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LncRNAs-circRNAs as Rising Epigenetic Binary Superstars
in Regulating Lipid Metabolic Reprogramming of Cancers

Shanshan Liu, Benzheng Jiao, Hongguang Zhao, Xinyue Liang, Fengyan Jin,*

Xiaodong Liu,* and Ji-Fan Hu*

As one of novel hallmarks of cancer, lipid metabolic reprogramming has
recently been becoming fascinating and widely studied. Lipid metabolic
reprogramming in cancer is shown to support carcinogenesis, progression,
distal metastasis, and chemotherapy resistance by generating ATP,
biosynthesizing macromolecules, and maintaining appropriate redox status.
Notably, increasing evidence confirms that lipid metabolic reprogramming is
under the control of dysregulated non-coding RNAs in cancer, especially
IncRNAs and circRNAs. This review highlights the present research findings

uncontrolled proliferation and the stress
derived from the surrounding microen-
vironment, such as hypoxia and nutrient
deprivation, cancer cells require more
glucose, glutamine, and fatty acids to
support rapid ATP generation, increased
biosynthesis of macromolecules, and redox
homeostasis, compared to normal cells.
Consequently, several metabolic pheno-
types have emerged in cancer, including

on the aberrantly expressed IncRNAs and circRNAs involved in the lipid
metabolic reprogramming of cancer. Emphasis is placed on their regulatory
targets in lipid metabolic reprogramming and associated mechanisms,
including the clinical relevance in cancer through lipid metabolism
modulation. Such insights will be pivotal in identifying new theranostic
targets and treatment strategies for cancer patients afflicted with lipid

metabolic reprogramming.

1. Introduction

Since the recognition of metabolic reprogramming as a crucial
characteristic of cancer in 20111 numerous reviews have
documented various features of metabolic reprogramming in
different types of cancer?®l In response to the demands of

excessive glucose and/or glutamine uptake,
increased aerobic glycolysis and lactate
secretion, and alterations in lipid synthesis
and degradation. These metabolic features
are shaped by oncogenic stimuli, such as
the inactivation of tumor suppressors or
activation of oncogenes or imposed by the
harsh tumor microenvironment.!”=!

To cope with oncogenic and environmen-
tal stimuli, various metabolic enzymes and
signaling pathways in regulating glucose,
glutamine and lipid metabolism are activated or dysregulated.
The hallmark of “aerobic glycolysis” or “Warburg effect” is the
most important metabolic alteration in cancer, where cancer cells
prefer glycolysis for energy and biosynthesis of biomass, rather
than mitochondrial oxidative phosphorylation, even in the pres-
ence of oxygen. Subsequently, amino acid (e.g., glutamine, serine
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and glycine) and lipid (e.g., fatty acid and cholesterol) metabolism
have also been identified as important metabolic aberrations for
carcinogenesis, progression and metastasis. In addition to ele-
vated expression and activation of metabolic enzymes and signal-
ing pathways, accumulating evidences have been demonstrated
that the non-coding RNAs also respond to these oncogenic and
environmental stimuli and play critical roles in metabolic re-
programming of cancer though diverse epigenetic regulatory
mechanisms.[81011]

With the rapid development of RNA-seq technologies and
bioinformatics analysis in the last decades, various non-coding
RNAs have been discovered to play pleiotropic functions in
regulation of gene expression under physiological and patho-
logic conditions. Non-coding RNAs are typically classified into
three categories based on their sizes and structures: small
non-coding RNAs (less than 200 nucleotides), long non-coding
RNAs (IncRNAs, more than 200 nucleotides) and circular RNAs
(circRNAs).[1112] Regarding their molecular functions, microR-
NAs (miRNAs) are often utilized by argonaute proteins to ei-
ther facilitate the degradation of targeted mRNAs or hinder their
translation through full or partial complementarity. However,
IncRNAs and circRNAs play diverse roles in regulating genes
expression by interacting with DNA, RNA and proteins, includ-
ing chromatin modification, transcriptional interference or acti-
vation as ceRNAs (competing endogenous RNAs) and scaffolds
for protein complexes, even partially acing as protein/peptide
translational templates.!'>"*] Increasing evidence has confirmed
that non-coding RNAs are often dysregulated but play as key
epigenetic regulators in many hallmarks of cancer, including
metabolic reprogramming, facilitating uncontrolled prolifera-
tion, invasion and metastasis of cancer cells by adjusting nutri-
ent uptake and metabolic reactions. While non-coding RNAs are
well-documented in glucose metabolism, there is less informa-
tion on their roles in lipid metabolic reprogramming of cancer,
especially IncRNAs and circRNAs.!'>1¢] Therefore, this review of-
fers a comprehensive analysis of the regulatory functions exhib-
ited by IncRNAs and circRNAs in the lipid metabolic reprogram-
ming of cancer. Such insights will be pivotal in identifying new
theranostic targets and treatment approaches for cancer patients
afflicted with lipid metabolic reprogramming.

2. Overview of Lipid Metabolic Reprogramming in
Cancer

Lipids in normal cells mainly consist of vast and complex groups
of hydrophobic biomolecules, including fatty acids and choles-
terols, which play a plethora of roles in bio-membranes’ integrity
and flexibility, energy storage and utilization, as well as protein
modification and signal transduction.®] Lipid metabolism is a
dynamic biological process that entails endogenous de novo syn-
thesis and exogenous import of fatty acid and cholesterol, fatty
acid p oxidation and cholesterol efflux, biogenesis and lipolysis
of lipid droplets, and more.['”!8] However, the lipid metabolism
is rewired in almost all types of cancer to support tumorigen-
esis, progression, metastasis, even stemness maintenance and
chemotherapy resistance, which is mediated by various key lipid-
metabolic enzymes, transcriptional factors and signaling path-
ways in this dynamic process.[>17:19.20]
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2.1. Endogenous de Novo Synthesis and Exogenous Import of
Fatty Acid and Cholesterol in Cancer

While most lipids in normal somatic cells come from fatty
acids and cholesterols that derive from either dietary uptake
or synthesis from hepatocytes and adipocytes,[?"?! various can-
cers prefer to thrive on intracellular de novo lipogenesis rather
than utilizing exogenous sources under lipids-constrained condi-
tions. However, upon hypoxia or in adipose-rich environments,
these cancers switch toward extracellular lipids uptake (Figures 1
and 2).[23-%]

Intracellular de novo lipogenesis begins with acetyl-coenzyme
A (acetyl-CoA), derived from acetate by ATP-citrate lyase (ACLY)
or citrate by acetyl-CoA synthetase (ACSS), thereby connect-
ing to other metabolic pathways like glucose and glutamine
metabolism (Figure 1).[2728] For de novo synthesis of fatty acids,
acetyl-CoA is initially converted into malonyl-CoA by acetyl-
CoA carboxylases (ACC1/2), which is an essential, irreversible,
and rate-limiting step of de novo fatty acid. ACC1/2 has been
identified to be active and highly expressed in several hu-
man cancers.[?30 Subsequently, fatty acid synthase (FASN) con-
denses one molecule of acetyl-CoA and seven malonyl-CoA
molecules into the saturated 16-carbon palmitate (16:0). FASN
is also an important but dysregulated lipid-metabolic enzyme in
many human epithelial cancers and strongly relevant with malig-
nant progression and poor prognosis of tumors.[*1-33] Palmitate is
then desaturated by stearoyl-CoA desaturases (SCD) or/and elon-
gated by fatty acid elongases (ELOVL) to form the monounsat-
urated 16-carbon palmitoleate (16:1 n-7) or 18-carbon FA oleate
(18:1 n-9), which will provide key cornerstones for the generation
of complex lipids like phospholipids and glycolipids.**-3¢] There-
into, SCD1 overexpression has been demonstrated to contribute
tumor development, inactivate the responses to sorafenib treat-
ment, and associate with poor disease-free survival in patients
with hepatocellular carcinoma (HCC).['%37]

Concerning the de novo biogenesis of cholesterols, it also orig-
inates from acetyl-CoA but goes through the mevalonate path-
way (Figure 1). In this pathway, HMG-CoA synthase (HMGCS)
catalyzes the formation of 3-hydroxy-3-methylglutaryl (HMG)-
CoA by condensing acetyl-CoA and acetoacetyl-CoA, which sub-
sequently is reduced into mevalonate by HMG-CoA reductase
(HMGCR). The mevalonate subsequently undergoes a series of
reactions to form the isoprenoid farnesyl pyrophosphate (FPP),
which is then synthesized into squalene, and finally converted
to cholesterol. Thereinto, the HMGCR and squalene epoxidase
(SQLE) are the rate-limiting enzymes of this process, and have
been found to be dysregulated in multiple types of cancer, includ-
ing prostate and breast cancers, gastric and colorectal cancers,
and are positively associated with the growth and migration, ra-
dioresistance and poor prognosis of these cancers.[*¥*!I Alterna-
tively, FPP can be used to produce geranylgeranyl-pyrophosphate
(GGPP), both of which are substrates for the prenylated modifica-
tion of proteins, such as Rho GTPases prenylation, and synthesis
of dolichol and ubiquinone (coenzyme Q10).[*>~4]

Apart from de novo biosynthesis, fatty acids and cholesterols
can be obtained from several extracellular sources (Figure 1).
For instance, cholesterol from external sources is chiefly ac-
quired through a process of endocytosis mediated by low-density
lipoprotein receptor (LDLR) or scavenger receptor B1 (SR-B1),
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Figure 1. Rewiring of lipid metabolism in cancer. Lipid metabolism is a dynamic biological process that involves the endogenous de novo synthesis,
exogenous import of fatty acids and cholesterol, fatty acid B oxidation, cholesterol efflux, biogenesis, and lipolysis of lipid droplets. Intracellular de novo
lipogenesis begins with acetyl-coenzyme A (acetyl-CoA) derived from acetate by ATP-citrate lyase (ACLY) or citrate by acetyl-CoA synthetase (ACSS). Fatty
acid synthesis requires acetyl-CoA carboxylation into malonyl-CoA by acetyl-CoA carboxylases (ACC1/2), followed by the condensation of seven malonyl-
CoA molecules and one acetyl-CoA molecule into the saturated 16-carbon palmitate (16:0) by fatty acid synthase (FASN). Palmitate is then desaturated
by stearoyl-CoA desaturases (SCD) or elongated by fatty acid elongases (ELOVL) to form the monounsaturated 16-carbon palmitoleate (16:1 n-7) or
18-carbon oleate (18:1 n-9). Biogenesis of cholesterol also begins with acetyl-CoA via the mevalonate pathway, which results in the synthesis of squalene
and finally, cholesterol. Cancer cells can acquire fatty acids and cholesterol from various extracellular sources, such as LDL particles or fatty acid transport
proteins. When lipids accumulate, cancer cells use these lipids to meet their energy consumption demand and redox homeostasis through fatty acid
oxidation or f-oxidation. Excess cholesterol is exported to the blood or converted into oxysterols through oxidation processes. Surplus fatty acids are
esterified with glycerol or cholesterol into triglycerides and cholesteryl esters, which are incorporated into lipid droplets (LDs). When energy or membrane

synthesis is needed, lipid droplets can be rapidly lipolyzed into free fatty acids and cholesterols to facilitate cancer cell proliferation and progression.

involving plasma LDL particles. Free fatty acids can also be ab-
sorbed into cancer cells via overexpression of fatty acid translo-
case (CD36) or fatty acid transport proteins (FATPs). Additionally,
the upregulation of fatty acid-binding proteins (FABPs) in can-
cer cells has been found to aid in the uptake of exogenous fatty
acids,!*~*8] These receptors and transporters have been identified
as critical factors in the proliferation, metastasis, and epithelial-
mesenchymal transition (EMT) of various types of cancer, includ-
ing glioblastoma, breast cancer, and HCC.*->2]

2.2. Fatty Acid Oxidation and Cholesterol Efflux in Cancer

As the fatty acids and cholesterols from either de novo biogen-
esis or exogenous uptake are increasingly accumulated, cancer
cells can utilize these lipids to meet their demands of energy con-
sumption and redox homeostasis via fatty acid oxidation (FAO) or
p-oxidation in mitochondria and peroxisome under harsh tumor
microenvironment (Figure 1).1>!8 FAO is a repeated catabolic
process of fatty acids shortening, with each cycle shortening two
carbons from fatty acids to produce ATP, NADH and FADH2.

Adv. Sci. 2024, 11,2303570

The NADH and FADH2 can fuel the electron transport chain
(ETC) of mitochondria to produce ATP, except for maintaining
redox power.l>>] During this process, the carnitine palmitoyltrans-
ferase (CPT) system plays a critical role in transportation of fatty
acids, composed of CPTI, CPTII, carnitine acylcarnitine translo-
case (CACT), and carnitine acetyltransferase (CRAT). All of them
have been shown to be dysregulated in various cancers, promot-
ing the resistance of cancer cells to energy stress.>*%°) For in-
stance, as one of the rate-limiting enzymes in FAO, CPTI can
convert FA-CoA into the carnitine derivatives to enter into the
routes of mitochondrial and peroxisomal f-oxidation.’**”] No
surprisingly, it has been found to be highly correlated with poor
prognosis of patients with acute myeloid leukemia (AML) or ovar-
ian cancer.[36°3]

In addition, surplus cholesterol can be exported to the blood-
stream via ATP-binding cassette (ABC) transporters or converted
into oxysterols via oxidation processes (Figure 1). These oxys-
terols then directly activate the transcription factors Liver X
Receptor (LXR), promoting ABCA1 and ABCG1 expressions and
E3 ubiquitin ligase-mediated LDLR degradation, thereby reduc-
ing the intracellular excessive cholesterols.’®%1 Recently, ABC

2303570 (3 of 39) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED APV g

SCIENCE NEWS D
www.advancedsciencenews.com www.advancedscience.com

Extracellular Matrix

i
1
1

H wﬂlﬂw

i
1
1
|
!
I

P

ABC Transporters

SEERERESEET I N SR RIS R ESE RS
Cionlash TKRs FATP

= S

i

P Splicing i = Wchs Y

cpT1 { Fatty acid )

Y
S £ oxidati
mSREBP T & cp12 | Oxidation

|
| T
& Lipid
Protein LEE | Lipogenesis EARE e 'I

Y 'rans o]
R
(00U \X) 000000'000000000000

Nucleus

’?

Figure 2. Transcriptional factors and oncogenic signaling pathways in lipid metabolism of cancer. Sterol regulatory element-binding proteins (SREBPs)
act as transcriptional factors that control the expression of most lipogenic enzymes involved in cholesterol and fatty acid biosynthesis. When lipid levels
decrease, SREBPs are released from the SCAP-INSIG complex in the endoplasmic reticulum and translocate to the Golgi, where they are cleaved by site-1
and site-2 proteases to release their active N terminus (mature SREBPs). Mature SREBPs move into the nucleus and bind to sterol response elements
(SRE) in downstream target gene promoters to initiate transcription. The PI3K-AKT-mTOR pathway is frequently dysregulated in human cancers and can
be activated by growth factor receptor tyrosine kinases (RTKs). The mTOR complexes participate in lipogenesis regulation through SREBP-dependent or
independent mechanisms. The mTOR-dependent sequestration of Lipin-1in the cytoplasm enhances SREBP-transcriptional activity in the nucleus, while
the mTORC1/S6K1/SRPK2/U1-70K axis increases mRNA splicing of lipogenic genes, such as FASN and ACLY. Liver X receptor (LXR) is an additional
regulator of lipogenesis and a nuclear transcription factor receptor that senses oxysterols, cholesterol derivatives, to form the LXR-RXRa complex.
This complex induces the expression of genes involved in cholesterol efflux, such as ABCAT, and several lipogenic genes, including FASN and SCD.
Peroxisome proliferator-activated receptors (PPARs) are regulators of lipid metabolism and play vital roles in lipid -oxidation and storage in harsh
environments when cellular energy is needed.
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transporters have been found to be overexpressed in multiple
cancers, contributing dissemination and metastasis of cancer
cells, and associated with resistance to a plethora of drugs.(®!!
Additionally, LXRs and their ligands have also been found to
be upregulated in various cancers, such as prostate carcinoma,
breast and ovaries carcinoma, and multiple myeloma, playing
vital roles in the proliferation and survival of cancer cells.[®%]

2.3. Biogenesis and Lipolysis of Lipid Droplets in Cancer

Besides FAO and cholesterol efflux, excess fatty acids are es-
terified with glycerol or cholesterol into triglycerides (TGs)
and cholesteryl esters (CEs), furtherly incorporated into lipid
droplets (LDs), which are cytoplasmic organelles for energy stor-
age, redox homeostasis and entrapment of anticancer drugs
in cancer cells (Figure 1).[%%1 The synthesis of TGs and CEs
is usually conducted by endoplasmic reticulum (ER)-resident
enzymes: diacylglycerol acyltransferases (DGAT1 and DGAT?2)
that are involved into the synthesis of TGs, CEs are esterified
by acyl-coenzyme A:cholesterol O-acyltransferases (ACAT1 and
ACAT?).1'766] These enzymes have also been found to be associ-
ated with malignant phenotypes of several cancers. For instance,
ACATT1 has been identified to be overexpressed in glioblastomas,
prostate or pancreas cancers, exerting pro-tumorigenesis func-
tion, and is positively correlated with poor survival of these
patients.[6768]

When energy or membrane synthesis is required, LDs can be
rapidly lipolyzed into free fatty acids and cholesterols to facili-
tate proliferation and progression of cancer cells. This process
is primarily catalyzed by various lipases and activators, includ-
ing adipose triglyceride lipase (ATGL), hormone-sensitive lipase
(HSL), and monoglyceride lipase (MGLL) (Figure 1). Thereinto,
ATGL is a rate-limiting enzyme but its roles are complex in dif-
ferent types of cancer.1®7%l For instance, ATGL can promote pro-
liferation and invasiveness in prostate, lung and colorectal can-
cer cells, but acts as a suppressor of malignancy in other types
of cancers.[”*7!] More interestingly, breast cancer cells can obtain
free fatty acids to promote autologous proliferation and migra-
tion via ATGL-dependent lipolysis in both itself and adipocytes
in the local environment.[”?!

2.4. Transcriptional Factors and Oncogenic Signaling Pathways
in Lipid Metabolism of Cancer

As transcriptional factors, the sterol regulatory element-binding
proteins (SREBPs) play a key role in controlling most lipogenic
enzymes’ expression at the transcriptional level, involving in
cholesterol and fatty acid biosynthesis (Figure 2). Under nor-
mal conditions with sufficient intracellular lipid levels, SREBP
proteins are translated as precursors and retained in the ER
membrane by binding to the SREBP cleavage-activating protein
(SCAP)-insulin induced gene (INSIG) complex. However, when
the lipid levels decrease, SREBPs are released and translocated
from SCAP-INSIG complex in ER to the Golgi. Subsequently, the
site-1 and site-2 proteases cleave SREBPs, producing their active
N terminus (mature SPRBPs). These mature SPRBPs then en-
ter the nucleus to bind to sterol response elements (SRE) in the

Adv. Sci. 2024, 11,2303570
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promoters of downstream target genes and initiate the transcrip-
tion. SREBP proteins come into three isoforms, with SREBP-1a
and SPREBP-1c primarily governing fatty acids and TG’s biosyn-
thesis, while SREBP-2 selectively facilitates the expression of en-
zymes involved in cholesterol biosynthesis.l”>7*] These processes
are highly regulated by intracellular levels of sterols, status of
PI3K/Akt /mTOR signaling, and extracellular insulin and growth
factors.’] which are always dysregulated in various cancers, in-
cluding glioblastomas, breast cancer and HCC.!”>7°]

Liver X receptor (LXR), another regulator of lipogenesis, is a
nuclear transcription factor receptor that regulates many genes
involved in fatty acid and cholesterol homeostasis (Figure 2).
LXR acts as a sensor of oxysterols, derivatives of cholesterol, to
form the LXR-RXRa (retinoid X receptor a) complex. This com-
plex then induces the expression of genes involved in choles-
terol efflux such as ABCA1 and several lipogenic genes such
as FASN and SCD.[®) Therefore, using antagonists against LXR
may be a new anti-cancer choice. For instance, the tumor growth
of glioblastoma, breast cancer or prostate cancer was significantly
inhibited by synthetic LXR agonists GW3965 and T0901317 in
vivo.5281 In addition, peroxisome proliferator-activated receptors
(PPARs), another regulator of lipid metabolism, play key roles
in lipid p-oxidation and storage. However, their roles in cancer
metabolism are not fully understood.[®"]

In addition to these nuclear transcription factors, some onco-
genic signaling pathways take part in regulating lipid metabolism
to shape the tumors’ unique lipidome.[*] The PI3K-AKT-mTOR
pathway, which is regularly disrupted in a variety of human can-
cers, can be induced by activating growth-factor receptor tyro-
sine kinases (RTKs), as shown in Figure 2.182] When this pathway
was activated, AKT is primarily involved in two crucial processes
that fuel de novo lipid synthesis: transportation of metabolic in-
termediates to provide carbon sources and the production of
reducing equivalents in the form of NADPH.[® Additionally,
mTOR (mammalian target of rapamycin) complexes play a vital
role in regulating lipogenesis with both SREBP-dependent and
SREBP-independent pathways: sequestrating Lipin-1 in the cy-
toplasm, which enhances SREBP-transcriptional activity in the
nucleus, and increasing mRNA splicing of lipogenic genes like
FASN, ACLY, and ACSS2 via the mTORC1-S6 kinase 1 (S6K1)-
serine/arginine protein kinase 2 (SRPK2)-U1 small nuclear ri-
bonucleoprotein 70 kDa (U1-70K) axis.!”7:8¢]

3. Sketching the Potential Regulatory Mechanism
of IncRNAs-circRNAs in Gene Expression

Based on their subcellular localizations, IncRNAs and circR-
NAs play distinct regulatory roles in the expression of target
genes(®19851 (Figure 3). In the nucleus, IncRNAs and circRNAs
can act as scaffolds, signals or guides to modulate chromatin con-
formation, transcription factor recruitment or histone modifica-
tion status.[®®] For instance, IncRNA HOTTIP can bind the 5’ re-
gions of several HOXA genes cluster to form chromatin loop-
ing, which recruits the WDR5-MLL histone methyltransferase
complex to the promoters of these genes, thereby facilitating
gene expression through H3K4me3 in mouse haematopoietic
stem cells.®”] As a pluripotency-associated IncRNA, IncPRESS1
can bind Sirtuin 6 to facilitate the transcription of pluripotency-
related genes with transcription-permissive H3 acetylated at

2303570 (5 0f39) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Potential mechanisms of IncRNAs & circRNAs in regulating gene expression. 1) Regulation of genes transcription as a scaffold via binding
with chromatin structure regulators; 11) Regulation of gene transcription as a signal via recruiting transcriptional factors on promoter of target genes;
I11) Regulation of gene transcription as a guide via binding with histone modifying enzymes; V) Decoying miRNAs as sponges; V) Modulating splic-
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Lys56 (H3K56ac) and H3K9ac in human ESCs.[®8 EIciRNAs
(exon-intron circRNAS), such as circEIF3] and circPAIP2, can in-
teract with U1 snRNA and Pol II to form transcription complex at
the promoter, thereby enhancing parental gene transcription.!®!

In the cytoplasm, IncRNAs and circRNAs modulate the sta-
bility, splicing and translation of target gene mRNAd via RNA-
protein or RNA-RNA interactions, such as decoying miRNAs
as sponges, modulating splicing of preliminary target mRNAs,
and regulating of mRNA translation via binding with ribo-
some. A number of IncRNAs and circRNAs bearing microRNA
(miRNA)-complementary sites can act as competitive endoge-
nous RNAs or “sponges” of miRNAs to enhance the expres-
sion of target mRNAs, such as the IncRNA-PNUTS/ miR-205/
ZEBland ZEB2 axis in the migration and invasion of breast can-
cer cell,® and the circEZH2/ miR-133b/IGF2BP2 axis in col-
orectal cancer progression.®!l Moreover, IncRNAs and circRNAs
can directly or indirectly facilitate the alternative splicing of target
genes, ! such as ZEB2-anti (ZEB2-antisense RNA) in the regu-
lation of ZEB2 pre-mRNA alternative splicing and translation,®!
and the circRAPGEF5/RBFOX2 splicing axis in the formation
of TFRC with exon-4 skipping.[**! Furthermore, HOXB-AS3 has
been found to regulate ribosomal RNA transcription and de novo
protein synthesis via binding and guiding EBP1 to the ribosomal
DNA locus.®®! In addition, a novel 161-amino-acid protein en-
coded by circRsrc1 has been recently identified to bind mitochon-
drial protein Clgbp to modulate the assembly of mitochondrial
ribosomes during spermatogenesis.*®!

Adv. Sci. 2024, 11, 2303570

Interestingly, some IncRNAs and circRNAs have the poten-
tials to be translated into micropeptides in cap-dependent, or
IRES-dependent, or m6A-dependent manners. For instance, circ-
AKT3 holds the potential to encode a novel 174 amino acid
(aa) protein, which inhibits the proliferation, radiation resistance
and in vivo tumorigenicity of GBM cells via interacting with
phosphorylated PDK1, thereby modulating the PI3K/AKT signal
intensity.[””l Moreover, consensus m6A motifs has been found
to be enriched in circRNAs, which can drive translation initia-
tion with initiation factor eIF4G2 and m6A reader YTHDF3.%!
Certain IncRNAs and circRNAs distribute in both cellular cham-
bers, and they can shuttle between cytoplasm and nucleus to play
diverse roles in regulating the expression of target genes. For
example, with the help of two RBPs, HuR and GRSF1, nuclear
DNA-encoded IncRNA RMRP was imported into mitochondria
to maintain structure and mediate oxidative phosphorylation and
mitochondrial DNA replication.[*”) LINC00473 has been identi-
fied to shuttle between mitochondria and lipid drops to modulate
lipolysis and mitochondrial oxidative functions in human ther-
mogenic adipocytes.[1%]

4. LncRNAs-circRNAs Regulate the Rewiring of
Lipid Metabolism in Cancer

Apart from various key lipid metabolic enzymes, transcriptional
factors and oncogenic signaling pathways as mentioned above,
numerous studies have demonstrated that non-coding RNAs,
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anisms. For de novo biogenesis of fatty acids, IncRNA TINCR and FLJ22763 have been identified to modulate ACLY expression in different cancer cells.
The first rate-limiting enzyme in the de novo synthesis of fatty acid, ACC1, has been shown to be regulated by circCAPRIN1, IncRNAs CTD-2245E15.3
and TSPEAR-AS2. With respect to other fatty acid synthetases, there are various IncRNAs and circRNAs involving the expression of these enzymes,
functioning as the sponges of miRNAs, such as the IncRNA SNHG25/miR-497-5p/FASN axis, the circFARSA/miR-330-5p and miR-326/FASN axis, the
circ_0 008078/ miR-191-5p/ELOVLA4 axis, the circ_0 008078/ miR-191-5p/ELOVL4 axis, the linc00174/miR-145-5p/SCD5 axis, and the circ_0000073/ miR-
1184/ FADS2 axis. For de novo biogenesis of cholesterols, IncRNAs ZFAST and AT102202 have been shown to regulate the expression of HMGCR,
while Inc30 and circ_0000182 have been identified to modulate the expression of SQLE. Detailed mechanisms of these lipogenesis-related IncRNAs and

circRNAs in cancer are described in the main text.

especially IncRNAs and circRNAs, are extensively dysregulated
in various malignant tumors and play crucial roles in cancer
metabolic reprogramming, especially in lipid metabolism. These
dysregulated IncRNAs and circRNAs in lipid metabolic repro-
gramming (known as lipid-metabolic related IncRNAs and cir-
cRNAs) not only support the demand of rapid ATP generation,
biosynthesis of macromolecules and maintenance of appropriate
redox status in cancer, but also promote cancer cells to dissem-
inate to distal organs and resist to radiochemotherapy, even in-
volving the mechanism of anti-ferroptosis.!1218101L102] n the fol-
lowing sections, we will summarize the lipid-metabolic related
IncRNAs and circRNAs and their targets in lipid-metabolic re-
programming of cancer, analyze their multiple regulatory mech-
anisms and display their various relevant biological functions in
detail (Figures 4-6, Tables 1-4).

4.1. The IncRNAs-circRNAs in Regulating de Novo Synthesis of
Fatty Acid and Cholesterol of Cancer
In the initial step of de novo lipogenesis, ACLY is responsi-

ble for acetyl-CoA synthesis, which provides the primitive fuels

Adv. Sci. 2024, 11,2303570

for both fatty acid and cholesterol synthesis pathways (Figure 4
and Table 1). A novel lipid metabolic related IncRNA, TINCR,
was identified to be significantly overexpressed in nasopharyn-
geal carcinoma (NPC), and can promote proliferation, metasta-
sis and cisplatin resistance of NPC by affecting ACLY-mediated
de novo lipid biosynthesis. Mechanistically, TINCR interacts with
ACLY directly and inhibited its ubiquitin degradation to increase
cellular total acetyl-CoA levels for lipid synthesis and histone
acetylation.'®®] Moreover, IncRNA FL]22763, which is downregu-
lated in gastric cancer (GC), negatively regulates the mRNA and
protein expression of ACLY to suppress the proliferation, migra-
tion, and invasion of GC cells as a tumor suppressor gene.[1%*)
As the acetyl-CoA is increasingly synthesized, it is carboxy-
lated to form malonyl-CoA by ACC1, which is a rate-limiting en-
zyme in the de novo synthesis of fatty acid. The lipid-metabolic
related IncRNAs and circRNAs in cancers have been found to
regulate the expression of ACC1 mainly through modulating its
mRNA transcription and activation of protein phosphorylation
(Figure 4). For instance, circCAPRIN1 is upregulated in colorectal
cancer (CRC) as an oncogenic regulator. It can directly bind tran-
scriptional factor STAT? to facilitate the transcription of ACCI,
which further promotes adipogenesis, proliferation, metastasis,
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Figure 5. The IncRNAs & circRNAs in regulating lipid transport, lipid droplets (LDs) metabolism, and lipolysis of cancer. With respect to lipid trans-
port, lipid droplet metabolism, and lipolysis in cancer, various lipid-related IncRNAs and circRNAs have been shown to play variable roles through
the RNA-RNA, RNA-protein, and RNA-DNA interactions. For the RNA-RNA interaction, lipid-related IncRNAs and circRNAs act as sponges of miR-
NAs to release miRNAs-mediated repression of target genes, such as the circ_ABCB10/miR-620/FABPS5 axis in nasopharyngeal carcinoma (NPC), the
circ_101 093/FABP3/ FABP3 axis in lung adenocarcinoma (LUAD), and the IncHCP5/miR-3619-5p/CPT1 axis in gastric cancer. For the RNA-protein
interaction, these lipid-related IncRNAs and circRNAs hold the potential to bind transcriptional factors, posttranslational modifiers, or RNA- binding
proteins to modulate the expression, stability and activation of key rate-limiting enzymes. For instance, [ncLNMICC binds transcriptional factor-NPM1 to
promote the expression of FABPS5 in cervical cancer; IncRNA CCATT binds USP49 to regulate FKBP5 1-mediated AKT phosphorylation, thereby promoting
FABP5 expression in LUAD; IncRNA AGAP2-AS1 binds HuR protein to enhance protein stability of CPT1in MSC-cocultured Breast cancer (BC). For the
RNA-DNA interaction, IncRNA BM450697 has been found to directly bind the DNA of the LDLR promoter, thereby inhibiting lipid uptake in hepato-
cellular carcinoma (HCC), while IncRNA HULC is able to induce methylation of CpG islands in the promoter of miR-9 to promote ACSL1 expression
and ACSL1-mediated lipogenesis in HCC. Detailed mechanisms of these IncRNAs and circRNAs for lipid transport, LDs metabolism and lipolysis are

described in the main text.

and EMT of CRC.I'®] Additionally, IncRNA CTD-2245E15.3, up-
regulated in non-small cell lung cancer (NSCLC), promotes fatty
acid biosynthesis of cancer cells mainly by interacting with ACC1
to promote its activity by reducing phosphorylation of an in-
hibitory site of ACC1.[1%] Another IncRNA, TSPEAR-AS2, is
identified to regulate ACC1 and FASN-mediated fatty acid syn-
thesis of CRC through Gene Set Variation Analysis (GSVA) and
the construction of a prognostic signature with a ceRNA network,
which is closely associated with the overall survival of CRC. How-
ever, the detailed mechanisms of how TSPEAR-AS2 regulates
ACCI1 and FASN expression require to be further explored.['"”]
FASN is responsible for the consecutive condensation of
malonyl-CoA and acetyl-CoA to form long-chain saturated fatty
acids, mostly 16-carbon palmitate. Recently, the dysregulated
lipidmetabolic-related IncRNAs and circRNAs in cancers have
been demonstrated to play key roles in regulating FASN expres-
sion by the ceRNA mechanism (Figure 4). For instance, IncRNA
SNHG25, upregulated in endometrial cancer, was identified to
regulate FASN expression by inhibiting miR-497-5p-mediated
repression.[1%] Other lipid-metabolic related IncRNAs and circR-

Adv. Sci. 2024, 11, 2303570

NAs of cancers have also been identified to regulate FASN ex-
pression in the same ways, such as the PVT1/miR-195/FASN
axis in osteosarcoma (0S),1!%”! the circFARSA/miR-330-5p and
miR-326/FASN axis in NSCLC,['*%) the circ WHSC1/miR-195-
5p/FASN and circZFANDG6/ miR-647/FASN axis in breast can-
cer (BC),""112] and the circ_00 18 909/miR-545-3p/FASN axis in
pancreatic carcinoma (PC).['3] Even FASN mRNA transportation
from the nucleus to the cytoplasm has been shown to be medi-
ated by circMBOAT2, which facilitates the lipid metabolic pro-
file and redox homeostasis in intrahepatic cholangiocarcinoma
(ICC).""*l Additionally, IncRNA HOTAIR and HAGLR, overex-
pressed in NSCLC and NPC, respectively, have been shown to
regulate FASN expression and be involved in FASN-mediated
lipogenesis, proliferation, and invasion of cancer. However, the
mechanisms of these two IncRNAs in regulating FASN expres-
sion need to be further explored in detail.l'!>11¢] Recently, a novel
IncRNA FASRL has been identified to promote the proliferation
and metastasis of hepatocellular carcinoma (HCC) via directly
binding ACACA (acetyl-CoA carboxylase 1) to facilitate de novo
synthesis of fatty acid.'”]
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Figure 6. The IncRNAs & circRNAs in regulating lipid metabolic transcriptional factors and oncogenic signaling pathways of cancer. SREBP is the major
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modulate the expression and stability of SREBPs through various regulatory mechanisms, including sponging miRNAs, binding protein and DNA, and

affecting signaling pathways, even via modulating their regulators. Additionally, some lipid-related IncRNAs and circRNAs have been shown to involve
in regulating lipid metabolism in cancer via oncogenic signaling pathways, such as the PI3K-AKT-mTOR signaling pathway, the AKT/FoxO1/LXRa/RXR

axis, and the p38 MAPK/PPAR« signaling pathway. Detailed mechanisms of these IncRNAs and circRNAs in lipid metabolic transcriptional factors and

oncogenic signaling pathways of cancer are described in the main text
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To replenish the cellular pool of non-essential FAs, such as
monounsaturated 18-carbon FA oleate (18:1) or 16-carbon palmi-
toleate (16:1), de novo palmitate needs to undergo further elonga-
tion by ELOVL and SCD or fatty acid desaturases (FADS). The
dysregulated lipid-metabolic related IncRNAs and circRNAs in
cancers can also play crucial roles in regulating elongation and
desaturation of de novo fatty acids (Figure 4). For the elongation
of de novo fatty acids, circ_0 0 08078 was identified to be down-
regulated in esophagus cancer (EC), which promoted ELOVL4
expression via miR-191-5p, and regulated the proliferation, tube
formation, migration and invasion of EC.I"'®] For the desatura-
tion of de novo fatty acids, these lipid-metabolic related IncRNAs
and circRNAs can involve the SCD-mediated desaturation of de
novo fatty acids. For instance, a novel linc00174 has been identi-
fied to modulate the SCD5-meditated lipid production by absorb-
ing miR-145-5p in thymic epithelial tumors (TETs).[''] More-
over, IncRNA UPAT can regulate SCD1 indirectly to improve the
tumorigenicity of CRC cells by interacting with and interfering
with UHRF1’s ubiquitination.['?] Additionally, through RNA se-
quencing and mRNA/ncRNA profiling screen, IncRNA SNHG16
is discovered to be significantly upregulated in early phase of
CRC and holds AGO/miRNA target sites with several miRNA
families, half of which targeted the 3’-UTR of SCD with high
confidence.!'?!l Recently, a novel peptide encoded by KDM4A-
AS1has been shown to repress the expression of SCD and other
fatty acid synthase to weaken the viability and migratory capac-
ity of esophageal squamous cell carcinoma (ESCC), in result of
increasing the reactive oxygen species level and breaking mito-
chondrial redox homeostasis.['22] On the other hand, some lipid-
metabolic related IncRNAs and circRNAs in cancer can also regu-
late the FADS-mediated desaturation of de novo fatty acids, apart
from SCD. For example, linc00460 has been identified to be up-
regulated in osteosarcoma (OS), which functions as a sponge of
miR-1224-5p to promote OS progression by upregulating FADS1
expression.'l LINC01569 has been identified to enrich in hy-
popharyngeal carcinoma associated macrophages to promote its
M2 polarization via releasing miR-193a-5p-mediated repression
of FADS]1 expression. These polarized M2 macrophages further
accelerate the progression of hypopharyngeal carcinoma.['?*] Re-
cently, Circ_0000073 has been shown to regulate the lipid synthe-
sis of osteosarcoma in the same way of promoting the expression
of FADS2 as a sponge of miR-1184.1%5]

In the process of de novo cholesterol biosynthesis, HMGCR
is one of the rate-limiting enzymes that can be regulated by
dysregulated lipid-metabolic related IncRNAs and circRNAs in
cancers (Figure 4). For instance, when overexpressed in pan-
creatic carcinoma (PC), IncRNA ZFAS1 can stabilize and in-
crease HMGCR mRNA to promote lipid accumulation in PC by
binding to U2AF2, one component of spliceosomes.!'2) More-
over, a bioinformatic analysis of the roles of IncRNA in facilitat-
ing epigallocatechin-3-gallate (EGCG) on cholesterol metabolism
identified IncRNA AT102202 with potential to target HMGCR
mRNA for regulating cholesterol metabolism of HepG2 cells.
However, its mechanism needs to be further explored in the
future.['?”] Additionally, squalene epoxidase is another key rate-
limiting enzyme in cholesterol biosynthesis. Recently, Inc030has
been shown to promote cholesterol synthesis in breast cancer
stem cells (BCSCs) by cooperating with poly(rC) binding protein
2 (PCBP2) to stabilize SQLE mRNA, which leads to increased
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cholesterol production. This increased cholesterol, in turn, acti-
vates the PI3K/Akt signaling pathway and promotes the stem-
ness of BCSCs.'?!] Circ_0000182 has been found to facilitate
the proliferation and cholesterol synthesis in cholesterol syn-
thesis in via releasing miR-579-3p-mediated repression of SQLE
expression.!1?]

4.2. The IncRNAs-circRNAs in Regulating Lipid Transport and
Fatty Acid Oxidation of Cancer

Exogenous lipids enter into the cancer cells mainly through two
known lipid transporters in the plasma membrane, CD36 or
LDLR. The dysregulated lipid-metabolic related IncRNAs and cir-
cRNAs in cancers can modulate extracellular lipids uptake by reg-
ulating these transporters (Figure 5 and Table 2). For instance,
IncRNA TINCR has been found to be downregulated in CRC
cells, but it can relieve the miR-107-mediated repression of CD36
expression, promoting apoptosis and inhibiting the proliferation
of CRC cells.[3% Similarly, overexpressed IncRNA CASC19 in
NSCLC can positively regulate LDLR by targeting miR-301b-3p
to facilitate proliferation and metastasis of NSCLC cells. Addi-
tionally, some lipid-metabolic related IncRNAs and circRNAs in
cancer can modulate LDLR expression epigenetically.['*!] For ex-
ample, as an antisense RNA that overlaps the promoter of the
LDLR gene, IncRNA BM450697 can decrease the expression of
LDLR by inhibiting interaction between RNA polymerase II (Pol
II) or transcription factor SREBP1a and the promoter of LDLR in
HCC.132

The role of fatty acid-binding proteins (FABPs) in lipid
metabolism is to transport newly synthesized or extracellular
fatty acids for energy supply and storage. The isoforms of FABPs
have been upregulated to facilitate viability, proliferation, migra-
tion and metastasis in various cancers, in which the dysregulated
lipid-metabolic related IncRNAs and circRNAs in cancer can also
play significantly important roles (Figure 5). For instance, cir-
cRNA_101 093, derived from lung adenocarcinoma (LUAD) pa-
tients’ plasma exosome, has been identified to interact and in-
crease FABP3, which then transports arachidonic acid and de-
sensitized LUAD cells to ferroptosis.[**) Moreover, the dysreg-
ulated lipid-metabolic related IncRNAs and circRNAs can reg-
ulate the expression of FABPS5 in various cancer with differ-
ent mechanisms: On the one hand, circ-ABCB10 can promote
FABP5-mediated the proliferation and migration of glioma by
absorbing miR-620.[1**] Moreover, LncLNMICC can bind tran-
scriptional factor-NPM1 to the promoter of the FABPS5 gene to
facilitate FABP5-mediated lipogenesis, lymph node metastasis of
cervical cancer (CC).I'*] Neuroblastoma-associated small protein
(NBASP) encoded by IncRNA FAM201A has recently been found
to inhibit the expression of FABPS5 via the ubiquitin proteasome
pathway in neuroblastoma, which further repressed the progres-
sion of neuroblastoma by inactivating the MAPK pathway me-
diated by downregulating FABP5.13¢] On the other hand, m6A
modified IncDBET in bladder cancer (BCa) and IncRNA CCAT1
in LUAD can both interact with FABP5 directly to activate the
PPAR signaling pathway or PPAR-RXR transcriptional complex
in order to promote lipogenesis, proliferation and migration of
cancers.['¥138] Additionally, circ_ZFR in breast cancer (BC) and
circPUM1 in clear cell renal cell carcinoma (ccRCC) can both ab-
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sorb miRNAs (miR-223-3p and miR-340-5p, respectively) to regu-
late FABP7-mediated proliferation and progression of these can-
cer cells.[13%140]

FAO or f-oxidation in mitochondria and peroxisome is the
major pathway for degradation of fatty acids and production
of ATP and NADPH, with CPT1 being one of the most im-
portant regulatory targets. The dysregulated lipid-metabolic re-
lated IncRNAs and circRNAs in cancer can support tumor pro-
gression, stem cell property and drug resistance by modulating
this carnitine palmitoyltransferase via various regulatory strate-
gies (Figure 5). For instance, in MSC (mesenchymal stem cell)-
cultured breast cancer cells, overexpressed IncRNA AGAP2-AS1
not only binds to the CPT1 mRNA to increase its stability and
expression by interacting with HuR (an RNA binding protein),
but also serves as a sponge to release the miR-15a-5p-mediated
repression of CPT1 expression.l*!l Similarly, lncRNA HCP5 is
also induced in MSC-cocultured gastric cancer cells, where it can
upregulate the expression of PPARGCI1A to increase the forma-
tion of PGCla/CEBPB complex by sequestering miR-3619-5p.
The PGCla/CEBPB complex can further promote the expression
of CPT1 transcriptionally.l'*?] Additionally, IncRNA MACC1-AS1
has been identified to be elevated in MSC-cultured gastric cancer
cells, which promotes the expression of CPT1 directly through
the MACC-AS1/ miR-145-5p/CPT1 axis possibly.['**] In a sim-
ilar way, circ_00 24 107, also enriched in MSC-cultured gastric
cancer cells, has been identified to mediate lymphatic metastasis
of gastric cancer, in which circ_00 24 107 can promote FAO re-
programming by modulating the circ_00 24 107/ miR-5572 and
miR-6855-5p/CPT1A axis.'*l On the other hand, as a tumor
suppressor, P53 has been recently shown to be modulated by
IncRNA SOCS2-AS1 to enhance FAO and proliferation of pap-
illary thyroid carcinoma. SOCS2-AS1 binds to P53 directly and
facilitates its degradation, further stimulating FAO-mediated cell
proliferation.['*]

4.3. The IncRNAs-CircRNAs in Regulating Lipid Esterification and
Lipid Droplet Metabolism of Cancer

The metabolism of long-chain fatty acids is dependent on their
activation by esterification, which forms fatty acyl-CoA esters
from free long-chain fatty acids catalyzed by long-chain acyl-
coenzyme A synthetases (ACSLs) family. The ACSLs isoforms
mainly involves both anabolic (lipogenesis) and catabolic path-
ways (fatty acid oxidation and lipolysis), among which ACSL1 and
ACSL4 are the most extensively studied in the lipid metabolic re-
programming of cancer.'*¢1%7] The lipid-metabolic related IncR-
NAs and circRNAs in cancers have also been discovered to
play roles in the regulation of ACSL1 and ACSL4 expressions
(Figure 5 and Table 3). For instance, IncRNA HULC was iden-
tified to modulate the lipid metabolic programming of HCC.
The mechanism in detail is that HULC released the miR-9-
mediated repression of PPARA by modulating the methylation
of miR-9 promoter. The increased expression of PPARA fur-
ther led to the transcriptional activation of ACSL1, resulting in
triglyceride and cholesterol formation in hepatocellular carci-
noma (HCC).["*8] Moreover, highly-expressed IncRNA PRADX
activated the phosphorylation of STAT3 to promote the expres-
sion of ACSL1 by suppressing the expression of BLCAP (a tu-

Adv. Sci. 2024, 11,2303570

www.advancedscience.com

mor suppressor gene) in mesenchymal glioblastoma (GBM).['#]

The upregulated ACSL1 further played roles in basal respiration,
proton leak, and ATP production to promote energy metabolism
and tumorigenesis of mesenchymal GBM cells. Additionally,
the IncRNA SNHG7/miR-449a/ACSL1 axis in thyroid cancer
and the circPDHX/miR-497-5p/ACSL1 axis in prostate cancer
have been identified to promote cancer cells’ proliferation and
migration.[150151]

The roles of ACSL4 regulated by lipid-metabolic related IncR-
NAs and circRNAs of cancer mainly involve into two biological
progresses. First, ACSL4 has the basic role of long-chain fatty
acids esterification to promote tumor’s proliferation, progression
and drug resistance. For instance, IncRNA NEAT1 have been
identified to promote proliferation, invasion and docetaxel re-
sistance in prostate cancer (PCa) by releasing miR-34a-5p and
miR-204-5p-mediated repression of ACSL4 expression.!'?] Sec-
ond, ACS14 acts as a positive regulator in ferroptosis, a novel
programmed cell death characterized by the accumulation of iron
and lipid peroxidation. For example, circSCN8A in NSCLC and
circLMOL1 in cervical cancer were downregulated to inhibit the
ACSIL4-mediated ferroptosis by sponging miR-4192 and miR-
1290, respectively, facilitating the proliferation and metastasis of
cancer cells.['3154 Additionally, it has been discovered that the
upregulation of IncRNA CBSLR in gastric cancer plays a protec-
tive role in cancer cells against ferroptosis, resulting in drug re-
sistance. The mechanism involves CBSLR binding to YTHDEF?2,
thus forming a CBSLR/YTHDF2/CBS signaling pathway that
weakens the stability of CBS mRNA. This, in turn, increases the
polyubiquitination and degradation of ACSL4 protein.[**]

Similar to fatty acids’ esterification, cholesterol can be esteri-
fied with fatty acids by ACAT1 (SOAT1) and ACAT? to control the
equilibrium between free cholesterol and cytoplasmic cholesteryl
esters. These cholesterol acyltransferases have also been regu-
lated by lipid-metabolic related IncRNAs and circRNAs in can-
cer to boost their proliferation and metastasis (Figure 5). For in-
stance, circLDLR has been found to be overexpressed in CRC, and
can upregulate the expression of SOAT1 by sponging miR-30a-
3p, which modulated the cholesterol levels and facilitated the ma-
lignant progress of CRC.I">¢ Moreover, circRPL23A was downreg-
ulated in clear cell renal cell carcinoma (ccRCC) to promote cell
proliferation, migration, and invasion by enhancing miR-1233-
mediated repression of ACAT2 expression. But it is unknown
whether these biological functions of cancer cells have relevance
with the reprogramming of lipid metabolism in cancer.’”) Ad-
ditionally, esterification of fatty acid and cholesterol usually con-
tribute the formation of lipid droplets (LDs) for energy storage,
ROS homeostasis and entrapment of anticancer drugs in can-
cer cells.l”!l The lipid-metabolic related IncRNAs and circRNAs
in cancer have been identified to modulate the metabolism of
LDs in cancer. For example, linc01410was overexpressed in cervi-
cal cancer to release miR-532-5p-mediated repression of PLIN2,
ACC1and FASN expression, which promoted LDs formation and
metastasis of cervical cancer cells.['*®! On the other hand, IncRNA
SPRY4-IT1 in melanoma cells can repress the accumulation of
lipin2 protein and decrease the DGAT2-mediated formation of
TAG and LDs, furtherly eliminating apoptosis caused by cellular
lipotoxicity.[1>]

LDs in cancer cells are dynamic to keep the equilibrium be-
tween lipids biogenesis and lipolysis. When energy or membrane
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synthesis is needed, LDs in cancer cells can be rapidly lipolyzed
to release free fatty acids and cholesterols, which will be fur-
ther utilized as energetic sources, signaling molecules and mem-
brane building blocks.[®>7%] The lipid-metabolic related IncRNAs
and circRNAs have been found to play roles in the lipolysis of
LDs to support the proliferation and metastasis of cancer cells
(Figure 5). For example, IncRNA NEATT has been identified to be
overexpressed in HCC, in which NEAT1 can promote the lipoly-
sis of HCC via ATGL/DAG+FFA/PPARa signaling as a sponge
of miR-124-3p.['%1 Moreover, when overexpressed in ovarian can-
cer, NEAT1 can modulate ATGL to promote lipolysis and progres-
sion of tumor via the let7g/ MEST (mesoderm specific transcript)
axis, inhibition of which can elevate the express of ATGL.['?]
Additionally, circ_cMras has been found to be down-regulated
in lung adenocarcinoma (LAC), in which circ-cMras can mod-
ulate the expression of ATGL to promote tumor proliferation
and aggression through the NF-xB signaling pathway.'*!] On
the other hand, the lipid-metabolic related IncRNAs and circR-
NAs can indirectly modulate the lipolysis of LDs in cancer. For
instance, circRIC8B has been shown to be elevated in chronic
lymphocytic leukemia (CLL). Mechanically, circRIC8B increased
the expression of lipoprotein lipase (LPL) by directly binding
miR-199b-5p, which further promoted cellular lipoproteins up-
take and the hydrolysis of triglycerides (TGs) to facilitate the pro-
gression of CLL.['®2) Moreover, Acyl-CoA thioesterase 7 (ACOT?7)
plays a role in the lipolysis by converting Arachidonyl-CoA to
arachidonic acid and CoA. LncRNA NMRAL2P has been demon-
strated to suppress the expression of ACOT7 by methylating its
gene’s promoter via binding DNMT3b.['*] Furthermore, lipid
browning in cancer cells is a process of converting lipid droplets
into tiny pieces, which leads to inhibiting tumor progression.
Recently, IncRNA COL18A1-AS1 has been shown to act as a
sponge of miR-1286 to modulate the expression of transcriptional
factor Kriippel-like factor 12 (KLF12), which regulates uncou-
pling protein 1 (UCP1)-mediated lipid browning in cell renal cell
carcinoma.[164

4.4. The IncRNAs-circRNAs in Regulating Lipid Metabolic
Transcriptional Factors and Oncogenic Signaling Pathways

As the major transcriptional factors of cellular lipid metabolism,
SREBPs can regulate the expression of most lipogenic enzymes
at the transcriptional level. The lipid-metabolic related IncR-
NAs and circRNAs in cancer can modulate the expression and
stability of SREBPs through various regulatory mechanisms,
such as sponging miRNAs, binding protein and DNA, and af-
fecting signaling pathways, even via modulating their regula-
tors (Figure 6 and Table 4). For instance, linc02570 in nasopha-
ryngeal carcinoma and IncRNA PCA3 in prostate cancer have
been demonstrated to be overexpressed and can increase the
expression of SREBP1 as a sponge of miR-4649-3p and miR-
132-3p, respectively.['®16] Similarly, IncRNA SNHG16 can re-
lease the miR-195-mediated repression of SREBP2 expression as
a sponge to promote lipogenesis in pancreatic cancer cells.1”]
Moreover, IncRNA HOXB-AS3 have been shown to co-regulate
the expression of SREBP1 with RNA-binding protein-PTBP1
via direct binding, which further promotes lipid metabolism
and proliferation of endometrial cancer (EC).['%®] Another RNA-
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binding protein HuR has also been found to co-regulate the
mRNA stability of SREBP1 with circMyc and degradation of
Myc with circREOS. CircMyc (hsa_circ_00 85 533) has been
found to be remarkably upregulated in triple-negative breast
cancer. It maintains the mRNA stability of SREBP1 via directly
binding to HuR protein.['®] On the other hand, circREOS has
been shown to directly interact with HuR protein to restrain
its binding and activation of Myc mRNA, resulting in degrada-
tion of Myc mRNA and restraining FASN-mediated lipid accu-
mulation in osteosarcoma.['’%! LncRNA ZFAS1 binds to PABP2
(polyadenylate-binding protein 2) to maintain mRNA stability
of SREBP1 in CRC, which further upregulates the expression
of SREBP1 and its target genes (SCD1 and FASN) to pro-
mote lipid accumulation in CRC.'7Y] LINC01138 interacts with
PRMTS5S (arginine methyltransferase 5) to methylate arginine
of SREBP1 protein, sustaining the protein stability of SREBP1
and promoting lipogenesis and cell proliferation in ccRCC.172
LncRNA CCAT1 has been identified to upregulate the expression
of SREBP2 in osteosarcoma by binding to PKM2, which facil-
itates the phosphorylation and stability of SREBP2 protein.!'”3!
Additionally, derived from AMPK’s a1 subunit, circPRKAA1 facil-
itates a tetrameric complex between mature SREBP1 (mSREBP1)
and the Ku80/Ku70 heterodimer by binding to Ku proteins to in-
crease the stability of mSREBP1 in several cancer cells. Mean-
while, circPRKAA1 can directly interact with the promoters of
SREBP1 target genes to recruit mSREBP-1, thereby promoting
lipogenesis in cancer cells.l'7#] Recently, a novel hypoxia-induced
circRNA circINSIG 1 has been found to promote the proliferation
and metastasis of colorectal cancer (CRC) via enhancing choles-
terol biosynthesis, in which a 121 amino acid protein encoded by
circINSIG1 (circINSIG1-121) can promote the degradation of IN-
SIG1 protein via the ubiquitin-proteasome pathway and further
enhancing active nuclear SREBP2 (nSREBP2)-mediated choles-
terol biosynthesis.'’”’] On the contrary, another novel CCT3-
LINCO00326 regulatory network has been identified in hepatocel-
lular carcinoma (HCC), in which LINC00326 can impede CCT3’s
confinement of CREM/CREB1 and ATF2 to improve transcrip-
tion of lipid metabolism genes. LINC00326 itself, by binding to
CCT3, facilitates EGR1, GLIPR1 and CYR6-mediated lipogenesis
decrease and lipolysis increase to inhibit tumor growth.!17°]

In the oncogenic signaling pathways involving lipid
metabolism, the PI3K-AKT-mTOR pathway is well studied
and plays important roles in the lipogenesis of cancer. Recently,
studies have demonstrated that lipid-metabolic related IncRNAs
and circRNAs are involved in regulating lipid metabolism in
cancer via the signaling pathways (Figure 6). For instance, the
EGFR/PI3K/AKT/NF-kb/SREBP1 signaling pathway is activated
by IncRNA DNAJC3-AS1 to increase the expression of lipoge-
nesis genes in CRC, such as ACCI and FASN.'7l LncRNA
HAGLROS has also been found to improve the lipid metabolism
in intrahepatic cholangiocarcinoma via the mTOR/SREBP1
axis. However, its relevant mechanism is need to be explored
in future studies.['’®] Moreover, linc01468 is overexpressed in
non-alcoholic fatty liver disease (NAFLD) associated HCC and
adjacent samples to facilitate the proliferation of HCC through
modulating lipogenesis, in which linc01468 binds SHIP2 protein
to induce CUL4A by promoting the ubiquitinated degradation
of SHIP2, thereby activating the Akt/mTOR signaling pathway
mediated-increase of intracellular triglyceride (TG), and total
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cholesterol (TC).['”°] Similarly, IncARSR was found to be elevated
in NAFLD associated HCC to promote proliferation, migration
and lipid accumulation in HCC through activating the IRS2/AKT
pathway, in which IncARSR binds with YAP1 protein to inhibit its
phosphorylation nuclear translocation.l'8! Additionally, IncRNA
NEAT1 has been identified to bind with TRIM25 to reduce the
degradation of RPRD1B protein, which transcriptionally upreg-
ulates c-Jun/c-Fos and activates the c-Jun/c-Fos/SREBP1 axis
to enhance fatty acid uptake and synthesis in gastric cancer.!'8!]
On the contrary, IncHR1 has an opposite effect on the regulation
of SREBP-1lc-mediated fatty acid synthesis in HCC, in which
IncHR1 suppresses the phosphorylation of the DK1/AKT/FoxO1
axis to weaken the combinatorial capacity of LXRa/RXR binding
to LXREs in the promoter of SREBF1 gene, thereby decreasing
the expression of SREBP-1c and lipogenesis.[182]

On the other hand, the lipid-metabolic related IncRNAs and
circRNAs can modulate FAO pathway through various signal-
ing pathways in cancer (Figure 6). For example, as the anti-
sense RNA of SLC16A1/MCT1 (protein-coding gene), IncRNA
SLC16A1-AS1 can interact with transcription factor-E2F1 to form
an RNA-protein complex in E2F1-driven aggressive bladder can-
cer, which further enhances the expression of the key mediator
of fatty acid f-oxidation-PPARA through binding the SLC16A1-
AS1:E2F1-responsive element in PPARA’s promoter.'®3] As an
oncogene, Linc00924 has been found to promote the invasion
and metastasis of peritoneal metastasis-associated gastric can-
cer. The mechanism involves Linc00924 binding to hnRNPC
to regulate the alternative splicing of Mnk2 pre-mRNA. Conse-
quently, Mnk2a splicing is reduced, leading to the activation of
the p38 MAPK/PPARa« signaling pathway, which in turn facil-
itates fatty acids oxidation (FAO) and uptake.['¥*] Moreover, un-
der metabolic stress in CRC cells, circACC1, derived from human
ACC1 mRNA, can bind the regulatory g and y subunits of AMPK
to stabilize and promote the holoenzyme activity of AMPK, which
can repress fatty acid synthesis (FAS) and stimulates FAO by the
phosphorylation of ACC1 and ACC2, respectively.['®] Addition-
ally, anovel 113-amino acid protein (p113), derived from circRNA
CUX1, have been recently induced under serum deprivation in
neuroblastoma. P113 can further form a transcriptional regula-
tory complex with ZRF1 and BRD4 to promote the conversion of
fatty aldehydes into fatty acids, mitochondrial complex I and fatty
acid f-oxidation.!'°]

5. Relevance of Lipid Metabolic Related
IncRNAs-circRNAs to Other Phenotypes of Cancer

With development of RNA-seq technologies and bioinformatics
analysis, more and more lipid-metabolic related IncRNAs and cir-
cRNAs have been uncovered to play roles in several phenotypes
of cancer by regulating lipid metabolism. These roles include fa-
cilitating progression and metastasis, inducing angiogenesis and
lymphangiogenesis, sustaining stemness and chemotherapy re-
sistance, among others.

5.1. The Lipid Metabolic Related IncRNAs-circRNAs in Promoting
Proliferation and Metastasis of Cancer

As one of the hallmarks of cancer, lipid-metabolic reprogram-
ming has been well explored in an increasing number of stud-
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ies, which revealed that the lipid anabolism and catabolism (such
as de novo lipids synthesis and fatty acid oxidation) are repro-
grammed to provide building blocks of membrane biosynthe-
sis, energy source, and signaling molecules for rapid growth
and migration in cancer.’%] Therefore, most lipid-metabolic
related IncRNAs and circRNAs in cancer have been identified
to play roles in promoting cancer rapid proliferation, invasion,
and metastasis. For instance, IncRNA CTD-2245E15.3in NSCLC
not only has been associated with multiple protein-coding genes
involved in tumor growth, but also has been demonstrated
to facilitate tumor progression by enhancing ACC1l-mediated
lipogenesis.[1%] Moreover, circWHSC1, overexpressed in breast
cancer, promoted cell growth, invasion, and metastasis via miR-
195-5p/FASN/AMPK/mTOR axis to upregulate N-cadherin, Vi-
mentin, and Bcl2 and inhibit E-cadherin, BAX and c-Caspase3
expression.l"'!l Furthermore, IncRNA ZFAS1 was upregulated in
CRC tissues and cell lines, in which ZFAS1 promoted prolifera-
tion and metastasis of CRC in vitro and vivo through modulat-
ing SREBP1/SCD1&FASN-mediated lipogenesis.''’!] Addition-
ally, m6A-induced IncDBET has been identified to promote the
proliferation and migration of bladder cancer by modulating the
FABP5/PPAR signaling pathway-mediated lipid metabolism.!*3]
Another IncRNA TINCR was found to be significantly upregu-
lated in nasopharyngeal carcinoma, where TINCR promoted de
novo lipogenesis, proliferation, and metastasis of nasopharyn-
geal carcinoma via ACLY-PADI1-MAPK-MMP2/9 pathway./1%]

5.2. The Lipid Metabolic Related IncRNAs-circRNAs in
Angiogenesis and Lymphangiogenesis of Cancer

Angiogenesis refers to the biological process by which new blood
vessels are developed from pre-existing ones, primarily through
the involvement of endothelial cells. The principal drivers of
this process are tyrosine kinases such as vascular endothelial
growth factor-A (VEGF-A) and the VEGF receptor (VEGFR).
VEGF expression in cancer is usually mediated by multiple reg-
ulators, such as loss of p53 and VHL function or activation of
Ras oncogene.['818] Recent evidence demonstrates that lipid-
metabolic-related IncRNAs and circRNAs in cancer can also reg-
ulate tube formation of HUVECs in cancer tissues via lipid
metabolism reprogramming. For instance, IncRNA CCAT1 can
activate the expression of VEGFA to facilitate the angiogene-
sis of lung adenocarcinoma by binding FABP5 to translocate
fatty acid into nuclear and inducing PPAR/RXR transcriptional
complex.['*8] Additionally, circ_0 0 08078 can inhibit the tube for-
mation ability of esophagus cancer via interfering the ELOVL4-
mediated lipid metabolism.[118]

Lymphangiogenesis, like angiogenesis, involves the formation
of new vessels, but in this case, it is new lymphatic vessels form-
ing from pre-existing ones. This process is considered an im-
portant step in lymph node metastasis in cancer. Vascular en-
dothelial growth factor-C and -D (VEGF-C and VEGE-D) have
been identified as the primary factors responsible for lymphan-
giogenesis, acting through the VEGFR-3 receptor and contribut-
ing to lymph node metastasis in cancer.'*1°! Similarly, lipid
metabolic related IncRNA and circRNAs in cancer have been
demonstrated to involve into this process through modulating
lipid metabolism. For example, LNMICC has been identified to
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promote lymph node metastasis in cervical cancer by modulating
FABP5-mediated fatty acid metabolism and elevating the expres-
sion of VEGF-C.['**] Additionally, IncRNA NEAT1 was uncovered
to promote lymph node metastasis in gastric cancer through facil-
itating RPRD1B-mediated fatty acid metabolism by the c-Jun/c-
Fos/SREBP1 axis.!!81]

5.3. The Lipid Metabolic Related IncRNAs-circRNAs in Stemness
Maintenance and Chemotherapy Resistance of Cancer

Acquisition of stemness property in cancer cells is an impor-
tant mechanism in chemotherapy resistance, elicited by mes-
enchymal stem cells (MSCs) in tumor environment.'*?] Fatty
acid oxidation has been shown to support stemness property
and chemotherapy resistance in multiple cancer cells, provoked
by MSCs.[1%3] The lipid-metabolic related IncRNAs and circR-
NAs have recently been viewed as important participants in
this process. For instance, IncRNA HCP5, induced by MSCs
in gastric cancer (GC), has been found to play a role in pro-
moting stemness and chemoresistance of GC cells. This is
achieved through the regulation of fatty acid oxidation (FAO)
via the miR-3619-5p/PGCla/CEBPB/CPT1 axis.['*2] Moreover,
IncRNA MACC1-AS1 was upregulated in GC cells co-cultured
with MSCs through the TGF-g/ TGF-f receptor/SMAD2/3
axis. MACC1-AS1 then promoted the FAO-dependent stem-
ness property and chemotherapy resistance of GC.['**! Further-
more, IncRNA AGAP2-AS1 was overexpressed to promote stem-
ness and trastuzumab resistance in breast cancer co-cultured
with MSCs via CPT1-mediated FAO."*!l Cholesterol biosynthe-
sis has been shown to be of importance in maintaining the
stemness property and chemotherapy resistance of cancer stem
cells (CSCs). Apart from being an important component of cell
membranes and lipid rafts, cholesterol can act as a mitogen for
stemness and chemoresistance in CSCs through activating the
PI3K/AKT or MAPK signaling pathways, as well as the Notch and
Wnt canonical signaling pathways. Additionally, the mevalonate
pathway (MVA) in cholesterol de novo biosynthesis is the only
source of farnesyl-diphosphate and geranylgeranyl-diphosphate
(GGPP), which is important for prenylation of RasGTPase super-
family, including Ras and Rho, and the Rho-dependent YAP/TAZ
nuclear localization to facilitate stemness genes expression in
CSCs.[1%19] For instance, Lnc30 has been identified to enhance
the biosynthesis of cholesterol that is mediated by SQLE. This
process then leads to the activation of the PI3K/Akt signaling
and ultimately regulates the stemness of breast cancer stem
cells (BCSC).['28] Phospholipid metabolism-related IncROPM has
been recently identified to promote PLA2G16-mediated phos-
pholipid lipolysis and the release of free fatty acid, which acti-
vates the PI3K/AKT, Wnt/f-catenin, and Hippo/YAP signaling
pathways, thereby involving in the maintenance of breast CSCs
stemness.[!°]

Apart from enhancing FAO, inhibiting ferroptosis emerges
as a novel strategy to resist chemotherapy in multiple cancers,
where lipid-metabolic related IncRNAs and circRNAs have been
identified to play important roles. For instance, hypoxia-induced
IncRNA CBSLR has been uncovered to protect gastric cancer
from ferroptosis-dependent chemotherapy through increasing
ACSL4 protein degradation via forming CBSLR/YTHDF2/CBS
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complex under a hypoxic microenvironment.!'>>} Moreover, cir-
cLMO1 has been revealed to be downregulated to facilitate cer-
vical cancer cell proliferation and metastasis through reduc-
ing ACSL4-dependent ferroptosis.'>3] Furthermore, exosomal
circRNA_101 093 (cir93) can interact with FABP3 to stimulate
arachidonic acid (AA) transportation and interaction with tau-
rine, which helps to desensitize ferroptosis-dependent treatment
in lung adenocarcinoma.[**!

6. Conclusion and Perspective

Lipid metabolism is reprogrammed in various types of cancers
under different metabolic conditions and during distinct stages
of tumorigenesis. In this review, lipid-metabolic related IncRNAs
and circRNAs have been uncovered to involve into almost every
aspect of lipid metabolic reprogramming in cancer, from lipogen-
esis to lipolysis, which further to support the formation of other
hallmarks in cancer through reprogrammed lipid metabolism,
including progression and metastasis, angiogenesis and lym-
phangiogenesis, stemness and chemotherapy resistance. These
lipid-metabolic related IncRNAs and circRNAs not only greatly
strengthen the interplay between IncRNAs/circRNAs and lipid
metabolic reprogramming in cancer, but also enlarge the asso-
ciation between lipid metabolic reprogramming with other hall-
marks of cancer (Tables 1-4).

On the one hand, a small part of lipid-metabolic related
IncRNAs and circRNAs have been found to act as the media-
tors involving into the regulation of lipid metabolic participants
to promote cancer progression, such as the circkWHSC1/miR-
195-5p/FASN axis in breast cancer,!'!) the CASC19/miR-301b-
3p/LDLR axis in Non-small cell lung cancer (NSCLC),[*!) and
the NEAT1/miR-34a-5p&miR-204-5p/ACSL4 axis in prostate
cancer.®?] On the other hand, most of IncRNAs and circRNAs
summarized in this review are responsible for the lipid metabolic
reprogramming of cancer to facilitate other hallmarks of can-
cer (Table 5). For instance, cirtcCAPRINI promotes prolifera-
tion, metastasis and EMT of colorectal cancer (CRC) through
regulating ACC1l-mediated lipogenesis.['%! Lnc030 promotes the
stemness of breast cancer stem cells (BCSC) by cooperating
with poly(rC) binding protein 2 (PCBP2) to facilitate the SQLE-
mediated cholesterol synthesis.!l'?8] CircINSIG1 has been found
to promote the proliferation and metastasis of CRC via enhancing
SREBP2-mediated cholesterol biosynthesis.['”>] However, there
are still a lot of unknown IncRNAs and circRNAs that are needed
to be identified in lipid metabolic reprogramming of cancer.
Therefore, more and more new lipid-metabolic related IncRNAs
and circRNAs mediating or responsible for lipid metabolic re-
programming in cancer will be discovered in the future, with the
progression of RNA sequencing and metabonomics.

As the novel noncoding RNAs, IncRNAs and circRNAs have
been shown to play diverse roles in regulating gene expression,
acting as signal or indicator, guide, decoy, and scaffold, even as
translators for protein/peptide. The lipid-metabolic related IncR-
NAs and circRNAs in this review have also been shown to reg-
ulate lipid metabolic reprogramming of cancer in similar ways.
For instance, circPRKAA1 can act as a guide to recruit mSREBP-
1 on the promoters of SREBP1’s target.'’*] LncRNA BM450697
can act as an indicator of inhibiting the interaction between
the promoter of LDLR with RNA polymerase II or transcription
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factor SPREBP1a.l"®] LncRNA SLC16A1-AS1 can directly inter-
act with transcription factor-E2F1 as scaffold to form an RNA-
protein complex in E2F1-driven aggressive bladder cancer.['*3] At
the same time, circRNA CUX1 acts as a translator to be translated
into a novel p113 protein that promotes fatty acid f-oxidation un-
der serum deprivation in neuroblastoma.['* Nevertheless, these
roles played by lipid-metabolic related IncRNAs and circRNAs
mentioned above are fresh and interesting, but relatively less re-
ported in recent studies. In fact, most of lipid-metabolic related
IncRNAs and circRNAs have recently been discovered to regulate
the lipid metabolic reprogramming in cancer by decoying miR-
NAs. With the development of RNA sequencing and extensive
exploration in future, more and more regulative mechanisms of
lipid-metabolic related IncRNAs and circRNAs in nucleus will be
uncovered, such as chromatin modification, mRNA splicing, as
well as translation regulation, and more.

In addition, considering the important roles of lipid
metabolism in cancer, most of lipid-metabolic related IncRNAs
and circRNAs have been shown to be relevant with pathological
and clinical prognostic features of cancer, such as tumor size, tu-
mor grade and TNM stage, PFS and OS. They have been viewed
as new and potential diagnostic and prognostic biomarkers for
cancer patients (presented in Tables 1-4). Since the antisense
oligonucleotide (ASO) or CRISPR/Cas9-based strategies in vivo
and RNAi-based drugs have begun to be tested in some clinical
trials, IncRNAs and circRNAs increasingly emerge as novel
therapeutic targets for cancer patients.®!1#] Therefore, it is
worth being expected that these lipid-metabolic related IncRNAs
and circRNAs-based diagnostics and therapeutics may one day
be beneficial for cancer patients, with the rapid development of
life science.
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