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Abstract
Liver disease (LD) is complex pathological condition that has emerged as a major threat to human health and the quality of 
life. Nonetheless, the molecular mechanisms underlying the pathogenesis of LD have not yet been fully elucidated. Recently, 
a large amount of evidence has shown that long noncoding RNAs (lncRNAs) play important roles in diverse biological 
processes in the liver. The dysregulation of lncRNAs in the liver, for example, can affect tumor proliferation, migration, and 
invasion, contribute to hepatic metabolism disorder of lipid and glucose, and shape of hepatic tumoral microenvironment. 
Thus, a comprehensive understanding of the functional roles of lncRNAs in LD pathogenesis may provide new perspectives 
for the development of novel diagnostic and therapeutic tools. In the present review, we summarize the current findings on the 
relationship between lncRNAs and LD, including the modes of action of lncRNAs, the biological significance of lncRNAs 
in the pathogenesis of LD, especially in hepatocellular carcinoma (HCC) as well as in some non-neoplastic disorders, and 
the potential use of lncRNAs as diagnostic biomarkers and therapeutic targets for LD.
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LD	� Liver disease
LncRNAs	� Long noncoding RNAs
m6A	� N6-methyladenosine
Myc	� MYC proto-oncogene, bHLH transcription
NAFLD	� Non-alcoholic fatty liver disease
ncRNA	� Noncoding RNAs
lincRNAs	� Intergenic long noncoding RNAs
lncRNAs	� Long noncoding RNAs
RBPs	� RNA-binding proteins
RISC	� RNA-induced silencing complex
smORFS	� Small open reading frames
Srebp1c	� Sterol regulatory element binding protein-1c
SP	� Sp1 transcription factor
TFs	� Transcription factors
TG	� Triglyceride

Introduction

Liver disease (LD) causes over two million deaths annually 
and accounts for approximately 4% of all deaths worldwide 
[1, 2]. Importantly, the global burden of LD is projected to 
continue to increase in the future, because of the aging popu-
lation and a rise in the incidence of metabolic risk factors 
[3, 4]. Over the past few decades, an extensive number of 
research has shed light on the epidemiological and toxico-
logical/mechanistic characteristics of LD [5]. Importantly, 
these studies have indeed improved the prevention, monitor-
ing, diagnosis, and treatment of LD to a certain extent [6, 
7]. Unfortunately, owing to the lack of early detection and 
effective treatment, patients with LD always typically pre-
sent advanced diseases, such as cirrhosis and hepatocellular 
carcinoma (HCC), putting their life in a precarious situation 
[8, 9]. Hence, there is a more compelling need for high-
fidelity early detection and risk prediction approaches for 
LD [10, 11].

Long noncoding RNAs (lncRNAs), a diverse class 
of RNA transcripts with lengths ranging from 200 bp to 
100 kbp and lacking the significant open reading frames, are 
typically characterized by low expression levels, moderate 
sequence conservation, and high tissue specificity in humans 
[12, 13]. Although some people still believe that lncRNAs 
represent transcriptional “noise” caused by the leakage in the 
transcription machinery, lncRNAs play an important role in 
many life processes that cannot be ignored [14, 15]. In par-
ticular, lncRNAs have been used as a starting point to deci-
pher the pathogenesis of diseases and establish new diagnos-
tic and therapeutic targets in cancers, metabolic syndromes, 
and neurodegenerative diseases [16, 17]. One case in point 
is that lncRNA PCA3 has been successfully approved as an 
auxiliary biomarker for prostate cancer molecular diagnosis 
in the European Union, Canada, and the USA because of its 
important regulatory role in the tumor progression [18]. In 

the liver, the dysregulations of lncRNAs were reported to 
contribute to liver lipid metabolism disorder, induce mac-
rophage and hepatic stellate cell activation, promote angio-
genesis, and shape the hepatic tumor microenvironment [19, 
20], which provides a new perspective for us to understand 
the pathogenesis of LD, and to find its medical targets or 
therapies for the prevention or treatment.

In this study, we highlight a few lncRNAs that are closely 
related to LD, by serially describing the causal effects of 
these dysregulated lncRNAs, introducing their modes of 
action, assessing their importance in liver pathology, and 
highlighting the potential use of these lncRNAs as targets 
for the diagnosis and treatment of LD.

Aberrant regulation patterns of lncRNA 
expression in LD

Large-scale sequencing investigations in recent years have 
shown distinct lncRNA expression profiles in LD, compared 
to the physiological state of the liver [21, 22]. In addition, 
the biogenesis process of lncRNAs is mostly under the con-
trol of cell type- and stage-specific stimuli. Therefore, under-
standing the biogenesis of lncRNAs in LD is beneficial not 
only for distinguishing them from other types of RNA, but 
also for deciphering their functional significance. LncRNAs 
are ubiquitously interspersed in the genome with various 
possible locations, such as enhancers, promoters, and inter-
genic regions. Although mechanisms of lncRNAs biogenesis 
have not been completely uncovered, the majority of lncR-
NAs are transcribed by RNA polymerase II from genomic 
loci with chromatin states similar to those of protein-coding 
transcripts (mRNAs). Therefore, events that regulate mRNA 
biogenesis may also affect the biogenesis of lncRNAs. In this 
section, we list the primary events that are closely related to 
the biogenesis of lncRNAs during LD (Fig. 1).

Epigenetic regulatory effects

Epigenetics is the regulatory mechanism that alters gene 
expression without changing the original DNA. During LD 
progression, abnormal epigenetic marks, including DNA 
methylation, histone modifications, and ncRNAs, are univer-
sally identified at lncRNA genes [23]. Making it not surpris-
ing that altered epigenetic marks lead to lncRNA dysregula-
tion. For instance, dysregulated enzyme activity is one of 
characteristic in the setting of LD. DNA methyltransferases 
(DNMTs) serve as susceptible enzymes in response to LD. 
It has been reported that the high levels of DNMTs in HCC 
could mediate hypermethylation of the promoter region of 
lncRNA MEG3, leading to the lncRNA downregulation 
[24]. Differently, some gene expressions are upregulated 
under the regulatory role of histone acetylation. Indeed, the 
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role of histone acetylation in lncRNA expression has long 
been clarified. Bioinformatic analysis based on the GEN-
CODE consortium has showed that active histone markers, 
such as H3K9ac and H3K27ac, were significantly enriched 
in the promoter regions of lncRNAs, thus promoting a series 
of lncRNA expression, including the upregulated lncRNA 
GHET1 [25] and linc00441 [26] in HCC.

Notably, abnormal DNA methylation and histone modi-
fications are due to changes in related enzymes on the one 
hand; on the other side, they are caused by changes in 
liver substrates. It is worth mentioning that the liver is a 
key organ for maintaining systemic metabolic homeosta-
sis. Many active small-molecule compounds derived from 
liver metabolism can be used as epigenetic substrates. For 
example, SAM is mainly synthesized in the liver and is a 
key single carbon donor in almost all biological methylation 
reactions. Additionally, Acetyl-CoA derived from glucose, 
lipid, and amino acid metabolism is an essential substrate for 
acetylation of histone residues. Currently, it does not directly 
connect metabolic changes to lncRNA biogenesis, but the 
role of metabolic drivers in gene expressions is undeniable.

Interestingly, there is a large degree of inter-regulation 
between ncRNAs in LD. NcRNAs are diverse and include, in 
addition to lncRNAs, microRNA (miRNA), PIWI-interact-
ing RNA (piRNA), and tRNA-derived small RNA (tsRNA) 
[27]. Among them, the relationship between lncRNAs and 
miRNAs has been extensively studied. Precisely, many lncR-
NAs act as competitive endogenous RNAs (ceRNAs) to bind 
to miRNAs, thereby interfering with their regulatory func-
tion in target proteins and RNA metabolism. We will discuss 
this interaction in more detail in the section of modes of 
lncRNAs action. Here, we focus on the response of miRNAs 
to lncRNAs. It has been shown that miRNAs can directly 
bind to lncRNA and then shorten its half-life, for example, 
the regulation of lncRNA-UFC1 by the miR-34a in HCC 
[28]. However, additional factors are sometimes required to 
assist miRNAs, such as miR-29 blocking DNMTs to rescue 

the expression of lncRNA MEG3 [29]. Regardless of the 
mode of action, however, these results reflect the importance 
of ncRNAs in the human body.

Transcription factors (TFs) activation

TFs can coordinate gene expression by recognizing and 
binding to specific nucleic acid sequences that regulate 
gene expression. Currently, methods for how TFs identify 
and bind to such sequences in vitro or in vivo have been 
extensively described [30]. Nonetheless, studies exploring 
TFs that are related to the expression of lncRNAs in human 
LD are still at a relatively nascent stage. Only partial onco-
genic TFs/cofactors have been unequivocally reported. Myc 
is an enhanced oncogenic signaling molecule; and in HCC, 
the expressions of linc00176 [31] and ASMTL-AS1 [32] 
have been clearly demonstrated to be transcribed by Myc. In 
addition, SP is another universal TFs involved in regulating 
HULC expression [33]. Intriguingly, HULC has also been 
reported to be modulated by phosphorylated CREB [34], 
indicating that TFs can modulate lncRNA expression in a 
synergistic manner.

RNA‑binding proteins (RBPs)

RBPs are a robust family consisting of more than 2000 
proteins that potently and ubiquitously regulate tran-
scripts throughout their life cycle. Not surprisingly, 
RBPs are involved in the regulation of lncRNAs expres-
sion. Existing evidence shows that RBPs can alter the 
fate and function of lncRNAs by regulating their stabil-
ity, transport, and transcription [35]. In particular, some 
RBPs have two sides properties. For example, insulin-like 
growth factor-2 mRNA-binding proteins (IGF2BP1), as 
an adaptor protein in HCC, is able to specifically bind 
and recruit lncRNA HULC to the deadenylase, thereby 
initiating HULC degradation [36]. While overexpression 

Fig. 1   Aberrant regulation patterns of lncRNA expression in LD. Epigenetics, TFs, and RBPs binding are major events closely related to lncR-
NAs biogenesis during LD
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of IGF2BP1 is found to increase the half-life and steady-
state levels of linc01138 in HCC cells [37], indicating 
that IGF2BP1 also has a pro-stabilizing effect. Addition-
ally, in recent years, with the surge in epigenetic research, 
RNA posttranscriptional modifications have been gradu-
ally recognized. m6A is the most common modification 
of lncRNAs. Studies have shown that m6A readers can act 
as RBPs to recognize and target m6A-modified lncRNAs; 
and then regulate lncRNA degradation and transcription 
[38, 39]. This undoubtedly extends the function of RBPs 
in regulating lncRNAs expression.

Modes of action of lncRNAs

Interest in lncRNAs has rapidly grown as sequencing 
technologies have progressed and diffused. However, the 
number of lncRNAs with detailed descriptions is only 
negligible compared to the number discovered. Generally, 
lncRNAs regulate gene expression by interacting with 
DNA, RNA, and proteins. Furthermore, lncRNAs have 
recently been shown to directly interact with signaling 
receptors or ribosomes to encode proteins. Either way, 
the functions of lncRNAs are tightly correlated with their 
subcellular localization. Therefore, determining the local-
ization pattern of lncRNAs will not only help to address 
basic scientific questions about lncRNAs functions, but 
also help to decide on appropriate methods to manipulate 
them, whether for basic research or for clinical purposes. 
Here, we summarize the current knowledge of lncRNAs 
subcellular localization, and propose emerging themes, 
including the localization of lncRNAs to organelles or 
macromolecular structures and the involvement of lncR-
NAs in the encoding of small peptides (Fig. 2).

LncRNAs in the nucleus versus the cytoplasm

The first one to be characterized is lncRNAs located in 
the nucleus. Compared to protein-coding genes, lncRNAs 
are particularly enriched in the nucleus rather than in the 
cytoplasm due to their special structures, such as inefficient 
splicing, polyadenylation, and harboring cis elements [40]. 
An early microarray-based screen using polyadenylated 
RNAs revealed three abundant lncRNA transcripts in 
nuclear, namely XIST, NEAT1, and MALAT1; and all of 
which have been reported to be involved in a variety of liver 
disease processes, including HCC, cirrhosis, NAFLD, and 
ALD [23, 41, 42]. In the nucleus, the canonical roles of 
lncRNAs are to mediate transcriptional programs through 
chromatin remodeling and interactions, as well as construct 
spatial organization via scaffolding [43]. Among them, it is 
worth mentioning that lncRNA-DNA hybrids in the nucleus 
have been shown to accelerate transcriptional induction, thus 
facilitating organisms to adapt to the environmental stimuli. 
For example, lncRNA TUG1 can bind to the promoter region 
of the PGC-1α gene to enhance its promoter activity, thereby 
upregulating PGC-1α and improving PGC-1α mediated-
mitochondrial bioenergetics in a murine model of diabetic 
nephropathy [44, 45]. Furthermore, studies have shown that 
epigenetic modifications can affect lncRNAs expressions, 
and vice-versa. Such as, lncRNAs ANRIL [46] is reported 
to recruit EZH2 to induce H3K27me3 modification at the 
KLF2 promoter region, thus repressing KLF2 transcription 
and inhibiting its mediated cell growth in HCC.

Different from the nucleus, lncRNAs in the cytoplasm 
have been reported to modulate mRNA stability, translation, 
and posttranslational modification, or to act as “sponge” 
molecules to recruit miRNAs for a series of functions. 
Here, we mainly introduce the role of "sponge" molecules, 
as it is involved in almost all cellular processes mediated by 

Fig. 2   Action modes of nuclear 
and cytoplasmic lncRNAs. 
LncRNAs in the nuclear can 
affect gene transcriptional 
programs through chromatin 
remodeling, while lncRNAs 
in the cytoplasm can regulate 
the stability and translation 
of mRNA, act as a "sponge" 
molecule to recruit miRNA, and 
even encode some peptides
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lncRNAs [47, 48]. For example, in HCC, the upregulated 
lncRNA SNHG7 promotes HCC development by regulating 
FOXK2 through sponging miR-122-5p [49]. Additionally, 
compared to the adjacent non-tumor tissues, the lncRNA 
CDKN2BAS was remarkably elevated in metastatic HCC 
tissues. Mechanistically, CDKN2BAS can adsorb miR-
153-5p through sponges and then increase the expression of 
the miR-153-5p target gene ARHGAP18, which plays a role 
in promoting tumor occurrence and metastasis. Thus, the 
CDKN2BAS/miR-153-5p/ARHGAP18 signaling axis may 
provide new clues for understanding the molecular mecha-
nism of HCC progression [50].

LncRNAs in organelles and lncRNAs encoding small 
peptides

Notably, more and more researchers are turning to the study 
of the lncRNAs localization in specific organelles and mac-
romolecular structures. For example, a recent study revealed 
that the differentiation of thermogenic adipocytes leads to 
the upregulation of the lncRNA-LINC00473. Interestingly, 
LINC00473 is usually localized in the nucleus at basal state. 
Once differentiated, LINC00473 shuttles to the cytoplasm 
and finally localizes to the interface of lipid droplet-mito-
chondria, where it exists in multimeric complexes with mito-
chondrial and lipid droplet proteins and regulates lipolysis 
and mitochondrial function [51]. Additionally, using APEX-
RIP, a method that combines engineered ascorbate peroxi-
dase-catalyzed proximity biotinylation of endogenous pro-
teins and RNA immunoprecipitation (RIP), reveals a small 
group of 28 lncRNAs in ER lumen [52]. Compare with the 
traditional distribution in the nucleus or the cytoplasm, the 
discovery of lncRNAs subcellular localization will be of 
great significance for the metabolic organ liver.

Biochemically, lncRNAs are indistinguishable from 
mRNAs except that they lack protein-coding reading frames. 
However, deep RNA sequencing has recently revealed that 
certain lncRNAs have short open reading frames (sORFs); 
and a considerable number of reports have revealed the 
existence of stable, functional small peptides (also known 
as micropeptides), translated from lncRNAs sORFs. For 
instance, a conserved 99-amino acid microprotein KRASIM, 
which is encoded by lncRNA NCBP2-AS2, was identified 
through ribosome profiling [53]. KRASIM overexpression 
could inhibit the activity of the extracellular regulated pro-
tein kinases (ERK) signaling pathway by interacting with 
KRAS protein, which ultimately leads to the suppression of 
growth and proliferation of HCC cells. Conversely, another 
small endogenous peptide termed as SMIM30 encoded 
by linc00998 was found to promote HCC development 
via activating MAPK signaling pathway [54]. Though the 
functional mechanisms of lncRNA-encoded small peptides 
have not been elucidated, probably due to the difficulties 

in detecting or characterizing such molecules, there is no 
denying that the small peptides will catch increasing atten-
tion in the future.

Functional lncRNAs in the pathogenesis 
of LD

The pathophysiological process of LD is complex. This sec-
tion will take HCC, a typical liver disease with a high mor-
tality rate, and NAFLD, a newly emerging liver metabolic 
disease, as examples to emphasize the pathophysiological 
role of lncRNA in the development of LD (Table 1).

HCC

According to the latest cancer statistics, liver cancer has 
become the seventh most commonly diagnosed cancer and 
the third leading cause of cancer-related death worldwide. 
There are two main types of primary liver cancers: HCC and 
intrahepatic cholangiocarcinoma, of which HCC constitutes 
nearly 90% of all primary liver cancer cases [55]. Current 
conventional treatment for HCC includes hepatectomy, abla-
tion, and liver transplantation; however, their performance 
remains far from satisfactory. Recently, several dysregulated 
lncRNAs have been considered as potential oncogenic and 
tumor-suppressive factors in HCC, which is consistent with 
the notion that complicated genetic and epigenetic changes 
contribute to carcinogenesis. In particular, some HCC-
related lncRNAs exist in body fluids and are easy to detect 
and analyze. For example, lncRNA-WRAP53 obtained from 
the serum has become an independent prognostic marker for 
predicting the high recurrence rate of HCC patients. These 
important roles and unique properties of lncRNAs indicate 
that they have potential clinical value in the diagnosis and 
treatment of HCC. In this section, we list some lncRNAs 
closely related to HCC and discuss their roles (Fig. 3).

In addition, chemotherapy is a widely used and effec-
tive clinical approach for cancer treatment. Commonly used 
chemotherapeutic drugs for HCC include 5-fluorouracil 
(FU), cisplatin (CDDP), oxaliplatin, adriamycin, sorafenib, 
etc. [56]. Despite these drugs are effective, there are still 
many challenges related to drug resistance during long-term 
use. Increasing evidence indicates that lncRNAs represent 
novel targets for the treatment of HCC resistance [56]. 
Therefore, we also outlined some molecular mechanisms 
related to lncRNA and chemotherapy resistance.

Oncogenic and tumor‑suppressive lncRNAs

HCC is initiated by the inactivation of tumor suppressor 
genes and the activation of oncogenes, and then expands 
through the abnormal activation of molecules in multiple 
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signal transduction pathways that control cell proliferation, 
migration, invasion, autophagy, apoptosis. Therefore, in pre-
senting the function of lncRNAs in HCC, we emphasize how 
these functions are achieved through oncogenic and tumor-
suppressive pathways.

Regarding oncogenic lncRNAs, the first oncogenic 
lncRNA reported in human HCC is lncRNA HULC, which 

is not only upregulated in the liver of HCC, but also has 
highly specificity for human HCC [57]. A number of stud-
ies have confirmed that HULC knockdown in HCC cell 
lines significantly represses cell proliferation and further 
impairs HCC cell invasion and migration [34]. Mechanisti-
cally, HULC has been mainly studied as miRNA "sponges." 
For example, lncRNA HULC RNA contains one conserved 

Table 1   LncRNAs involved 
in the pathogenesis of liver 
diseases

LncRNA Feature Pathway

LncRNA involved in HCC
Oncogenic lncRNAs
HULC Up miR-372/ PKA; miR-200a-3p/ZEB1
lncRNA SNHG1 Up p53
TUC338 Up PCNA
MALAT1 Up miR-3064-5p/FOXA1/CD24/Src
HOTAIR Up miR-23b-3p/ E-cadherin
Tumor-suppressive lncRNAs
MEG3 Down p53
lincRNA P21 Down p53
lncRNA AOC4P Down EMT
LncRNA involved in NAFLD
lncRNA uc.372 Up miR-195/miR-466-ACC, FAS, SCD1, and CD36
lncRNA HR1 Down repressing SREBP-1c promoter activity
Gm15622 Up miR-742-3p/SREBP-1c
MALAT1 Up stabilizing nuclear SREBP-1c protein
ARSR Up PI3K/Akt/SREBP-1c
lncRNA SRA Up insulin-like growth factor-1 and Akt
lncRNA HC Down miR-130b-3p/PPARγ
lncRNA LSTR Up TDP-43/FXR/apoC2
LncRNA H19 Down p53/FoxO1

Fig. 3   Abnormal expression 
of lncRNAs in hepatocellular 
carcinoma. Several dysregulated 
lncRNAs have been considered 
as potential oncogenic or tumor-
suppressive factors in HCC, 
respectively
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target site of miR-372. Therefore, HULC can reduce the 
expression and activity of miR-372, and sequester miR-372 
from its target genes by this putative binding site in cells 
[58]. Additionally, HULC has been reported to accelerate the 
epithelial-to-mesenchymal transition of HCC cells through 
the miR-200a-3p/ZEB1 signaling pathway [59].

In parallel, data from public microarray data and a cohort 
study showed that lncRNA SNHG1 was increased in HCC 
tissues, which was associated with TNM stage but not with 
tumor size or tumor subtype [60, 61]. In HepG2, upregu-
lated SNHG1 promotes HCC cell proliferation, invasion, 
and migration; meanwhile, functional assays have shown 
that SNHG1 may be involved in the negative regulation of 
miR-195 or pivotal genes in TP53 signaling pathway [62]. 
TUC338, an ultra-conserved and liver-specific lncRNA 
with a length of 590 bp, was strikingly increased in HCC 
cell lines compared with normal human hepatocytes [63]. 
Studies have shown that silencing of TUC338 inhibits the 
proliferation of HCC cells. Considering its liver-specific 
expression characteristics, TUC338 has the potential to be 
a therapeutic target for HCC.

LncRNA MALAT1, also known as nuclear-enriched 
transcript 2 (NEAT2), has been reported to be upregulated 
in human HCCs. Studies have shown that MALAT1 plays 
an important role in HCC progression and may serve as a 
novel biomarker for predicting tumor recurrence after liver 
transplantation. For example, SRSF1 induction and mTOR 
activation are essential for MALAT1 induced transforma-
tion, and Zhang et al. reported that the activated lncRNA 
MALAT1 can act as a ceRNA to sponge miR-3064-5p, 
which then targets the FOXA1/CD24/Src pathway to exert 
antiangiogenic effects in HCC [64]. Moreover, lncRNA 
HOTAIR is another important molecule in HCC, and its 
elevated level is often associated with poor prognosis of 
HCC. Studies have shown that overexpression of HOTAIR 
could induce epithelial–mesenchymal transitions by down-
regulating E-cadherin in liver cancer stem cells or by spong-
ing miR-23b-3p in HCC cells [65]. Concomitantly, HOTAIR 
has also been reported to mediate autophagy in HCC cells 
together with the autophagy-related factors ATG3 and ATG7 
[66].

As for tumor-suppressive lncRNAs, these lncRNAs 
generally exhibit low expression patterns in HCC, but once 
inactivated, they rapidly promote HCC progression. For 
instance, low levels of lncRNA MEG3 have been proved 
to be a primary feature of many human cancers, including 
HCC [29]. Mechanistic studies have revealed that the anti-
tumor effect of MEG3 in HCC cells might result from the 
activation of the classical tumor suppressor protein p53. 
Another tumor suppressor lncRNA associated with p53 is 
lincRNA P21, whose levels in hepatocytes and serum are 
negatively correlated with liver health [67]. It has been 
reported that knockdown of P21 increases the proliferation 

ability of HCC cells, whereas P21 overexpression is able 
to represses hepatic cell proliferation and affect cell apop-
tosis [68]. The lncRNA AOC4P is a tumor suppressor 
lncRNA that was recently discovered through microar-
ray analysis of HCC samples and normal adjacent tissues 
[69]. Both in vitro and in vivo assays have confirmed that 
AOC4P can suppress HCC cells proliferation and metas-
tasis by enhancing vimentin degradation and suppressing 
EMT, respectively.

Interestingly, some lncRNAs may play dual roles as 
both oncogenes and tumor suppressors at different stages 
of HCC progression [70]. For example, lncRNA H19, an 
endogenous noncoding single-stranded RNA, functions 
as an oncogene and a tumor-suppressive lncRNA in the 
development and progression of HCC. H19 is upregulated 
as a precursor of miR-675, and miR-675 downregulates 
the expression of the tumor suppressor gene RB, thereby 
playing an oncogenic role. In contrast, knockdown of H19 
in HCC can promote tumorigenesis or tumor enlargement, 
suggesting that H19 acts as a tumor suppressor gene in 
tumors. Together, these results indicate complex mecha-
nisms underlying lncRNAs governing HCC.

LncRNAs in chemotherapy resistance

LncRNA drug resistance has been extensively studied, 
while the mechanisms by which lncRNAs influence 
the occurrence of anticancer drug resistance in malig-
nant tumors are intricate and uncertain. For example, 
LINC01134 is highly expressed in HCC owing to histone 
demethylation of its promoter by histone demethyltransfer-
modifying enzyme (LSD1). It can positively regulate p62 
by enhancing the enrichment of SP1 at the p62 promoter, 
thereby activating the p62-mediated antioxidative stress 
response pathway. Therefore, LINC01134 is reported to 
be involved in oxaliplatin resistance in HCC through the 
LSD1/LINC01134/SP1/p62 axis [71]. In addition, evi-
dence from clinical data suggests that the knockout of 
NIFK-AS1 sensitizes HCC cells to sorafenib by affect-
ing cancer cell growth and metastasis, indicating that low 
levels of NIFK-AS1 may be a predictor of the benefit of 
sorafenib in individualized therapy for HCC [72]. In HCC 
cells and tissues, lncRNA GAS5 and PTEN expression 
was significantly decreased, whereas miR-21 expression 
was significantly increased. GAS5 regulates PTEN expres-
sion by sponging miR-21, which affects proliferation and 
increases resistance of HCC cells to doxorubicin [73]. 
LncRNA MALAT1, which is highly expressed in HCC, 
can positively regulate β-catenin, dysregulate the canoni-
cal Wnt signaling pathway, and consequently attenuates 
HCC tumorsphere formation efficiency [74].
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NAFLD

NAFLD is an emerging type of chronic liver diseases 
characterized by excessive accumulation of hepatic fat in 
the absence of other competing fatty liver disease etiolo-
gies, e.g., alcohol, drugs, and virus. The natural history of 
NAFLD is complex and usually encompasses steatosis, 
nonalcoholic steatohepatitis, fibrosis, cirrhosis, and HCC. 
Unfortunately, no clinical drug has been approved for the 
treatment of NAFLD. Imbalances in glucose and lipid 
metabolism homeostasis are at the heart of NAFLD. There-
fore, dissection of the complex pathways or mechanisms of 
glucose and lipid metabolism is of great significance for 
the health of patients with diagnosed and potential NAFLD. 
Here, based on the basic physiological mechanisms of 
hepatic lipid and glucose metabolism, we summarized the 
latest findings of lncRNAs in the complex research field of 
NAFLD (Fig. 4).

LncRNAs and hepatic lipid homeostasis

Hepatic lipid metabolism is a complex biochemical process 
involving fatty acid uptake, de novo fatty acid synthesis 
(also known as de novo lipid synthesis), fatty acid oxidation, 
hepatic lipid export, lipid droplet formation, and catabolism. 
However, a large proportion of lncRNA research and devel-
opment focuses on fatty acid uptake, de novo fatty acid syn-
thesis, and hepatic lipid export. Given that the hallmark of 
NAFLD is abnormal accumulation of hepatic neutral lipid-
triglycerides (TGs) in the liver, and fatty acids are indis-
pensable for the biosynthesis of TGs, it is understandable 
to explore the effect of lncRNA on fatty acids. For fatty 
acid uptake, non-esterified fatty acids that are elevated in 

the serum of NAFLD patients enter hepatocytes through 
hepatic fatty acid transporters. Although CD36/FAT does 
not play a major role in fatty acid transport in the normal 
liver, CD36/FAT is highly inducible and can cause hepatic 
steatosis under pathological conditions, such as a high-
fat diet and excessive alcohol consumption. Studies have 
shown that lncRNA uc.372 is involved in fatty acid uptake 
via CD36/FAT [75].

In addition to fatty acid uptake, lncRNA uc.372 has 
been reported to be involved in de novo fatty acid synthesis 
by regulating other lipid regulatory factors such as ACC, 
FASN, and SCD1. Indeed, lncRNAs modulate many tran-
scription factors and enzymes involved in de novo fatty 
acid synthesis pathway. Srebp1c has been identified as a 
master transcription factor that promotes the expression 
of key factors in lipogenesis, including ACC, FAS, SCD1, 
and HMGCR. Emerging evidence suggested that Srebp1c 
is a pivotal target of lncRNAs involved in lipid synthesis 
[76]. For example, the overexpression of lncRNA HR1, a 
novel human-specific lncRNA, inhibits lipid accumulation 
in hepatic cells and transgenic mouse models by target-
ing and repressing Srebp1c promoter activity [76]. While 
several lncRNAs, including lncRNA H19, Gm15622 [77], 
MALAT1 [78], and ARSR [79], have been found to stimu-
late Srebp1c expression to increase hepatic lipid accumu-
lation, indicating that they may be new therapeutic targets 
against NAFLD. In addition to Srebp1c, partial lncRNAs 
have also been reported to control lipid synthesis by target-
ing peroxisome proliferator-activated receptors (PPARs). 
The lncRNA SRA is the first identified lncRNA to play a 
potential role in adipogenesis via modulating PPARγ [80], 
although the mechanism is not yet clear. Additionally, Lan 
et al. [81] reported that the reduction of lncRNA HC in rats 

Fig. 4   LncRNAs in the patho-
genesis of NAFLD. The current 
knowledge about the effect of 
lncRNAs on (a) lipid homeosta-
sis and (b) glucose metabolism
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significantly induced PPARγ production by modulating miR-
130b-3p, thus leading to increases in hepatic TG levels.

Furthermore, the destruction of intracellular lipid clear-
ance is another important way to worsen liver steatosis. Gen-
erally, lipid clearance pathways involve lipid decomposition, 
fatty acid oxidation, and lipid transport. Recent enrichment 
analysis of lncRNAs in key metabolic organs has identi-
fied that lncRNA LSTR is a liver-specific lncRNA whose 
expression varies with changes in energy levels or metabolic 
state [82]. Notably, a decrease in plasma TGs was detected 
in LSTR knockdown mice, which was probably due to the 
decreased LSTR altering bile acid composition, resulting 
in the activation of Apoc2, an important molecule involved 
in lipid transport. In addition, the lncRNA SRA mentioned 
earlier not only plays a role in lipogenesis but also inhibits 
adipose triglyceride lipase ATGL by inhibiting its promoter 
activity, thus reducing FFA oxidation and promoting hepatic 
steatosis [83].

LncRNAs and hepatic glucose metabolism

Deregulation of glucose metabolism is another potential 
manifestation of NAFLD. Despite the infant phase, emerging 
studies have shown that dysregulation of hepatic gluconeo-
genesis may be associated with lncRNA-mediated changes 
in gluconeogenic gene expression. In severe patients, reduc-
tion of lncRNA H19 in vivo impairs liver tissue tolerance 
to glucose, insulin, and pyruvate. Mechanistically, this phe-
nomenon may be related to the impaired insulin signaling 
and the increased nuclear localization of FOXO1 mediated 
by H19 [84]. Similar to lncRNA H19, the downregula-
tion of lncRNA MEG3 also mediates the decrease in the 
expression of FOXO1 and its downstream targets Pck1 
and G6pase, thereby improving glucose and insulin toler-
ance in liver tissue [85]. Although there are other lncRNAs 
involved in hepatic glucose metabolism, such as Gm10804 
[86] and SHGL [87], the precise mechanism of their activa-
tion remains unclear.

LncRNAs as potential diagnostic biomarkers

Liver biopsy is the gold standard for the diagnosis of liver 
diseases. However, this diagnostic method carries the risk 
of bleeding, abdominal visceral penetration, pneumotho-
rax, and even death [88]. Therefore, obtaining noninvasive 
biomarkers for early stage of LD is of great significance 
for preventing LD progression. In this regard, lncRNAs in 
body fluid (circulating lncRNAs) seem to be considered as 
an alternative diagnostic tool, because they are abundant, 
noninvasive, and stable in clinical samples. To date, one of 
the most influential studies in the field of circulating lncRNA 
diagnostic applications is the successful approval of urine 

lncRNA PCA3 as a PCa diagnostic biomarker by the FDA 
[18], which further enables us to realize the great potential 
of lncRNAs as diagnostic biomarkers for LD.

Indeed, associations between circulating lncRNAs expres-
sion levels and LD, mainly in HCC, have been evaluated in 
multiple investigations (Tables 2 and 3). For instance, over-
expression of serum HULC was able to discriminate HCC 
patients from healthy controls (AUC 0.78) [89]. Meanwhile, 
the plasma UCA1 level could distinguish early stage of HCC 
with a sensitivity of 93.1% and a specificity of 88.6%, and 
these values are superior to those of alpha-fetoprotein (AFP), 
the most widely used blood biomarker for HCC in clinical 
practice (79.3% sensitivity and 82.8% specificity) [90]. More 
interestingly, a recent study showed that the level of serum 
extracellular vesicle (EV)-derived linc00853 was upregu-
lated in both AFP-positive and AFP-negative early stage of 
HCC patients [91], indicating that linc00853 may partially 
compensate for the diagnostic results of AFP in early stage 
of HCC.

Nonetheless, recent studies have shown that certain can-
didate lncRNAs can appear simultaneously in different dis-
ease etiologies, leading to reduced reliability. In response 
to this problem, multiple studies have attempted to inte-
grate lncRNAs and other biomarkers to construct predictive 
models, and some progress has been made. For instance, 
the combination of serum lncRNAs UCA1 and WRAP53 
with AFP increases the sensitivity to 100% in the diagno-
sis of HCC [92]. The diagnostic value for HCC was much 
higher in the combination of two upregulated serum lncR-
NAs PVT1, uc002mbe.2, and AFP than that of AFP alone 
[93]. In addition, there are still some issues that cannot be 
solved for the time being. For example, (1) although lncR-
NAs are more stable than mRNAs, it is easily affected by 
sampling time, storage conditions, and detection methods 
during detection. (2) Due to differences in individual genetic 
background (such as SNP), epigenetic modifications (such 
as methylation), and disease subtypes, the expression pattern 
of lncRNA varies. (3) There are a large number of lncRNAs, 
but the functions of more than 90% of lncRNAs have not 
been fully resolved. Therefore, there is still a long way to 
go before lncRNA can be used as a biomarker in clinical 
practice.

LncRNAs as potential therapeutic targets

Since the discovery of lncRNAs, researchers have been 
looking forward to utilizing this new type of molecule to 
break the deadlock in the clinical treatment of many dis-
eases, including liver disease. In particular, the prevalence 
of RNA-based therapeutic technologies in recent years has 
provided tremendous opportunities for lncRNA therapy. 
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LncRNA-based therapies usually select specific lncRNAs 
as novel druggable targets and then reduce their transcript 
levels or attenuate their molecular functions. In this sec-
tion, our aim is to show the currently applied therapeutic 
strategies for regulating expression levels of lncRNAs in 
LD (Fig. 5 and Table 4).

Small interfering RNA (siRNA) targeting lncRNA

SiRNAs are short (20–25 nucleotides) double-stranded 
RNAs (dsRNAs) that must be loaded into other proteins to 
form an RNA-induced silencing complex (RISC) and then 
mediate RNA silencing. Several studies have explored the 
potential of siRNA in regulating the expression of lncRNAs 

Table 2   LncRNAs as diagnosis biomarkers in liver diseases

LncRNA Feature Cases Control Control condition Sensitivity
(%)

Specificity
(%)

AUC​

HULC Up 90 77 HL 0.78
Linc00974 Up 150 150 pre- and postoperative 51.1 95.6 0.733
UCA1 Up 82 44 HL 92.7 82.1 0.861

Up 82 34 CHC 61 71 0.728
Up 34 44 HL 76.5 64.5 0.728
Up 70 38 HL 91.4 88.6 0.91
Up 70 32 CHC 71.4 87.5 0.838
Up 32 38 HL 68.8 67.4 0.76

WRAP53 Up 82 44 HL 85.4 82.1 0.896
Up 82 34 CHC 85.4 71 0.787
Up 34 44 HL 82.4 91 0.876

LINC01225 Up 66 70 HL 76.1 44.3 0.886
DANCR Up 52 43 HL/CHB/cirrhosis 83.8 72.7 0.868

Up 52 29 CHB 80.8 84.3 0.864
JPX Down 42 68 HL 100 52.4 0.814
MALAT1 Up 88 28 hepatic disease 51.1 89.3 0.66
SPRY4‑IT1 Up 145 63 HL 87.3 50 0.702
ENSG00000258332.1 Up 60 96 CHB 71.6 83.4 0.719
LINC00635 Up 60 96 CHB 76.2 77.7 0.75
LRB1 Up 326 73 HL 92.4 71.9 0.892
D16366 Down 58 85 HL 65.5 84.6 0.752
NONHSAT053785 Up 112 195 CHB and HL 73.2 74.4 0.801

Table 3   LncRNAs combined with other markers for liver disease diagnosis

LncRNA Feature Cases Control Control condition Sensitivity
(%)

Specificity
(%)

AUC​

HULC and lnc00152 Up 90 77 HL 0.89
Linc00974 and KRT19 Up 150 150 pre- and postoperative 58.9 92.2 0.764
RP11–160H22.5, XLOC_014172, and LOC149086 Up 217 250 HL 85 85 0.896
UCA1, WRAP53 and AFP Up 82 78 HL and CHC 100 62.8
JUN, and UCA1 Up 64 38 HL 100 80
AFP and JPX Up 42 68 HL 97.1 72.2 0.905
uc002mbe.2 and PVT1 Up 71 64 HL 60.6 90.6 0.764
ENSG00000258332.1 and LINC00635 and AFP Up 60 96 CHB 83.6 87.7 0.894
LRB1, AFP and DCP Up 326 73 HL 86.3 87.6 0.971
ENSG00000248932.1, ENST00000440688.1 and 

ENST00000457302.2, and AFP
Up 200 400 HL and CHC 0.90
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for the purpose of treating LD. LncRNA HULC can be 
functioned as a ceRNA to mediate EMT in cytoplasm; and 
silencing HULC by siRNA effectively inhibits the invasion 
and migration of HCC cells [94]. Besides, knockdown of 
NEAT1 [95] and CASC9 [96] by siRNA inhibited the pro-
liferation of HCC cells and stopped cell cycle progression. 
Notably, recent studies have indicated that another important 
aspect of siRNA-targeting lncRNAs for HCC treatment is to 
reduce treatment resistance. Sorafenib is the first‑line treat-
ment for advanced HCC. Xu et al. reported that siRNA sup-
pression of H19 sensitizes HCC cells to sorafenib in vitro, 
thus achieving greater treatment efficacy [97]. Tang et al. 
also obtained similar results by using siRNA-targeting 
lncRNA HOTAIR [98]. These results suggest that the com-
bined use of siRNA and small-molecule anticancer drugs 
may provide a new direction for the development of future 
tumor treatment.

In addition to chemoresistance, lncRNAs have also been 
shown to be involved in radiation resistance in HCC. For 
example, lnc TP73-AS1 is a highly expressed lncRNA in 
radioresistant tumor tissues, and a recent study silencing 

lncRNA TP73-AS1 by siRNA showed increased radiosen-
sitivity in HCC treatment [99]. Research on radioresistance 
is a very meaningful aspect of lncRNAs in clinical trials, 
which may provide us with a new perspective on the inter-
action between lncRNAs and DNA, and it deserves further 
study.

Of course, siRNAs have also shown favorable treatment 
effects against other liver diseases by targeting lncRNAs. For 
example, Song et al. knocked down lncRNA AK012226 with 
siRNA, thereby inhibiting lipid accumulation and delaying 
NAFLD progression in mice [100]. In another study, siRNA-
targeting AK139328 was applied to attenuate ischemia/rep-
erfusion injury in mouse liver [101]. These results further 
indicate that siRNA targeting and silencing of critical lncR-
NAs appear to be particularly promising for liver disease 
treatment.

Despite the promising prospects, there are still some 
problems. For example, there are currently no candidate 
lncRNAs suitable for designing for clinical studies, includ-
ing the above-mentioned ones. This may be due to a lack 
of experimental data on the specific role of lncRNAs in 

Fig. 5   LncRNAs as diagnostic 
biomarkers and therapeutic 
targets in the liver. Circulating 
lncRNAs as diagnostic biomark-
ers in liver disease because they 
are abundant, noninvasive, and 
are stable in clinical samples. 
Till now, RNA-based therapies 
usually select specific lncRNAs 
as novel druggable targets, and 
then reduce their transcript lev-
els or attenuate their molecular 
functions

Table 4   Comparison of the advantages and disadvantages of siRNA and ASO

Item siRNA ASO

State dsRNA Single-stranded DNA or RNA
Target location Cytoplasm Cytoplasm and Nucleus
Mechanism of action RNA degradation RNA degradation, and Splicing 

regulation, steric hindrance
Advantages High silencing efficiency; High specificity;

A single dose can maintain the effect in cells for several weeks
Flexible mechanism of action;
Diverse chemical modifications;
Some ASOs can be delivered to 

targets without complex carriers
Disadvantages The double-stranded structure is negatively charged and needs to rely on a 

carrier to penetrate the cell membrane; Immunogenicity risk; Difficult to 
effectively target RNA in the nucleus

High risk of off-target effects,
Poor stability;
High doses may cause cytotoxicity;
Immunogenicity risk
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the development of liver disease. Additionally, the thera-
peutic effect depends largely on whether the siRNA can 
be successfully delivered to the liver. Some key issues in 
siRNA design, including the stability of siRNA and its 
unintended off-target effects, have not yet been resolved. 
At the same time, when siRNA is delivered into cells, it 
may activate innate immune receptors such as TLR3, trig-
gering a validation response. Therefore, repurposing drugs 
and providing vitamin D variants as preventive agents with 
immunomodulatory effects during siRNA delivery may 
have a positive impact on HCC [102].

Antisense oligonucleotides (ASOs) targeting lncRNA

ASOs are synthetic single-stranded oligonucleotides with 
lengths between 8 and 50 nucleotides. Similar to siRNAs, 
ASOs have shown great therapeutic effects in liver disease. 
For example, Fu et al. reported that silencing linc00210 
mediated by ASOs effectively disrupted the self-renewal 
and invasion ability of HCC cells [103]. In addition, 
Wang et al. observed significant antitumorigenic effects in 
humanized HCC models by interfering with the expression 
of lncRNA HAND2-AS1 using ASOs [104]. Currently, 
ASO strategies are not popular for inhibiting lncRNAs. 
Considering its higher specificity and fewer off-target 
effects compared to siRNA, it is reasonable to speculate 
that the rapid growth of interest in lncRNA biology and 
technological breakthroughs will accelerate its entry into 
the clinical field.

Recommendation and future perspectives

Currently, our understanding of the regulatory roles of lncR-
NAs in liver diseases has only touched the tip of the iceberg, 
compared to their roles in modulating protein-coding genes, 
and further in-depth research is needed in many areas in the 
future. For example, lncRNAs with function annotation only 
account for a small part of the total number, and the biologi-
cal functions of most lncRNAs remain unknown. Therefore, 
in addition to continuing to explore the functions of lncRNA 
using laboratory methods, methods such as software devel-
opment are also needed to predict their unknown functions. 
In addition, the expression levels of lncRNAs are corre-
lated with disease state, but how to detect the expression 
changes of lncRNAs in real time are also a problem we need 
to consider. Overall, only a few lncRNAs (such as lncRNA 
PCA3) have passed FDA certification so far, and most stud-
ies remain in the retrospective cohort stage. Therefore, we 
urgently need to conduct multicenter prospective validation 
to promote the clinical transformation barriers of lncRNA.

Conclusion

Emerging evidence has demonstrated the importance of 
lncRNAs in the pathogenesis of various liver diseases 
including HCC and NAFLD. We reviewed recent findings 
on the dysregulated lncRNAs involved in liver diseases, 
including the aberrant regulation patterns of lncRNA 
expression, the modes of action of lncRNAs, and the bio-
logical significance of lncRNAs. We also list some lncR-
NAs with potential for clinical practice. Despite the com-
prehensiveness, the details of many lncRNAs mechanisms 
of action have not been fully discussed due to insufficient 
experimental validation. In addition, recent studies have 
shown that lncRNA structure can also affect its function, 
but we do not cover this in this article. In summary, despite 
the many challenges currently faced, the significance and 
value of lncRNAs in disease cannot be ignored. Through 
in-depth study of the function and mechanism of lncRNA, 
it is expected to reveal more mysteries of life activities, 
and provide new ideas and methods for disease treatment 
and drug development.
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