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Hepatocellular carcinoma (HCC) is a highly lethal type of malignancies that possesses
great loss of life safety to human beings worldwide. However, few effective means of
curing HCC exist and its specific molecular basis is still far from being fully elucidated.
Activation of nuclear factor kappa B (NF-kB), which is often observed in HCC, is
considered to play a significant part in hepatocarcinogenesis and development. The
emergence of regulatory non-coding RNAs (ncRNAs), particularly microRNAs (miRNAs)
and long non-coding RNAs (lncRNAs), is a defining advance in cancer biology, and related
research in this branch has yielded many diagnostic and therapeutic opportunities.
Recent studies have suggested that regulatory ncRNAs act as inhibitors or activators in
the initiation and progression of HCC by targeting components of NF-kB signaling or
regulating NF-kB activity. In this review, we attach importance to the role and function of
regulatory ncRNAs in NF-kB signaling of HCC and NF-kB-associated chemoresistance in
HCC, then propose future research directions and challenges of regulatory ncRNAs
mediated-regulation of NF-kB pathway in HCC.
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Abbreviations: HCC, Hepatocellular carcinoma; NF-kB, Nuclear factor kappa B; ncRNA, non-coding RNA; miRNA,
microRNA; lncRNA, long non-coding RNA; IkB, Inhibitor of kB; IKK, IkB kinase; NEMO, NF-kB essential modulator;
TNFR, Tumour necrosis factor receptor; NIK, NF-kB-inducing kinase; piRNA, PIWI interacting RNA; siRNA, small
interfering RNA; circRNA, circular RNA; mRNA, messenger RNA; UTR, Untranslated region; TRAF, Tumor necrosis
factor receptor-associated factor; TAK1, Transforming growth factor-b-activated kinase 1; TAB, TAK-binding protein;
BLVRB, Biliverdin reductase B; TRIM23, Transcripts encoding tripartite motif containing 23; Lin28A, Lin28 homolog A; VCP,
Valosin containing protein; MAP4K4, Mitogen-activated protein 4 kinase 4; Dnmt1, DNA methyltransferase 1; BIRC3,
Baculoviral IAP Repeat Containing 3; ROCK1, Rho-associated protein kinase 1; TLE1, Transducin-like Enhancer Protein 1;
IL-1R/TLR, Interleukin-1 receptor/Toll-like receptor; MAPKKK/MAP3K, Mitogen-activated protein kinase kinase kinaser;
DUB, Deubiquitinating enzyme; STAU1, Staufen 1; HNRNPA2B1, Heterogeneous nuclear ribonucleoprotein A2/B1; NKILA,
NF-kB interacting lncRNA; CASC2, Cancer susceptibility candidate 2; PDIA3P1, Protein disulfide isomerase family A
member 3 pseudogene 1; CRNDE, Colorectal Neoplasia Differentially Expressed; SNHG16, Small nucleolar RNA host gene 16;
TP73-AS1, P73 antisense RNA 1 T; N/A, Not available; SNHG12, Small nucleolar RNA host gene 12; PKR, Double-stranded
RNA (dsRNA)-activated protein kinase; NEAT1, Nuclear-enriched abundant transcript 1; ceRNA, competitive endogenous
RNA; IKKK, IkB kinase kinase.
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INTRODUCTION

As the most important intracellular nuclear transcription factor,
the nuclear factor kappa B (NF-kB) promotes the transcription
of genes with kB binding sites that are responsible for the
manipulation of multiple biological processes, such as
inflammation, immune response, and apoptosis (1). Recently,
it has been reported that constitutive activation of the NF-kB
signaling is observed in hepatocellular carcinoma (HCC) (2, 3).
Additionally, accumulating evidence has shown that NF-kB
plays a critical role in the transcriptional regulation of genes
that concern diverse pathological aspects of HCC with respect to
cell transformation, proliferation, survival, invasion, metastasis
and drug resistance (4–6). HCC that accounts for 80%-90% of all
primary liver cancers is ranked as the second leading cause of
cancer-related deaths and the fifth most common human cancer
around the world (7–10). Therefore, targeting NF-kB signaling
pathway warrants future research, which may contribute to novel
HCC-specific diagnostic and therapeutic strategies.

NF-kB is assembled into a heterodimeric or homodimeric
complex by different subunits of the Rel family, which consists of
five members, including RelA (p65), RelB, C-Rel, NF-kB1 (p50/
p105), and NF-kB2 (p52/p100) (11). Under physiological
conditions, these subunits are associated with the inhibitor of
kB (IkB), whose function is to effectively sequester NF-kB in the
cytoplasm. When cells are stimulated by a cascade of signaling
events such as stress, bacteria, viruses or cytokines, NF-kB
becomes rapidly activated, then translocates into the nucleus
where it binds to the kB elements of gene promoters or
enhancers, thereby triggering transcription of target genes (12).
Typically, there are two different pathways that mediate NF-kB
activation, including a canonical and a noncanonical pathway. In
the canonical pathway, the key event is the release of NF-kB from
the NF-kB/IkB trimer. In response to specific stimuli, NF-kB-
bound IkB is phosphorylated at Ser32 and Ser36 residues via the
IkB kinase (IKK) complex formed by two catalytic subunits
(IKK1/2, a.k.a. IKKa and IKKb) and the scaffold/adaptor protein
NF-kB essential modulator (NEMO; also known as IKKg) (13).
Phosphorylated IkB subsequently quickly undergoes
polyubiquitination through the SCF-b-TrCP complex followed
by 26S proteasome-mediated degradation, allowing the nucleus
entry of NF-kB (14–16). The noncanonical NF-kB pathway,
which is usually activated following the induction of members of
the tumour necrosis factor receptor (TNFR) superfamily, mainly
relies on NF-kB-induced kinase (NIK) and IKKa subunits to
induce phosphorylation of NF-kB precursor protein p100 at
Ser866 and Ser870 residues (14, 17). Phosphorylation targets
p100 for subsequent partial processing to form the mature NF-
kB p52 subunit through the ubiquitin-proteasome pathway,
which then binds to RelB to form a p52-RelB heterodimer with
transcriptional activity (17).

Apart from the common pathways described above, recent
evidence indicates that non-coding RNAs (ncRNAs) act as vital
regulatory roles in the NF-kB signaling by diverse mechanisms.
Despite a lack of protein-coding potential, ncRNAs serve as
pivotal functional components or regulatory molecules for
genetic expression (18). Generally, ncRNAs can be categorized
Frontiers in Oncology | www.frontiersin.org 2
into housekeeping ncRNAs and regulatory ncRNAs in term of
their discrepancy in expression levels and functional features.
The former that are profusely and omnipresently expressed in cells
are necessary for cells to survive, the latter usually participate in
genetic expression at epigenetic, transcriptional, and post-
transcriptional levels (19). Among regulatory ncRNAs, the
regulation of NF-kB signaling in HCC by microRNAs (miRNAs)
and long non-coding RNAs (lncRNAs) has been relatively well
characterized, while other regulatory ncRNAs, for instance, small
interfering RNAs (siRNAs), PIWI interacting RNAs (piRNAs) as
well as circular RNAs (circRNAs), have been rarely reported to
regulate NF-kB signaling of HCC. Herein, we put a particularly
focus on up-to-date findings regarding the role of ncRNAs in NF-
kB signaling of HCC (Figure 1), then discuss the potential
significance of ncRNAs in overcoming the obstacle of NF-kB-
associated chemoresistance in HCC, finally future research
directions and challenges are addressed.
REGULATION OF NF-kB SIGNALING
BY miRNAs IN HCC

miRNAs are a distinct kind of evolutionarily-conserved and
endogenous ncRNAs of 19–25 nt in length (20). The
predominant function of miRNAs includes either accelerated
degradation or reduced translation of target messenger RNAs
(mRNAs), which can be achieved by the conjugation of a miRNA
FIGURE 1 | Schematic representation for the role of regulatory ncRNAs in
NF-kB signaling pathway in HCC. Many miRNAs and lncRNAs are aberrantly
expressed in HCC and they can promote or restrain the expression of HCC-
associated genes by modulating certain components of NF-kB signaling
pathway and/or the activity of NF-kB.
November 2021 | Volume 11 | Article 775250
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to the 3 ‘untranslated region (UTR) of the target mRNA (21–23).
miRNAs have recently acquired considerable attention in the
research of hepatic carcinoma (24). Overwhelming evidence has
emerged that miRNAs are involved in the malignant biological
activity of HCC by playing the part of either oncogenic or tumor
suppressor factors (25), some of which have been reported
directly or indirectly to regulate NF-kB pathway and/or NF-kB
activity to mediate HCC development (Table 1 and Figure 1).

miRNAs Involved in the Regulation of TRAFs
TRAFs are important signaling molecules that connect the TNFR
superfamily and the interleukin-1 receptor/Toll-like receptor (IL-
1R/TLR) superfamily, which act as an active part in regulating
immunity and inflammation (52). Recently, several evidence has
demonstrated that TRAF proteins initiating NF-kB activation is
regulated by ncRNAs in HCC and these studies focus mainly on
TRAF6. TRAF6 is a well-characterized E3 ligase that specifically
conjugates K63-linked polyubiquitin chains (53) and it is also
considered as a key activator of NF-kB signaling (54). It was
reported that the expression of TRAF6 was strongly associated
withHCConcogenicityboth invitroand invivo.However,miR-429
(26), miR-125a/b/miR-124 (55) and miR-605-3p (56) were
confirmed to dampen the expression of NF-kB target genes by
targeting TRAF6, which significantly abrogated the malignancy of
HCC. In addition, several studies have reported that other TRAF
proteins, such as TRAF2, can be regulated by certain miRNA
molecules such as miR-502-5p (57), miR-514a-3p (58), and miR-
Frontiers in Oncology | www.frontiersin.org 3
892b (59) in breast cancer, suggesting that these miRNAs that
regulate TRAF2 can serve as potential disquisitive objects in the
study of HCC development and progression.

miRNAs Involved in the Regulation of NIK
NIK is a member of the mitogen-activated protein kinase kinase
kinaser (MAPKKK, MAP3K) family, which is a central signaling
component in the noncanonical NF-kB pathway (60, 61).
Previous studies have indicated that the activation of the
noncanonical NF-kB pathway by NIK significantly enhances
oncogenic signaling and high NIK activity is associated with
different human malignancies and supports poor survival in
tumor patients (62). It is worth noting that NIK is identified as
an underlying and attractive candidate for the treatment of HCC.
Recently, silencing NIK with miRNAs has been acknowledged as
an effective strategy for attenuating the constitutive activation of
NF-kB in HCC. For example, miR-98-5p was confirmed to be a
potent inhibitor of NF-kB pathway viamarkedly repressing NIK
and exerted its inhibitory effect for anti-HCC therapy (27).
Another study found that over-expression of miR-520e stunted
HCC cells growth via reducing NIK protein levels (28).

miRNAs Involved in the Regulation of TAK1
TAK1 is a serine/threonine protein kinase and is also an
identified MAP3K. It is an important adaptor protein for
intracellular signaling transduction that responds to TGF-b,
bone morphogenetic proteins, and other cytokines (63, 64).
TABLE 1 | miRNAs involved in the regulation of NF-kB pathway and/or NF-kB activity in HCC.

miRNA Expression Target Function in NF-kB Role in HCC Ref.

miR-429 Down TRAF6 NF-kB inhibition HCC suppressor (26)
miR-98-5p Down NIK NF-kB inhibition HCC suppressor (27)
miR-520e Down NIK NF-kB inhibition HCC suppressor (28)
miR-26b Down TAK1 and TAB3 NF-kB inhibition HCC suppressor (29)
miR-16 Down IKKb NF-kB inhibition HCC suppressor (30)
miR-451 Down IKKb NF-kB inhibition HCC suppressor (31)
miR-195 Down IKKa NF-kB inhibition HCC suppressor (32)
miR-342-3p Down IKKg, TAB2 and TAB3 NF-kB inhibition HCC suppressor (33)
miR-127-5p Down BLVRB NF-kB inhibition HCC suppressor (34)
miR-16 Down FEAT NF-kB inhibition HCC suppressor (35)
miR-194 Down TRIM23 NF-kB inhibition HCC suppressor (36)
miR-370 Down Lin28A NF-kB inhibition HCC suppressor (37)
miR-129-5p Down VCP NF-kB inhibition HCC suppressor (38)
miR-302b Down AKT2 NF-kB inhibition HCC suppressor (39)
miR-491 Down SMAD3 NF-kB inhibition HCC suppressor (40)
miR-622 Down MAP4K4 NF-kB inhibition HCC suppressor (41)
miR-29-3p Down PTEN NF-kB inhibition HCC suppressor (42)
miR-595 Down ABCB1 NF-kB inhibition HCC suppressor (43)
miR-140 Down Dnmt1 NF-kB inhibition HCC suppressor (44)
miR-124 Down BIRC3 NF-kB inhibition HCC suppressor (45)
miR-145 Down ROCK1 NF-kB inhibition HCC suppressor (46)
miR-301a Up GAX NF-kB activation Oncogene (47)
miR-4262 Up PDCD4 NF-kB activation Oncogene (48)
miR-657 Up TLE1 NF-kB activation Oncogene (49)
miR-1180 Up OTUD7B and TNIP2 NF-kB activation Oncogene (50)
miR-362-5p Up CYLD NF-kB activation Oncogene (51)
Novembe
r 2021 | Volume 11 | Article 77
TRAF6, Tumor necrosis factor receptor-associated factor 6; TAK1, Transforming growth factor-b-activated kinase 1; TAB3, TAK-binding protein 3; BLVRB, Biliverdin reductase B;
TRIM23, Transcripts encoding tripartite motif containing 23; Lin28A, Lin28 homolog A; VCP, Valosin containing protein; MAP4K4, Mitogen-activated protein 4 kinase 4; Dnmt1, DNA
methyltransferase 1; BIRC3, Baculoviral IAP Repeat Containing 3; ROCK1, Rho-associated protein kinase 1; TLE1, Transducin-like Enhancer Protein 1.
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These cytokines initially act on the corresponding cell surface
receptors and then lead to the recruitment of the TRAF proteins
in the cytoplasm to the receptors. TAK1 functions as a pivotal
downstream kinase thatmediates TRAF6-inducedNF-kB pathway
by forming a complex with the TAK-binding proteins (TAB 1, 2,
and 3) (65). The complex then phosphorylates IKK complex to
activate NF-kB pathway (54, 66). Recently, the potential linkage
betweenmiRNAs and TAK1 has been investigated. It was reported
that the levels of miRNA-26b were dramatically decreased in HCC
tissues, and enhancing miR-26b expression possessed the NF-kB
inhibitory effect via targeting TAK1 and TAB3, thus attenuating
HCC progression (29).

miRNAs Involved in the Regulation of IKK
Recently, a plethora of studies have uncovered that the
dysregulation of miRNAs may influence IKK, a key component
of the canonical NF-kB pathway, thus triggering HCC initiation
and progression. For example, the negative regulatory role for
miR-16 has recently been discovered in HCC, and IKKb is
further characterized as a functional target of miR-16 (30). miR-
451 is a key factor involved in the normal function of the liver and
the loss of miR-451 is closely related to HCC progression (67, 68).
Furthermore, a study reported that miR-451 strongly alleviated
HCCcell proliferation through the direct suppressionof IKKb, thus
downregulating the downstream genes of NF-kB pathway (31).
miR-195 is a major member of the miR-15/16/195/424/497 family.
At the molecular level, it is reported that miR-195 is able to
modulate a large number of target proteins involved in cell cycle,
apoptosis and proliferation (69). In addition,miR-195 is implicated
in HCC pathogenesis by targeting IKK. miR-195 was shown to be
markedly downregulated in HCC, and restoring the expression of
miR-195 enabled it to regain its tumor suppressive function by
affecting NF-kB downstream effectors by way of directly targeting
IKKa and TAB3 at the post-transcriptional level (32). Another
example was that increasing the expression of miR-342-3p was
conducive to an evident decrease of proliferation level of HCC cells
by directly targeting IKKg, TAB2 and TAB3 3’UTR (33).

miRNAs Involved in the Regulation of
Deubiquitinating Enzymes (DUBs)
CYLD、A20、OTUD7B are well-known DUBs that play pivotal
roles as negative regulators of the NF-kB pathway by blocking
ubiquitination mediated by E3 ubiquitin ligases (70, 71). In
addition, a previous study revealed that TNIP2 (also known as
ABIN2), the binding partner of zinc finger protein A20, could
impair NF-kB activation (72). miR-1180 was found to exert an
anti-apoptotic function in HCC via directly targeting two NF-
kB-negative regulators (OTUD7B and TNIP2), favouring NF-kB
signaling activation (50). miR-362-5p was also confirmed to
promote sustained NF-kB signaling activation through the
suppression of CYLD, so as to aggravate HCC growth and
metastasis (51, 73).

miRNAs Involved in the Regulation of
Other NF-kB-Associated Components
In HCC cells, the markedly under-expressed miR-127-5p led to
increased activity of NF-kB by targeting BLVRB, thereby
Frontiers in Oncology | www.frontiersin.org 4
promoting the tumorigenicity (34). VCP was reported to be
involved in the proteasome-mediated degradation of IkBa by
physically interacting with ubiquitinated IkBa (74, 75). The
overexpression of miR-129-5p was shown to negatively
regulate the progression of HCC and inhibit the degradation of
IkBa by suppressing the expression of VCP (38). On the
contrary, some miRNAs are overexpressed in HCC and
activate NF-kB activity by affecting certain NF-kB-associated
factors, thereby predisposing to HCC development. For example,
miR-4262 resulted in the accumulation of nuclear NF-kB/P65 by
targeting the 3’UTR of PDCD4, which subsequently enhanced
HCC cell proliferation (48). Similarly, miR-657 was proved to
target TLE1 3’UTR, which in turn activated NF-kB signaling and
conduced to HCC tumorigenesis (49). In short, the miRNA-NF-
kB pathway network is expected to become a promising
therapeutic target for patient with HCC.
REGULATION OF NF-kB SIGNALING
BY lncRNAs IN HCC

By convention, ncRNAs with the minimum size limit of 200 nt
are defined as lncRNAs (76). Classification of lncRNAs is still at
its infancy due to few structural, functional or mechanistic
features common to all mammalian lncRNAs. Here, lncRNAs
are categorized according to their modes of action and functions.
Generally, the potential modes of action of lncRNAs depend on
their subcellular localization. Functions of lncRNAs within the
nucleus of the cell include transcriptional regulation, enhancer-
associated ncRNAs, epigenetic regulation and regulation of
nuclear architecture; Cytoplasmic functions of lncRNAs
include targeting mRNAs for degradation by a process called
Staufen 1 (STAU1)-mediated decay, maintaining mRNA
stability and functioning as miRNA sponges (18). To date,
lncRNAs have been revealed as essential regulators in HCC
(77). Interestingly, some lncRNAs have been identified to
implicate in hepatocarcinogenesis by modulating the NF-kB
signaling (Table 2 and Figure 1).

LncRNAs Involved in the Regulation
of NF-kB Pathway Through
Transcription Regulation
Several studies have revealed that the lncRNAs-mediated
regulation of NF-kB signaling in HCC can be in part
attributed to lncRNA-DNA interplay. The typical lncRNA-
DNA interaction site may be located in the promoters or other
regulatory DNA sequences (such as enhancers) of certain genes,
thus manipulating transcription of genes. For instance, lncRNA
00607 was able to bring about p65 transcriptional repression due
to the interplay between lncRNA 00607 and NF-kB p65
promoter region, thus possessing attenuated proliferation of
HCC cells (81). Furthermore, a portion of lncRNAs have been
shown to participate in histone modification, revealing another
pivotal transcriptional regulation mechanism. In terms of the
regulation of NF-kB pathway in HCC, a study has demonstrated
that the upregulation of lnc Myd88 in HCC contributes to the
November 2021 | Volume 11 | Article 775250
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enrichment of acetylation of H3K27 at the promoter of Myd88,
which promotes the transcription of Myd88 and then activates
the NF-kB signaling pathway (85).

LncRNAs Involved in the Regulation of
NF-kB Pathway by Sponging miRNAs
Some lncRNAs act as competitive endogenous RNAs (ceRNAs)
for miRNAs binding, and these lncRNAs are also hailed as
miRNA sponges. This lncRNA-miRNA association reduces the
levels of free miRNAs and weakens the “silencing effect” of
miRNAs on target genes, thereby permitting the re-expression
of the target genes of miRNAs (86). To date, a number of
lncRNAs have been revealed as miRNA sponges involving in
diverse pathological aspects of HCC by regulating NF-kB
signaling pathway, among which tumor-suppressor lncRNAs
negatively regulate the NF-kB pathway. For example, lncRNA
CASC2, a tumor-suppressor lncRNA, was shown to impede the
NF-kB pathway as miR-362-5p sponge, thereby hampering
migration and invasion of HCC cells (73). By contrast,
oncogenic lncRNAs that promote HCC development can serve
as activators in NF-kB pathway via acting as ceRNAs by
associating with miRNAs. For instance, lncRNA CRNDE, an
oncogenic lncRNA, significantly enhanced phosphorylation of
IkB by sponging miR-539-5p via a ceRNA-based mechanism,
thereby promoting HCC progression (82). SNHG16, a widely
studied tumor-associated lncRNA, which is often overexpressed
in tumor tissues and mainly exerts a vital role in various
malignant behaviors and events of tumors by sponging
miRNAs. Generally, the higher the level of hepatic SNHG16,
the worse the clinical situation (87). In HCC, SNHG16 was
confirmed to promote tumor proliferation and metastasis by
acting a “sponge” to absorb miR-17-5p, which in turn up-
regulated p62, causing the downstream NF-kB signaling
activation (83). Another study has pointed out that SNHG16
inhibits the activity of miR-605-3p as a ceRNA, which in turn
restored the expression of TRAF6 and went against HCC
mitigation (56). TP73-AS1 was an oncogenic lncRNA that
targeted miR-200a to reduce its inhibiting effect on HMGB1,
which promoted NF-kB signaling of HCC and its downstream
Frontiers in Oncology | www.frontiersin.org 5
cytokines levels (84). Similarly, activation of NF-kB signaling was
involved in SNHG12-mediated hepatocarcinogenesis. The
generation of SNHG12 was essential for sponging more miR-
199a/b-5p molecules, which resulted in the upregulation of
MLK3 that functioned as an IkB kinase kinase (IKKK) (88).
Additionally, a study proved that NEAT1 could act as a ceRNA
to regulate miR-129-5p availability for its target gene, VCP and
IkB, and thus promoting the proliferation of HCC cells (89).

LncRNAs Involved in the Regulation of
NF-kB Pathway by Interacting With Proteins
In addition to regulating transcription and functioning as
miRNA sponges, lncRNAs can also modulate NF-kB signaling
in HCC by mediating protein degradation and stabilization. For
instance, lncRNA miR503HG mediated HNRNPA2B1
degradation by means of the ubiquitin-proteasome pathway,
thus reducing transcription of p52 and p65 in HCC cells (78).
In contrast, LINC00665 maintained the protein stability of PKR
by interdicting its degradation, thereby mediating NF-kB
signaling activation in HCC (90). Moreover, NKILA was
reported to bind to the NF-kB/IkB complex in such a way as
to mask the phosphorylation of IkB, thus contributing to protein
complex stability, causing a negative feedback loop of NF-kB
pathway in HCC (80).
NF-kB-ASSOCIATED CHEMORESISTANCE
INHCCANDncRNAs-TARGETING THERAPY

With the emergence of new drugs and the standardization of
chemotherapy regimens, chemotherapy has become one of the
most important modes of cancer treatment besides surgery, which
has improved the survival rate and time of tumor patients to a
certain extent. However, chemotherapy has its own limitations,
such as high toxicity, immunosuppression, and primary and/or
secondary resistance of tumor cells(chemoresistance). Of the three
limitations listed, chemoresistance poses the greatest obstacle to
the effective treatment of HCC patients using chemotherapy (91).
Therefore, in order to improve the efficacy of chemotherapy and
TABLE 2 | LncRNAs involved in the regulation of NF-kB pathway and/or NF-kB activity in HCC.

LncRNA Expression Binding partners Action modes Function in NF-kB Role in HCC Ref.

miR503HG Down HNRNPA2B1 Protein ubiquitination and degradation NF-kB inhibition HCC suppressor (75)
NKILA Down NF-kB/IkB complex Protein stabilization NF-kB inhibition HCC suppressor (76, 77)
CASC2 Down miR-362-5p miRNA sponge NF-kB inhibition HCC suppressor (70)
00607 Down the p65 promoter region Transcriptional suppression NF-kB inhibition HCC suppressor (78)
PDIA3P1 Up miR-125a/b/miR-124 miRNA sponge NF-kB activation Oncogene (55)
CRNDE Up miR-539-5p miRNA sponge NF-kB activation Oncogene (79)
SNHG16 Up miR-17-5p miRNA sponge NF-kB activation Oncogene (80)

Up miR-605-3p miRNA sponge NF-kB activation Oncogene (56)
TP73-AS1 Up miR-200a miRNA sponge NF-kB activation Oncogene (81)
Myd88 Up N/A Histone modification NF-kB activation Oncogene (82)
SNHG12 Up miR-199a/b-5p miRNA sponge NF-kB activation Oncogene (83)
LINC00665 Up PKR Protein activation and stabilization NF-kB activation Oncogene (84)
NEAT1 Up miR-129-5p miRNA sponge NF-kB activation Oncogene (85)
November 202
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HNRNPA2B1, Heterogeneous nuclear ribonucleoprotein A2/B1; NKILA, NF-kB interacting lncRNA; CASC2, Cancer susceptibility candidate 2; PDIA3P1, Protein disulfide isomerase family
A member 3 pseudogene 1; CRNDE, Colorectal Neoplasia Differentially Expressed; SNHG16, Small nucleolar RNA host gene 16; TP73-AS1, P73 antisense RNA 1 T; N/A, Not available;
SNHG12, Small nucleolar RNA host gene 12; PKR, Double-stranded RNA (dsRNA)-activated protein kinase; NEAT1, Nuclear-enriched abundant transcript 1.
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overcome chemoresistance, the mechanisms of chemoresistance
and the molecular regulatory networks implicated in HCC still
need to be further studied. It has been detected that NF-kB
signaling is frequently activated in HCC, which is closely related
to the onset of chemoresistance in this setting (92, 93). In addition
to the induction of NF-kB signaling by extracellular ligand/cell-
surface receptors interactions, chemotherapy-induced DNA
damage can also activate NF-kB, leading to the transcription of
numerous NF-kB-activated anti-apoptotic genes, the
desensitization of cells to apoptosis, and further promotion of
cancer progression (94, 95). Over the past years, the regulatory
function of ncRNAs in hepatocarcinogenesis and chemoresistance
has attracted extensive attention (10). As some reports show
promising data, targeting the NF-kB pathway by ncRNAs seems
to improve chemosensitivity of patients with HCC to
chemotherapeutic agents.

Paclitaxel is one of the most widely used chemotherapy drugs,
employed in the treatment of various malignant tumors (96–98),
including HCC. However, chemoresistance of paclitaxel often
occurs in patients with HCC, with NF-kB signaling being
implicated in the mechanisms of paclitaxel-specific
chemoresistance. As mentioned above, ncRNAs are of great
use in improving the efficacy and chemosensitivity by targeting
NF-kB signaling. For example, knocking down the expression of
miR-16 increased the chemoresistance of HCC cell lines to
paclitaxel through the NF-kB signaling, and the restoration of
miR-16 expression effectively reversed chemoresistance of HCC
by targeting IKKb (30). Doxorubicin, another chemotherapeutic
agent widely used against various malignant tumors, mainly
interferes with the function of DNA topoisomerase II-a and
breaks DNA double-strand to induce apoptosis of tumor cells
(99). In HCC, chemoresistance to doxorubicin is another clinical
problem yet to be solved. Doxorubicin was found to dramatically
elevate phosphorylation level of p65, leading to the activation of
numerous anti-apoptotic genes in HCC cells. However, restoring
the expression of miR-26b dramatically blocked the nuclear
translocation of NF-kB, further decreasing the occurrence of
NF-kB-mediated chemoresistance of HCC cells to doxorubicin
(29). Another study has proved that the over-expression of
lncRNA 00607 enhances the sensitization of HCC cells to
doxorubicin and other chemotherapeutic drugs via NF-kB
p65/p53 signaling axis (81). LncRNA PDIA3P1 was an
oncogenic lncRNAs and its presence was also associated with
chemoresistance of HCC to doxorubicin, which protected HCC
cells from doxorubicin-induced apoptosis through NF-kB
activation. Therefore, inhibition of PDIA3P1 was a useful
method to restore the chemosensitivity of HCC to doxorubicin
(55). Cisplatin is a platinum-containing anticancer drug, which
functions to facilitate the apoptosis of cancer cells through the
interference in DNA repair mechanisms and the induction of
DNA damage (100). Recently, a study uncovered that the
chemosensitivity of HCC to cisplatin was correlated with the
dysregulation of miR-1180. The higher the expression of miR-
1180, the more severe the extent of chemoresistance. In terms of
mechanism, high expression of miR-1180 facilitated the
downregulation of NF-kB-negative regulators which in turn
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caused the NF-kB-mediated chemoresistance of HCC cells to
cisplatin (50). Sorafenib is a first-line chemotherapy agent for
advanced HCC patients (101). As an oral multikinase inhibitor,
sorafenib plays an anti-cancer role by inhibiting cell proliferation
and angiogenesis (102). Unfortunately, most HCC patients are
prone to develop chemoresistance to sorafenib during treatment
and ultimately gain poor clinical outcomes (102). Given the
central role of sorafenib in HCC therapy, it is urgent to further
study the exact mechanisms of sorafenib resistance in HCC so as
to improve chemosensitivity of HCC to sorafenib. Recent studies
have revealed that the activation of NF‐kB is identified as a
crucial molecule leading to sorafenib resistance in HCC (102–
104). Meanwhile, ncRNAs have been considered to be vital
regulators in sorafenib resistance of HCC (105). Notably,
certain ncRNAs that are discussed in this review have been
confirmed to be involved in sorafenib resistance in HCC, such as
miR-124, NEAT1, SNHG16 and so on. Therefore, subsequent
studies will need to focus on understanding whether these
ncRNAs are implicated in the development of NF‐kB-
mediated sorafenib resistance in HCC.
PERSPECTIVES

HCC can be in part ascribed to NF-kB signaling activation, the
aberrant activation of which is linked with initiation,
progression, metastasis, and drug resistance of HCC. As
discussed in this review, small and long ncRNAs have emerged
as promising molecules for regulating NF-kB signaling, and the
restoration or inhibition of ncRNAs expression levels has shown
high therapeutic potential in HCC. Generally, there are two
therapeutic strategies that target ncRNAs in HCC. The first
method aims to restore the tumor suppressor activity of
ncRNAs that are lost or downregulated in HCC by using
synthetic ncRNA molecules with same function, such as
ncRNA mimics or ncRNAs expression vectors. The second
approach aims to block the oncogenic activity of ncRNAs that
are abnormally overexpressed in HCC. Both strategies can be
applied to miRNAs, but in the case of lncRNAs, blocking their
function is more reasonable than restoring the biological activity
of these transcripts (106). CircRNAs have become a latest
research hotspot in the field of ncRNAs, and their potential
clinical value has been widely studied. Compared with linear
RNAs, circRNAs are highly stable and covalently closed loop
transcripts without 5′ caps and 3′ tails (107, 108). They are
widely found in a variety of eukaryotes with extremely significant
biological functions (109). With the development of high-
throughput sequencing techniques, numerous circRNAs have
been discovered to be correlated with the occurrence and
development of various diseases, which especially exert an
important influence on the pathogenesis, diagnosis, treatment
and prognosis of tumors (109, 110). Recent evidence indicates
that circRNAs might involve in the pathogenesis of HCC and
exert their regulatory roles in HCC mainly by sponging miRNAs
(109). Although there have been few reports on the crosstalk
between circRNAs and NF-kB in HCC, some circRNAs have
November 2021 | Volume 11 | Article 775250
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been discovered to be able to sponge the miRNAs that are
reported herein which can mediate NF-kB signaling in HCC.
For example, circZNF609-miR-342-3p (111), circPTGR-miR-
129-5p (112) and circHIPK3-miR-124 (113) pathways have
been discovered in HCC recently, suggesting that these
circRNAs that function as ceRNAs might mediate HCC
progression though regulating NF-kB signaling. Moreover,
circRNAs have also been discovered to have complex roles in
mediating NF-kB signaling, which contributes to the
development of colorectal cancer (114), ovarian cancer (115),
breast cancer (116) and other cancers (117, 118). This evidence
further confirms that circRNA-NF-kB pathway may serve as a
novel future research direction in HCC.

Although ncRNAs represent promising targets for human
cancer therapeutic interventions, several issues still need to be
addressed. First, the relationship between the dysregulation of
ncRNAs and HCC remains unclear based on the current studies,
further in-depth research is needed to ascertain whether the
dysregulation of ncRNAs leads to the occurrence and
development of HCC or whether the development of HCC
causes the abnormal expression of ncRNAs in the first place.
Second, the tumor microenvironment of HCC is a complex
system composed of many cell subsets. It will be quite crucial
to elucidate the cellular sources of the abnormally expressed
ncRNAs in the tumor microenvironment of HCC, and define the
mechanisms employed by those ncRNAs in the initiation and
development of HCC. Future research will need to focus on
understanding the origins, action targets, traits and functions of
ncRNAs, particularly identifying the characteristics of
deterministic ncRNAs in HCC and the specific action targets
of these ncRNAs through large-scale and comprehensive
Frontiers in Oncology | www.frontiersin.org 7
analytical studies. These findings will help to develop potential
diagnostic, therapeutic, and prognostic approaches for HCC.
Finally, the development of ncRNA-based anti-HCC therapies is
still in its infancy, therefore, more attention should be paid to the
multi-targets, off-target, instability and other defects in the
research and clinical application of ncRNA mimics and
antagonists, so as to strengthen anti-HCC therapeutic efficacy
and reduce side effects.
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