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Research on noncoding ribonucleic acids (ncRNAs) is mostly and broadly focused

on microRNAs (miRNAs), cyclic RNAs (circRNAs), and long ncRNAs (lncRNAs),

which have been confirmed to play important roles in tumor cell proliferation,

invasion, and migration. Specifically, recent studies have shown that ncRNAs

contribute to tumorigenesis and tumor development by mediating changes in

enzymes related to lipid metabolism. The purpose of this review is to discuss the

characterized ncRNAs involved in the lipid metabolism of tumors to highlight

ncRNA-mediated lipid metabolism-related enzyme expression in malignant

tumors and its importance to tumor development. In this review, we describe

the types of ncRNA and themechanism of tumor lipidmetabolism and analyze the

important role of ncRNA in tumor lipid metabolism and its future prospects from

the perspectives of ncRNA biological function and lipid metabolic enzyme

classification. However, several critical issues still need to be resolved. Because

ncRNAs can affect tumor processes by regulating lipidmetabolism enzymes, in the

future, we can study the unique role of ncRNAs from four aspects: disease

prevention, detection, diagnosis, and treatment. Therefore, in the future, the

development of ncRNA-targeted therapy will become a hot direction and

shoulder a major task in the medical field.

KEYWORDS

noncoding RNA, lipid metabolism, tumor, diagnosis, treatment
Introduction

Lipids are hydrophobic molecules and include sterols, monoglycerides (MGs),

diglycerides (DGs), triglycerides (TGs), phospholipids, and glycolipids. Lipids

participate in the formation of membrane lipid bilayers and membrane-related protein

structures. Phospholipids, glycolipids, and cholesterol are the main components of
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biofilms and significantly affect the fluidity of biofilms.

Cholesterol is also a substrate for the synthesis of fat-soluble

vitamins and steroid hormones (1). Lipids constitute the basic

structure of cell membranes, and lipid anabolism is highly

upregulated in human malignancies to meet the increased

demand for membrane biosynthesis (2–4). Mammalian cells

acquire lipids through two mechanisms, de novo synthesis and

uptake from the environment. Acetyl-coA, as an important

substrate for lipid synthesis and cholesterol synthesis, mainly

comes from three sources: (1) glucose forms acetyl-CoA

catalyzed by ATP citrate lyase (ACLY) through glycolysis and

the Krebs cycle in mitochondria, (2) acetate is catalyzed in the

cytoplasm by acetyl-CoA synthetase (ACSS) to produce acetyl-

CoA, and (3) glutamate is produced by a series of reactions in the

cytoplasm or mitochondria to citrate, which is catalyzed by

ACLY to acetyl-CoA. Lipid uptake, storage, and fat formation

are evident in many cancer types and contribute to rapid tumor

growth. Lipid metabolism reprogramming is a newly discovered

marker of malignant tumors (5–9).

With the continuous development of new research fields,

researchers have realized that lipid metabolism is not just a self-

regulation network. Technical developments in the human genome

have revealed that noncoding RNAs are a new class of regulators in

lipid metabolism (10, 11). Noncoding RNA is involved in tumor

lipid metabolism through three ways: (1) as endogenous competing

RNAs (ceRNAs) to regulate downstream mRNA stability, (2)

miRNAs directly target mRNA of lipid-metabolizing enzymes,

and (3) noncoding RNAs act as molecular decoys for RNA-

binding proteins (RBPs). In this review, we have highlighted the

regulating effects and mechanisms of noncoding RNAs on lipid

metabolism and signaling, which may help advance the

comprehension of the detailed modulatory networks of lipid

metabolism and afford a better theoretical foundation for clinical

diagnosis and treatment of metabolic diseases.
Noncoding RNAs in cancer

Thousands of unique noncoding ribonucleic acids (ncRNAs)

are present within cells, and they mediate functional molecules

that regulate cellular processes, including chromatin remodeling,

transcription, posttranscriptional modification, and signal

transduction (12). ncRNAs include a variety of RNA types,

such as short ncRNAs (sncRNAs) and long ncRNAs

(lncRNAs). sncRNAs include ribosomal RNAs (rRNAs), which

are involved in mRNA translation; transfer RNAs (tRNAs);

spliced small nuclear RNAs (snRNAs); small-interfering RNAs

(siRNAs); small nucleolar RNAs (snoRNAs), which are involved

in rRNA modification; and RNAs involved in targeted

translation and inhibition of gene silencing (microRNAs

[miRNAs]) and Piwi-interacting RNAs (piRNAs) (13).

lncRNAs constitute a heterogeneous class of RNAs,

including long intergenic ncRNAs (lincRNAs), circular RNAs
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(circRNAs), natural antisense transcripts (NATs), and enhancer

RNAs (eRNAs) (14). These widespread ncRNAs are produced

by the transcription of mammalian genomes and make up the

majority of the transcribed genome, and only 1–2% of ncRNA

transcripts are transcribed into proteins (15, 16). The roles

played by miRNAs in cancer have been confirmed (17, 18),

with thousands of papers reporting on the important roles that

miRNAs play in cancer development and progression. For

example, the degree to which miRNAs are conserved among

species, expressed in different tissues and cell types, and

participate in almost all biological processes (including cell

cycle progression, growth, apoptosis, differentiation, and stress

responses) and their ability to fine-tune gene expression by

targeting multiple molecules have all been discussed (19).

Notably, miR-130 and miR-494 can regulate cell survival and

TNF-related apoptosis-induced ligand (TRAIL)–mediated

therapy resistance in non-small-cell lung cancer (NSCLC) cell

lines (20, 21). Therefore, ncRNAs play important roles in tumor

cell metabolism (Figure 1).
Lipid metabolism in tumors

Citrate produced by glucose through glycolysis and Krebs

cycle is mediated by a citrate carrier (CIC) into the cytoplasm

and catalyzed by ATP-citrate lyase (ACLY) to generate acetyl-

CoA (22, 23). Cytoplasmic acetyl-CoA can be extracted from

acetic acid by acetyl-CoA synthase (ACSS) (24). Acetic acid

(HAc) diffuses freely across cell membranes (25); in particular,

under hypoxia, tumor cells capture acetate as an alternative

carbon source (26–30). Citrate is obtained from glutamine,

particularly from its carbon molecules, which contribute to

citrate production (31, 32). Glutamine is transported into cells

by a number of transporters, such as the extensively studied

solute carrier family 1 neutral amino acid transporter member 5

(SLC1A5) (33). The catabolism of glutamine to glutamate is

initiated by mitochondrial glutaminase (GLS). Glutamate is

catalyzed by aminotransferase to produce a-ketoglutaric acid

(a-kg) (34) and generate acetyl-CoA through a multistep

enzymatic reaction or enter the mitochondrial tricarboxylic

acid cycle to generate citrate, which is transported out of

mitochondria by a CIC and catalyzed to produce acetyl-CoA

through ACLY (Figure 2). Cytoplasmic acetyl-CoA is a substrate

in fatty acid synthase (FAS). The interconversion of acetyl-CoA

and malonyl-CoA in the cytoplasm is catalyzed by acetyl-CoA

carboxylase (ACC) and malonyl-CoA decarboxylase (MCD)

(35). ACC catalyzes the rate-limiting step in the fatty acid

(FA) pathway. To enter a bioactive cell, an FA must be

activated by acyl-CoA (FA-CoA) ligase (ACSL) to produce

aliphatic FA-CoA (36, 37). FA-oxidation (FAO) is inhibited by

the entry of FA-CoA into mitochondria, which is regulated by

carnitine palmityl transferase 1 (CPT1) (37). Cholesterol

synthesis begins with the condensation of two acetyl-CoA
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molecules mediated by cholesteryl transferase (ACAT) to form

acetyl-CoA. Acetyl-acetyl-CoA is further condensed with a third

acetyl-CoA molecule through 3-hydroxy-3-methylglutaryl-CoA

synthase (HMGCS) to form 3-hydroxy-3-methylglutaryl-CoA

(HMG-CoA). HMG-CoA reductase (HMGCR) is a glycoprotein

located in the ER and catalyzes the rate-limiting step in

cholesterol synthesis (38, 39). HMG-CoA is oxidized to 2,3-

oxidized squalene by squalene monooxygenase (SQLE) through

complex reactions. SQLE is the first oxidative step in cholesterol

synthesis (39–41) (42–44) (Figure 3).

FA can be derived by intravascular and intracellular lipid

decomposition. Lipoprotein lipase (LPL) is the rate-limiting
Frontiers in Oncology 03
component in plasma TG clearance and FA uptake by tissues

(45). FA released by cyclic triTG hydrolysis can be absorbed by

cells through CD36, a transmembrane channel protein with

affinity for exogenous FA (46, 47). TG lipolysis is continuously

performed by adipose triglyceride lipase (ATGL), hormone-

sensitive lipase (HSL), and monoacylglycerol lipase (MGL) (48).

ATGL plays an important catalytic role in the hydrolysis of TG to

generate glycerol diesters (DGs) and FA in adipose and non-

adipose tissues (49). HSL is the rate-limiting enzyme in the

decomposition of DGs in adipose tissues (50). Phospholipase C

(PLC) and diacylglycerol lipase (DGL) hydrolyze glycerol

phospholipids to produce monoglycerol (MG) (Figure 4). Lipids
FIGURE 1

Types of noncoding RNAs (ncRNAs).
FIGURE 2

Acetyl-CoA production in the cytoplasm comes from three pathways.
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constitute the basic structure of cell membranes. Phospholipids,

glycolipids, and cholesterol are the main components of biofilms

and significantly affect the fluidity of biofilms. At the cellular level,

cholesterol in the cell membrane increases bilayer firmness and

enhances its impermeability to water and ions. In addition to

membrane formation, lipids are true second messengers that bind

to specific sites to control channels and transporter gating. They

also play a nonspecific role by changing the physical environment
Frontiers in Oncology 04
of channels and transporters, especially the protein–membrane

interface (51). For example, phosphatidylinositol (4,5)

diphosphate (PIP2) regulates K channels and changes ion

channel permeability in sympathetic neurons (42). Lipid rafts

are produced in the glycolipid-rich apical membrane of epithelial

cells (43). They play an important role in post-Golgi transport,

endocytosis, signal transduction, and many other membrane

functions (44).
FIGURE 4

Lipids obtained by decomposition.
FIGURE 3

Fatty acids and cholesterol synthesis.
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Noncoding RNAs play different
biological roles

Noncoding RNAs in the cytoplasm can regulate mRNA

stability and translation efficiency and interfere with

posttranslational modification of proteins. LncRNAs and

circRNAs mainly perform two functions. First, they interact with

RNA, including regulating mRNA stability as an endogenous rival

RNA (ceRNA), inducing miRNA degradation to regulate mRNA

activity, forming double-stranded RNA with mRNA to regulate

mRNA stability and inhibit target mRNA translation. Second, they

interact with proteins, including acting as molecular decoys for

RNA-binding proteins (RBPs) to participate in mRNA degradation,

regulating posttranslational modifications by covering up

posttranslational modification (PTM) sites or PTM enzyme

binding sites, and acting as translation proteins and coding peptides.

For target transcripts, the biological function of miRNAs

includes two aspects. One is that miRNA induces the cleavage

and degradation of target mRNA through complete base pairing

with the 3′ untranslated region (3′ UTR) of mRNA; the other is

that miRNA cannot perfectly complement the target mRNA,

and its effect is only to restrain the translation of mRNA. The

consistent end result of these two aspects is that the protein

expression products of target mRNA are reduced.
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In this section, we review the role of noncoding RNAs in tumor

lipid metabolism through different biological functions and

promote or inhibit malignant tumor expression. We can clearly

see the role of noncoding RNAs in different tumors with different

pathways (Table 1).
As endogenous competing RNAs to
regulate downstream mRNA stability

LncRNAs and circRNAs act as molecular sponges of

miRNAs and adsorb miRNAs through base complementation

pairing, resulting in the antagonism between mRNAs and

lncRNAs or circRNAs. We have found that a considerable

number of noncoding RNAs are involved in the progression of

malignancy through this mode. Unexpectedly, the endogenous

competitive RNA regulation mode was combined with a positive

feedback loop to regulate the malignant progression of tumors.

In salivary adenoid cystic carcinoma (SACC) cells, studies have

shown that lncRNA tumor susceptibility gene 9 (CASC9) promotes

the malignant phenotype acquired by SACC cells by regulating miR-

146b-5p/ACLY axis activation (52). The lncRNA CASC9 binds to

miRNA-146b-5p and negatively regulates its expression, and miR-

146b-5p directly targets the 3’ untranslated region (UTR) of ATP-
TABLE 1 Noncoding RNAs affect tumor lipid metabolism through different pathways.

biological function Cancer types Noncoding RNAs Molecular axis Result

ceRNAs mode Salivary adenoid cystic carcinoma LncRNA CASC9 LncRNA CASC9/miR- 146b-5p/ACLY Promote

Breast cancer CircARL8B CircARL8B/miR-653-5P/HMGA2 Inhibit

Breast cancer CircWHSC1 CircWHSC1/miR-195-5p/FASN/AMPK/ mTOR Promote

Esophageal squamous cell
carcinoma

LINC00514 LINC00514/miR-378a-5p/ACCa,SPHK1 Promote

Nasopharyngeal cancer LINC02570 LINC02570/miR-4649-3p/FASN, SREBP-1 Promote

Endometrial carcinoma Linc-SNHG25 Linc-SNHG25/miR-497-5p/FASN Promote

Clear cell renal cell carcinoma Circ-RPL23A Circ-RPL23A/ miR-1233/ACAT2 Inhibit

Primary cervical cancer lncRNA LNMICC lncRNA LNMICC/miR-190/ACC1,FASN Promote

Hepatocellular carcinoma LncRNA HULC LncRNA HULC/miR-9/PPARA/ACSL1/cholesterol/RXRA/ lncRNA
HULC

Promote

miRNA target mRNA Breast cancer miR-22 miR-22/ACLY Inhibit

Breast cancer miR-195 miR-195/ HMGCR Inhibit

Pancreatic cancer miR-195 miR-195 /FASN/ Wnt Inhibit

Non-small-cell lung cancer miR-320 miR-320/FASN Inhibit

Malignant meningiomas miR-195 miR-195/FASN Inhibit

Hepatocellular carcinoma miR-4310 miR-4310/ FASN, SCD1 Inhibit

Hepatocellular carcinoma miR-205 miR-205/ACSL1 Inhibit

Hepatocellular carcinoma miR-205 miR-205/ACSL4 Inhibit

Esophageal squamous cell
carcinoma

miR-133b miR-133b/SQLE Inhibit

Leukemia cells miR-23 miR-23/GLS Inhibit

molecular decoys for
RBPs

Non-small-cell lung cancer LncRNA-CTD-
2245E15.3

LncRNA-CTD-2245E15.3/ACC1/PC Promote
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citric acid lyase (ACLY) to degrade ACLY. Moreover, lncRNA

CASC9 upregulates ACLY expression through competitive binding

with miR-146b-5p.

In breast cancer (BC) studies, circARL8B inhibited tumor lipid

metabolism and cell proliferation through the miR-653-5P/HMGA2

axis (53). Moreover, circWHSC1 acted as an oncogene to expedite

BC evolution by modulating the miR-195-5p/FASN/AMPK/mTOR

pathway (54). CircWHSC1 acts as a competitive endogenous RNA

by sponging miR-195-5p, and miR-195-5p directly targets fatty acid

synthase (FASN). miR-195-5p overexpression inhibits FASN

expression and activates its downstream AMPK pathway.

In esophageal squamous cell carcinoma (ESCC), LINC00514

promotes ESCC cell proliferation and invasion through the

absorption of miR-378a-5p by sponges as competitive

endogenous RNA, leading to the upregulation of adipoformation-

related proteins, including acetyl-coenzyme (Co)A carboxylase a,
SPHK1, FAS, and stearoyl-CoA desaturase 1 (55).

In addition, LINC02570 was upregulated in patients with

clinically advanced nasopharyngeal cancer (NPC) and promoted

NPC progression by upregulating FASN and sterol regulatory

element-binding protein-1 (SREBP-1) through the adsorption of

miR-4649-3p (56). Targeting SREBP-1 Mediated Lipogenesis as

Potential Strategies for Cancer (57).

Recently, studies have shown that linc-SNHG25 positively

regulates FASN expression and promotes endometrial carcinoma

(EC) malignant development by sponging miR-497-5p (58).

According to recent research, the overexpression of circ-

RPL23A has been shown to inhibit cell cycle progression,

proliferation, migration, and invasion. miR-1233 directly targets

cholesteryl transferase 2 (ACAT2) and is a target of circ-RPL23A,
Frontiers in Oncology 06
which inhibits clear cell renal cell carcinoma (ccRCC) progression

by competitively binding miR-1233 and thus upregulating ACAT2

expression (48).

In primary cervical cancer lymph node metastasis, LNMICC

significant downregulation of acetyl-CoA carboxylase 1 (ACC1),

FASN in the deregulation of FA metabolism, and miR-190 exert

inhibitory effects on LNMICC expression by directly binding to

LNMICC (59).

In hepatocellular carcinoma (HCC), lncRNA HULC forms a

positive feedback loop to promote adipogenesis and enhance

tumor proliferation through the HULC/miR-9/PPARA/ACSL1/

cholesterol/RXRA/HULC pathway (60).

LncRNAs and circRNAs, as two kinds of ncRNAs, exert

multitudinous biological functions and act as molecular sponges,

relying on microRNA response elements (MREs) to competitively

target microRNAs (miRNAs), thereby attenuating the degradation

or inhibition of miRNAs to their own downstream protein-coding

target genes and regulating the initiation and progression of

neoplasms. Competing endogenous RNAs (ceRNAs) play an

important role in the progression of tumor malignancy. Based on

the theory of this model, we can design lncRNA-, circRNA-, or

microRNA-targeted gene drugs to control the tumor process, and at

the same time, the existence of tumors can be diagnosed by

circulating tumor cell detection (Figure 5).
miRNAs directly target mRNA of lipid-
metabolizing enzymes

The classical biological function of miRNA is to inhibit the

translation of mRNA and to reduce the protein expression
A B

FIGURE 5

(A) CircWHSC1 acts as a competitive endogenous RNA by sponging miR-195-5p, and miR-195-5p directly targets FASN mRNA. miR-195-5p
overexpression inhibits FASN expression and activates its downstream AMPK pathway; (B) lncRNA HULC forms a positive feedback loop to
promote adipogenesis and enhance tumor proliferation through the HULC/miR-9/PPARA/ACSL1/cholesterol/RXRA/HULC pathway.
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products of target mRNA by pairing with the base of mRNA. In

addition, we unexpectedly found that miRNAs can target

mRNAs of lipid metabolism enzymes through another miRNA.

In breast cancer research, miR-22 inhibits FA synthesis and

elongation in tumor cells by targeting ACLY and FA elongase 6

(61). Moreover, HMGCR and FASN are direct targets of hsa-

miR-195 in BC cells. hsa-miR-195 has been shown to target

genes involved in de novo adipogenesis and to inhibit cell

proliferation, migration, and invasion (62).

In pancreatic cancer-related studies, microRNA-195 directly

targets the FAS enzyme and negatively regulates the expression

of FAS, miRNA-195 overexpression inhibits the proliferation

and invasion of pancreatic cancer cells, and miRNA-195 inhibits

Wnt signaling in pancreatic cancer cells. The results showed that

miRNA-195 inhibits pancreatic cancer cell proliferation and

invasion by regulating the FASN/Wnt signaling pathway (63).

In lung cancer studies, it was found that miR-320 directly

targets FASN to inhibit the growth, migration, and invasion of

NSCLC cells and is significantly correlated with TNM

classification and metastasis (64).

We found that FASN was significantly upregulated in

malignant meningiomas. miR-195 directly targeted FASN.

miR-195 has been demonstrated to play a tumor suppressive

role in the occurrence and progression of malignant

meningioma by targeting FASN (65).

By inhibiting FASN and stearyl CoA desaturase 1 (SCD1)–

mediated lipid synthesis, miR-4310 inhibited HCC cell

proliferation, migration, and invasion in vitro and inhibited

HCC tumor growth and metastasis in vivo. These results

indicate that miR-4310 plays an important role in HCC tumor

growth and metastasis by targeting FASN and SCD1-mediated

lipid synthesis pathways (66).

Studies have shown that miR-205 mediates the dysregulation

of HCC lipid metabolism by targeting acyl-CoA long-chain

family member 1 (ACSL1) mRNA, and ACSL1 is significantly

affected by ncRNA-mediated lipid metabolism in HCC cells

(67). In addition, miR-205 inhibited acyl-CoA long-chain family

member 4 (ACSL4) expression at the mRNA and protein levels

by targeting its 3’UTR. miR-205 expression promotes abnormal

lipid metabolism in HCC by targeting ACSL4 (68).

In human ESCC cells and tissues, miR-133b expression was

reported to be downregulated. SQLE is a direct downstream

target gene of miR-133b. Exogenous miR-133b expression and

SQLE knockdown reduced the rate of the epithelial–

mesenchymal transition (EMT) in ESCC cells in vitro. These

outcomes indicate that miR-133b–dependent SQLE potentially

plays a key role in ESCC metastasis (69).

miR-23 targets GLS mRNA and inhibits GLS protein

expression. The overexpression of miR-23a has been reported

to impair glutamine metabolism and induce apoptosis in

leukemia cells (70).

We consistently found that these miRNAs inhibit the

enzyme function of lipid metabolism and reduce the
Frontiers in Oncology 07
p roduc t i on o f me t abo l i c enzymes th rough bas e

complementary pairing with the mRNA of the enzyme.

miRNA plays an important role in tumor lipid metabolism

and inhibits malignant progression through its classical

biological functions. Such intuitive effects make people have

great interest in the research and development of miRNA

mimics, especially the products harmless to human body after

biological processing, which will provide a bright future for

tumor treatment (Figure 6).
Noncoding RNAs act as molecular
decoys for RNA-binding proteins

Some specific RNA-binding domains of noncoding RNAs

can be recognized and interact with RNA-binding proteins and

are involved in various posttranscriptional regulatory processes,

such as RNA shearing, transport, sequence editing, intracellular

localization, and translation control, which play a role in the

malignant biological behavior of tumors to a certain extent.

In recent studies on NSCLC, LncRNA-CTD-2245E15.3

exerts its carcinogenic function by binding ACC1 and

pyruvate carboxylase (PC), which are key anabolic factors in

biomolecule synthesis in rapidly proliferating tumor cells (71).

Lipid metabolism enzymes can bind to RNA binding

proteins as ncRNA molecular decoys, inhibiting the ability of

lipid metabolism enzymes to promote the progression of tumor

malignancy. Such a binding mode can be a reasonable direction

for tumor gene therapy. It is a good idea to design special probes

to enhance the binding of ncRNA and RNA binding protein

(RBP) for tumor targeted therapy (Figure 7).
Noncoding RNAs regulate the expression
of lipid metabolism enzymes

Tumor metabolic reprogramming mainly depends on the

changes of metabolic enzymes, and noncoding RNA plays an

important role in the regulation of tumor lipid metabolic

enzymes. In order to have a more intuitive understanding of

the regulation of various lipid metabolism enzymes, we used

enzymes as clues to summarize the interference of various

noncoding RNAs in tumor malignant biological behavior by

regulating the expression level of tumor lipid metabolism

enzymes and presented them in the form of tables and figures

(Tables 2, 3 and Figure 8). We can clearly understand the leading

role of noncoding RNA in tumor lipid metabolism, which

provides a theoretical basis for noncoding RNA as a key

molecule in targeted therapy and a solid theoretical basis for

precision medicine in the future.

At present, the most studied lipid metabolism enzymes are

ACLY, ACC, and FASN. ACLY is a cytoplasmic enzyme that

catalyzes citric acid to produce acetyl-CoA and is an important
frontiersin.org
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component in the endogenous biosynthesis of FA and

cholesterol (72). In the study of various tumors, including

breast cancer, malignant mesothelioma, gastric cancer, salivary

adenoid carcinoma, and noncoding RNA can affect the

expression of lipid metabolism enzymes by directly binding to

ACLY or by classical ceRNA mode, thus changing the malignant

process of tumors. Relevant noncoding RNA mimics or

inhibitors can be studied for molecular therapy of tumors.

ACC is a critical rate-limiting enzyme for FASN (73). In

colorectal cancer (CRC) studies, in vitro experiments have

shown that lncRNA TSPEAR-AS2 knockdown can reduce the

TG content and ACC1 and FASN expressions in CRC cells.

These outcomes suggest that lncRNA TSPEAR-AS2 can regulate
Frontiers in Oncology 08
FA metabolism in CRC (74). In the studies of primary cervical

cancer, breast cancer, non-small-cell lung cancer (NSCLC), and

esophageal carcinoma (ESCC), noncoding RNA can regulate

ACC expression and affect tumor proliferation in various ways.

FASN is a key enzyme for the de novo synthesis of FA, plays an

important role in lipid metabolism, and is associated with tumor-

related signaling pathways (75). FASN plays a central role in lipid

metabolism, so it has been extensively studied in pancreatic cancer,

pancreatic ductal adenocarcinoma, NPC, and seven other tumors.

Most of the research results show that noncoding RNA plays a role

by binding miRNA or RBP or directly binding mRNA of lipid

metabolism enzymes, and interferes with the biological behavior of

tumor malignancy.
FIGURE 7

As molecular decoys for RNA binding proteins (RBPs).
A B

FIGURE 6

(A) miRNA-195 inhibits pancreatic cancer cell proliferation and invasion by regulating the FASN/Wnt signaling pathway; (B) miRNA induces the
cleavage and degradation of target mRNA through base pairing with the 3′ untranslated region (3′ UTR) of mRNA. The result is that the protein
expression products of target mRNA and the malignant behavior of tumors are inhibited.
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TABLE 2 Direct signaling pathways of Noncoding RNAs in tumor lipid metabolism.

Lipid metabolism
enzymes

Cancer types Noncoding
RNAs

Molecular axis Result

ACLY Breast cancer miR-22 miR-22/ACLY Inhibit

Malignant mesothelioma miR-126 miR-126/ISR1/ACLY Inhibit

Gastric cancer miR-133b miR-133b/ACLY Inhibit

Salivary adenoid cystic
carcinoma

LncRNA CASC9 LncRNA CASC9/miR- 146b-5p/ACLY Promote

ACC HepG2 cells miR-613 miR-613/ACC/SREBP-1c /FASN/ChREBP Inhibit

Primary cervical cancer lncRNA LNMICC lncRNA LNMICC/ACC1 Promote

Breast cancer CircARL8B CircARL8B/miR-653-5P/HMGA2 Inhibit

Non-small-cell lung cancer LncRNA-CTD-
2245E15.3

LncRNA-CTD-2245E15.3/ACC1 Promote

Esophageal squamous cell
carcinoma

LINC00514 LINC00514/ACCa,SPHK1 Promote

Colorectal cancer lncRNA TSPEAR-AS2 lncRNA TSPEAR-AS2/ ACC1, FASN Promote

FASN Pancreatic cancer miR-195 miR-195 /FASN/ Wnt Inhibit

Pancreatic ductal
adenocarcinoma

LINC00842 LINC00842/FASN Promote

Pancreatic cancer miR-33a miR-33a/AMPK/ mTOR/ FASN Inhibit

Nasopharyngeal cancer lncRNA HOTAIR lncRNA HOTAIR/ FASN Promote

Nasopharyngeal cancer LINC02570 LINC02570/ miR-4649-3p/ FASN, SREBP-1 Promote

Non-small-cell lung cancer miR-320 miR-320/FASN Inhibit

Malignant meningiomas miR-195 miR-195/FASN Inhibit

Endometrial carcinoma Linc-SNHG25 Linc-SNHG25/miR-497-5p/FASN Promote

Hepatocellular carcinoma miR-4310 miR-4310/ FASN, SCD1 Inhibit

Colorectal cancer LncRNA DNAJC3-
AS1

LncRNA DNAJC3-AS1/ EGFR/PI3K/AKT/NF-kB/FASN Promote

Breast cancer CircWHSC1 CircWHSC1/miR-195-5p/FASN/AMPK/ mTOR Promote

ACSL Hepatocellular carcinoma miR-205 miR-205/ACSL1 Inhibit

Hepatocellular carcinoma LncRNA HULC LncRNA HULC/miR-9/PPARA/ACSL1/cholesterol/RXRA/
lncRNA HULC

Inhibit

Hepatocellular carcinoma miR-205 miR-205/ACSL4 Promote

ACAT Clear cell renal cell carcinoma Circ-RPL23A Circ-RPL23A/ miR-1233/ACAT2 Inhibit

HMGCR Breast cancer miR-195 miR-195/ HMGCR,FASN, CYP27B1 Inhibit

SQLE Esophageal squamous cell
carcinoma

miR-133b miR-133b/SQLE Inhibit

Prostate cancer miR-205 miR-205/SQLE Inhibit
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Lipid metabolism enzymes Cancer types Noncoding RNAs Molecular axis Result

GLS Prostate cancer miR-23 c-Myc/miR-23/GLS Promote

Leukemia cells miR-23 miR-23/GLS Inhibit

Prostate cancer LncRNA PCGEM LncRNA PCGEM/GLS, ALCY,FASN Promote

Colorectal cancer LncRNA EPB41L4A-AS1 LncRNA EPB41L4A-AS1/GLS1 Promote

CPT1 HepG2 cells miR-370 miR-370/ miR-122/ CPT1a Inhibit
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Future perspectives

Current research achievements
and deficiencies

At present, we clearly understand the reactions involved in

tumor lipid metabolism and the influence of ncRNAs on lipid

metabolism-related enzymes, which change tumorigenesis and

tumor development processes. These results provide us with a

profound understanding of the influence of ncRNAs on tumor

lipid metabolism and lay a solid foundation for the study of

tumor lipid metabolism. Is this the end of research? Of course

not. There are still unanswered questions.

First, ncRNAs are involved in the regulation of lipid

metabolism in the cytoplasm, but their source is the nucleus.

How do various ncRNAs cross the nuclear membrane into the

cytoplasm? Current research has focused on the length of

ncRNAs and related protein mediations (76, 77). Whether

there are other factors, such as the sequence of ncRNA bases

and the proportion of various bases, needs further investigation.

Second, everything in life has a life cycle; thus, are ncRNAs

immortal? How are they regulated and degraded? The four

currently known degradation pathways, namely microRNA,

m6A, ribonuclease L (RNase L), and special structure-mediated

degradation (78–81), remain to be further studied.

However, there are few studies on the regulation of several

lipid metabolism enzymes by ncRNAs in the tumor metabolism

process, such as MCD (82), ACSL (60, 67, 68), ACAT (48, 83),

HMGCS, and HMGCR (62). These lipid metabolism enzymes

will become research objects in the future.

Finally, some current studies have demonstrated that

ncRNAs can directly act on the activities of lipid metabolism

enzymes or their encoding gene regulatory enzymes. Whether
Frontiers in Oncology 10
there are other unknown signaling pathways that serve as a

bridge between ncRNAs and lipid metabolism enzymes remains

to be further investigated.
Future research directions for
noncoding RNAs

Because ncRNAs can affect tumor processes by regulating

lipid metabolism enzymes, in the future, we can study the unique

role of ncRNAs from the four aspects of disease prevention,

detection, diagnosis, and treatment.

In the future, as in the prevention of many diseases, ncRNA

vaccines will be the first line of defense for various incurable

diseases, including tumors. At present, the world is facing the

challenge of a novel coronavirus. Scientists have developed

relevant vaccines, such as the BNT162b2 mRNA COVID-19

vaccine (84) and the mRNA-1273 vaccine (85, 86), which have

achieved good immune effects in clinical applications. A good

tumor response rate was shown in clinical studies using mRNA

vaccines in patients with advanced melanoma (87, 88). We

believe that the advent of ncRNA vaccines will play an

important role in tumor preventive immunity.

In terms of inspection and diagnosis, we will focus on the

examination of patient body fluids, such as whole blood, plasma,

serum, gastroenteric fluid, and urine, to detect and quantify the

substances and related ncRNAs released by tumor cells to accurately

diagnose diseases combined with other relevant information.

Currently, circRNA and RNA splicing variants have been

reported in lung cancer as cancer biomarkers and have achieved

satisfactory results in evaluating therapeutic responses (89).

Moreover, hsa_circ_002059 and hsa_circ_0000419 have been

confirmed as potential novel and stable biomarkers for the
FIGURE 8

Noncoding RNAs regulate the expression of lipid metabolism enzymes.
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diagnosis of gastric cancer (90, 91), and the role of

hsa_circ_0004585 in CRC progression has been confirmed,

indicating its potential as a biomarker for diagnosis (92). A recent

survey showed that a total of 33 circulating miRNAs and six

different panels of circulating miRNAs have been described for

their diagnostic performance in EC diagnosis. A total of seven

circulating miRNAs and one panel of circulating miRNAs have

been associated with clinical and prognostic factors in EC (93). In a

variety of tumor studies, significant progress has been made in the

use of ncRNAs in extracellular fluid as cancer biomarkers (94).

Current tumor treatments include surgical excision,

chemotherapy, and monoclonal antibody therapy. Based on the

understanding of ncRNA, it has great potential as a gene-targeted

therapy. At present, in lung cancer research, the effectiveness of a

combination of mRNA vaccines and radiotherapy to eradicate

solid tumors has been scientifically confirmed (95). An mRNA

vaccine has also been reported to be safe and effective in inducing

antigen-specific T-cell immunity in clinical studies of

gastrointestinal tumors (96). For tumor resistance to

chemotherapeutic drugs, there is a considerable amount of data

to prove that noncoding RNA can enhance tumor sensitivity to

chemotherapy. To date, a number of advanced miRNA detection

methods with high specificity and sensitivity have been developed,

such as chromatography-based methods and mass spectrometry-

based nanomaterial-based methods. miRNA detection methods

are going to focus on facilitating the development of noninvasive

diagnosis and inhibiting cancer drug resistance (97). In a recent

study, the combined use of microRNAs and long noncoding

RNAs with chemotherapeutic compounds, as well as the

induction of suicide genes, provided an innovative therapeutic

approach for the management of glioblastoma (GBM) (98). It has

been reported that miR-532–3p can directly target E26 oncogene

homolog 1 (ETS1) and transglutaminase 2 (TGM2) to promote

early apoptosis through the ETS1/TGM2 axis-mediated Wnt/b-
catenin signaling pathway, and it activates the p53 signaling

pathway and enhances the sensitivity to cisplatin and 5-FU in

CRC treatment (99). Similarly, it was discovered that miR-365–3p

inhibited the downstream expression of keratin 16 (KRT16) to

enhance 5-FU–induced cytotoxicity through the c-Met/Src

signaling pathway and curbed oral squamous cell carcinoma

(OSCC) metastasis and cancer stemness (100). Therefore,

ncRNAs not only can serve as targeted therapeutic sites but also

can enhance the therapeutic effect of chemotherapy-resistant

tumors and can also be combined with radiotherapy for the

radical treatment of tumors. In the future, the development of

ncRNA therapy will become a hot direction and shoulder a major

task in the medical field.
Conclusions

In this paper, we systematically introduce the metabolism

and function of lipids and their changes in tumorigenesis and
Frontiers in Oncology 11
explain the relationship between ncRNAs and tumor lipid

metabolism, including how ncRNAs regulate tumor lipid

metabolism and regulatory pathways. Finally, the progress of

ncRNAs in disease prevention, detection, diagnosis, and

treatment is discussed. Our goal is to take advantage of the

characteristics and advantages of ncRNAs and use them in

multiple stages of the disease. Current scientific and

technological methods include gene knockout, molecular

target ing, isothermal amplification-based methods,

nanomaterial-based methods, chromatography-based methods,

and mass spectrometry-based methods. We are very confident

that ncRNAs can be incorporated into the diagnosis and

treatment process to target rivals in the stage of disease

detection and diagnosis, weaken rivals in the stage of

prevention, and defeat rivals in the stage of treatment,

providing a new platform for all-in-one tumor therapy.
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et al. The NF-kB member p65 controls glutamine metabolism through miR-23a.
Int J Biochem Cell Biol (2012) 44(9):1448–56. doi: 10.1016/j.biocel.2012.05.011

71. Wang C, Meng X, Zhou Y, Yu J, Li Q, Liao Z, et al. Long noncoding RNA
CTD-2245E15.3 promotes anabolic enzymes ACC1 and PC to support non-small
cell lung cancer growth. Cancer Res (2021) 81(13):3509–24. doi: 10.1158/0008-
5472.CAN-19-3806

72. Zaidi N, Swinnen JV, Smans K. ATP-citrate lyase: a key player in cancer
metabolism. Cancer Res (2012) 72(15):3709–14. doi: 10.1158/0008-5472.CAN-11-
4112

73. Wang C, Ma J, Zhang N, Yang Q, Jin Y, Wang Y, et al. The acetyl-CoA
carboxylase enzyme: a target for cancer therapy? Expert Rev Anticancer Ther (2015)
15(6):667–76. doi: 10.1586/14737140.2015.1038246

74. Peng Y, Xu C, Wen J, Zhang Y, Wang M, Liu X, et al. Fatty acid metabolism-
related lncRNAs are potential biomarkers for predicting the overall survival of
patients with colorectal cancer. Front Oncol (2021) 11:704038. doi: 10.3389/
fonc.2021.704038

75. Zhang J, Song Y, Shi Q, Fu L. Research progress on FASN and MGLL in the
regulation of abnormal lipid metabolism and the relationship between tumor
invasion and metastasis. Front Med (2021) 15(5):649–56. doi: 10.1007/s11684-021-
0830-0

76. Wan Y, Hopper AK. Size matters: conserved proteins function in length-
dependent nuclear export of circular RNAs. Genes Dev (2018) 32(9-10):600–1. doi:
10.1101/gad.316216.118

77. Li Z, Kearse MG, Huang C. The nuclear export of circular RNAs is primarily
defined by their length. RNA Biol (2019) 16(1):1–4. doi: 10.1080/
15476286.2018.1557498

78. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular
RNAs are a large class of animal RNAs with regulatory potency. Nature (2013) 495
(7441):333–8. doi: 10.1038/nature11928

79. Park OH, Ha H, Lee Y, Boo SH, Kwon DH, Song HK, et al.
Endoribonucleolytic cleavage of m(6)A-containing RNAs by RNase P/MRP
complex. Mol Cell (2019) 74(3):494–507.e8. doi: 10.1016/j.molcel.2019.02.034

80. Liu CX, Li X, Nan F, Jiang S, Gao X, Guo SK, et al. Structure and degradation
of circular RNAs regulate PKR activation in innate immunity. Cell (2019) 177
(4):865–880.e21. doi: 10.1016/j.cell.2019.03.046

81. Fischer JW, Busa VF, Shao Y, Leung AKL. Structure-mediated RNA decay
by UPF1 and G3BP1. Mol Cell (2020) 78(1):70–84.e6. doi: 10.1016/
j.molcel.2020.01.021

82. de Oliveira da Silva B, Alberici LC, Ramos LF, Silva CM, da Silveira MB,
Dechant CR, et al. Altered global microRNA expression in hepatic stellate cells LX-
2 by angiotensin-(1-7) and miRNA-1914-5p identification as regulator of pro-
fibrogenic elements and lipid metabolism. Int J Biochem Cell Biol (2018) 98:137–55.
doi: 10.1016/j.biocel.2018.02.018

83. Ye K, Wu Y, Sun Y, Lin J, Xu J, et al. TLR4 siRNA inhibits proliferation and
invasion in colorectal cancer cells by downregulating ACAT1 expression. Life Sci
(2016) 155:133–9. doi: 10.1016/j.lfs.2016.05.012
frontiersin.org

https://doi.org/10.1007/s11745-015-4096-7
https://doi.org/10.1523/JNEUROSCI.3535-15.2016
https://doi.org/10.1021/bi00417a001
https://doi.org/10.1038/42408
https://doi.org/10.1073/pnas.1900983116
https://doi.org/10.1146/annurev-nutr-071812-161220
https://doi.org/10.1016/j.tem.2008.11.001
https://doi.org/10.1016/j.tem.2008.11.001
https://doi.org/10.1007/s10863-021-09901-8
https://doi.org/10.1007/s10863-021-09901-8
https://doi.org/10.1016/j.biochi.2019.08.004
https://doi.org/10.1126/science.1100747
https://doi.org/10.1126/science.1100747
https://doi.org/10.1085/jgp.201711875
https://doi.org/10.1085/jgp.201711875
https://doi.org/10.1111/odi.13759
https://doi.org/10.1007/s10528-021-10082-7
https://doi.org/10.3389/fonc.2021.649242
https://doi.org/10.3389/fonc.2021.649242
https://doi.org/10.3892/ijo.2021.5266
https://doi.org/10.1080/21655979.2021.1979317
https://doi.org/10.3389/fonc.2022.952371
https://doi.org/10.3389/fonc.2022.952371
https://doi.org/10.1186/s13048-021-00906-w
https://doi.org/10.1158/0008-5472.CAN-17-2356
https://doi.org/10.1158/0008-5472.CAN-14-1192
https://doi.org/10.1038/onc.2015.333
https://doi.org/10.1038/srep17454
https://doi.org/10.1177/1010428317711324
https://doi.org/10.3892/mmr.2016.5370
https://doi.org/10.1016/j.wneu.2019.12.182
https://doi.org/10.1016/j.wneu.2019.12.182
https://doi.org/10.1016/j.canlet.2021.07.029
https://doi.org/10.1016/j.bbrc.2014.01.051
https://doi.org/10.1016/j.bbrc.2014.02.068
https://doi.org/10.1093/abbs/gmw127
https://doi.org/10.1016/j.biocel.2012.05.011
https://doi.org/10.1158/0008-5472.CAN-19-3806
https://doi.org/10.1158/0008-5472.CAN-19-3806
https://doi.org/10.1158/0008-5472.CAN-11-4112
https://doi.org/10.1158/0008-5472.CAN-11-4112
https://doi.org/10.1586/14737140.2015.1038246
https://doi.org/10.3389/fonc.2021.704038
https://doi.org/10.3389/fonc.2021.704038
https://doi.org/10.1007/s11684-021-0830-0
https://doi.org/10.1007/s11684-021-0830-0
https://doi.org/10.1101/gad.316216.118
https://doi.org/10.1080/15476286.2018.1557498
https://doi.org/10.1080/15476286.2018.1557498
https://doi.org/10.1038/nature11928
https://doi.org/10.1016/j.molcel.2019.02.034
https://doi.org/10.1016/j.cell.2019.03.046
https://doi.org/10.1016/j.molcel.2020.01.021
https://doi.org/10.1016/j.molcel.2020.01.021
https://doi.org/10.1016/j.biocel.2018.02.018
https://doi.org/10.1016/j.lfs.2016.05.012
https://doi.org/10.3389/fonc.2022.1026257
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wang et al. 10.3389/fonc.2022.1026257
84. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and efficacy of the BNT162b2 mRNA covid-19 vaccine. N Engl J Med (2020)
383(27):2603–15. doi: 10.1056/NEJMoa2034577

85. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler
RN, et al. An mRNA vaccine against SARS-CoV-2 - preliminary report. N Engl J
Med (2020) 383(20):1920–31. doi: 10.1056/NEJMoa2022483

86. Corbett KS, Flynn B, Foulds KE, Francica JR, Boyoglu-Barnum S, Werner AP,
et al. Evaluation of the mRNA-1273 vaccine against SARS-CoV-2 in nonhuman
primates. N Engl J Med (2020) 383(16):1544–55. doi: 10.1056/NEJMoa2024671

87. Wilgenhof S, Corthals J, Heirman C, van Baren N, Lucas S, Kvistborg P, et al.
Phase II study of autologous monocyte-derived mRNA electroporated dendritic cells
(TriMixDC-MEL) plus ipilimumab in patients with pretreated advanced melanoma.
J Clin Oncol (2016) 34(12):1330–8. doi: 10.1200/JCO.2015.63.4121

88. Wilgenhof S, Van Nuffel AMT, Benteyn D, Corthals J, Aerts C, Heirman C,
et al. A phase IB study on intravenous synthetic mRNA electroporated dendritic
cell immunotherapy in pretreated advanced melanoma patients. Ann Oncol (2013)
24(10):2686–93. doi: 10.1093/annonc/mdt245

89. de Fraipont F, Gazzeri S, ChoWC, Eymin B. Circular RNAs and RNA splice
variants as biomarkers for prognosis and therapeutic response in the liquid biopsies
of lung cancer patients. Front Genet (2019) 10:390. doi: 10.3389/fgene.2019.00390

90. Li P, Chen S, Chen H, Mo X, Li T, Shao Y, et al. Using circular RNA as a
novel type of biomarker in the screening of gastric cancer. Clin Chim Acta (2015)
444:132–6. doi: 10.1016/j.cca.2015.02.018

91. Tao X, Shao Y, Lu R, Ye Q, Xiao B, Ye G, et al. Clinical significance of
hsa_circ_0000419 in gastric cancer screening and prognosis estimation. Pathol Res
Pract (2020) 216(1):152763. doi: 10.1016/j.prp.2019.152763

92. Tian J, Xi X, Wang J, Yu J, Huang Q, Ma R, et al. CircRNA
hsa_circ_0004585 as a potential biomarker for colorectal cancer. Cancer Manag
Res (2019) 11:5413–23. doi: 10.2147/CMAR.S199436
Frontiers in Oncology 14
93. Bloomfield J, Sabbah M, Castela M, Mehats C, Uzan C, Canlorbe G, et al.
Clinical value and molecular function of circulating MicroRNAs in endometrial
cancer regulation: A systematic review. Cells (2022) 11(11):1836. doi: 10.3390/
cells11111836

94. Pardini B, Sabo AA, Birolo G, Calin GA. Noncoding RNAs in extracellular
fluids as cancer biomarkers: The new frontier of liquid biopsies. Cancers (Basel)
(2019) 11(8):1170. doi: 10.3390/cancers11081170

95. Fotin-Mleczek M, Zanzinger K, Heidenreich R, Lorenz C, Kowalczyk A,
Kallen KJ, et al. mRNA-based vaccines synergize with radiation therapy to
eradicate established tumors. Radiat Oncol (2014) 9:180. doi: 10.1186/1748-
717X-9-180

96. Cafri G, Gartner JJ, Zaks T, Hopson K, Levin N, Paria BC, et al. mRNA
vaccine-induced neoantigen-specific T cell immunity in patients with
gastrointestinal cancer. J Clin Invest (2020) 130(11):5976–88. doi: 10.1172/
JCI134915

97. Hu XY, Song Z, Yang ZW, Li JJ, Liu J, Wang HS, et al. Cancer drug
resistance related microRNAs: recent advances in detection methods. Analyst
(2022) 147(12):2615–32. doi: 10.1039/D2AN00171C

98. Ghaemi S, Fekrirad Z, Zamani N, Rahmani R, Arefian E, et al. Non-coding
RNAs enhance the apoptosis efficacy of therapeutic agents used for the treatment of
glioblastoma multiform. J Drug Target (2022) 30(6):589–602. doi: 10.1080/
1061186X.2022.2047191

99. Gu C, Cai J, Xu Z, Zhou S, Ye L, YanQ, et al. MiR-532-3p suppresses colorectal
cancer progression by disrupting the ETS1/TGM2 axis-mediated wnt/b-catenin
signaling. Cell Death Dis (2019) 10(10):739. doi: 10.1038/s41419-019-1962-x

100. HuangWC, Jang TH, Tung SL, Yen TC, Chan SH, Wang LH, et al. A novel
miR-365-3p/EHF/keratin 16 axis promotes oral squamous cell carcinoma
metastasis, cancer stemness and drug resistance via enhancing b5-integrin/c-met
signaling pathway. J Exp Clin Cancer Res (2019) 38(1):8. doi: 10.1186/s13046-019-
1091-5
frontiersin.org

https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1200/JCO.2015.63.4121
https://doi.org/10.1093/annonc/mdt245
https://doi.org/10.3389/fgene.2019.00390
https://doi.org/10.1016/j.cca.2015.02.018
https://doi.org/10.1016/j.prp.2019.152763
https://doi.org/10.2147/CMAR.S199436
https://doi.org/10.3390/cells11111836
https://doi.org/10.3390/cells11111836
https://doi.org/10.3390/cancers11081170
https://doi.org/10.1186/1748-717X-9-180
https://doi.org/10.1186/1748-717X-9-180
https://doi.org/10.1172/JCI134915
https://doi.org/10.1172/JCI134915
https://doi.org/10.1039/D2AN00171C
https://doi.org/10.1080/1061186X.2022.2047191
https://doi.org/10.1080/1061186X.2022.2047191
https://doi.org/10.1038/s41419-019-1962-x
https://doi.org/10.1186/s13046-019-1091-5
https://doi.org/10.1186/s13046-019-1091-5
https://doi.org/10.3389/fonc.2022.1026257
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	The role of noncoding RNAs in cancer lipid metabolism
	Introduction
	Noncoding RNAs in cancer
	Lipid metabolism in tumors
	Noncoding RNAs play different biological roles
	As endogenous competing RNAs to regulate downstream mRNA stability
	miRNAs directly target mRNA of lipid-metabolizing enzymes
	Noncoding RNAs act as molecular decoys for RNA-binding proteins
	Noncoding RNAs regulate the expression of lipid metabolism enzymes

	Future perspectives
	Current research achievements and deficiencies
	Future research directions for noncoding RNAs

	Conclusions
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


