,6-bispho-
sphate (F1,6P) under the catalysis of phosphofructokinase 1 (PFK1).
TAT-activated regulatory DNA binding protein (TARDBP), which is
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highly expressed in hepatocellular carcinoma (HCC), regulates
glycolysis by inducing the expression of the platelet isoform PFK1
(PFKP). TARDBP inhibits the expression of microRNA-520a/b/e by
directly binding to its promoter region, preventing it from binding
to the 3'-UTR of PFKP and thereby inhibiting protein expression.
The last key step of glycolysis is catalyzed by pyruvate kinase (PK).
Cancer cells use various functional gain strategies to increase
glycolysis. Although PK function can be attenuated by expressing
the low-affinity dimer form of PKM2, the tetrameric form of PKM2
and PKM1 play a role in the physiological phosphoenolpyruvate
level of normal cells. Some have found that microRNA expression
PKM2 adjustment disorders in cancer. microRNA-133a/b is down-
regulated in several types of cancer.2%®" microRNA-326 displayed
direct targets and inhibited the expression of PKM2. In addition,
microRNA-326 levels and high levels of glioma cells PKM2 are
negatively correlated, indicating endogenous PKM2 adjustment
mechanism 2

Many ncRNAs have been found to regulate PI3K/Akt/mTOR
signaling. We are here to focus on ncRNAs known to be associated
with the Warburg effect. microRNA-451 can down-regulate the
expression of GLUT1 in glioma cell lines by inhibiting the PI3K/Akt
pathway and glycolysis.®® LncRNA Maternally Expressed Gene
(MEG) 3 is expressed in various normal tissues and is silenced in
several primary human tumors and cell lines. Ectopic expression of
MEGS3 leads to the accumulation of p53 and altered expression of
p53 target genes in tumor cells, leading to growth inhibition. These
findings indicate that MEG3 can negativelg/ regulate glycolysis
through p53 and act as a tumor suppressor.®*%

The target therapy concentrated on glucose metabolite. So far,
there are several target points that may be correlated with the
therapy. The primary approach is targeting GLUTs. It included
several preclinical glycolytic inhibitors such as phloretin, fasentin,
STF-31, WZB117, ritonavir, and sinbin.86 The silybin has entered
Phase | clinical trial.®” Another approach is to target HK enzymes,
with 2-deoxy-D-glucose (2-DG),**#° and lonidamine (LN)*° cur-
rently under Phase Il clinical trial, and resveratrol, genistein-27,
benserazide, astragalin, and chrysin under preclinical research.”'~%°
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However, targeting HK2 in anticancer therapy is challenging due to
the toxicity of normal cells and the high doses required by current
inhibitors. Additionally, targeting specific HK subtypes is difficult
due to the highly conserved domains of HK1 and HK2. Targeting
PI3K/Akt/mTOR pathway is another option, with many inhibitor
agents under testing in preclinical and early clinical studies as
targeted anticancer therapies. These agents include Afuresertib,
Uprosertib, and Ipatasertib.’® However, the single therapy is only
efficacy in malignancy with PIK3 mutation or PTEN deficiency.”” In
addition, mTOR inhibitors have shown clinical benefits in several
tumors, such as neuroendocrine, endometrial, and breast can-
cers.”®%° Rapalogs, a mTORC1 inhibitor, shows limited activity in
clinical trials as single anticancer agents, probably due to the
various cross-talks of the complicated mTOR pathway with other
signaling pathways.'® The newer generations of dual mTOR kinase
inhibitors (PP242, NVP-BEZ235) are less liable to induce tumor
resistance than the rapalogs. These agents are tested in preclinical
studies and recently entered some clinical trials."®"'% However,
the great metabolic heterogeneity and cellular plasticity observed
in solid tumors make metabolic inhibitors unlikely to become
effective as monotherapy for cancer. Therefore, combination
therapy is the future area of focus.

METABOLITE SENSING AND EPIGENETIC REGULATION OF
FATTY ACID METABOLISM
With the concept of tumor metabolism micro-environment, fatty
acid metabolism in cancers have been increasingly focused on. The
oxidation of fatty acids provides energy in the form of ATP and
NADH, while its synthesis provides the foundation for cell
structure.’® To meet the specific growth needs of tumor cells,
there are increased fatty acid uptake and synthesis, as well as
decreased fatty acid oxidation in cancer cells.? Regulating
abnormal fatty acid metabolism inhibits tumorigenesis and
improves cancer-free survival.'*'% Currently, there are many
anti-cancer drugs targeting fatty acid metabolism, such as FASN
inhibitors, ASSC2 inhibitors and so on.'°® Meanwhile, due to the
changes in fatty acid metabolism in cancers, certain specific fatty
acids may serve as potential biomarkers for cancer diagnosis.'®”'%®
Cells convert abnormal fatty acids concentration and categories
into a series of biochemical information through metabolite
sensor-mediated signal transduction and metabolite conjugate
sensing mechanism.”'®* Also, fatty acids and their intermediate
metabolites play important roles in the origination and develop-
ment of cancer by regulating epigenetic mechanisms. With the
deepening of research, some new small molecule tools are
constantly improving, which provides the possibility for in vivo
lipidomics.'®®

Signal transduction of fatty acid and its derivatives
GPCR is a recognizer of fatty acid and its derivatives. Sensors of
fatty acids and their intermediate metabolites are mainly various
types of GPCRs, such as GPR41, GPR43, GPR109A, GPR78, GPR84,
GPR120, etc. Among them, GPR41, GRR43, and GPR109A recognize
SCFAs. GPR43 prefer short-chain fatty acids, acetate, and propionic
acid."’® GPR41 mainly binds to amyl acetate, butyrate, and
propionate. GPR109A and GPR109B show 96% identity at the
protein level. In short-chain fatty acids (SCFAs), only butyrate
activates GPR109A,'""""'2 while any short-chain fatty acids can
activate  GPR109B.""" GPR84 recognizes medium-chain fatty
acids(C9-C14).""® GPR120 recognizes w-3 fatty acids and long-
chain fatty acids.""*'"> GPR131 can identify primary and
secondary (bacterial origin) bile acid metabolites.'"®

After the metabolites are recognized by their specific sensors,
they mainly transmit information through two pathways. The first
one is through G protein pathway. Specifically, GPCRs can regulate
effectors such as enzymes and ion channels mentioned in the
parts of glucose'™* For example, by activating MAPK, PI3K,
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mTOR, etc, the changes in cell metabolism can promote the
progression of cancers.''’"'?2 The MAPK, PI3K, and mTOR signal
pathways play important roles in maintaining cell proliferation,
growth, and survival,'**'?* and are often abnormally altered in
various cancers (Fig. 2). Notably, mTORC1 complex regulates lipid
synthesis through multiple mechanisms by regulating the binding
protein of sterol regulatory element-binding proteins (SREBP).'*
SREBP transcription factors are the main regulators controlling the
expression of most fatty acid synthesis enzymes. It phosphorylates
Lipin1, preventing it from translocating to the nucleus, thereby
inhibiting SREBP1/2-dependent transcription."®® Also, it can
increase the activity and expression of peroxisome proliferator-
activated receptor y (PPARy) which is a transcription regulator of
abiogenic genes.””'?® Through these mechanisms, mTORCI
increases the transcription of adipogenic genes, including key
enzymes in fatty acid syntheses, such as acetyl-CoA carboxylase
(ACC), ATP citrate lyase (ACLY), and fatty acid synthase (FASN),
which are related to the progress of cancers, at the same time, a
variety of inhibitors targeting key enzymes of fatty acid synthesis
pathway have been developed.'% Specifically, GPR41, GPR43, and
GPR109A are coupled with Gi/o. After binding with the ligand,
they reduce the activity of adenylate cyclase and inhibit cyclic
adenosine monophosphate (cAMP) through a pertussis toxin (PTX)
sensitive mechanism. Besides, GPR43 also has Gq/11-dependent
activity which can contribute to the activation of phospholipase C
(PLC)-B and the formation of inositol 1,4,5-triphosphate (IP3).
Then, IP3 binds and opens the endoplasmic IP3 gated calcium
channel, causing the release of calcium into the cytoplasm.'?7'33

The second pathway is mediated by f-arrestin-2. GPR109A and
GPR43 are involved in the binding of B-arrestin, some of which are
related to the inhibition of nuclear factor-kappa-gene binding (NF-
KB), B-arrestin-2 directly interacts with NF-kB inhibitor (IkBa),
preventing the phosphorylation and degradation of IkBa.'**
However, this pathway is mainly related to anti-inflammatory
and desensitizing effects,''®'?° and its role in cancers is still
unclear. Noteworthy, SCFAs and their intermediate metabolites
bind to different subunits of G protein or B-arrestins, leading to
different results in different cells. For example, GPR109A signaling
reduces cAMP levels in adipocytes, while leading to the
production of prostaglandin D2 (PGD2) in Langerhans cells and
macrophages.'*®

Abnormal status of fatty acids signal transduction in cancers

GPR109A: GPR109A is a G protein-coupled receptor found on
the surface of intestinal epithelium cells and immune cells. Studies
have shown that the expression of GPR109A mRNA is suppressed
in primary colon cancer tissues and colon cancer cell lines. Also,
the expression of GPR109A is significantly higher in acute
promyelocytic leukemia cells and lung cancer cells.”*® Niacin
and butyric acid as GPR109A agonists contribute to the ectopic
expression of GPR109A in colon cancer cells, inducing cell
apoptosis.''? Colonic epithelial cells use butyrate produced by
gut microbiota to synthesize (-hydroxybutyrate. 3-Hydroxy-3-
methylglytaryl-CoA synthetase 2 (HMGCS2) controls the synthesis
of ketone body B-hydroxybutyrate, but its activity is inhibited in
cancers, resulting in the lower level of [-hydroxybutyrate
produced by cancer cells. As an endogenous agonist of GPR109A,
-hydroxybutyrate acts through GPR109A which acts as a tumor
suppressor. Specifically, when the synthesis of 3-hydroxybutyrate
is reduced, the tumor suppressive function of GPR109A is
weakened, promoting the progression of cancers.”*” In the colon
cancer model related to inflammation, the number of colon polyps
of GPR109A—/— mice is significantly more than wild-type mice
under the induction of the same carcinogenic factors.''> The
deficiency of GPR109A also increases the incidence of colon
cancer.'”® Niacin can inhibit colitis and AOM + DSS induced
carcinogenesis, and this effect has been shown to depend on
GPR109A.""® Overall, lower butyrate and p-hydroxybutyrate
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Fig. 2 GPCRs-mediated short-chain fatty acid signal transduction. Dietary fiber in the diet can produce short-chain fatty acids under the
action of intestinal microorganisms. Short-chain fatty acids can activate the corresponding GPCRs to cause a series of downstream signaling
and trigger a variety of biological functions. GPCRs activation can induce changes in cell shape and movement, induce Ca®" or K™ efflux, or
trigger downstream PI3K/MTOR/MAPK pathways. PI3K can phosphorylate PIP2 to PIP3 which can activate AKT, promoting cell proliferation
and angiogenesis by phosphorylating different factors, regulate cell cycle, inhibiting apoptosis and regulating NF-x8 and p53 signaling
pathway. mTORC1 phosphorylates Lipin1, inhibits SREBP1/2-dependent transcription, and increases PPARy activity, thereby increasing the
transcription of ACC, ACLY, and FASN. The MAPK pathway maintains the expansion of key molecules in the process of cell proliferation, growth
and survival, and promotes EMT of cancer cells. RAS is not only an activator of MAPK pathway, but also an activator of P13k/AKT/mTOR
pathway. In addition, GPCR can also send signals through p-arrestin, which can inhibit the activation of NF-kB and the production of pro-
inflammatory cytokines. PI3K phosphatidylinositol 3 kinase, MTOR mitogen-activated protein, PPARy peroxisome proliferator-activated
receptor y, ACC acetyl-CoA carboxylase, ACLY ATP citrate lyase, FASN fatty acid synthase, EMT epithelial mesenchymal transformation, SREBP

sterol regulatory element binding protein

synthesis in cancers inhibits GPR109A signal transduction and
promotes carcinogenesis.

Besides, consumption of dietary fiber is associated with a reduced
risk of carcinogenesis in breast cancer, prostate and other cancers, as
dietary fiber can be degraded by the gut microbiota into short-chain
fatty acids (SCFAs). Breast epithelial cells express GPR109A, whereas
primary human breast tumor tissues do not express it. Enhanced
expression of GPR109A can induce apoptosis and cell cycle arrest in
breast carcinoma cell lines. In addition, GPR109A deficiency leads to
early development and metastasis of breast cancer.'*® Moreover, the
knockdown of GPR109A leads to increased proliferation of breast
cancer cells and GPR109A activation inhibits tumor growth,! 138139
This phenomenon can be explained by the lack of dietary fiber/
SCFAs which leads to the development, differentiation or accumula-
tion of inflammatory immune cells in the intestine and local lymph
nodes. These inflammatory cells spread or secrete inflammatory
factors, inducing inflammation and enhancing carcinogenesis.
Therefore, it is essential to investigate whether dietary fiber or
SCFAs inhibit carcinogenesis in organs away from the intestine by
inhibiting intestinal pathogenic bacteria and/or inflammatory
cells."*® At the same time, it indicates a possibility: the lack of
dietary fiber/SCFAs inhibits the tumor suppressor signal of GPR109A,
which is beneficial to the development of cancer. Based on the
above, GPR109A agonists can be used for cancer prevention,'*’ such
as [B-hydroxybutyrate and dietary fiber. Meanwhile, synthetic
GPR109A-specific agonists MK1903,'*" acifran,"*? 5-aminonicotinic
acid (5-ANA),'** GSK256073 (8-chloro-3-pentyl-1H-purine-2,6[3H,7H]-
dione)'** has been explored for its role in vascular and inflammatory
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diseases, but no preclinical and clinical studies have demonstrated
their effectiveness in tumors. To find a strong targeting GPR109A
agonist will provide a huge potential in tumor therapy. But there are
still many problems that need to be solved before the clinical
application of anti-cancer drugs against this target.

HCA1(GPR81)/HCA3(GPR109B): Hydroxycarboxylic acid receptor
(HCA) receptor family includes three members, primarily expressed
on adipocytes, whose activation can inhibit lipolysis in these cells.
The activator of HCA1 is lactic acid, a glycolysis product; the
endogenous agonist of HCA2 is the ketone body-3-hydroxybutyrate
(3HB); the endogenous agonist of HCA3 is the intermediate of fatty
acid B-oxidation (FAO)—3-hydroxyoctanoate (3HO).'*>1%6

The expression of HCA1 and HCA3 mRNA in tissues of human
breast cancer patients is significantly increased compared with
normal tissue samples and primary breast cancer cells, which
means enhanced inhibition of lipolysis of adipocytes. In addition,
HCA1 mRNA expression is significantly increased in lung cancer
cells and acute lymphoblastic leukemia cells. The metabolism of
cancer cells is disrupted by the knockdown of HCA3 and HCAT1,
resulting in reduced viability reduction and/or cell death.
Etomuslim and peroxicillin, the fatty acid -oxidation inhibitors,
can prevent HCA3 knockdown-induced cell death in breast cancer
cells.”®® Similarly, the presence of HCA2 and HCA3 mRNA
transcripts has also been demonstrated in LoVo colorectal
adenocarcinoma cells,'*® and HCA1 has been confirmed in several
cancer cell types including colon cancer, lung cancer and breast
cancer.'"’
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HCA1 acts as a lactate receptor, but it can also affect fatty acid
metabolism. In mice, HCA1 mediates anti-lipolysis in an insulin-
dependent manner.'*® Due to the high rate of glycolysis in cancer
cells, high levels of lactic acid are produced and exported. In this
way, a sufficiently high concentration of lactic acid activates HCA1,
which subsequently leads to the inhibition of lipolysis and FAOQ.'*’
The knockdown of HCA1 expression will be accompanied by
increased mRNAs of HCA2 and HCA3, serving as secondary
metabolic monitoring to detect changes in cellular metabolism.'*¢
Lactate acts as a signaling molecule by acting as an agonist for
GPR81, involving both autocrine and paracrine mechanisms. In the
autocrine pathway, lactate produced by cancer cells activates
GPR81 on cancer cells; in the paracrine pathway, lactate produced
by cancer cells activates GPR81 on immune cells, endothelial cells,
and adipocytes present in the tumor stroma. The ultimate result of
GPR81 activation is to promote angiogenesis, immune evasion
and chemoresistance.' Lactate dehydrogenase A(LDHA) is the
main subtype responsible for lactate production which is
upregulated in cancer. LDHA inhibitors have been shown to
possess anticancer effects in vitro and in vivo.*°"'** However,
LDHA is necessary for normal biological function, so blockading
LDHA as a cancer therapy may have many off-target effects and
no clinical studies have been carried out. Silencing
GPR81 significantly reduced the expression of lactate transporters
monocarboxylate transporter 1 (MCT1) and monocarboxylate
transporter 4 (MCT4) and their chaperones protein CD147 in
pancreatic cancer cell lines.'®* CD147 has also been proven as a
potential drug target to disrupt MCT membrane insertion and
function for cancer therapy but also has limitations due to its
necessity for normal activities.'>®

Knockdown of HCA3 induces a significant cell death and cell
viability reduction in three breast cancer cells: BT-474, HCC1954
and HCC38.'%¢ Here is one possible explanation: cancer cells shunt
glucose to anabolic processes instead of oxidizing glucose to
produce ATP, then energy needs must be met in other ways, such
as FAO.? By increasing lipolysis and subsequent FAQ, acetyl-CoA
which can enter the citric acid cycle is produced.? When the level
of acetyl-CoA exceeds the need of the citric acid cycle, ketone
bodies (such as 3HB) are generated. Within the presence of
glucose, by eliminating this negative feedback mechanism, cancer
cells can maintain a high proliferation rate as well as produce
ketone bodies, which can be used again as an energy source.'>®
According to Ahmed and others, HCA3 is a sensor of a raised level
of 3HO, which is an indicator of a high B-oxidation rate. Activation
of HCA3 inhibits the release of free fatty acids, thereby reducing its
availability for FAO. In this way, it constitutes another negative
feedback mechanism to control lipolytic activity.'*®"'>” HCA3 plays
a central role in controlling the balance of lipid/fatty acid
metabolism in breast cancer cells. Knockdown of HCA3 leads to
an uncontrollable increase of FAO in cells, which is the cause of
breast cancer cells death. There are few studies on GPR109B
antagonists which is worthy of further exploration.

GPR43: The expression of GPR43 is lost in human colon cancer
cell lines and sharply down-regulated in colorectal adenocarci-
noma.'*® GPR43 deficiency promotes the development of both
colon adenoma in ApcMin + DSS (dextran sulfate sodium) mice
and the adenomas to adenocarcinoma in azoxymethane/ dextran
sulfate sodium (AOM/DSS) mice.'>® GPR43 deficiency or lacking of
fiber in diet can lead to increased recruitment and migration of
neutrophils,'® which cause inflammation. There are two explana-
tions for the specific mechanism: First, SCFAs may affect the
neutrophil L-selectin shedding through GPR43.'®" However, there
are also experimental results that showed SCFA treatment can
increase L-selectin expression and L-selectin mRNA levels on the
surface of neutrophils,'® which may be related to the cancer-
promoting effect caused by GPR43 deficiency. It also indicates that
acetate salt has potential therapeutic effects for diseases that
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need to control the neutrophil influx. The second one is that the
loss of GPR43 leads to the destruction of the intestinal barrier
integrity which promotes the failure of CD8" T cells and the
excessive activation of dendritic cells(DCs), leading to the death of
mice and promoting the occurrence of colon cancer in mice.'®
GPR43 deletion promotes the carcinogenesis of colon cancers in
mice by reducing the integrity of the intestinal barrier, increasing
the bacterial burden of cancers, and changing the phenotype and
function of dendritic cells and CD8" T lymphocytes.'®®> Second,
GPR43 can differently activate protein kinase B (AKT) or
extracellular regulated protein kinases (ERK) signals, and increase
the regulation of IL-22 produced by innate lymphoid cell 3 (ILC3).
Acetate can enhance the expression of IL-1 receptor (IL-1R)
through GPR43, promoting ILC3 to produce IL-22 after stimulation
with IL-1B."®* Also, GPR43 can promote the expansion of ILC3
which is essential for intestinal homeostasis and host defense.'®
But its exact role in cancers remains to be further investigated.'®®
In summary, SCFAs can participate in anti-cancer tumor immunity
through GPR43, and combine the metabolic microenvironment
with the immune microenvironment, which will be a field that
worth exploring. Several GPR43 agonists have been reported, such
as 4-chloro-a-(1-methylethyl)-N-2-thiazolylbenzeneacetamide (4-
CMTB) and AZ1729, but only in preclinical studies in the field of
inflammation, its role in cancers is still unknown.'®”"'7°

GPR84: GPR84 is the recognizer of medium-chain fatty acids
(C9-C14) including capric acid (C10), undecanoic acid (C11), and
lauric acid (C12).""® The levels of GPR84 expression are signifi-
cantly upregulated in human and mouse acute myeloid leukemia
(AML) leukemic stem cells (LSCs) compared to normal hemato-
poietic stem cells (HSCs). GPR84 depletion impairs LSCs’ function
and inhibits the development of aggressive and drug-resistant
subtypes of AML. At the same time, the expression level of GPR84
was significantly related to the survival time of AML patients.'”"'72
Mechanistically, GPR84 overexpression induces activation of the
B-catenin transcriptional cofactors Tcf712 and c-Fos as well as
genomes associated with Wnt signaling.'”®> GPR84 antagonists
have been evaluated in clinical trials to treat ulcerative colitis,
idiopathic pulmonary fibrosis, and nonalcoholic steatohepati-
tis.'"”*GLPG1205 as an antagonist of GPR84 has accomplished
clinical a phase Il trial which is the potential to treat cancers'’ as
well as Compound 33 with improved potency of GPR84 is possible
to become a candidate drug for cancer therapy which needs
further clinical research.'”* On the other hand, CRC cells down-
regulate the expression of GPR84 in bone marrow-derived
monocytes/macrophages (BMM:s), thereby promoting osteoclas-
togenesis in an IL-11-dependent manner. Therefore, GPR84 may
be a potential therapeutic target to alleviate bone destruction
caused by CRC metastasis. Additionally, GPR84 is involved in
immune regulation as its expression has been described
predominantly in immune cells.'”® A study proved that GPR84
enhanced macrophage phagocytosis of adipocyte plasma
membrane-associated protein (APMAP)-deficient cancer cells.'””
This means that CPR84 may be a key point linking the tumor
metabolic microenvironment with anti-tumor immunity. LY-237
and 6-octylaminouracil have been reported to act as an agonist at
GPR84 which is currently in preclinical research.'”®'”® Given the
dual role of GPR84 in cancer, it would be meaningful to explore its
specific mechanisms in different types of cancer.

GPR40: GPR40 is overexpressed in breast tumors as a long-chain
fatty acid receptor. One of its ligands, oleic acid (OA) has been
shown to participate in cancer cell proliferation.'®® Exogenous
supplement of oleic acid enhanced the fluidity of the plasma
membrane and promoted the invasion and migration of HCC
cells."®” GPR40 overexpression contributed to the oleate-induced
proliferation of cancer cells. Using RNA interference, when the
GPR40 gene was silenced, oleate-induced proliferation of cancer
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cells decreased.'® In addition, compared with normal ovaries,
GPR40 expression is significantly increased in high-grade carci-
noma and is higher in in advanced stage disease. It was also found
that GPR40 was overexpressed in prostate cancer (PCa) tissue
compared with benign prostatic hyperplasia tissue, and OA
promoted the aggressive phenotype of PCa cells through FFA1/
GPR40, calcium and PI3K/Akt signaling.'®® These findings suggest
that GPR40 plays a cancer-promoting role. The GPR40 antagonist,
GW100 resulted in growth inhibition in EOC cell line which means
GPRA40 is a potential target for cancer therapy.'®* In addition, there
is another small molecule antagonist DC260126 that targeted
GPR40, but its application in cancer has not been reported yet.'

GPR120: GPR120 (encoded by FFAR4 gene) is a receptor for
long-chain fatty acids, activated by w-3 polyunsaturated fatty
acids (PUFAs), and expressed in many cell types.'®® GPR120 was
overexpressed in breast cancer cells and was important for the
acquisition of chemoresistance. GPR120 enhanced the de novo
synthesis of fatty acids that served as GPR120 ligands to activate
GPR120 signaling via a feedback mechanism in breast cancer cells.
GPR120 antagonist AH7614 or GPR120-siRNA significantly com-
promised chemoresistance.'®”'® Also, GPR120 was found to
promote tumor cell migration and invasion in pancreatic cancer,
colorectal carcinoma(CRC) and bone cancer.'®¥'?° However, it has
also been shown that GPR120 on M2 macrophages may be
beneficial for DHA-mediated anti-prostate cancer effects.’®’ At the
same time, the loss of GPR120 in the intestinal epithelial cell leads
to increased intestinal permeability, microbiota translocation, and
dysbiosis, implying that GPR120 receptors are critical for main-
taining mucosal barrier integrity and preventing CRC develop-
ment.'®® And other studies have found that it acted as a tumor
suppressor because it can suppress tumor cell migration and
invasion in melanoma and lung cancer.'®® Recent studies have
developed potent and selective GPR120 agonists such as
GW9508,'° TUG-891'°2 and compound 39 (a benzofuran
propanoic acid analog),'®® which are expected to become a new
kind of anti-cancer drug. A new study has found that GPR120
recognizes single and double bonds in fatty acids and induces
different downstream signaling pathway transduction mechan-
isms, which provides a theoretical basis and structural basis for the
development of new high-efficiency unsaturated fatty acid drugs
that precisely target GPR120,'?* and this founding may explain the
dual role of GPR120 in cancers.

GPR78: In breast cancer, inhibition of GRP78 decreases mito-
chondrial transport of fatty acids. Thus, fatty acid oxidation is
attenuated, leading to the accumulation of essential polyunsatu-
rated fatty acids in the intracellular space. Changes in intracellular
fatty acids further increased the serum level of monocyte
chemotactic protein 1 (MCP-1) and reduced the expression of
the self-recognizing identifier CD47 in the tumor. In addition,
inhibition of GPR78 can enhance macrophage infiltration,
suggesting a potential link between fatty acid metabolism and
cancer immunity,'®> which means GPR78 may serve as a potential
drug target against metastatic human lung cancer. Currently, an
antibody against the COOH-terminal domain of GPR78 (anti-CTD
antibody) can downregulate pro-proliferative signaling and
upregulate p53 in prostate cancer cells and melanoma cells,'®®
and GPR78 protein expression was significantly regulated by miR-
936 in laryngeal squamous cell carcinoma (LSCC) cells,'”
suggesting two possible approaches to target GPR78, but no
relevant clinical trials have yet been conducted.

Signal transduction of fatty acid derivatives. ATP produced by
fatty acid oxidation plays an important role in cell bioenergetics,
Src kinase auto-phosphorylation and signal transduction.'®® ROS
produced by fatty acids oxidation of mitochondria contributes to
TGF-B, which induces EMT and invasiveness of A549 cancer
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cells."®® But specific metabolite sensing mechanism of ATP and
ROS needs further study.

Other lipids derived from fatty acids also have signaling effects
that affect metastasis. Sometimes it is through indirect cancer cell
autonomic mechanisms. For example, sphingosine-1-phosphate
(S1P) is exported from endothelial cells to the circulatory system
via the transport protein SPNS2. Knockout of SPNS2 can disrupt
the movement of white blood cells from lymphoid tissues into the
blood, which paradoxically leads to an increase in the ratio of anti-
tumor effect T cells to immunosuppressive T cells, and enhances
the inhibitory effect on metastasis.”°® Fatty acid metabolism and
its signal transduction pathways may produce attractive targets
for inhibiting metastasis, which is also one of the directions for
developing targeted drugs. Prednisone’s bacterial side chain
cleavage product 1,4-androstadiene-3,11,17-trione can interact
with androgen receptors to contribute to the expression and
function of downstream targets, showing pro-proliferation func-
tion in prostate cancer cells, but the specific proliferative
mechanism needs further study.”®' Urolithin A destroys the
expression and function of Rac family small GTPase 1 (Rac1) and
protein activated kinase 1 (Pak1). Subsequently, it also destroys
actin depolymerization and migration.?°? The ability of cancer cells
to migrate and invade requires a recombinant actin cytoskele-
ton,?®> while Rac1 is the main regulator of the actin cytoskele-
ton’** Many other studies have also shown that Racl is
overexpressed in many cancers, and the loss of Racl activity
inhibits tumor growth.>*>2% In addition, Uro-A can lead to a dose-
dependent anti-cloning effect by increasing the aging-related
B-galactosidase activity.?%” Therefore, the application of urolithin A
in cancer prevention or adjuvant therapy is promising.

Overall, GPCRs are essential in fatty acid-related metabolite
sensing mechanisms as the main receptor of fatty acids. The
concentrations of metabolites are converted into a series of
chemical signals which affect the carcinogenesis and metastasis of
cancer through binding with their specific receptors. Interestingly,
metabolite receptors’ expression levels in cancers are also
different from normal cells, which can affect the phenotype of
cancers. These mechanisms explain well how changes in fatty acid
concentration affect cancer processes. At the same time, these
signal transduction pathways and the differential expression levels
of metabolite receptors also provide a direction for the develop-
ment of cancer-specific targeted drugs.

The function of fatty acid and its metabolites in epigenetics
regulation

Fatty acids indirectly affect enzymes related to epigenetics
Short-chain fatty acid: Short-chain fatty acids (SCFAs) mainly
include acetic acid, propionic acid, butyric acid, valeric acid,
isobutyric acid, isovaleric acid, caproic acid, etc.?’® It can be
produced by intestinal microbiota and its types and quantity
mainly depend on the composition of intestinal microbiota and
the consumption of dietary fiber.?°® SCFAs is a natural inhibitors of
histone deacetylase (HDAC) which allows gene transcription,
butyrate is the most effective ligand while acetate is the least
effective one.''*119197212 SCFAs regulate epigenetics mainly by
changing the function of HDAC. HDAC inhibition causes histone
acetylation to produce negatively charged histones. When they
interact with negatively charged DNA, the chromatin structure is
loosed, producing a transcriptionally active conformation that
upregulates tumor suppressor genes of CRC in epigenetics.?'> And
butyrate can induce a four-fold increase in the transcription level
of TNF receptor superfamily member 25 (Tnfrsf25) and death
associated protein kinase 1 (Dapk1) (apoptosis-related genes), the
increased expression of these genes may be due to the reverse
effect of butyrate on histone deacetylation®'* as the promoter
regions of Dapk1 and Tnfrsf25 are close to the site where histone
modification occurs.>'> Meanwhile, HDAC inhibition can also
inhibit or trigger the expression of mMiRNA in some cancer
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samples.?’® For example, HDAC inhibition can trigger the
expression of miR-15a and miR-16 in CLL, which expression is
usually reduced in cancer?'” Acetylation can also promote the
activation, nuclear translocation and DNA binding of transcription
factors (such as STAT3, NF-kB, FoxP3, N-FAT and RUNX1)."'#2'8219
In addition, sodium propionate (SP) affects the expression of
survivin and p21, inducing cell cycle arrest especially in the G2/M
phase, and then leading to apoptosis that can be applied to the
targeted treatment of lung cancer??° Additionally, SP can
upregulate the surface expression of MHC class | related chain
A/B(MICA/B) which is NKG2-D type Il integral membrane protein
(NKG2D) ligand by increasing overall acetylation and propionyla-
tion and then inhibiting lysine acetyltransferase (KAT), which is not
independent on GPR41/GPR43 receptors, but functional mito-
chondria.??' There are already some HDAC inhibitors, such as
SAHA (Vorinostat),*?2"%** entinostat,®*> valproate?*® and romidep-
sin.??” Romidepsin and Vorinostat have been approved for the
treatment of T-cell lymphoma by the FDA?%2% but current
research has not shown that they can be used as colorectal cancer
treatment drugs. There are currently several phase | clinical trials
exploring the combination regimen of HDAC inhibitors to achieve
better cancer treatment?**?*' and many novel HDAC inhibitors
are undergoing phase | and Il clinical trials.**?3% In addition,
SCFAs may directly affect the transcription of HDAC genes.''® In
GPR43-deficient mice, cycle adenosine monophosphate (cAMP)-
protein kinase A (PKA)-cAMP response element binding (CREB)
pathway is enhanced, resulting in the overexpression of HDAC.
Similarly, more neutrophils infiltrated into tumors and the colon
lamina propria in GPR43-deficient mice. In addition, butyric acid
inhibits HDAC expression and methylation of inflammation
inhibitory factors through GPR43. From this point of view, SCFAs
are a kind of epigenetic inhibitor, which play a pivotal role in
multiple stages of colon cancer.'®

Medium-chain fatty acids: In addition to SCFAs, it is worth noting
that the latest research shows that the addition of medium-chain
fatty acids C8 or C10 to glioblastoma cells can affect the citric acid
cycle, affecting the Warburg effect, glutamine/glutamate metabo-
lism and ketone body metabolism. C8 leads to an increased
ketone body production while C10 mainly affects the cytoplasmic
pathway by stimulating fatty acid synthesis.>>*>** Also, medium-
chain fatty acids, like Valproic acid or valproate (VPA) inhibit
HDAC, thus exerting similar anti-cancer effects to SCFAs in
regulating epigenetics.?3¢

Acetone body: Acetone body can be used as both an energy
substrate and signaling molecule. Nuclear receptor peroxisome
proliferator-activated receptor alpha (PPARa) is one of the main
regulators of ketogenic effects, which can integrate nutritional
signals into the transcriptional network that regulates the
activation of fatty acid (B oxidation and ketogenic effects.
B-hydroxybutyrate (3-OHB), a kind of ketone body, has been
identified as a class | HDAC inhibitor, which establishes a link
between liver lipid metabolites and epigenetics. 3-OHB binds to
specific hydroxyl-carboxylic acid receptors, and then inhibits
HDACs, FFARs, and the NOD-like receptor protein 3 inflamma-
some, resulting in the inhibition of lipolysis, inflammation,
oxidative stress, cancer growth and angiogenesis.”*’ Clinical
research finds that the ketogenic diet with chemotherapy can
improve the survival rate of patients with advanced local or
metastatic breast cancer.?*® This evidence suggests that there is a
close link between ketone bodies and tumor epigenetic regula-
tion, and targeting ketone bodies may provide new ideas for
cancer treatments. In addition to interfering with ketone body
metabolism through diet, enzymes in the ketone body metabolic
pathway may also be targets, such as 3-oxoacid CoA-transferase 1
(OXCT1) which can catalyze the first step and limit the rate of
ketone body metabolism step. Studies have shown that the
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expression of OXCT1 is significantly increased in different types of
cancer cells and provided great potential in cancer therapy.?*°

w-3polyunsaturated fatty acid (w-3PUFA): The epigenetic regula-
tion of w-3PUFA may be directly attributed to their electrophilic
oxidized derivatives, which are produced through endogenous
enzymatic or non-enzymatic pathways.?*°~>*> Electrophilic lipids
act as epigenetic modifiers by directly adding to histones,
regulating catalytic histone modification or DNA methylation of
enzymes, and controlling miRNA expression.**>>° w-3PUFA can
modulate epigenetic events to regulate cellular processes
associated with carcinogeneses, such as proliferation, differentia-
tion, inflammation, and angiogenesis,251 which is expected to be
an attractive dietary supplement to improve the prognosis of
cancer patients.?>? The treatment of docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA) can downregulate the expression
of EZH2, which is the core component of polycomb repressive
complex (PRC2), and PRC2 can lead to H3K27me3 modification?*
in vitro. On the other hand, EZH2 is closely associated with miRNA
silencing. It can bind to the miRNA promoter and regulate the
expression of miRNA and finally regulating epigenetics.”'® Fish oil
rich in EPA and DHA can reduce breast cancer metastasis in mouse
breast cancer models and reduce both the migration and the
invasion of cancer cells by down-regulating the expression of
CD44 in vitro. CD44 is a kind of cell surface protein that can
combine matrix collagen and MMP-9 promoting extracellular
matrix(ECM) remodeling.?** Preclinical and clinical trials evaluating
the pharmacokinetics, efficacy, and drug-related toxicity of CD44
monoclonal antibodies have been conducted in tumors with CD44
expression.”>> DHA also directly blocks the MMP-9 expression by
inhibiting the PPARy/NF-kB pathway.>*® In addition, DHA can
induce Sirtuin 1 (SIRT-1) expression in a variety of cells including
colonic epithelial cells,>*”?*®* an NAD"™ dependent histone
deacetylase, which mainly targets histones and non-histone
proteins including transcription factors. The combination of fish
oil (FO) and pectin (butyrate) can enhance the apoptosis of colon
cells, which is related to the expression of genes involved in
apoptosis.2>>2%! A study has found that dietary supplementation
of pectin significantly increased the abundance of butyric acid
bacteria in the gut, promoting butyric acid production, and
enhanced the therapeutic effect of anti-PD-1 mAb, which establish
a connection between metabolism and immune response.”®® The
combination of DHA and butyric acid significantly reduced the
methylation of apoptosis related-genes promoters, indicating that
the induction of apoptosis by DHA and butyric acid is partially
mediated by changes in the methylation status of apoptosis-
related genes.”®®

Non-coding RNA-mediated regulation of gene silencing is
another mechanism of epigenetic regulation of w-3PUFA, which
may interfere with gene expression. Carcinogenic targets of
several miRNAs (miRNA-19b, miRNA-26b, and miRNA-203) that are
down-regulated by the FO plus pectin diet.*** w-3PUFA down-
regulates miRNA-26 in cholangiocarcinoma cells, and miRNA-26a/
b targets 15-hydroxyPGdehydrogenase (15-PGDH) mRNA and
inhibits its translation. 15-PGDH can catalyze the oxidation of the
15 (S) -hydroxyl group of prostaglandin E2 (PGE2) which is a pro-
inflammatory lipid medium promoting carcinogenesis, so the
downregulation of miRNA-26 may be related to the ability of w-
3PUFA to inhibit cancers.?®> Interestingly, w-3PUFA also directly
upregulates 15-PGDH which acts as a tumor suppressor in lung
and colon cancer.?®*?” Several compounds that can induce 15-
PGDH expression have been reported, including histone deace-
tylase inhibitors, nonsteroidal anti-inflammatory drugs, and
peroxisome proliferator-activated receptor-y agonists. Therefore,
15-PGDH can be considered a novel molecular target for cancer
chemoprevention and therapy.?®® In addition to affecting miRNA
expression, w-3PUFA also affects its secretion, such as DHA inhibits
angiogenesis by triggering exosome secretion of miRNAs which
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promotes the expression of angiogenic genes in endothelial
cells.®®? So, taking full advantage of the anti-cancer effect while
inhibiting its cancer-promoting effect of omega-3PUFA may lead
to better therapy in cancers, all of which are the main epigenetic
modification, and well-known epigenetic markers.'® Several phase
| and phase Il clinical trials of omega-3PUFA supplementation in
solid tumors have been completed, however, the outcome is
ambiguous and requires more precise evidence.

Fatty acid ester of phloridzin: Fatty acid esters of phloridzin
significantly inhibit the growth of human hepatocyte HepG2 cells,
human breast adenocarcinoma cells, and acute monocyte
leukemia cells. It inhibits DNA topoisomerase lla activity, induces
cell cycle arrest in GO/G1 phase and apoptosis by activating
caspase-3 and reducing ATP levels and mitochondrial membrane
potential in HepG2 cells. The antiproliferative effect of phloridzin
DHA ester may be related to the anti-apoptotic gene (BCL2),
growth factor receptor (EGFR family, IGF1R/IGF2, PDGFR), and its
downstream signaling partners (PI3K/AKT/mTOR, Ras/Raf/MAPK),
cell cycle mechanisms like cyclin-dependent kinases (CDK),
topoisomerase lla and I3 (TOP2A, TOP2B) and down-regulation
of epigenetic regulators (HDAC).2”° HDAC plays important role in
histone modification, which is also a crucial part of epigenetic
regulation in cancer.””' HDAC inhibitors (HDACi) for cancer
treatment are approved by the FDA,?’? which are functional by
blocking the catalytic sites of HDACs and changing cellular
acetylation patterns, causing the death of cancer cells.>’

Other fatty acid derivatives: Resveratrol (3,4,5-trans-trihydroxys-
tilbene) is a plant antitoxin produced in various plants (such as
grapes, peanuts, and cranberries) due to pathogen invasion or
other environmental stresses.”’* DMU-214 is a kind of metabolite
of cytotoxic resveratrol analog DMU-212, which can regulate
several genes related to migration and proliferation (SMAD?,
THBS1, IGFBP3, KLF4, 116, ILA, SOX4, IL15, SRF, RGCC, GPR56) and
protein (GPR56, RGCC, SRF, SMAD7, THBS1)*”> to reduce cell
proliferation and movement. DMU-214 inhibition of GPR56
expression, the decrease of GPR56 expression triggered by
DMU-214 was accompanied by the inhibition of SKOV-3 cell
motility.”’® The ginseng metabolite protopanaxadiol (PPD) can
induce the expression of BH3-only proteins Puma and Noxa,
thereby promoting the death of colorectal cancer cells, and also
enhancing the anti-cancer effect of fluorouracil (5-FU). In addition,
PPD also induces the expression of autophagy and Bcl2 family
apoptosis regulator myeloid cell leukemia-1(MCL-1) that can
significantly increase PPD-induced cell death. Interestingly, PPD
inhibited the expression of fatty acid and cholesterol biosynthesis-
related genes, and induced cancer cell death with fatty acid
synthase inhibitor cerulenin.?”” There is no doubt that these
metabolites seem to provide an alternative direction for cancer
treatment. However, these metabolites regulate gene expression
in which ways that needs to be further investigated.

Fatty acids directly affect epigenetics through substrates

Acetyl-CoA: Acetyl-CoA establishes an important link between
energy metabolism and chromatin regulation.?’®?”° Fatty acids
can affect the level of acetyl-CoA and then directly influence
histone acetylation which plays a crucial role in metabolism, signal
transduction, and epigenetics. On the one hand, ubiquitous de
novo fatty acid synthesis in cancer cells needs to use acetyl-CoA
which is provided by the same acetyl-CoA reservoir of histone
acetylation. The acetyl-CoA pool is provided by ATP citrate lyase
(ACLY) and acetyl-CoA synthase (ACSS). ACLY cleaves citrate into
oxaloacetate and acetyl-CoA, ACLY is essential for tumorigenesis
in mouse cancer models, and its compound inhibitors with high
IC50 values have antitumor efficacy in xenograft models of lung
and prostate cancer. However, no active ACLY inhibitors have
been reported in vivo tumor models.'® ACSS links acetate and
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CoA to produce acetyl-CoA,**® playing an important role in

acetate-dependent tumors. Lacking ACSS2 attenuates tumor
burden without any phenotypic defects. Therefore, many ACSS2
inhibitors are needed to be tested in tumor models.?®'*52 MTB-
9655, a kind of small molecule inhibitor of ACSS2, is in phase 1
clinical trial as a potential treatment for patients with cancer
(NCT04990739). Reducing the expression of acetyl-CoA carbox-
ylase 1 (ACCT) increases the global histone acetylation and gene
expression by reducing FA synthesis,?®> and low-potency ACC1
inhibitor TOFA resulted in tumor regression in MYC-induced renal
tumors,?®* at the same time, ND-646, a nanomolar inhibitor of
ACC1, inhibits tumor fatty acid synthesis and tumor growth of
lung cancer in vivo.28>285 However, no clinical trials about them
have been conducted. On the other hand, fatty acid oxidation
increases acetyl-CoA levels, leading to an increase in histone
acetylation®®” and the expression of lipase and acyl-CoA short-
chain synthetase family member 2 (ACSS2). Acetate promotes the
expression of lipase and acyl-CoA short-chain synthetase family
member 2 (ACSS2). In T cells lacking glucose, acetate promotes
histone acetylation, increases IFN-y production, and promotes
tumor clearance.”®® There is evidence that increased histone
acetylation can drive increased expression of the transcription
factor Twist2 that induces EMT.2%° Overall, inhibiting the fatty acid
synthesis and increasing acetyl-CoA levels can promote global
histone acetylation which is a potent development prospect for
targeted therapy in cancers.

Organic acid: Histones are regulated by many posttranslational
modifications (PTMs)?°° and then regulate gene expression at the
epigenetic level. There are two specific mechanisms: First, histone
PTM changes the net charge of histone molecules or changes the
interaction with nucleosomes to adjust the packaging of
chromatin directly. Second, histone PTM recruits PTM-specific
binding proteins to regulate the structure and function of
chromatin.?®'?%? Histone PTMs play a crucial role in various
biological processes such as cell proliferation and differentiation.
An abnormal histone modification will cause cancers and other
diseases.’?>?°* In addition to acetyl groups, histone PTM can also
reversibly add and cleave other acyl groups (formyl, propionyl,
butyryl), myristoyl groups, and dicarboxylic acids (malonate,
succinate, pentane).?”>2*° The studies focus on three kinds of
histone modifications: mg/ristoylation of N-terminal glycine resi-
dues (N-myristoylation),>® and the crotonylation (Kcr) form of
lysine residues.*® The fatty acid acylation mechanism of histones
directly links fatty acid levels to histone epigenetics (Fig. 3), but
the specific mechanisms of various organic acids regulating
epigenetics and their roles in diseases need to be further
investigated. Abnormal epigenetic histone modifications are
related to cancer pathogenesis, especially in prognosis and
invasiveness of care, which may lead to clinical outcomes.>°' For
example, the prognosis in breast cancer is associated with the
reduction of lysine acetylation (H3K9ac, H3K18ac, H4K12ac),
methylation (H3K4me2, H4K20me3) and arginine methylation
(H4R3me2).>*

Fatty acids and their derivatives can not only affect the
concentration of substrates related to epigenetics but also affect
the activities of enzymes related to epigenetics, thereby regulating
the expression of genes in epigenetics. This effect is bilateral and
can produce both cancer-promoting and cancer-suppressing
effects. Whatever, it provides us with a direction: changes in
metabolite concentration can affect the level of gene expression,
which may be a great way to prevent and cure cancers, even
though there is still a long way to go.

Cancer cells show higher metabolic flexibility in responding to
metabolic reprogramming, this implies that we are able to
increase the intake or production of certain tumor suppressor
metabolites to inhibit the process of carcinogenesis and
metastasis of cancer. Based on this point of view, many studies
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Fig. 3 Epigenetic regulation of fatty acids and their intermediate metabolites in cancer. ACLY cleaves citrate into oxaloacetate and acetyl-CoA,
while ACSS connects acetate and CoA to generate acetyl-CoA and generates acetylcholine depot, which together with organic acids affects
histone posttranslational modifications and induces Twist2 expression increase. a CRC: SCFAs and ketone bodies inhibit HDAC enzyme to
make histone acetylation, up-regulate the tumor suppressor gene, and promote the activation of transcription factors STAT3, NF-kB, FoxP3,
N-FAT and RUNX1. It can also directly inhibit the transcription of HDAC gene. ®-3PUFA up-regulates 15 PGDH and catalyzes the oxidation of
the 15 (S) -hydroxyl group of prostaglandin E2 (PGE2), fish oil and pectin reduce the pro-apoptotic Bcl2I11, Cideb, Dapk1, Ltbr and Tnfrsf25
promoter methylation which promotes cell apoptosis, and down-regulation of miRNA (miRNA-19b, miRNA-26b and miRNA-203). b BCC: DHA
and EPA down-regulate the expression of EZH2, and then H3K27me3 modification. Fish oil can down-regulate the expression of CD44,
promote ECM remodeling, and inhibit the migration and invasion of cancer cells. DHA inhibits the PPARy/NF-kB pathway, blocking MMP-9
expression, and triggers exosome secretion of microRNAs that promote angiogenesis genes to inhibit angiogenesis; phloridzin fatty acid
esters inhibit DNA topoisomerase lla activity and activate caspase, inducing apoptosis, Phloridzin’s DHA ester down-regulates BCL2, growth

factor receptor and PI3k/AKT/mTOR, Ras/Raf/MAPK and HDAC

have been carried out, such as exogenous intake of fatty acids or
intestinal probiotics that produce short-chain fatty acids,%*3%*
which will be expected to provide powerful methods for tumor
prevention and treatment in the future.

METABOLITE SENSING AND EPIGENETIC REGULATION OF
PROTEIN METABOLISM

Signal transduction of protein metabolism

Mammalian target of rapamycin (mTOR)-mediated amino acid
sensing is an important metabolite sensing mechanism for amino
acids. mTOR itself is a protein kinase. It can detect the abundance
of amino acids by working with specific sensor proteins, which
mainly are the followings: lysosomal proteins slc38a9 (unchar-
acterized human member 9 of the solute carrier family 38)*%> and
cas-tor1'? are proven to be metabolite sensor of arginine, Sestrin2
is the leucine sensor,'® while methyl donor S-adenosylmethionine
target of rapamycin (SAMTOR) is a methionine receptor.3%
Meanwhile, a study suggested that map4ke (mitogen-activated
protein kinase-3) could also act as an upstream amino acid
receptor of mMTOR.3’ Leucine synthetase and vacuolar H4+-ATPase
are two intracellular amino acid sensing elements that are closely
related to the activation of mTOR1. When leucine concentration
increase, leucine synthase migrates to the lysosome. In lysosomes,
leucine synthetase facilitates the proper nucleotide loading of the
Rag GTPase heterodimer complex, which stimulates the activity of
mTORC1 through the mechanism that will be described later.>%®
Vacuolar H+-ATPase is located in the lysosomal membrane and
has been identified as a key component of the lysosomal surface
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amino acid sensing mechanism. It seems to be very sensitive to
the accumulation of amino acids in lysosomes. By directly
interacting with the regulator-rag complex, it stimulates the
activation of mTORC1 when the concentration of amino acids in
the lysosome cavity increases.>*

When the cell senses the presence of amino acids, it activates
mTORC1. Amino acids recruit mTORC1 on the surface of the
lysosome, where the activator Ras (rat sarcoma) homolog enriched
in the brain (Rheb), the direct upstream activator of mTORCI, is
located.3°*3™° This recruitment of mTORC1 on the lysosomal
membrane is mediated by Rag GTPase heterodimers.3''3'? The
specific mechanism is that the increased amino acid availability
stimulates the transfer of GDP and GTP loading of the Rag
heterodimer,®'" which converts Rag GTPase to the active
configuration phase,' thereby promoting Rag heterodimer to
bind to mTORC1 that recruits to the lysosomal surface.>'" Then the
“docking” of mMTORC1 with lysosomes requires a protein complex
called regulators, which provides an anchoring mechanism
between the Rag GTPase heterodimer bound to mTORC1 and
the lysosomal membrane. In this way, it allows the activation of
mTORC1.3"% Interestingly, the study found that when the amino
acid adequacy is low, a protein subcomplex called GTPase-
activating target of rapamycin 1(GATORT) has been shown to
inactivate the rag heterodimer complex, thereby inhibiting the
ability of RAG GTPase heterodimer to recruit mTORC1 on the
surface of the enzyme body>2'™ When activated, mTOR will
phosphorylated p70-S6 kinase 1 (S6K1) and 4E binding protein
1(4E-BP1)), and the phosphorylated S6K1 and 4E-BP1 activate the
protein translation initiation complex, then promote protein
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synthesis. Specially, when 4E-BP1 is phosphorylated, it will
promote the release of eukaryotic initiation factor 4E (elF4E).
Therefore, elF4E is allowed to combine with elF4G and elF4A to
form the elF4F translation initiation complex, then activating
protein synthesis.3'> At the same time, mTOR can also play a
broad regulatory role by phosphorylating other effector pro-
teins.3'® Surprisingly, new research found that glutamine and
asparagine activate mTORC1 through a Rag GTPase-independent
mechanism that requires ADP-ribosylation factor 1 (Arf1), while
leucine, arginine, and methionine signal to mTORC1 through the
well-characterized Rag GTPase signaling pathway as we men-
tioned before. This research shows mTORC1 is differentially
regulated by amino acids through two distinct pathways.'®
Amino acid sensing mediated by mTOR plays an important role
in the pathogenesis of tumors. Of all 97 human cancers, mTORC1
is considered to be up-regulated by approximately 70%.'?' It has
newly been reported to relate to acute myeloid leukemia,'”
subependymal giant cell astrocytoma,®'® triple-negative breast
cancer®'? and pancreatic tumor.3?° mTOR has also been found to
be used in the treatment of cancers. So far, two generations of
mTOR inhibitors have been developed and have shown promising
tumor suppression in preclinical studies. The clinical application of
mTOR inhibitors has been successfully tested in treating advanced
renal cell carcinoma, neuroendocrine tumors, and HER2-positive
breast cancer.'' It can also ablate cisplatin-resistant salivary gland
cancer stem cells, especially combined with platinum-based
chemotherapy.®>' Meanwhile, a new study also found that
enhance mTOR-targeted cancer therapy can be enhanced by
combining of other drugs such as mitoxantrone, an inhibitor of
the eukaryotic elongation factor-2 kinase, which is overexpressed
in cancer cells and is required for the survival of stressed cells.>*?

The amino acid sensing related to G protein-coupled receptor. G
protein-coupled receptors are an important metabolite-sensing
receptor binder antagonist, and most GPCRs bind to short-chain
fatty acids.''® However, there are a few GPCRs that combine with
amino acids and their metabolites, such as tryptophan metabolites
nicotinic acid and Kynurenic acid (the host’s intermediate for
tryptophan metabolism), and indole-3-aldehyde (derived from
tryptophan Bacterial metabolism)."'” Their main function is mainly
about adaptive immunity and intestinal barrier that regulates
inflammation. GPR109A combines not only with butyrate of short-
chain fatty acids but also with niacin, a metabolite of trypto-
phan3?® Under physiological conditions, GPR109A can only be
activated when the concentration of butyrate is sufficient, and the
concentration of niacin is insufficient to activate GPR109A."*® At
the same time, some studies have found that after activating
GPR109A by niacin, it can reduce the secretion of proinflammatory
cytokines made by macrophages, monocytes and epithelial
cells3?* Meanwhile, recently study found that GPR109A-AKT
signaling pathway was related to the butyrate markedly inhibited
glucose transport and glycolysis of colorectal cancer cells.>?* Also,
another experience found that supplementation of ketogenic diet
with a pharmacological antagonist of the 3HB receptor GPR109A
in rats abolished the antitumor effects.>?° Although currently, the
researches related to GPR109A’s are mainly focused on its role in
inhibiting inflammatory mediators, one research found that it can
promote the occurrence of ApcMin/+-driven colon cancer
through animal experiments. Adenomatous polyposis (APC) gene
mutation is one of the inherited forms of human colon cancer. IL-
10 and Treg cells are suppressed after the mutation, and IL-17
promotes Apcmin/mouse (the mouse who has an express point
mutation in one copy of APC gene) to develop a colon cancer.
However, as for how GPR109A promotes the occurrence of
ApcMin/+ driven colon cancer, its specific mechanism needs
further study.'™ It is found that colon cancer cells were more
sensitive to the depletion of tg/ptophan compared with normal
human colonic epithelial cells.3*’
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Studies have also found that D-tryptophan and the essential
amino acid D-phenylalanine can be combined with GPR109B.
GPR109B, like GPR109A, also plays an important role in the
immune-free system, but its specific role in tumors is currently
unknown.3?® More progress studies of GPR109A in cancer can be
seen in the previous fatty acid portion. GPR35 is also related to
amino acid metabolites kynurenic acid, lysophosphatidic acid and
pamoic acid. It is mainly a GPR that is poorly expressed in the
gastrointestinal tract, especially in the small intestine and colon.3%°
But its main role is to focus on the onset of colitis, and no research
related to malignant tumors has been seen. Study shows the over-
expression of GPR137 is associated with the growth of tumor cells,
while under-expression of GPR137 has been shown to inhibit cell
proliferation in several different types of cancers, but its role in
amino acid sensing is still unclear.>*°

There are also another kind of GPRs which was combined with
protein that related to the tumor development, GPR56. GPR56
binds transglutaminase 2 to suppress tumor metastasis>>' and
binds collagen Il to regulate cortical development and lamina-
tion.?3*2 GPR56 has shown a high expression level in many cancers,
such as esophageal cancer,**® glioblastoma,®** human mela-
noma>** and colon cancer?’® as a cancer promoting factor which
is different from GPR109A and GPR43. Its cancer-promoting effects
are related to proliferation, migration, angiogenesis, cell adhesion,
apoptosis and cell cycle regulation.3**3” The expression and
activation of GPR56 can regulate the progression of melanoma by
specifically inducing IL-6 production after the dissociation of the
N-terminal fragment and the self-activation of the C-terminal
fragment, thereby promoting cell migration and invasion.>*> The
higher level of GPR56 expression in colon cancer patients means a
poorer prognosis. The depletion of GPR56 significantly inhibits cell
proliferation, migration and invasion. Further research shows that
GPR56 overexpression accelerates epithelial-mesenchymal transi-
tion by activating PI3K/AKT signaling, promoting colorectal cancer
(CRC) cell metastasis.>’® However, GPR56 could inhibit tumor
growth and metastasis.>*® Melanoma angiogenesis is inhibited as
GPR56 prevents melanoma cells from producing VEGF. It is
important in cancer metastasis due to its antagonistic effect with
melanoma.®*” There were studies related GPCR to amino acid.
Leucine-rich repeat-containing G-protein coupled receptor 5
(LGR5) is highly expressed in cancer stem cells. The loss of LGR5
in colon cancer cells enhanced resistance to irinotecan and
5-fluorouracil and increased expression of adhesion GPR56, thus
the knockdown of GPR56 in multiple colon cancer cell lines led to
suppression of tumor growth and decreased drug resistance,
which maybe a new target drug for colon cancer.>*° Considering
its dual role, developing target drugs against it is significant. There
are already several functional antibodies against GPR56, but they
have only been shown to have pharmacological and in vitro
activity, and studies in vivo are still lacking, which indicates that
functional antibodies are valuable tools for GPCR research. 340342

The amino acid sensing related to glutamic acid. Glutamic acid,
the first metabolite of glutamine, also plays an important role in
the development of tumors. It also related to amino acid sensing.
Glutamic acid produced by glutamine hydrolysis can be exported
from tumor cells through transporters such as recombinant solute
carrier family 7, member 11 (SLC7A11 or xCT). Glutamate plays an
important role as a signaling molecule in regulating cancer
metastasis. The destruction of glutamate cysteine anti-transporter
xCT (also known as slc7a11) leads to a retention of cellular
glutamate, which makes glutamate fail to function out of the cells,
resulting in reduced proliferation and reduced invasion of non-
small cell lung cancer.>** When xCT is functional and glutamate is
exported, glutamate can function through multiple types of
receptor signals.3** It can activate MAPK and AKT signaling that
promote tumorigenesis by combining with ionic and metabolic
glutamate receptors a-amino-3-hydroxy-5-methyl-4-isoxazole-
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propionic acid receptor (AMPAR) and gene expression of
metabolic glutamate (GRM), thereby reducing intercellular adhe-
sion and increasing tumor erosion. Meanwhile, activity of hypoxia
inducible factor-1 (HIF-1), a factor that plays an important role in
glycolysis of tumor under hypoxia conditions, is significantly
increased by glutamine metabolism.>*®

Speak of treatment, many studies have shown that inhibiting
XCT has the effect of inhibiting tumor growth,>*¢**” maybe the
potential therapeutic target for tumor.3*" 3% Importantly, a recent
study showed that xCT inhibition works synergistically with the
non-therapeutic agent anti-CTLA-4150. This study laid the
foundation for the clinical application of specific xCT inhibitors
to expand the efficacy of existing anti-cancer immunotherapy.>*°

At present, there is also progress in the research of tumor
therapy about glutamic acid. On the one hand, the biological
effects of glutamate can be reduced by inhibiting glutamate
receptors. Studies have found that reducing gene expression of
metabolic glutamate receptor 1 (grm1) through genetic manip-
ulation can proliferate the ER-positive breast cancer cells.>" In
addition, treatment of metabolic glutamate receptor 5 antagonists
respectively reduced the metastasis and invasion in vivo and
in vitro in oral cancer cell line b88-SDF-1.3°2 On the other hand,
tumor growth can be directly inhibited by inhibiting glutamine
transport. Glutamine is introduced into cells through various
transporters, amino-acid transporter 2 (ASCT2) (also known as
slc1a5).>>® For example, by reducing the expression of ASCT2 to
block glutamine uptake, it leads to a decrease in the proliferation
of prostate cancer cells, and activates the mTORC1 signal.*'
Meanwhile, it also reduces the migration of osteosarcoma and
triple-negative breast cancer.>** Another treatment is the use of
new 2-amino-4-bis (aryloxybenzyl) aminobutyric acid (aba) deri-
vative drugs designed to target act2, such as v-9302, which has
been proven to reduce cell proliferation, increase cell death and
oxidative stress. At the same time, v-9302 can also reduce
glutamine uptake by preventing excess glutamine transporters’
function, thereby inhibiting the development of cancer.>*> Mean-
while, the study found that glutamate metabolism-related
products in the urine of prostate cancer patients were significantly
up-regulated, which may have clinical significance for the
diagnosis of prostate cancer.>*® L-type amino-acid transporter 1
(LAT1) is also a cancer-associated amino acid transporter gene
related to mTOR, which already showed an essential role in the
cell proliferation and occurrence of malignant phenotypes.®’ It is
also increased in human ovarian cancer cell lines, thus LAT1 may
be a target for combination therapy with anti-proliferative
aminopeptidase inhibitors to combat ovarian cancer.3*®

The metabolite sensing related to downstream amino acid products.
Nitric oxide (NO) is a metabolic result of arginine catabolism.
According to its time, location and concentration, it has the effect
of inhibiting tumor and promoting tumor.3*° It promotes
carcinogenesis through a variety of mechanisms, including
increasing angiogenesis and limiting the host’s immune response
to the tumor. However, it can also be used as a tumor suppressor
molecule by activating caspase and inhibiting p53.3°° The study
found that 150 nM is the NO concentration threshold: below this
concentration, NO stimulates the proliferation of tumor; above this
concentration, NO promotes cancer cell death.3*° Especially
between 1nM-30nM, NO activates protein kinase G, phosphory-
lated protein kinase G, whose role is to promote angiogenesis and
endothelial cell proliferation, including ERK (extracellular signal-
regulated kinase).*®° Between 30 and 100 nM, NO activates other
downstream kinases, such as protein kinase b (PKB or AKT), and
stimulates proliferation and anti-apoptotic responses in tumor
cells.>*" Between 100 and 150 nM, NO stabilizes HIF-1a, thereby
increasing the production of vascular endothelial growth factor
(VEGF) in endothelial cells and cancer cells, leading to angiogen-
esis of tumor.3%>*®3> When the concentration of NO exceeds
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150 nm, the nitroso stress in the tumor microenvironment
increases and the independent stress sensor is activated. In this
way, the tumor suppressor gene p53 will be phosphorylated and
activated, mitogen-activated protein kinase 1 (MAPK1) will be
overexpressed, and cellular respiration will be inhibited, leading to
tumor cell apoptosis®®® (Fig. 4). Besides, 8-Hydroxyquinaldic acid,
the end-metabolite of tryptophan, has an evidenced anti-
proliferative activity towards cancer cells. It is found that it can
induce changes in protein expression of cell cycle regulators
(CDK4, CDK®, cyclin D1, cyclin E) and CDKs inhibitors (p21 Waf1/
Cip1, p27 Kip1), then inhibit proliferation and mitochondrial
activity in colon cancer HT-29 and LS-180 cells, as well as decrease
DNA synthesis.>** Cadaverine is a downstream product of lysine.
Its treatment of breast cancer cell lines corresponding to inhibit
cellular movement and invasion, moreover, rendered cells less
stem cell-like through reducing mitochondrial oxidation. It is
assumed that cadaverine production seems to be a regulator of
early breast cancer.>® All in all, amino acid metabolism has a large
difference between normal cells and tumor cells, and this
difference has significant clinical significance. For example, the
study found that before and after colorectal cancer surgery, amino
acid levels such as glycine and arginine have significant
differences, which may be used as potential assessment of
metabolites for diagnosis of cancer of colon.3®® Besides, it's
demonstrated that the PLS-DA model using the six metabolites
(glycine, valine, methionine, citrulline, arginine and C16-carnitine)
had a strong ability to identify lung cancer.3®” However, other than
the above four pathways, the specific mechanism between these
metabolite changes and cancer development needs more
research, so as to better provide new tools for clinical diagnosis
and treatment (Table 1).

Epigenetics of protein metabolism
Amino acids can directly affect epigenetics through substrates. The
amino acids can affect epigenetics by both by itself or through its
substrates. Fox example, intracellular L-arginine is a key regulator
of central memory T cell metabolic adaptability, survival ability,
and anti-tumor activity through metabolomics and proteomics
analysis. Elevated L-arginine levels can cause global metabolic
changes, including the transition from glycolysis to oxidative
phosphorylation in activated T cells, promote central memory-like
cells with higher survival production, and increase antitumor
activity in a mouse model. Proteomic analysis showed that T cells
were metabolically reprogrammed under the influence of
elevated intracellular arginine levels. This experiment further
explored the sensors that be needed to mediate arginine
metabolism and functional response, and found out three
proteins: human bromodomain adjacent to zinc finger domain
1B (BAZ1B), PC4 and SFRS1 (splicing factor, arginine/serine-rich1)
interacting protein 1 (PSIP1), and translin (tsn).3®® Human
Bromodomain adjacent to zinc finger domain 1B (BAZ1B) is a
transcription regulator that contains a prolyl hydroxylase (PHD)
domain that binds to methylated histones. PSIP1 is a transcrip-
tional coactivator related to the protection of apoptosis.>®®
Currently, there are studies about anti-tumor therapy targeting
arginine, and arginase has been shown to play an anti-tumor
effect in pre-clinical and clinical settings.>**37°

Leucine itself also has an effect on tumorigenesis. The study
found that one function of protein leucine residues is to serve as a
posttranslational modification site (PTMS), which plays a role in
the development of tumors. Studies have determined that the
reason why statins can destroy the integrity and invasiveness of
tumor cells is partly through the modification of this cysteine (Cys)
modification.>’! Also, a recent study suggested that elevation of
L-arginine in mice liver cells are the important characteristics of
T2DM/NASH-associated hepatocarcinogenesis.>’? Another study
confirmed that leucine-rich repeat protein 5 (circFBXL5) is highly
expressed in breast cancer tissues and cells, and circFBXL5
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Fig. 4 The pathways of metabolite sensing of glutamate, leucine and ariginie. It includes three pathways of metabolite sensing of protein.
Glutamic acid produced by glutamine hydrolysis can be exported from tumor cells through transporters such as XCT. When Xct is functional
and glutamate is exported, glutamate can function through multiple types of receptor signals, thereby reducing intercellular adhesion and
increasing tumor erosion. Leucine concentration increasing leads to a migration from leucine to the lysosome, where it facilitates the proper
nucleotide loading of the Rag GTPase heterodimer complex, which stimulates the activity of mTORC1. When activated, mTOR wiill
phosphorylate S6K1 and 4E-BP1, and the phosphorylated S6K1 (phosphorylates p70-S6 kinase 1) and 4E-BP1 (4E binding protein 1) activate
the protein translation initiation complex, then promote protein synthesis. Arginine can be transported to NO through NOS in cells. Below
150 nm, NO stimulates the proliferation of tumor; above this concentration, NO promotes cancer cell death: When between 1nm-30nm, NO
activates protein kinase G, whose role is to promote angiogenesis and endothelial cell proliferation. Between 30 and 100 nm, NO activates
other downstream kinases, such as protein kinase B (PKB or AKT), and stimulates proliferation and anti-apoptotic responses in tumor cells.
Between 100 and 150 nm, NO stabilizes hif-1a, thereby increasing the production of vascular endothelial growth factor (VEGF in endothelial
cells and cancer cells, leading to angiogenesis of tumor. Above 150 nm, the tumor suppressor gene p53 will be phosphorylated and activated,
mitogen-activated protein kinase 1 (mkp1) will be overexpressed, and cellular respiration will be inhibited, leading to tumor cell apoptosis

knockdown inhibited breast cancer by inhibiting cell migration,
invasion and promoting apoptosis.>’® Study also newly indicates
that a subset of myeloma identified as an enrichment for basic
leucine zipper domain-binding motifs.3’* Meanwhile, depletion of
cystine inhibits pancreatic tumor cell growth through the
regulation of ferroptotic death. The down regulation of SLC7A
could inhibit the tumor growth and induce ferroptotic cell death,
which is validated by the application of cystathionineclyase, and
provided a theoretical basis for the clinical practice of the
ferroptotic cell death-inducing drug.3”®

Amino acid derivatives are also involved in epigenetics.
Branched-chain amino acids (leucine, isoleucine, and valine) and
lysine are decomposed into acetyl-CoA, which may be used by
histone acetyl-transferases (HATs).>’® Importantly, the collection of
acetyl-CoA from amino acids also regulates protein acetylation
and can promote tumor growth. Leucine provides acetyl-CoA to
the recombinant E1A binding protein P300 (EP300) acetyltransfer-
ase, which mediates inhibitory acetylation of the mTORC1
regulator Raptor at K1097 and leads to mTORC1 activation.>”” As
mentioned before, mTORC1 plays an important role in the
development of tumors. At the same time, branched-chain amino
acids were found to play an important role in the treatment of
cancer. BCAA-degrading enzyme branched-chain-amino-acid ami-
notransferases1 (BCAT1) has become a useful prognostic cancer
marker.37838 |n glioblastoma, BCAA (branched-chain amino
acids) catabolism is up-regulated, and this up-regulation depends
on BCAT (branched-chain-amino-acid aminotransferases)?®'%2
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indicates that targeting bcat1 treatment may have a good
therapeutic window in bcat1 dependent tumor.3®® For example,
a-ketoglutarate kills dehydrogenase wild-type glioblastoma cells
when BCAT1 protein is lost, which is reversed by re-expression of
BCAT1 or supplementation with branched-chain a-ketoacids,
downstream metabolic products of BCAT1, which means that
the cotreatment of BCAT1 inhibitor gabapentin and AKG results in
synthetic lethality.*®* Meanwhile, another new posttranscriptional
regulator of BCAT1 expression is identified in chronic myeloid
leukemia (CML), the musashi RNA binding protein 2 (MSI2), which
coexpressed in CML blast crisis with BCAT1, which means that
MSI2-BCAT1 axis is an important mechanism in driving cancer
progression in CML.3%°

Lysine-derived acetyl-CoA plays an important role in the self-
renewal of colorectal cancer tumor initiating cells. CD110 is a
hemagglutinin (TPO) reactive homodimeric receptor and s
expressed in colon tumor initiating cells. When binding with
TPO, CD110 activates lysine degradation, thereby producing
acetyl-CoA, which is used for acetylation of low density lipoprotein
receptor-related protein6 (LRP6) under EP300 (E1A Binding Protein
P300) dependence. LRP6 is a co-receptor for Wingless/Integrated
(WNT) signaling and is essential in the renewal of colon tumor
initiating cells. The acetylation of LRP6 stimulates the activity of
LRP6 and the self-renewal of CD110 colon tumor initiating cells.38

Amino acid derivative polyamines also can affect tumorigenesis.
Polyamines (putrescine, spermine, and spermidine) may be the
most famous metabolites that promote tumor proliferation and
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Table 1. Signal transduction-mediated metabolites in cancers
Category  Receptor Metabolites cancers Effects mediated by receptor Ref./refs.
Glucose  GPR31 Lactic acid and Colorectal cancer Tumor progression 3435
pyruvate Prostate cancer
SUCNR1 Succinate Cancers with Cancer metastasis and invasion 36-40
SDH germline mutation Angiogenesis
Macrophage migration and M2 polarization
Fatty acid GPR109A Niacin and butyric acid Colorectal cancer Cell apoptosis, against carcinogenesis n2
B-Hydroxybutyrate Colorectal cancer Tregs and IL-10-producing T cell activation 137
Short-chain fatty acid Breast cancer Apoptosis and cell cycle stagnation 138
B-Hydroxybutyrate
GPR109B 3-Hydroxyoctanoate  Breast cancer Cell proliferation 136,146,157
Inhibition of FAO
GPR43 Short-chain fatty acid Colorectal cancer Inhibition of recruitment and migration of 160163
neutrophils
Failure of CD8(+) T cells
Excessive activation Of DCs
GPR84 Medium-chain fatty ~ Acute myeloid leukemia  Activation of Wnt signaling 173
acid Colorectal cancer Inhibition of osteoclastogenesis 176
B cell lymphoma Macrophage phagocytosis 77
GPR40 Oleic acid Hepatocellular carcinoma  Cell proliferation, migration and invasion 180,181
Ovarian cancer Cell proliferation, migration and invasion 182
Prostate cancer Activation of PI3K/Akt signaling 183
Cell invasion
GPR120 Long-chain fatty acid Breast cancer De novo synthesis of fatty acids 167,188
Pancreatic cancer Cell migration and invasion 189,190
Colorectal carcinoma
Bone cancer
Prostate cancer Activation of M2 macrophages 191
Melanoma Inhibition of cell migration and invasion 189
Lung cancer
GPR78 Unknown Breast cancer Mitochondrial transport of fatty acids 195
Inhibition of Macrophage infiltration
Amino mTOR Leucine Acute myeloid leukemia  Activating protein synthesis 300,307,314,318
acid Subependymal giant cell
Astrocytomas
Triple-negative breast
cancer
Pancreatic tumor
GPR109A Niacin Colorectal cancer Inhibit glucose transport and glycolysis 326
xCT Glutamate cysteine Non-small cell lung cancer Regulate cancer metastasis 344
AKT NA Unknown Stimulates proliferation and anti-apoptotic 362
responses
Cell cycle 8-Hydroxyquinaldic ~ Colon cancer Inhibit proliferation and mitochondrial activity 3
regulators acid
Cadaverine Breast cancer Inhibit cellular movement and invasion 366,367

invasiveness. Increased levels of polyamines have been observed
in cancer patients. Polyamines and their metabolites in urine and
plasma can be used for cancer diagnosis, and can also be used as
a marker of lung cancer and liver tumor progression.>¢3%7
Meanwhile, inhibiting polyamine metabolism can inhibit tumor
growth by stimulating anti-tumor immunity.*®® Polyamines affect
many processes of tumorigenesis, partly through the regulation of
the expression of specific genes through transcription. It acts as
charged cations at the pH body and can be associated with
nucleic acids,*®° which in turn affects the global chromatin
structure and specific DNA-protein interactions, thereby affecting
gene transcription.***3?! The posttranscriptional aspects of gene
regulation mediated by polyamines are related to eukaryotic
translation initiation factor 5A (eFI5A), and its expression/function
will adversely affect the prognosis of various cancers.3®> For

Signal Transduction and Targeted Therapy (2023)8:196

example, eFI5A is found as one of the differentially expressed
proteins in both glioblastoma and neuroblastoma cells.3?* MS13 is
one of the curcumin analogs that has the potent cytotoxicity and
anti-proliferative effects on human glioblastoma U-87 MG and
neuroblastoma SH-SY5Y cells through affecting eFISA.3%

Moreover, it’s also reported that accumulation of cellular acetyl-
CoA promoted de novo lipid biosynthesis and histone H3K27
acetylation, which ultimately regulates the peptidyl arginine
deiminase 1 (PADI1)-MAPK-MMP-2/9 pathway. This pathway can
serve as a potential therapeutic target in nasopharyngeal
carcinoma.?**

Amino acids can indirectly regulate enzymes related to epigenetics.

The abundance of serine in the body is also related to the
occurrence of tumors.>®> For example, study found that serine
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upregulated in acute myeloid leukemia,**® as well as primary

melanomas.>®” Serine has recently been identified as an allosteric
effect factor of M2 isoform of pyruvate kinase (PKM2).3%® PKM2 is
often upregulated in cancer and has many carcinogenic effects.>*
For example, by proteomic analysis, it's demonstrated that PKM2
was identified as key molecules regulated by Wnt/B-catenin
signaling in colorectal cancer.*® Especially in the drug-resistant
colorectal cancer, the sponge for the PKM2-targeting miR-122 may
be a potential novel therapeutic target.*°" Cisplatin, tamoxifen,
and doxorubicin were found to affect tyrosine and alanine in
breast cancer cell lines, which may contribute to drug resis-
tance.**?

Serine may link with the metastatic progression of tumor. If
serine levels are low, the activity of PKM2 will be reduced, causing
glucose-derived carbon to shuttle towards the pathway of serine
biosynthesis. However, if the serine level is high, PKM2 is fully
active, it will promote a higher rate of glycolysis.>®” This is very
important in the development of tumors. PKM2 can be transferred
to the nucleus and form a complex with transforming growth
factor B signaling inhibitory factor TGFB-induced factor (TGIF2)
and histone deacetylase 3 (HDAC3), and this complex will bind to
the cadherin1 (CDH1) promoter and deacetylate it, thereby
inhibiting the expression of e-cadherin, so that epithelial cells will
lose their mediated cell adhesion and become invasive.*®
Arginine may also play special roles in certain tumor such as
melanoma and hepatocellular carcinoma (HCC) through Arg
auxotrophy.*®* PEGylated Arg deiminase (ADI-PEG20) breaks
down Arg into citrulline and eliminates Arg in the tumor
microenvironment, which result in the Arg-auxotrophic tumor cell
death,*®® thus ADI-PEG20 serves as a potential target treatment
and improves progression-free survival in patients with Arg-
auxotrophic mesothelioma.*®

Amino acids can provide metabolic intermediates for epige-
netics and then regulate related enzymes. There are many kinds of
metabolic intermediates related to tumors, and the current
research focuses on these five kinds: acetyl-CoA, SAM, FAD, NAD
*and tetrahydrofolate(THF).*®” Among them, S-adenosylmethio-
nine (SAM) is related to the induction of amino acid metabolites.
As a methylated methyl donor, methionine is the main amino acid
that promotes epigenetic regulation. Both DNA methyltransferase
(DNMTs) and histone methyltransferase (HMTs) use SAM as the
methyl donor. SAM is produced by methionine adenosine
transferase (MAT) using methionine and ATP as substrates in the
methionine cycle,*®® which is related to an excess methionine,
cysteine, and sulfide in body.*®® After the donor methyl group,
SAM becomes s-adenosyl-homocysteine (SAH), meanwhile it
inhibits DNMTs and HMTS. Therefore, changes in the SAM/SAH
ratio regulate the activity of these methyltransferases.*’® The
importance of SAM in tumor survival has been found in various
studies, but it is worth noting that the unique requirement of
cancer cells for methionine is based on SAM dependence, not
methionine dependence.*'’ The enhanced methionine cycle leads
to an excessive supply of SAM, which leads to DNA hypermethyla-
tion and inappropriate gene silencing, as well as abnormal histone
methylation and promotion of tumor growth.*’?> Threonine
dehydrogenase (TDH)-mediated threonine catabolism can also
provide precursors for SAM, which means the upregulation of
threonine may increase the possibility of tumor development.*'?
Besides, it's found that methionine cycle flux specifically
influences the epigenetic state of cancer cells and drives tumor
initiation. methionine cycle enzymes are enriched in many tumor
types.*'* Although serine is not directly involved in DNA/RNA
methylation, serine starvation reduces the DNA/RNA methylation
level of cancer cells because of the lack of homocysteine
methionine regeneration.*'> Then the subsequent mechanism is
described above (Table 2). As in the experiment, the restriction of
dietary serine and glycine can reduce tumor growth in xenograft
and allograft models.*'2
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As mentioned earlier, amino acids can affect the development
of tumors by regulating epigenetics in cells. Through the study of
the mechanism, it can better provide new basis for clinical
diagnosis and treatment, thereby promoting the progress of
tumor diagnosis and treatment. L-asparaginase is a bacteria-
derived enzyme that catalyzes the degradation of asparagine into
ammonia and aspartate, which plays a important role in leukemia
cells.*” As a result, L-asparaginase is an anticancer agent targeting
the amino acid metabolism to treat acute lymphoblastic leukemia
(ALL)*'® and extranodal NK/T cell lymphoma.*'’

CONCLUSION

Abnormal cell metabolism has been recognized as a sign of cancer
biology. The hallmark of cancer metabolism change is the re-
engineering of energy-generating pathways and increased
production of biosynthetic intermediates to meet the rapidly
proliferating needs of the tumor cells. The dynamic changes of
intracellular and extracellular metabolites, especially changes in
the concentration of nutrients, can regulate cell signal transduc-
tion and gene expression at the epigenetic level through the
metabolite sensing mechanism, creating a favorable microenvir-
onment for cancer cells. In this review, we systematically
summarize metabolite-sensing mechanism in cancer cells and
the signal transduction and epigenetics affected by it and
summarize the therapeutic targets for cancers which is related
to metabolite sensing as well as the recent advances of target
drugs (Table 3). It not only further perfects the metabolism and
growth mechanism of cancer cells, but also provides a feasible
orientation for the research of tumor-targeted drugs, creating a
new direction for cancer prevention and treatment.

FUTURE PERSPECTIVES

In the past few decades, research on the metabolite sensing
mechanism has received great attention. In recent years, the
metabolite sensing mechanism in cancer has become one of the
hot topics, but there are still many problems to be solved. The
most thoroughly studied at present is the metabolite-sensitive
GPCRs. Their ligands involve three major nutrients as well as their
intermediate metabolites. Based on specific functions, metabolite-
sensitive GPCRs provide an interesting connection between
nutrition, metabolism, gastroenterology, microbiology, and immu-
nology. These receptors provide great potential for understanding
how cancer development is closely linked to metabolism.
However, previous studies have focused on its role in intestinal
immunity and inflammation, while less research has been done in
cancers. Is its role in immunity and inflammation related to tumor
origination and development? Except in the intestine, do GPCRs
play the same role in tumors in other locations? Does metabolite-
sensitive GPCR mediate homing and chemotaxis of leukocytes
within? Can we develop metabolite-sensing GPCR tool com-
pounds with drug-like properties? Can we adjust the diet to
reduce cancer? How can we achieve these? All of the above still
need further study. In addition, there is still a large gap for
targeted drugs targeting metabolite sensor GPCRs, and their
application for cancer therapy is limited due to their bilateral
physiological and pathological effects. If these targeted drugs can
be spatially targeted to tumors’ space, this will have a huge impact
on cancer therapy. At the same time, our review divides cell
metabolism into three parts: glucose, fatty acid, and amino acid, in
fact, these nutrients share a common metabolic pathway partly. It
will be meaningful to find potential therapeutic targets on the
common metabolic pathway. In addition, for the current research
on fatty acid conjugated sensing mechanism, lipid attachment of
proteins involves a variety of lipid types, such as myristate,
palmitate, and cholesterol, but the current research focuses on
histone modification sites, what is the specific role for histone PTM
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Table 2. Epigenetic regulation mediated metabolites in cancers
Category Metabolites Effect target Effects mediated by target Ref./refs.
Glucose Glucose Histone H3 Tumor formation a1a4
Tumor proliferation
NEDD4 Activate cancer-related pathways “
PKM2 Tumor growth 43
OGT Tumor proliferation 55,58-60
Altering tumor metabolism
Metastasis
Histone 2A K119 Glucose starvation-induced cell death 7071
ncRNA Promotes cell survival (NBR2) 7583
Modulate key glycolytic enzymes in tumors
Inhibition of PI3K/Akt/mTOR signaling
Tumor suppressor MEG)
Fatty Short-chain fatty acid HDAC Tumor suppressor gene expression; 118:213,216,218-220
acid MicroRNA expression;
Activation, nuclear translocation and DNA binding of
transcription factors;
Cell cycle arrest and cell apoptosis
HDAC transcription inhibition
KAT MHC class | related chain A/B expression 220
Medium-chain fatty =~ HDAC Tumor suppressor gene expression 234,235
acids
Acetone body HDAC Inhibition of lipolysis, inflammation, 237
oxidative stress, cancer growth, and angiogenesis
o-3 polyunsaturated ~ EZH2 H3K27me3 modification 216253
fatty acid MicroRNA silencing regulation
CD44,MMP-9 Extracellular matrix (ECM) remodeling inhibition 254,255
Sirtuin 1 Histones and non-histone proteins Deacetylase 257,258
miRNA-26 Contribution of 15-PGDH’s translation 265-267
miRNAs Exosome secretion of miRNAs 269
Fish oil and pectin Genes involved in apoptosis Cell apoptosis 259-261
DHA and butyric acid Apoptosis related-genes promoters Inhibition of apoptosis-related genes 263
Methylation
Fatty acid ester of HDAC Inhibition of HDAC expression 270
phloridzin
DMU-214 Migration and proliferation related Inhibition of cell proliferation and movement 273
factors
GPR56 Inhibition of cell motility 276
Protopanaxadiol Puma, Noxa,MCL-1 Cancer cell death 277
Fatty acid and cholesterol biosynthesis  Cancer cell death 277
related factors
Acetyl-CoA NA Histone acetylation 287,289
Organic acid NA Histone acylation 295-299
Amino  L-arginine BAZ1B Methylated histones 369,370
acid Psip1 The protection of apoptosis 369,370
circFBXL5 Inhibiting cell migration, invasion and promoting 375
apoptosis
Acetyl-CoA NA Histone acetylation 377
Lysine-derived acetyl- LRP6 Wnt signaling and renewal of colon tumor initiating %7
CoA cells
Polyamines eFI5A Effect posttranscriptional aspects of gene regulation 3%
Serine PKM2 Key molecules regulated by Wnt/p-catenin signal 401
HDAC3 Histone deacetylation 404
TGIF2 Inhibited transforming growth factor B signal 404
S-adenosylmethionine  DNMTs DNA methyltransferase 409
HMTs Histone methyltransferase 409
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Table 3. Target therapy related with metabolite sensing in cancers

Category Effect target Targeted medicine Targeted effect Ref./refs.
Glucose GLUT Phloretin Inhibitor 86
Fasentin 86
STF-31 86
WZzB117 86
Ritonavir 86
Silybin 87
HK 2-DG Inhibitor 88,89
LN Inhibitor 2
Resveratrol Inhibitor o
Astragalin Antagonist 92
Chrysin Antagonist %3
Genistein-27 Antagonist o4
Benserazide Inhibitor 93
PI3K/Akt Afuresertib Inhibitor 96
Uprosertib
Ipatasertib
mTORC1/2 PP242 Inhibitor o
PI3K/mTOR NVP-BEZ235 Inhibitor 102
Fatty acid GPR109A MK1903 Antagonist "
Acifran 142
5-ANA 143
GSK256073 a4
Fatty acid p oxidation Etomuslim Antagonist 136
Peroxicillin
LDHA FX11 Inhibitor 130,152
N-hydroxy-2-carboxy-substituted 150153
indole compounds
GPR43 4-CMTB Agonist 167-170
AZ1 729 167-170
GPR84 Compound 33 Antagonist 74
GLPG1205 75
LY-237 Agonist 178
6-Octylaminouracil 179
GPR40 GW100 Antagonist 184
DC260126 183
GPR120 AH7614 Antagonist 167,188
GW9508 Agonist 190
TUG-891 192
Compound 39 193
GPR78 Anti-CTD GPR78 antibody Blocker 197
miR-936 Antagonist 198
HDAC Vorinostat Inhibitor 223-225
Entinostat 226
Valproate 227
Romidepsin 228
CD44 CD44 mono-antibody Blocker 236
15-PGDH HDAC inhibitors Agonist 269
Nonsteroidal anti-inflammatory drugs
PPAR-y agonists
FASN Cerulenin Inhibitor 278
ACSS2 MTB-9655 Inhibitor NCT04990739
ACC1 TOFA Inhibitor 283
ND-646 286,287

SPRINGERNATURE

Signal Transduction and Targeted Therapy (2023)8:196




Signaling pathways in cancer metabolism: mechanisms and therapeutic targets

You et al.

Table 3. continued
Category Effect target Targeted medicine Targeted effect Ref./refs.
Amino acid mTOR Temsirolimus Inhibitor 322
eEF-2K 323
GPR109A Niacin Agonist 324
GPR56 Transglutaminase 2 Inhibitor 332
LGR5 Agonist 340
Glutamine ASCT2 Agonist 355
v-9302 Inhibitor 3%6
Leucine circFBXL5 Agonist 374
mTORC1 EP300 Agonist 378
BCAT BCAA Agonist 382,383
Serine PKM2 Agonist 388

in the development of tumors? Other than the three major
nutrients and their intermediate metabolites, other substances
that can affect signal transduction or epigenetics through
metabolite sensing mechanisms, such as polyphenols and
glucosinolates in the diet. Epidemiology studies have shown that
they can effectively reduce the risk of various cancers including
prostate cancer and breast cancer, so what is the specific
mechanism? Except for these metabolites, are there other
substances that can play a role in cancer through metabolite
sensing mechanisms? There are a variety of immune cells in the
tumor microenvironment, such as macrophages, T cells, etc. How
metabolites affect these immune cells and how oncometabolites
contribute to tumor immune evasion by affecting the function of
immune cells still need to be further summarized. Also, whether
the abnormality of metabolite sensors on immune cells affect their
function is still unclear. Finally, the kidney has an effective sensing
and signal transmission mechanism. The organic anion transporter
(OAT) of the 22 family members of the kidney solute carrier can
transport various waste solutes and plays an important role in the
kidney metabolite sensing mechanism. However, current
researches are mostly concentrated on OAT1, so what is the
contribution of OAT3 in metabolite sensing and regulation of renal
excretion pathways? This may beyond our imagination.
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