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Abstract

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer.

Metabolic reprogramming is considered to be an important hallmark of cancer.

Emerging studies have demonstrated that noncoding RNAs (ncRNAs) are closely

associated with metabolic reprogramming of HCC. NcRNAs can directly regulate the

expressions or functions of metabolic enzymes or indirectly regulate the metabolism

of HCC cells through some vital signaling pathways. Until now, the mechanisms of

HCC development and progression remain largely unclear, and understanding the

regulatory mechanism of ncRNAs on metabolic reprogramming of HCC may provide

an important basis for breakthrough progress in the treatment of HCC. In this review,

we summarize the ncRNAs involved in regulating metabolic reprogramming of HCC.

Specifically, the regulatory roles of ncRNAs in glucose, lipid and amino acid metabo-

lism are elaborated. In addition, we discuss the molecular mechanism of ncRNAs in

regulation of metabolic reprogramming and possible therapeutic strategies that target

the metabolism of cancer cells by modulating the expressions of specific ncRNAs.
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1 | INTRODUCTION

Liver cancer is now the second leading cause of cancer death world-

wide.1 HCC is the main form of primary liver cancer.2 The metabolic

pattern of the cancer cells changes significantly during tumorigenesis,

which is known as metabolic reprogramming. Increasing evidence

show that metabolic reprogramming plays an essential role in HCC

occurrence and metastasis. To some extent, HCC is a kind of meta-

bolic disease. Cancer cells metabolize glucose primarily through gly-

colysis, whether they have enough oxygen or not,3,4 which have

sparked a boom in cancer metabolism research for decades.5 HCC

cells can quickly transform their glycometabolism from the oxidative

phosphorylation metabolic pathway to the glycolysis pathway in hyp-

oxia conditions, known as the Warburg effect. This effect not only

provides a favorable microenvironment for tumor progression, but

also meets the need for rapid cell proliferation. HCC cells also require

lipid energy for growth and membrane synthesis, and modification in

lipid metabolism enables cancer cells to survive hypoxia, and modifica-

tions in lipid metabolism enable HCC cells to survive hypoxia and drug

treatment. In addition, with the rapid growth of hepatoma cells, the

demand for amino acids also increases to support the rapid prolifera-

tion of cancer cells and maintain oxidative homeostasis. In brief,

reprogramming of HCC cells by changing the mode of material metab-

olism is a metabolic marker that supports hepatocarcinogenesis.

Over the past many years, ncRNAs, which refer to RNAs that do

not encode proteins, have been considered as “noise” in the processes

of transcription.6 The importance of ncRNAs in biological events has

been recognized now. Less than 2% of the genes encode proteins in

human genome, the vast majority of the rest genes are transcribed into

ncRNAs. Thus, some researchers predict that ncRNAs play a significant

role as proteins in the biological processes. In the past decade, ncRNAs

have attracted extensive attention due to their novel and important bio-

logical regulatory capabilities. There is growing evidence7-10 that

ncRNAs are altered during the development and progression of HCC

and play crucial regulatory roles as oncogenes or tumor suppressor

genes (Table S1). For instance, miR-155 is upregulated in HCC and can

promote the progression of HCC by activating Wnt signaling; miR-106b

can boost cell proliferation and tumor growth of HCC.11,12 Besides,

miR-125b and miR-504 promote hepatocarcinogenesis by regulating

the expression of p53,13,14 miR-125a suppresses the progression of

HCC through inhibiting the PI3K/AKT/mTOR signaling pathway.15 Fur-

thermore, the deregulation of long noncoding RNAs (lncRNAs) has been

detected in HCC16 (Table S1). Recent studies have found that the

expression of linc01146 in HCC was decreased and associated with the

prognosis of HCC patients. Additionally, bioinformatic analysis revealed

that linc01146 might be associated with metabolic pathways.17 It was

found that lncCYTOR promoted the proliferation of HCC by regulating

the miR-125a-5p/LASP1 axis,18 lncH19 was upregulated and carcino-

genic under hypoxia,19 lncRNA ATB has been shown to promote EMT

and metastasis of HCC by upregulating TGF-β.20 In addition to lncRNAs,

dysregulation of circRNAs in HCC has been found in numerous studies

in recent years (Table S1). For instance, circRHOT1 has been found to

significantly promote HCC growth and metastasis by initiating NR2F6

expression,21 and circSMARCA5 have been demonstrated to inhibit the

growth and metastasis of HCC by sponging miR-17 and miR-181b.22 A

recent study identified that circMRPS35 promoted HCC progression by

regulating the expression of Syntaxin 3 via sponged microRNA-148a-

3p,23 another recent study found that circKCNN2 inhibited HCC recur-

rence through the miR-520c-3p/MBD2 axis and might be a promising

biomarker for predicting HCC recurrence.24

HCC cells are often modulated by genetic changes and tumor

microenvironmental stress.25 During the development and progres-

sion of HCC, the metabolic pathways of cancer cells are often regu-

lated by ncRNAs. Metabolomics studies provide new insights into the

mechanisms of metabolic reprogramming and offer a promising indi-

vidualized therapeutic strategy in HCC.26,27 Therefore, it is of great

significance to study the role and mechanism of ncRNAs in HCC cell

metabolism. In this review, we introduce the classification of ncRNAs,

summarize the dysregulated ncRNAs in HCC and describe the

ncRNAs involved in metabolic reprogramming in HCC. Moreover, we

discuss the molecular mechanism and role of ncRNAs in regulating the

metabolism of glucose, lipid and amino acids in HCC.

1.1 | Classification of ncRNAs

A variety of RNAs have been found in human beings. Generally, they

can be divided into coding RNAs and ncRNAs according to their

protein-coding capacity.28,29 The coding RNAs include mRNAs,

while the ncRNAs include many types, such as microRNA (miRNA),

long noncoding RNA (lncRNA), small nuclear RNA (snRNA), small

nucleolar RNA (snoRNA), piwi-interacting RNA (piRNA), circular

RNA (circRNA), small interfering RNA (siRNA), signal recognition

particle RNA (srpRNA) and so on.30-34 According to their size,

ncRNAs can be divided into lncRNAs and small noncoding RNAs

(sncRNAs). lncRNAs refer to ncRNAs with a length greater than

200 nucleotides, while sncRNAs are ncRNAs that are less than

200 nucleotides,35,36 such as miRNAs, siRNAs, piRNAs, circRNAs,

snRNAs, snoRNAs, srpRNAs and telomerase RNAs.37-39

1.2 | ncRNAs and metabolic reprogramming
in HCC

In recent years, ncRNAs have been proved to play a critical role in various

cellular activities, including material metabolism, gene activation and

silencing, RNA splicing, modification and editing and protein transport

and translation.40-42 Most notably, they are widely known as key regula-

tors of cancer metabolism.43-45 There is increasing evidence that ncRNAs

are involved in regulation of metabolic reprogramming in HCC. Among

them, miRNA is the most studied in regulation of metabolic repro-

gramming in HCC. A large number of miRNAs were found to be closely

related to HCC metabolic reprogramming, such as miR-122, miR-195,

miR-451, miR-33, miR-34a and miR-520 (Table S2). Additionally, lncRNAs

have also been found to be extensively involved in the metabolic

reprogramming of HCC in recent years, such as lncHULC, linc01554,
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lncRNA-p21, lncMVIH, lncMALAT1, lncWFDC21P, lncRP11-241J12.3

and linc00326 (Table S3).

Aside from miRNAs and lncRNAs, the functions of circRNAs are

also gaining increasing attention. CircRNAs are the latest research

hotspot in ncRNA field in recent years. Sanger et al46 proposed the term

“circRNA” for the first time more than 40 years ago, and showed that

circRNA has a closed ring structure and more stable expression, and is

hard to degrade and is not affected by RNA exonucleases. The cir-

cRNAs are produced by “back splicing” of mRNAs or linear ncRNAs.47

Many circRNAs play essential biological functions by acting as miRNAs

“sponges” to regulate protein function or selftranslation.48-50 Up to

now, more than 100 000 human circRNAs have been discovered,51,52

but their functional roles are mostly unknown. Most studies of cir-

cRNAs have focused on their roles in tumors, and only a few biological

functions of circRNAs have been studied.49,50,53,54 It was found that

circCDR1as, circSMARCA5, circ-ZEB1.33, circSETD3, circMTO1,

circSMAD2, circFBLIM1 and circHIPK3 played oncogenic or suppres-

sive roles in the progression of HCC.22,55-61 Furthermore, a series of cir-

cRNAs were found to be closely related to metabolic reprogramming in

HCC,62 such as circMAT2B, circSPECC1, circC3P1 and circRPN263-66

(Table S2).

To date, there are relatively few studies on the role of small

nucleolar RNAs (snoRNAs) and Piwi-interacting RNAs (piRNAs) in the

metabolic reprogramming of HCC. SnoRNAs are a class of noncoding

small RNAs ranging in length from 60 to 300 nt, and can bind with

nucleolar ribonucleoproteins to form snoRNPs complexes.67 The bio-

logical processes in which snoRNAs are involved mainly include rRNA

processing, regulation of RNA splicing and translation and oxidative

stress response.68 The structure of snoRNAs is very conservative and

can be divided into two categories: C/D box snoRNAs and H/ACA

box.69-72 Recently, we have found that two snoRNAs are involved in

the metabolism of HCC, namely snoRD113-1 and snoRD126

(Table S2). PiRNAs are a kind of small RNA molecules, with a length of

about 24 to 31 nucleotides and a rich variety of up to 15 000 spe-

cies.73 They can bind with PIWI protein to form piRNA complexes

(piRCs) and are related to RNA silencing. PiRNAs mainly act on mam-

malian germ cells and regulate transposon expression.74,75 A study

published 5 years ago identified the expression characteristics of

125 piRNAs associated with HCC,39 but studies on the roles of piRNA

in HCC metabolism are rare.

Collectively, ncRNAs are extensively involved in metabolic repro-

gramming of HCC (Table S2).

2 | ncRNAs AND GLUCOSE METABOLISM
IN HCC

2.1 | miRNAs and glucose metabolism

Among ncRNAs, miRNAs are currently the most well studied.76 They

are a class of noncoding single stranded RNA molecules, which are

involved in the regulation of post-transcriptional gene expression.

There are two main ways in which miRNA participates in gene

regulation: promoting mRNA degradation or inhibiting protein transla-

tion.77,78 In the recent decade, miRNA expression profiles in HCC

have been widely studied. Glucose metabolism mainly includes glycol-

ysis, tricarboxylic acid cycle and pentose phosphate pathway. Glycoly-

sis is often upregulated in HCC, and a remarkable feature of HCC cells

is enhanced glucose uptake,79 which greatly accelerates the decompo-

sition of glucose whether in aerobic or hypoxic environment.80 Stud-

ies have demonstrated that metabolic reprogramming predates HCC

in mouse hepatocytes.81 A growing number of evidence suggests that

changes in tumor suppressor genes and oncogenes, via regulating the

effectors of key metabolic enzymes, are responsible for metabolic

reprogramming.82 Next, the role of miRNA in glucose metabolism will

be discussed in detail.

As a matter of fact, numerous studies have found that miRNA

promotes glucose metabolism of HCC by regulating a variety of glyco-

lytic factors or key enzymes.83 Pyruvate kinase (PK), which is one of

the most widely studied enzymes in glycometabolism, is divided into

M-type and L-type, and there are two types of M-type, M1 and M2.

In HCC cells, it has been reported that increasing miRNAs modulate

the expression of PKM (a rate-limiting enzyme of glycolysis). miR-

199a is inhibited under hypoxia and hinders glycolysis of HCC cells by

targeting pyruvate kinase-M2 (PKM2).84 Another study has shown

that cholesterol modified agomiR-199a can restrain the uptake of

[(18)f]-fluorodeoxyglucose and growth of HCC in mice.85 Moreover,

miR-122, which is the most aplenty miRNA in the liver,86 restrains gly-

colysis of HCC cells by targeting PKM2.87,88 Meanwhile, it also

reduces the incidence of HCC metastasis by downregulating PKM2.89

In HCC cell lines, miR-326 also inhibits PKM2 and has potential anti-

tumor effects.90 HK, another key enzyme in glucose metabolism, is

also extensively regulated by miRNAs. There are four isozymes of HK

in human body. Of them, HK1 is mainly distributed in brain; HK2 is

mainly distributed in skeletal muscle; HK3 is mainly distributed in leu-

kocytes; and HK4 is mainly distributed in liver. HK4 is also called glu-

cokinase owing to its strong specificity to glucose, which is quite

different from the other three isoenzymes. A study found that hyp-

oxia induces downregulation of miR-125a expression and directly tar-

gets HK2, thereby inhibiting HCC glycolysis (eg, reducing glucose

uptake and production of lactic acid and ATP in HCC cells).91 More-

over, overexpression of miR-202 has also been reported to inhibit

HCC proliferation and glucose metabolism notably (such as the uptake

of glucose and lactic acid production) by directly targeting HK2.92

Another study indicated that upregulation of miR-885-5p could signif-

icantly reduce glucose uptake and lactate production of HCC cells by

targeting 30UTR of HK2 directly. In the meantime, it suppressed the

migration and proliferation of HCC cells, and promoted cell apoptosis

in vitro and tumor growth in vivo.93 What's more, miR-33b regulates

glucose metabolism by targeting glucose-6-phosphatase (G6PC, a

key enzyme of hepatic gluconeogenesis) and phosphoenolpyruvate

carboxykinase 1 (PCK1). In human hepatocytes, overexpression of

miR-33b suppresses the expression of G6PC and PCK1 and results in

a significant decrease in glucose production.94 A recent study identi-

fied a mitochondrial miRNA (mitomiR-181a-5p) that targets the genes

encoding mt-CYB and mt-CO2. Overexpression of mitomiR-181a-5p
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decreased mt-CYB and mt-CO2 levels in HCC cells and upregulated

the expression of HK2 and GLUT1. Further studies have found that

overexpression of mitomiR-181a-5p causes glucose metabolic repro-

gramming and promotes HCC growth and metastasis.25 miR-34 and

let-7 regulate glycolysis of HCC cells through targeting lactate dehy-

drogenase A (LDHA) via p53.95 MiR-375 is related to the function of

islet cells, and the deletion or overexpression of miR-375 will affect

glucose metabolism.96 All in all, dysregulation of miRNA could lead to

HCC metabolic reprogramming by targeting the expression of meta-

bolic enzymes directly (Figure 1).

Many studies have found that lots of signaling pathways involved

in glucose metabolism are indirectly regulated by miRNAs. The main

indirect pathways involved in metabolic reprogramming include

AMPK, AKT, MYC and HIF signaling pathways. Adenosine 50-mono-

phosphate (AMP)-activated protein kinase (AMPK), a crucial kinase

regulating energy homeostasis, is a key protein involved in a variety of

signaling pathways. One study indicated that miR-455-3p directly tar-

gets AMPK and regulates HCC cell growth, metastasis and glycolysis

by modulating HK2 activity.97 AKT, also known as PKB or Rac (there

are three isoforms: AKT1, AKT2 and AKT3), is a serine/threonine pro-

tein kinase. AMPK can activate AKT by regulating

phosphatidylinositol-3 kinase (PI3K),98 which is a family of proteins

that play a principal role in metabolism. The PI3K/AKT pathway is reg-

ulated by several miRNAs.99 For instance, miR-21, miR-337 and miR-

130b induce angiogenesis of HCC by targeting phosphatase and

tensin homolog (PTEN, a key phosphatase) and activating the PI3K/

AKT signaling pathway.100-102 MiR-7 inhibits the progression of HCC

by downregulating the PI3K/AKT/mTOR and IGF-IR/AKT signaling

pathways. A further investigation shows overexpression of miR-7 can

inhibit glucose metabolism, tumor invasion and metastasis in

HCC.103,104 mTOR is a key kinase downstream of PI3K/AKT, which

regulates tumor cell proliferation, growth, survival and angiogenesis.
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F IGURE 1 ncRNAs regulate glucose metabolism in HCC. Regulation of glucose metabolism by ncRNAs in HCC cells (Tables S2 and S3).

ncRNAs enhance aerobic glycolysis in HCC cells by regulating key enzymes and/or signaling pathways such as PI3K/AKT/mTOR, HIF and MYC.
The major metabolites are shown in green, the main metabolic enzymes are shown in red and the main metabolic pathways are indicated in
yellow. 1,3-BPG, 1,3-bisphosphoglyceric acid; ALDOA, aldolase; DHAP, dihydroxyacetone phosphate; F-1,6-P, fructose-1,6-bisphosphate; F-6-P,
fructose-6-phosphate; G-3-P, glyceraldehyde 3-phosphate; G-6-P, glucose-6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; GAPDH,
glyceraldehyde phosphate dehydrogenase; GLUT, glucose transporter; HK2, hexokinase 2; IGF-1R, insulin-like growth factor receptor-1; LDHA,
lactate dehydrogenase A; PDH, pyruvate dehydrogenase; PDK1, pyruvate dehydrogenase kinase 1; PEP, phosphoenolpyruvate; PFK,
phosphofructokinase; PKM1/M2, pyruvate kinase isozymes M1/M2; PPP, pentose phosphate pathway [Color figure can be viewed at
wileyonlinelibrary.com]
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Another study has indicated that MYC promotes the conversion of

pyruvate to alanine in the early stages of HCC and to lactic acid in the

late stages.105 MiR-342-3p and miR-455-5p inhibit HCC proliferation

and invasion by suppressing IGF-1R-mediated Warburg effect.106,107

Similarly, miR-3662 suppresses HCC growth via inhibition of HIF-1α-

mediated reprogramming of glucose metabolism.108 In summary,

miRNAs are directly or indirectly involved in the metabolic repro-

gramming of HCC cells (Figure 1).

2.2 | Other ncRNAs and glucose metabolism

Recent studies have found that in addition to a burst of miRNAs

involved in glucose metabolism of HCC, many other ncRNAs have

also been found to be involved in the regulation of glucose metabo-

lism in HCC, such as lncRNAs, circRNA, piRNA, snoRNAs and so on

(Figure 1).

Okazaki et al identified a new class of ncRNAs 20 years ago, later

known as lncRNAs.109 LncRNAs interact with various protein factors, so

they can play a regulatory role at transcriptional level or post-

transcriptional level.45,110-112 In HCC, lncRNAs mainly regulate gene

expression and metabolic changes via interacting with RNA and pro-

teins.39 Recent studies have found that quite a few lncRNAs are also

involved in regulation of metabolic reprogramming in HCC. A study

found that linc01554 inhibited hepatocarcinogenesis by downregulating

PKM2 expression and suppressing AKT/mTOR pathway to restrain aero-

bic glycolysis in HCC.113 Interestingly, knockout of linc01554 could

effectively reverse the tumor inhibition of linc01554. Yang et al114 rev-

ealed that lncRNA-p21 was a hypoxic reactive lncRNA, which was critical

for hypoxia enhanced glycolysis. lncRNA-p21 could modulate HIF-1α

transcriptional activity and promote glucose uptake and lactic acid pro-

duction by regulating HIF-1α expression level under hypoxia. Knockout

of lncRNA-p21 reduced the activity of LDHA and the expression level of

LDHA and GLUT1, suggesting that lncRNA-p21 promoted glycolysis

under hypoxia.114 Moreover, a recently published study indicated that

lncRP11-241J12.3 promoted HCC growth and aggressiveness by

upregulating the expression of pyruvate carboxylase (PC) and MSH3

(a key protein in pyruvate metabolism)115 (Figure 2). Through genome-

wide screening analysis of HCC cohorts in the TCGA database, Wang

et al116 found that five metabolism-related lncRNAs (AC099850.3,

AL031985.3, AL365203.2, LUCAT1 and MIR210HG) had independent

prognostic significance in predicting the clinical prognosis of HCC

patients and were associated with overall survival of patients. These

lncRNAs can be used as potential biomarkers of HCC, but how to regu-

late the metabolism of HCC remains to be further studied. Another study

has confirmed that lncRNA MVIH promotes HCC growth and

intrahepatic metastasis by inhibiting the secretion of phosphoglycerate

kinase 1 (PGK1, an important glycolytic enzyme). Further research rev-

ealed MVIH expression was negatively correlated with serum PGK1 level

in HCC patients.117,118 Additionally, it is reported that lncMALAT1

enhances the translation of metabolic transcription factor TCF7L2 by

upregulating serine/arginine-rich splicing factor 1 (SRSF1) and activating

the mTORC1-4EBP1 axis, thus upregulating the expression of glycolytic

genes and downregulating gluconeogenic enzymes, indicating that

MALAT1 promotes the development and progression of HCC by repro-

gramming glucose metabolism.119

Notably, recent studies have found that some circRNAs are also

involved in the regulation of glucose metabolism in HCC. The

circMAT2B upregulates PKM2 expression and enhances glycolysis

through sponging miR-338-3p under hypoxia, thus promoting the pro-

gression of HCC.63 Under oxidative stress, circSPECC1 promotes

hepatocarcinogenesis by directly suppressing the expression of TGF-

β2, which is proved to be the target gene of miR-33a. Furthermore,

circSPECC1 was significantly downregulated under H2O2 treatment,

and knockdown of it inhibited HCC cell proliferation and promoted

apoptosis.64 A recently published study demonstrated that circRPN2

inhibited HCC aerobic glycolysis and metastasis via accelerating eno-

lase 1 (ENO1) degradation and modulating the miR-183-5p/FOXO1

axis.66

Not only that, Law et al120 found that a new piRNA (piR-Hep1)

was upregulated in HCC in a small RNA transcriptome sequencing

analysis. Further studies indicated that silencing piR-Hep1 could

decrease AKT phosphorylation and inhibit the growth and aggressive-

ness of HCC. Furthermore, research has found that snoRD113-1 is

downregulated in HCC and can reduce the survival rate of patients.39

Another study confirmed that snoRD113-1 inhibited HCC growth by

restraining phosphorylation of extracellular signal-regulated kinases

(ERK) 1 and ERK2.121 In addition, snoRD126 is upregulated in HCC

and promotes the growth of HCC by upregulating genes in the PI3K-

AKT pathway.122

2.3 | ncRNAs and lipid metabolism

Compared to glucose metabolism, lipid metabolism has rarely been

reported in the past few years, but with extensive research in the

fatty acid metabolism, the role of lipid metabolic reprogramming in

cancer cells is becoming increasingly apparent.123 Lipids mainly

include triglycerides and lipoids. Lipoids consist of phospholipids, gly-

colipids and cholesterol (esters).124 The main functions of lipids in cell

metabolism are energy storage, fatty acid synthesis, biomembrane for-

mation and signal transduction.125 Lipid metabolism of cancer cells is

mainly reflected in the synthesis of lipids, storage of lipids and the use

of cholesterol esters to promote the migration of tumor cells. The syn-

thesis of fatty acids starts from acetyl-CoA and NADPH, which are

synthesized from the tricarboxylic acid (TCA) cycle and the pentose

phosphate pathway (PPP) (Figure 2).

The lipid metabolism of HCC cells is regulated by some ncRNAs.

MiR-122 is an important regulator of liver fatty acid and cholesterol

metabolism. Knockout or overexpression of miRNA-122 in mice

reduces or increases cholesterol biosynthesis, respectively.96 More-

over, inhibition of miR-122 increased fatty acid oxidation in mice liver,

and also indirectly led to a decrease of cholesterol synthetase, which

resulted in the decrease of cholesterol synthesis.126,127 Another study

has indicated that knockout of miRNA-122 reduces blood cholesterol,

liver cholesterol and fatty acid synthesis in mice, while increases liver
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fatty acid oxidation.128 The study also found increased phosphoryla-

tion of AMPK in the liver of mice and suggested that miR-122 might

be involved in regulating AMPK signaling (Figure 2). The main direct

targets of ncRNA during regulation of metabolic reprogramming in

HCC include various lipases such as isocitrate dehydrogenases (IDH),

ATP-citrate lyase (ACLY), acetyl CoA carboxylase (ACC), fatty acid

synthase (FASN), Stearoyl-CoA desaturase (SCD), fatty triacylglycerol

lipase (ATGL), monoacylglycerol lipase (MAGL) and 3-hydroxy-

3-methylglutaryl CoA reductase (HMGCR). MiR-33 interferes with

fatty acid degradation by binding to sterol regulatory element-binding

protein (SREBF) transcription factor, which inhibits the translation of

fatty acid beta-oxidase129 (Figure 2). SREBPs are crucial transcription

factors that regulate fatty acid and cholesterol metabolism.130,131

There are three isoforms of SREBPs, namely SREBP-1a, SREBP-1c

and SREBP-2, which have different roles in adipogenesis.132 miR-449

was found to control adipogenesis and cholesterogenesis and inhibit

the proliferation of HCC cells by suppressing the expression of SIRT1

(a NAD+-dependent deacetylase that regulates a series of genes

involved in lipids regulation) and SREBP-1c and downregulating FASN

and HMGCR (Figure 2). Furthermore, miR-33a and miR-33b regulate

lipid metabolism in coordination with the SREBP133,134 (Figure 2).

Meanwhile, they were also found to regulate ATP-binding cassette

transporter A1 (ABCA1) to promote the conversion of intracellular

free cholesterol to apolipoprotein A1 and high-density lipoprotein

(HDL) formation.135 AMPK can suppress the expression of liver X

receptor (LXR) and SREBP-1.136 Hence, miR-33 downregulation of

AMPK might alleviate AMPK suppression of SREBPs, thus enhancing

lipid levels137,138 (Figure 2).

In addition to miRNAs, other ncRNAs are also involved in lipid

metabolism of HCC. Highly upregulated in liver cancer (HULC) is the

first lncRNA found to be specifically upregulated in HCC.139,140 It

can promote the accumulation of triglycerides and cholesterol in

HCC cells via miR-9/PPARα/ACSL1 signaling pathway. The mecha-

nism of our study suggested that HULC regulated abnormal regula-

tion of lipid metabolism in HCC by activating acyl-CoA synthase

subunit ACSL1 and overexpression of ACSL1 promoted the prolifer-

ation of HCC cells (Figure 2). On the one hand, HULC activated the

ACSL1 promoter in HCC cells by upregulating the transcription fac-

tor PPARA; on the other hand, HULC induced methylation of CpG

islands in the miR-9 promoter to inhibit miR-9 targeting of PPARA

mRNA.141 Additionally, a recent study identified that perturbation

of the CCT3-LINC00326 axis reduced lipid accumulation and

increased lipid degradation in HCC cells, as well as diminished tumor

growth in vivo142 (Figure 2).
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2.4 | ncRNAs and amino acid metabolism

The metabolism of amino acids in cells includes two aspects, anabo-

lism and catabolism. The former refers to the synthesis of proteins,

peptides and other nitrogen-containing materials required by the

body. The latter refers to the decomposition of α-ketoacids, amines

and carbon dioxide by deamination, transamination or decarboxyl-

ation. Of course, the α-ketoic acid produced by the decomposition of

amino acids can be converted into sugars, lipids or resynthesized into

some nonessential amino acids. It can also be oxidized to carbon diox-

ide and water through the tricarboxylic acid cycle and release energy.

In recent years, there are few reports on the regulation of amino acid

metabolism by ncRNAs in HCC.

Glutamine (Gln), a free nonessential amino acid that is abundant

in human body, is converted to glutamate by glutaminase and partici-

pates in the anabolism of tumor cells. The proliferation of cancer cells

absorbs large amounts of glutamine through glutamine transporters

and glutamine serves as a major source of energy. Alanine-serine-

cysteine transporter 2 (ASCT2) is widely expressed in human tissues

and organs, and its expression is significantly increased in tumors to

meet the rapidly increasing glutamine demand of cancer cells. It was

found that miR-192 and miR-204 inhibited the expression of

lncHOTTIP in HCC through Argonaute 2 (AGO2)-mediated RNA inter-

ference (RNAi), which blocked glutaminolysis (a vital hallmark of can-

cer cells) of HCC cells and suppress HCC growth by silencing

glutaminase1 (GLS1)143 (Figure 3). Methionine adenosinetransferase

(MAT) is a key enzyme in the synthesis of S-adenosine methionine

(SAM), which mainly provides methyl during the metabolism of animal

cells.144 In HCC, upregulation of miR-495, miR-664 and miR-485-3p

can decrease the expression of MAT1A (the gene encoding the cata-

lytic subunit α1 of MAT). After knockout of these miRNAs, cancer cell

growth is inhibited and apoptosis is accelerated145 (Figure 3).

3 | CONCLUSIONS AND FUTURE
PERSPECTIVES

In recent years, the involvement of ncRNAs in the regulation of meta-

bolic reprogramming in cancer have become a research hotspot in the

field of biology and oncology. Current evidences suggest that ncRNAs

play a significant role in HCC cellular activities. Metabolic repro-

gramming is considered to be an important hallmark of malignancy.

The interaction between ncRNAs and HCC metabolism has attracted

extensive attention. Regulation of metabolism of HCC cells by

ncRNAs either boosts or inhibits some key enzymes of material

metabolism, thus altering the process of HCC progression, such as

proliferation, invasion, differentiation and metastasis. Therefore, to

some extent, some ncRNAs involved in metabolic regulation could be

used as potential biomarkers for HCC.

ncRNAs are extensively involved in the regulation of HCC metabolic

reprogramming. Nevertheless, the functions and specific roles of most

ncRNAs remain to be studied. On one hand, metabolic reprogramming

of HCC provides sufficient energy for tumor growth; on the other hand,

it provides a favorable growth environment for tumor progression. Meta-

bolic reprogramming relies on metabolic enzymes, which in turn are reg-

ulated by numerous ncRNAs, thus providing many potential therapeutic

targets for HCC. Encouragingly, ncRNAs, especially miRNAs, have been

extensively and intensively studied in many cancers, including HCC, and

have shown promising results in preclinical studies. However, there are

still many problems to be solved, such as, what causes the abnormal

metabolism? How can we target the metabolic reprogramming of cancer

cells to treat HCC? And what is the specific mechanism of metabolic

reprogramming in HCC. What's more, most studies on the metabolic

reprogramming of ncRNA in HCC are performed without knockout ani-

mal models of ncRNA, because no such model has been applied in the

study of metabolic reprogramming of HCC so far. Noteworthy, a recent
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study by Li et al146 identified two lncRNAs (lncPair and lncHULC) that

regulate phenylalanine hydroxylase and enhance phenylalanine metabo-

lism in mice. Besides, in the mouse model of phenylketonuria (lncPair

knockout), lncRNA mimics can effectively improve the function of liver

phenylalanine hydroxylase and reduce the concentration of phenylala-

nine in blood. This ncRNA knockout mouse model will help identify key

molecules regulating the metabolic reprogramming of HCC and provide

theoretical basis for clinical application.

More importantly, understanding the specific mechanism of

ncRNA on metabolic reprogramming of HCC will provide a solid theo-

retical basis for future precision medicine. Although ncRNAs may

serve as therapeutic targets for HCC treatment, more research

remains needed in the field of ncRNAs.
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