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Hepatocellular carcinoma (HCC) is one of the most lethal hu-
man malignancies. Chemotherapeutic agents, such as sorafenib
and lenvatinib, can improve the outcomes of HCC patients.
Nevertheless, chemoresistance has become a major hurdle in
the effective treatment of HCC. Noncoding RNAs (ncRNAs),
including mircoRNAs (miRNAs), long ncRNAs (IncRNAs),
and circular RNAs (circRNAs), have been demonstrated to
participate in the onset and progression of HCC. Moreover,
multiple lines of evidence have indicated that ncRNAs also
play a pivotal role in HCC drug resistance. ncRNAs can regu-
late drug efflux and metabolism, glucose metabolism, cellular
death pathways, and malignant characteristics in HCC. A
deeper understanding of the molecular mechanisms respon-
sible for ncRNA-mediated drug resistance in HCC will provide
new opportunities for improving the treatment of HCC. In
this review, we summarize recent findings on the molecular
mechanisms by which ncRNAs regulate HCC chemoresistance,
as well as their potential clinical implications in overcoming
HCC chemoresistance.

Hepatocellular carcinoma (HCC) is one of the most prevalent cancers
worldwide and the third-most lethal human malignancy among can-
cer patients.] Surgical resection, liver transplantation, tumor ablation,
transarterial therapies, and systemic chemotherapies are currently the
mainstays of treatment for HCC.? In addition, immune-based thera-
pies for HCC have been proposed. Several clinical trials are being con-
ducted to investigate the efficacy of immune-based therapies.
Remarkably, radical surgery, ablation, and liver transplantation are
only curative in cases of early HCC diagnosis. Transarterial therapies
should be performed in patients with intermediate-stage tumors.
Systemic chemotherapies are recommended for patients with an
advanced stage of HCC. To date, several agents, including sorafenib
and lenvatinib, have been approved for systemic therapy for advanced
HCC.? However, the therapeutic effectiveness of these chemothera-
peutic agents is significantly restricted by the chemoresistance of
HCC cells. For this reason, drug resistance is a difficult obstacle in
HCC therapy. Generally, cancer resistance to chemotherapies is clas-
sified into intrinsic and acquired resistance.” Intrinsic resistance is
an inherent capability of cancer cells to survive and persist through
their first exposure to therapies. Distinct mechanisms are involved
in the intrinsic resistance of cancer cells. Drug efflux pumps function

to decrease drug concentrations within cancer cells,” and therapeutic
drugs can be biochemically degraded by detoxifying enzymes (e.g., cy-
tochrome p450 and glutathione transferases).”” In contrast, acquired
resistance is the molecular evolution of cancer cells, following treat-
ment, to a persistent state, whereby cells can expand in the presence
of subsequent treatment though natural selection of changes contrib-
uting to a survival advantage. This can be mediated by regulation of
the expression of genes that are involved in cell proliferation, survival
and death signaling pathways, genetic damage tolerance, and DNA
repair capacity. Acquired resistance renders cancer cells resistant to
more than one type of chemotherapeutic agent. The future of HCC
treatment is correlated with our capability to elucidate the molecular
mechanisms associated with HCC chemoresistance and to discover
novel therapeutic targets.

Noncoding RNAs (ncRNAs) refer to transcripts that have no protein-
coding potential and constitute a vast majority of cellular RNAs.®
ncRNAs are functional regulatory molecules that are involved in
various cellular processes, including transcription, translation, chro-
matin remodeling, and post-translational modification.” More
importantly, ncRNAs can affect multiple molecular targets associated
with cell proliferation and apoptosis.” Accordingly, ncRNAs serve
as vital mediators of cellular functions in both physiological and
pathological contexts. ncRNAs are generally grouped into small or
short ncRNAs and long ncRNAs (IncRNAs) with a transcript size
cutoff of 200 nucleotides (nt) in length.m There are several kinds
of small ncRNAs, including microRNAs (miRNAs), endogenous
small interfering RN As (siRNAs), PIWI-interacting RNAs (piRNAs),
small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs),
extracellular RNAs (exRNAs), and small Cajal body-specific RNAs
(scaRNAs)."! The most well-known class of small ncRNAs, miRNAs,
can negatively regulate gene expression by inducing mRNA degrada-
tion or translational repression. IncRNAs are a heterogeneous
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group of ncRNAs that are larger than 200 nt."> IncRNAs control gene
expression at epigenetic, transcriptional, or translational levels.
Among IncRNAs, circular RNAs (circRNAs) are an emerging type
of endogenous RNA molecule that are generated from the back-
splicing of precursor mRNAs."” circRNAs form a covalently closed
continuous loop and are generally stable relative to linear RNAs.
circRNAs can work as miRNA sponges and also combine with pro-
teins."” circRNAs can be spatially or temporally regulated in a dis-
ease-specific manner, implying that they may possess significant
functions in disease pathology. miRNAs, IncRNAs, and circRNAs
have been identified to take part in key steps during HCC carcinogen-
esis and progression.'* These ncRNAs also play an important role in
the drug resistance of HCC. Although there are several reviews on the
roles of ncRNAs in HCC chemoresistance, some recent advances in
this field have not yet been reviewed. In a recent review, Wei
et al."” concluded that miRNAs and IncRNAs were involved in
HCC chemoresistance, mainly by governing cell proliferation, death,
cell cycle, and epithelial-mesenchymal transition (EMT). Additional
mechanisms associated with ncRNA-mediated HCC drug resistance
have been elucidated, including upregulation of drug-metabolizing
enzymes, alteration in the availability of drug targets. and enhanced
glucose metabolism. Here, we review the molecular mechanisms
identified, to date, that contribute to miRNA/IncRNA-mediated
HCC chemoresistance. In addition to miRNAs and IncRNAs, other
types of ncRNAs (siRNAs and circRNAs) have been linked to drug
resistance in HCC. In this review, we also summarize the underlying
mechanisms by which siRNAs and circRNAs affect HCC chemore-
sistance. In another review by Ding et al.,'® only 9 IncRNAs and their
implications in HCC chemoresistance were discussed. So far, more
than 20 IncRNAs have been confirmed to play a critical role in the
drug resistance of HCC. By contrast, we present a comprehensive
overview of IncRNA-mediated regulatory networks involved in
HCC chemoresistance. Lai et al.'” previously summarized the rela-
tionship between miRNAs/IncRNAs and sorafenib resistance in
HCC. Here, we review the regulatory mechanisms of ncRNAs in
HCC resistance to various chemotherapeutic agents, such as sorafe-
nib, cisplatin, oxaliplatin, and paclitaxel. Furthermore, we discuss
the possibility of the clinical application of ncRNAs in HCC manage-
ment. A better understanding of the functional mechanisms of
ncRNAs in coordinating s resistance pathways may offer an opportu-
nity to develop novel therapeutic interventions that can overcome
drug resistance in HCC patients.

Underlying Mechanisms of miRNA-Mediated Chemoresistance
in HCC

miRNAs are a class of endogenous small ncRNA molecules with a
length of approximately 19-25 nt.'"® miRNAs function in the post-
transcriptional modulation of gene expression and thus, manipu-
late pivotal cellular processes, including cell metabolism, prolifer-
ation, differentiation, and death.’’ In general, miRNAs interact
with target mRNAs through complementary base paring to govern
their stability or translation. Emerging evidence indicates that
miRNAs can regulate the sensitivity of HCC cells to chemothera-
peutic drugs by modifying diverse molecular processes (Table 1).
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The contribution of miRNAs to HCC chemoresistance is outlined
below.

miRNAs Alter the Expression of Drug Efflux Pumps and
Metabolizing Enzymes

One major obstacle to successful cancer treatment is the existence of
tumor cells that demonstrate the multidrug resistance (MDR) geno-
type. MDR is commonly a result of the upregulation of drug efflux
pumps, including ATP-binding cassette (ABC) transporters. ABC
transporters, including ABC transporter-subfamily B member 1
(ABCB1), -subfamily C member 1 (ABCC1), and -subfamily G mem-
ber 2 (ABCG2), are responsible for the efflux of chemotherapeutic
drugs from tumor cells, hence leading to MDR.** Multiple miRNAs
have been reported to affect ABC transporter-mediated drug efflux
(Figure 1). MicroRNA (miR)-325-3p was found to target the hexos-
amine pathway molecule dolichyl-phosphate N-acetylglucosamine
phosphotransferase 1 (DPAGT1), thus repressing the growth of
doxorubicin (DOX)-resistant HCC cells in vitro and in vivo.”' Mech-
anistically, DPAGT1 expression was positively correlated with upre-
gulation of stemness-related markers and ABC drug efflux trans-
porters in DOX-treated HCC cells. Yes-associated protein 1 (YAP1)
elevated the expression of stemness markers (Oct4, Sox2, Notchl,
Nanog, and Nestin) and ABC transporters (ABCB1 and ABCC1) in
DOX-resistant HCC cells.”> miR-590-5p markedly enhanced the
sensitivity of HCC cells to DOX by downregulating YAP1 in vitro
and in vivo.

Astrocyte-elevated gene-1 (AEG1) prompts the translation of MDR1,
which contributes to drug resistance in cancer.”> miR-375 reduced
efflux and increased accumulation of DOX in HCC tissues by de-
scending MDR1 expression through downregulation of AEG1.>* Co-
delivery of miR-375 and DOX by liposomes dramatically reversed
DOX resistance by downregulating MDRI. The combination of
miR-375 and DOX displayed enhanced antitumor efficiency and
overcame DOX resistance in a xenograft mouse model of HCC. Like-
wise, codelivery of miR-375 and DOX by nanoparticles produced
enhanced antitumor effects and reversed DOX resistance in HCC
mouse models.”>*® These studies suggested that the combination of
DOX and miR-375 might be useful in treating HCC. miR-125b atten-
uated DOX/sorafenib resistance in HCC cells by negatively modu-
lating MDR genes, including ABCC1, ABCG2, and P-glycoprotein
(P-gp).27 Nuclear factor-erythroid 2-related factor 2 (Nrf2) domi-
nated the expression of drug transporters and drug-metabolizing en-
zymes.”® Activation of the Nrf2 signaling pathway is crucial for the
acquisition of drug resistance in cancer cells. miR-141 significantly
repressed fluorouracil (5-FU)-induced apoptosis in HCC cells.”” In
terms of the mechanism, miR-141 enhanced 5-FU resistance in
HCC cells by directly targeting Kelch-like ECH-associated protein 1
(Keapl) and activating the Nrf2-dependent antioxidant pathway. In
contrast, miR-340 sensitized HCC cells to cisplatin by blocking the
Nrf2-dependent antioxidant pathway.”® Further exploration of the
detailed mechanisms underlying miRNA-mediated regulation of
drug efflux may offer new insight into HCC chemoresistance. In addi-
tion, miRNAs can regulate the expression of drug-metabolizing


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

Table 1. Overview of Dysregulated ncRNAs Related to Drug Resistance in HCC

ncRNA Gene Type Alteration Target/Pathway Effect on Drug Resistance References
miR-325-3p tumor suppressor downregulated DPAGT1 sensitivity to DOX =
miR-590-5p tumor suppressor downregulated YAP1 sensitivity to DOX 2
miR-375 tumor suppressor downregulated AEGI1 sensitivity to DOX 220
miR-125b tumor suppressor downregulated ABCC1, ABCG2, P-gp; HK II sensitivity to DOX, sorafenib, 5-FU 751
miR-141 oncogene upregulated Keapl resistance to 5-FU »
miR-340 tumor suppressor downregulated Ia\:tfizogilz::(:)eexlway sensitivity to cisplatin 30
miR-128-3p oncogene upregulated CYP2C9 - 1
miR-215 oncogene upregulated DHFR, TS resistance to DOX 2
miR-21-5p oncogene upregulated FASLG resistance to cisplatin 3
miR-301a-3p oncogene upregulated VGLL4 resistance to oxaliplatin .
miR-16 tumor suppressor downregulated IKBKB sensitivity to paclitaxel »
miR-26b tumor suppressor downregulated NF-kB signaling pathway sensitivity to DOX 0
miR-19a-3p oncogene upregulated PTEN/AKkt signaling pathway resistance to sorafenib 7
miR-760 tumor suppressor downregulated Notchl, PTEN sensitivity to DOX o
miR-205-5p oncogene upregulated PTEN/JNK/ANXA3 pathway resistance to 5-FU H
miR-122 tumor suppressor downregulated IGF-1R; PKM2; serpinB3 sensitivity to sorafenib, DOX 42,52,56
miR-379 tumor suppressor downregulated IGF-1R sensitivity to 5-FU, paclitaxel, DOX "
miR-182 oncogene upregulated TP53INP1 resistance to cisplatin 1
miR-34a tumor suppressor downregulated Bcl-2 sensitivity to sorafenib v
miR-34a-5p tumor suppressor downregulated AXL sensitivity to cisplatin .
miR-539 tumor suppressor downregulated STATS3 signaling pathway sensitivity to arsenic trioxide »
miR-142-3p tumor suppressor downregulated ATGS5, ATGI6L1 sensitivity to sorafenib »
miR-26 tumor suppressor downregulated ULK1 sensitivity to DOX o
miR-101 tumor suppressor downregulated RAB5A, STMN1, ATG4D sensitivity to cisplatin 120
miR-589-5p oncogene upregulated ;{/ﬁis’ Zi)gc?ili;ogx;ascade, Nanog, resistance to DOX 7
miR-383 oncogene upregulated EIF5A2 sensitivity to DOX *
miR-145 tumor suppressor downregulated SMAD3 sensitivity to DOX ol
miR-144 tumor suppressor downregulated SMAD4 sensitivity to 5-FU o
miR-106a tumor suppressor downregulated Twistl sensitivity to gemcitabine o
KCNQI1O0T1 oncogene upregulated MRP5, MDR1, LRP1 resistance to oxaliplatin o8
NR2F1-AS1 oncogene upregulated miR-363 resistance to oxaliplatin o
HOTAIR oncogene upregulated STAT3, ABCBI; miR-145 resistance to cisplatin, imatinib 7072
linc-VLDLR oncogene upregulated ABCG2, ABCC1 resistance to sorafenib, DOX 7
HI19 oncogene upregulated MDRI, P-gp resistance to DOX 7
sensitivity to DOX, sorafenib, o
H19 tumor suppressor downregulated miR-193a-3p/PSEN1 docetaxel, paclitaxel, vinorelbine >
and 5-FU
KRAL tumor suppressor downregulated miR-141 sensitivity to 5-FU 7
NRAL oncogene upregulated miR-340-5p resistance to cisplatin 5
PDIA3P1 oncogene upregulated miR-125a/b, miR-124 resistance to DOX 8
SNHGI oncogene upregulated the Akt pathway resistance to sorafenib 8
NEAT1 oncogene upregulated miR-335 resistance to sorafenib ”
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Table 1. Continued

ncRNA Gene Type Alteration Target/Pathway Effect on Drug Resistance References
IncARSR oncogene upregulated ;{i?;iﬂ:zﬁi; l;ztt}}?‘:,:; resistance to DOX, cisplatin 8103
linc-ROR oncogene upregulated p53; TICs ::;itizr;i;?a?;: ic 9593
CASC2 tumor suppressor downregulated miR-24, miR-221 sensitivity to TRAIL 8
SNHG16 tumor suppressor downregulated miR-93 sensitivity to 5-FU 8
SNHG16 oncogene upregulated - resistance to sorafenib 8
GAS5 tumor suppressor downregulated miR-21 sensitivity to DOX .
TUC338 oncogene upregulated RASALL resistance to sorafenib ot
SNHG6-003 oncogene upregulated miR-26a/b resistance to 5-FU .
HULC oncogene upregulated USP22, Sirtl :;i;’af;:a:i tzlé?rlliplatin, 93
MALAT1 oncogene upregulated miR-216b resistance to 5-FU o
Inc-PDZD7 oncogene upregulated miR-101 resistance to 5-FU, sorafenib o1
HANR oncogene upregulated GSKIP resistance to DOX 106
HOTTIP oncogene upregulated HOXA13 resistance to sorafenib 107
circRNA_101505 tumor suppressor downregulated miR-103 sensitivity to cisplatin 108
circ_0003418 tumor suppressor downregulated Wnt/B-catenin pathway sensitivity to cisplatin 19

enzymes. For instance, miR-128-3p was reported to suppress the
expression of cytochrome p450 2C9 (CYP2C9) in HCC cells.”' The
expression of miR-215 was increased in DOX-resistant HCC cells
compared to nonresistant cells.”> The upregulation of miR-215
contributed to the development of DOX chemoresistance in HCC
cells. Mechanistic investigation indicated that miR-215 targeted dihy-
drofolate reductase (DHFR) and thymidylate synthase (TS), both of
which were important enzymes in DNA synthesis. These two en-
zymes are also critical targets of chemotherapeutic drugs.

miRNAs Affect the Cellular Apoptotic Pathway

Inhibition of drug-induced apoptosis is a vital mechanism contrib-
uting to drug resistance in HCC. miRNAs are capable of influencing
HCC chemoresistance by manipulating the apoptotic pathway (Fig-
ure 2). miR-21-5p restrained HCC cell apoptosis by directly targeting
FAS ligand (FASLG).*® As a result, miR-21-5p attenuated the sensi-
tivity of HCC cells to cisplatin treatment. miR-301a-3p promoted
HCC cell proliferation, invasion, and resistance to oxaliplatin by tar-
geting proapoptotic vestigial-like protein 4 (VGLL4).** Moreover,
miR-301a-3p overexpression was strongly correlated with poor prog-
nosis in HCC patients. miR-16 was expressed at low levels in HCC
tissues and cell lines.”> miR-16 enhanced paclitaxel sensitivity of
HCC cells by targeting inhibitor of nuclear factor kB (NF-«B) kinase
B (IKBKB), a critical protein of the NF-kB signaling pathway. miR-16
also decreased tumor sensitivity to paclitaxel in nude mice. miR-26b
improved the chemosensitivity of HCC cells to DOX by negatively
regulating the NF-kB signaling pathway.”® miR-19a-3p was obviously
upregulated in HCC cells compared to normal hepatic cells.”” miR-
19a-3p conferred sorafenib resistance to HCC cells by regulating
the phosphatase and tensin homolog (PTEN)/protein kinase B

16 Molecular Therapy: Nucleic Acids Vol. 21 September 2020

(Akt) signaling pathway. Both the NF-kB and PTEN/Akt pathways
are associated with cell apoptosis in cancer.”® Thus, miR-16, miR-
26b, and miR-19a-3p mediated HCC chemoresistance by controlling
apoptosis-related signaling cascades. Notchl, an important compo-
nent in Notch signaling, mediated the chemoresistant phenotype in
cancer cells.”” miR-760 was downregulated in HCC cells compared
to normal liver cells, whereas DOX treatment evidently lowered
miR-760 expression.”’ miR-760 sensitized HCC cells to DOX-medi-
ated apoptosis by downregulating Notchl and upregulating PTEN.
miR-205-5p conferred resistance to 5-FU in HCC cells through regu-
lation of the PTEN/c-Jun N-terminal kinase (JNK)/annexin A3
(ANXA3) pathway."' miR-122 conferred drug-tolerant HCC cells
sensitive to sorafenib treatment by supporting cell apoptosis.*”
miR-122 could target type 1 insulin-like growth factor receptor
(IGF-1R), which possessed an antiapoptotic effect.”’ Likewise, miR-
379 sensitized HCC cells to 5-FU, paclitaxel, and DOX by reducing
IGF-1R expression.** Tumor protein 53-induced nuclear protein 1
(TP53INP1), a tumor suppressor, induced p53-mediated apoptosis.*®
miR-182 decreased the expression of TP53INP1 and thus induced
resistance to cisplatin in HCC cells.*® miR-34a promoted sorafenib-
mediated cytotoxicity and apoptosis in HCC cells by lowering the
expression of B cell lymphoma-2 (Bcl-2).”” Another study also
demonstrated that miR-34a-5p promoted apoptosis and reversed
cisplatin resistance in HCC cells by targeting the receptor tyrosine ki-
nase AXL though the phosphorylated (p)-JNK/Bcl-2 signaling
pathway."® The expression of miR-539 was low in HCC tissues
compared to adjacent normal liver tissues.”’ miR-539 obviously
promoted cell apoptosis and overcame arsenic trioxide resistance in
HCC cells by inactivating the signal transducer and activator of tran-
scription 3 (STAT3) signaling pathway. In addition, intratumoral
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Figure 1. ncRNAs Affect Drug Efflux and Nrf2-Dependent Drug Metabolism
in HCC Cells

Various miRNAs and IncRNAs can regulate intracellular drug concentrations in HCC
cells by targeting drug efflux pumps. Several miRNAs and IncRNAs dominate the
expression of drug efflux pumps and metabolizing enzymes in HCC cells through
the Nrf2 signaling pathway. miR-215 inhibits the expression of DHFR and TS, which
are important targets of chemotherapeutic agents. miRNAs and IncRNAs also
orchestrate the survival and proliferation of HCC cells by regulating the JAK/STAT
signaling pathway. ABC transporter, ATP-binding cassette transporter; YAP1, Yes-
associated protein 1; Keap1, Kelch-like ECH-associated protein 1; Nrf2, nuclear
factor-erythroid 2-related factor 2; ROS, reactive oxygen species; DHFR, dihy-
drofolate reductase; TS, thymidylate synthase; IGF-1, insulin-like growth factor-1;
IGF-1R, type 1 insulin-like growth factor receptor; JAK, Janus kinase; STAT, signal
transducer and activator of transcription.

delivery of miR-539 mimics remarkably repressed the growth of
xenograft tumors from arsenic trioxide-resistant HCC cells. It has
been reported that cancer cells have a high rate of glucose metabolism,
and repression of glucose metabolism can foster cancer cell
apoptosis.”® The expression of miR-125b was decreased in 5-FU-
resistant HCC cells compared to 5-FU-sensitive cells.”’ miR-125b
increased the sensitivity of HCC cells to 5-FU by targeting hexokinase
II (HK II) to suppress glucose metabolism. The expression level of
miR-122 was decreased in DOX-resistant HCC cells compared to
miR-122 downregulated pyruvate kinase M2
(PKM2) to limit glucose metabolism, thereby promoting apoptosis
and reversing DOX resistance in HCC cells. Targeting glucose meta-
bolism is conducive to improving the sensitivity of cancer cells to
chemotherapy. Additional work is required to fully disclose the regu-
latory role of miRNAs in cellular apoptotic pathways.

. 52
nonresistant cells.”

miRNAs Regulate the Cellular Autophagic Pathway
Protective autophagy serves as a critical mechanism contributing to
cancer chemoresistance. Targeting the autophagic pathway may be

a useful therapeutic strategy to improve clinical outcomes in cancer
patients. Previously, Zhang et al.>’ revealed that miR-142-3p in-
hibited sorafenib-induced autophagy and improved the responsive-
ness of HCC cells to sorafenib by targeting autophagy-related gene
5 (ATG5) and ATG16-like 1 (ATG16L1). In addition, miR-142-3p
promoted apoptosis and repressed the growth of sorafenib-treated
HCC cells. Restoration of miR-142-3p expression boosted the in vivo
sensitivity of HCC cells to sorafenib. Upregulation of miR-142-3p
may be a promising therapeutic measure for overcoming sorafenib
resistance in HCC cells. The expression of miR-26 was reduced in
HCC cells after DOX treatment.”* miR-26 suppressed DOX-induced
autophagy by targeting the autophagy initiator unc-51-like kinase 1
(ULK1). Accordingly, miR-26 sensitized HCC cells to DOX treatment
and induced apoptosis through repression of autophagy. miR-26
sensitized hepatomas to DOX treatment in a tumor xenograft
mouse model. The miRNA-26/ULK1/autophagy axis might be a po-
tential target for developing a sensitizing strategy to treat HCC. Simi-
larly, miR-101 potentiated cisplatin-induced apoptosis in HCC
through inhibition of autophagy.” Specifically, miR-101 blocked
the autophagic pathway by targeting RAB GTPase 5A (RAB5A),
Stathmin 1 (STMN1), and ATG4D. The miR-101/autophagy axis
played an important role in cisplatin resistance in HCC and was
proposed as a promising therapeutic strategy for HCC. miRNAs
may simultaneously regulate apoptotic and autophagic pathways. It
is essential to comprehensively identify miRNAs associated with these
death pathways in HCC.

miRNAs Modulate the Stemness Feature and EMT Program in
HCC

The acquisition of chemoresistance also involves a minority of tumor
cells with stem cell-like features that show intrinsic resistance to anti-
cancer agents. miR-122 negatively regulated the stemness features of

56

HCC cells by targeting oncogenic serpinB3.”” Moreover, miR-122
increased the chemosensitivity of HCC cells to sorafenib treatment.
The exploitation of miR-122 mimics might contribute to the
improvement of HCC treatment. The expression of miR-589-5p
was increased in HCC tissues compared to the matched adjacent
normal tissues.”” Mechanistically, miR-589-5p mediated the resis-
tance of HCC cells to DOX by activating the STAT3 signaling cascade.
In addition, miR-589-5p maintained the cancer stem cell (CSC)-like
characteristics of HCC cells by upregulating the pluripotency-associ-
ated markers Nanog, BMI-1, Oct4, and Sox2. Therefore, miR-589-5p
antagonists might be used in combination with traditional chemo-
therapeutic strategies for better HCC treatment. Cells undergoing
EMT exhibit properties similar to CSCs, including antiapoptotic ca-
pabilities and enhanced drug efflux.”® EMT plays a pivotal role in can-
cer metastasis and chemoresistance. miRNAs have been proven to
regulate the EMT process in HCC (Figure 3). miR-383 sensitized
HCC cells to DOX in vitro and in vivo by reducing the expression
of eukaryotic translation initiation factor 5A2 (EIF5A2).”° Previously,
EIF5A2 was demonstrated to favor the EMT program in HCC.*" It
was likely that miR-383 governed HCC chemoresistance by impeding
EIF5A2-mediated EMT. miR-145 was markedly decreased in DOX-
resistant HCC cells compared to the chemosensitive parental cells.”’
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Figure 2. ncRNAs Regulate Cell Death Pathways to
Influence HCC Chemoresistance

Multiple miRNAs and IncRNAs act as mediators of the
autophagic process in HCC cells by regulating the PIBK/
Akt signaling pathway. They also control the expression of
key autophagy-related proteins, including Sirt1, LC3, and
ATGs. Several miRNAs and IncRNAs participate in FAS-
mediated extrinsic apoptosis in HCC cells by targeting
FASLG, caspase-8, and caspase-3. miRNAs and
INcRNAs are also involved in mitochondria-mediated
intrinsic apoptosis by modulating the NF-kB and p53
signaling pathways. In addition, miR-125b and miR-122
can suppress glucose metabolism and thus regulate
HCC cell growth and apoptosis. RTK, receptor tyrosine
kinase; RASAL1, RAS protein activator like-1; PTEN,
phosphatase and tensin homolog; PI3K, phosphoinosi-
tide 3-kinase; Akt, protein kinase B; mTOR, mammalian
target of rapamycin; ULK1, unc-51-like kinase 1; ATG,
autophagy-related gene; ATG16L1, ATG16-like 1; Sirt1,
silent information regulator 1; LC3, microtubule-associ-

miR-145 inhibited the EMT program in HCC cells by directly target-
ing small mothers against decapentaplegic homolog 3 (SMAD?3). As a
result, miR-145 enhanced the chemosensitivity of HCC cells to DOX.
Upregulation of miR-145 might be an effective therapeutic strategy
for HCC treatment. Likewise, miR-144 inhibited the EMT process
in HCC and increased cell sensitivity to 5-FU by targeting
SMADA4.”> miR-106a increased sensitivity of HCC cells to gemcita-
bine treatment by targeting Twist1 to restrict the EMT process.®’

miRNAs can regulate the expression of multiple targets; thus, they are
implicated in a variety of biological processes, such as drug efflux and
metabolism, apoptosis, autophagy, EMT, glucose metabolism, carci-
nogenesis, and malignant transformation. Owing to their broad
impact on cancer cell behaviors, miRNAs exert profound effects on
drug resistance in HCC. It is proposed that miRNA antagonists/
mimics, in combination with chemotherapy, will be a valuable strat-
egy for HCC management. However, further investigation is required
to elucidate the exact functions and underlying mechanisms of miR-
NAs in HCC chemoresistance. To date, a large number of miRNAs
have been reported to be involved in HCC chemoresistance. These
miRNAs may act synergistically or antagonistically. Accordingly,
the complex interplay among chemoresistance-related miRNAs de-
serves further exploration. In addition, a particular miRNA may exert
opposite roles in HCC chemoresistance by targeting different
mRNAs. Therefore, it is necessary to determine the genuine function
of specific miRNAs in the drug resistance of HCC. Notably, some
miRNAs, such as miR-325-3p, miR-590-5p, miR-375, miR-16,
miR-539, miR-142-3p, miR-26, and miR-383, have been shown to
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ated protein 1 light chain 3; TP53INP1, tumor protein 53-
induced nuclear protein 1; NF-kB, nuclear factor-B;
IKBKB, inhibitor of NF-«kB kinase B; FASLG, FAS ligand;
FADD, FAS-associating protein with death domain; Bcl-2,
B cell ymphoma-2; Bax, Bcl-2-associated X protein; Bid,
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PKM2, pyruvate kinase M2; TCA, tricarboxylic acid.

be involved in HCC cell resistance to chemotherapeutic agents,
both in vitro and in vivo. However, additional work is needed to vali-
date their regulatory roles in HCC drug resistance. Furthermore, it is
also important to elucidate the effect of these miRNAs on drug resis-
tance in HCC patients. More importantly, several miRNAs, including
miR-375, miR-125b, and miR-122, have been verified to regulate
HCC drug resistance in different studies. These miRNAs may be
key therapeutic targets for overcoming chemoresistance in HCC.
Accordingly, their utility in HCC treatment should be assessed in
further studies.

Involvement of siRNAs in Regulating HCC Chemoresistance
Apart from miRNAs, siRNAs also have the ability to modulate HCC
drug resistance. o7 nicotinic acetylcholine receptor (¢7nAChR) could
confer drug resistance to various cancer cells.”* a:7nAChR-specific
siRNAs dramatically sensitized HCC cells to sorafenib treatment.
Thus, a7nAChR-specific siRNAs might represent a promising
therapeutic strategy for HCC. Downregulation of MRP1-4 by
siRNAs restored the sensitivity of HCC cells to DOX cytotoxicity.*”
Thus, MRP1-4 siRNAs might serve as a novel therapeutic option
for HCC. In contrast, siRNAs targeting certain factors could confer
HCC resistance to chemotherapeutic agents. For example, depletion
of dual-specificity tyrosine-phosphorylation-regulated kinase 2
(DYRK2) by siRNAs was reported to favor HCC cell proliferation
and enhance resistance to oxaliplatin.*®
that specific siRNAs had considerable effects on HCC drug resistance.
Collectively, siRNAs have tremendous potential as a novel class of
therapeutic agents that can silence the genes of interest.

These studies demonstrated
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Figure 3. ncRNAs Modulate the EMT Program in HCC Cells

ncRNAs can interfere with the Wnt/B-catenin, TGF-B/SMAD, and Notch signaling
cascades to regulate the expression of EMT-inducing transcription factors (Twist1
and Snail) in HCC cells. Specifically, miR-106a directly targets Twist1 to restrict the
EMT process in HCC cells. miR-383 can restrain the EIF5A2-mediated EMT pro-
gram in HCC cells. GSK3B, glycogen synthase kinase 3B; EIF5A2, eukaryotic
translation initiation factor 5A2; EMT, epithelial-mesenchymal transition; TGF-f,
transforming growth factor-B; TGF-BR, TGF-B receptor; SMAD, small mothers
against decapentaplegic homolog; NICD, the intracellular domain of Notch.

Underlying Mechanisms of HCC Chemoresistance Regulated by
IncRNAs

IncRNAs are a class of RNA transcripts longer than 200 nt that can
affect gene expression at the transcriptional, post-transcriptional, or
epigenetic levels.”” Therefore, IncRNAs serve important functions
in diverse physiological and pathological states. More importantly,
aberrant expression of IncRNAs is closely linked to HCC progression
and chemoresistance.'® IncRNAs play dual roles in HCC chemoresist-
ance mediation by altering the intracellular accumulation of drugs,
regulating cell death signaling pathways, controlling the EMT pro-
cess, and monitoring the function of liver CSCs (Table 1).

IncRNAs Control ABC Transporter-Mediated Drug Efflux

MDR is primarily caused by upregulation of ABC transporters in can-
cer cell membranes. The IncRNA KCNQ1 overlapping transcript 1
(KCNQI1OT1) elevated the expression of drug-resistant genes
(MRP5, MDR1, and LRP1) and enhanced oxaliplatin resistance in
HCC cells.®® Moreover, KCNQ1OT1 increased ABCC1 expression
by directly targeting miR-7-5p. Likewise, the IncRNA NR2F1 anti-
sense RNA 1 (NR2F1-AS1) enhanced oxaliplatin resistance in HCC

cells by sponging miR-363 to upregulate ABCCI expression.”” As a
result, NR2F1-AS1 promoted the growth, migration, and invasion
of oxaliplatin-resistant HCC cells. Conversely, silencing NR2F1-
AS1 slowed the growth of oxaliplatin-resistant HCC cells in vivo.
The IncRNA homeobox (HOX) transcript antisense RNA (HOTAIR)
reduced chemosensitivity to cisplatin in HCC cells by enhancing
STATS3 activity and ABCBI expression.”” Transforming growth fac-
tor-B1 (TGF-B1) is associated with cancer drug resistance.”' A recent
study indicated that TGF-B1 elevated HOTAIR expression in HCC
cells and induced resistance of HCC cells to imatinib.”> HOTAIR
inhibited the expression of miR-145 and thus upregulated its
downstream targets, P-gp and breast cancer resistance protein
(BCRP). These studies revealed a novel mechanism contributing to
HOTAIR-mediated MDR in HCC and provided new opportunities
for improved therapeutic strategies against HCC.

Long intergenic noncoding (linc)-very-low-density-lipoprotein re-
ceptor (VLDLR) mediated acquired chemoresistance to sorafenib
and DOX in HCC cells by upregulating ABCG2 and ABCC1.” The
IncRNA H19 increased MDR1/P-gp expression, reduced the level of
intracellular DOX, and enhanced DOX resistance in HCC cells.”*
In contrast, another study indicated that H19 inhibited HCC chemo-
resistance to DOX and sorafenib by affecting HCC cell proliferation
and death.”” In vivo tumorigenesis assays indicated that silencing
H19 enhanced HCC tumor growth. Presenilin 1 (PSEN1) activated
the DNA damage response pathway and was negatively associated
with drug resistance.”® H19 sensitized HCC cells to chemotherapeutic
agents (docetaxel, paclitaxel, vinorelbine, and 5-FU) by regulating the
miR-193a-3p/PSEN1 axis.”” The above results suggested that H19
played dual roles in orchestrating HCC responsiveness to anticancer
drugs. It seems that diverse pathways participate in H19-mediated
regulation of HCC drug resistance. However, the crosstalk between
H19-regulated signaling cascades during HCC chemoresistance
needs to be further characterized. Nrf2 was confirmed to increase can-
cer resistance to chemotherapy by manipulating drug efflux.”® Keapl
regulation-associated IncRNA (KRAL) functioned as a miR-141
sponge to elevate Keapl expression, restraining the Nrf2-dependent
antioxidant pathway and hence, reversing 5-FU resistance in HCC
cells.”” Nrf2 regulation-associated IncRNA (NRAL) was highly ex-
pressed in HCC cells.*” NRAL increased Nrf2 expression by acting
as a competing endogenous RNA (ceRNA) against miR-340-5p.
Thus, the miR-340-5p/Nrf2 pathway mediated NRAL regulation
of cisplatin resistance in HCC cells. Collectively, IncRNAs control
ABC transporter-mediated drug efflux mainly through the regulation
of miRNAs. The biological function of the IncRNA/miRNA axes
in the drug efflux pathway awaits further investigation.

IncRNAs Regulate Cellular Death Pathways

IncRNAs modulate drug resistance in HCC through interference
with cellular apoptosis or proliferation pathways. The IncRNA pro-
tein disulfide isomerase family A member 3 pseudogene 1
(PDIA3P1) protected HCC cells from DOX-induced apoptosis
and promoted tumor grow‘[h.81 In terms of the mechanism,
PDIA3P1 enhanced the expression of tumor necrosis factor (TNF)
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receptor-associated factor 6 (TRAF6) by acting as a sponge of miR-
125a/b and miR-124. The upregulation of TRAF6 caused the activa-
tion of the NF-«B signaling pathway. DOX increased PDIA3P1
expression by inhibiting its degradation. PDIA3P1 knockdown
sensitized tumor xenografts to DOX treatment. Collectively, the
PDIA3P1-miR-125/124 regulatory axis played a vital role in sup-
porting the drug resistance of HCC cells. The IncRNA small nucle-
olar RNA host gene 1 (SNHG1) decreased the chemosensitivity of
HCC cells to sorafenib by activating the Akt pathway.**> Moreover,
antiapoptotic miR-21 induced the nuclear expression of SNHGI.
SNHGI might be a valuable target for overcoming HCC chemore-
sistance. The IncRNA nuclear-enriched abundant transcript 1
(NEAT1) increased sorafenib resistance in HCC cells by inhibiting
drug-induced apoptosis.*> Further study indicated that NEATI
negatively regulated miR-335, thereby relieving its inhibition of
the c-Met-Akt pathway. In vivo tumorigenesis assays indicated
that silencing NEAT1 could inhibit HCC tumor growth. Long non-
coding activated in renal cell carcinoma with sunitinib resistance
(IncARSR) reduced the sensitivity of HCC cells to DOX through
regulation of the PTEN/phosphatidylinositol 3-kinase (PI3K)/Akt
pathway.®* Overexpression of IncARSR conferred HCC cell resis-
tance to DOX treatment in a mouse subcutaneous xenograft model.
Thus, IncARSR might be a promising therapeutic target to over-
come HCC chemoresistance. linc-regulator of reprogramming
(ROR) was found to be highly expressed in arsenic trioxide-treated
HCC cells.”” linc-ROR alleviated arsenic trioxide-induced cell
apoptosis by lowering p53 expression. miR-24 and miR-221 were
verified to downregulate caspase-8 and capsase-3, respectively.*®
The tumor-suppressive IncRNA CASC2 sensitized HCC cells to
TNF-related apoptosis-inducing ligand (TRAIL) and enhanced
TRAIL-induced apoptosis in HCC cells by directly targeting
miR-24 and miR-221. miR-93 suppressed HCC cell apoptosis by re-
stricting the expression of the tumor suppressor PTEN and cyclin-
dependent kinase inhibitor 1A (CDKN1A).*” The IncRNA SNHGI16
functioned as a miR-93 sponge to enhance the sensitivity of HCC
cells to 5-FU, hence reducing HCC cell proliferation.*® On the other
hand, SNHG16 induced sorafenib resistance in HCC cells.*” These
results suggested that SNHG16 played a crucial role in HCC chemo-
resistance. The exact impact of SNHG16 on HCC drug resistance
should be further validated. A recent report indicated that the
IncRNA growth arrest-specific 5 (GAS5) was downregulated in
HCC tissues and cell lines.” It was able to sponge miR-21 to in-
crease PTEN expression. As a consequence, overexpression of
GASS5 restored the sensitivity of DOX-resistant HCC cells to DOX
both in vitro and in vivo. The IncRNA TUC338 increased the
expression of tumor growth genes and contributed to sorafenib
resistance in HCC cells by inactivating the tumor suppressor RAS
protein activator like-1 (RASALI).”' Knockdown of TUC338
increased HCC cell sensitivity to sorafenib in vivo. The IncRNA
SNHG6-003 supported cell proliferation and enhanced 5-FU resis-
tance in HCC cells.”” Importantly, SNHG6-003 increased the
expression of TGF-B-activated kinase 1 (TAK1) by sponging
miR-26a/b. Modulation of the SNHG6-003/miR-26a/b axis might
be a therapeutic strategy against HCC.
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Chemotherapy-mediated activation of autophagy functions to protect
cancer cells from drug-induced apoptosis. Anticancer drugs (oxali-
platin, 5-FU, and pirarubicin) significantly upregulated the expres-
sion of the IncRNA highly upregulated in liver cancer (HULC).”
HULC increased the expression of ubiquitin-specific peptidase 22
(USP22) and stabilized silent information regulator 1 (Sirtl), thus
inducing protective autophagy in HCC cells. Accordingly, HULC
enhanced the resistance of HCC cells to chemotherapeutic agents.
The IncRNA metastasis-associated lung adenocarcinoma transcript
1 (MALAT1) inhibited 5-FU-induced apoptosis and promoted auto-
phagy in HCC cells.”* MALAT1 was shown to reduce the expression
of miR-216b. The MALAT1/miR-216b axis promoted microtubule-
associated protein 1 light chain 3 (LC3)-II upregulation and p62
downregulation, thereby inducing autophagy in HCC. These results
uncovered the role of the MALAT1/miR-216 axis in modifying
drug resistance in HCC cells.

IncRNAs Orchestrate Malignant Characteristics of HCC Cells
Tumor-initiating cells (TICs) play a critical role in cancer drug resis-
tance. linc-ROR inhibited sorafenib-induced apoptosis and contrib-
uted to sorafenib resistance in HCC cells by affecting the growth of
TICs.”” In addition, some IncRNAs have also been found to regulate
liver TIC expansion. The IncRNA HOX A10 (IncHOXA10) activated
the transcription of HOXA10 and drove the self-renewal of liver
TICs.”® The IncRNA G protein-coupled receptor 107 (IncGPR107)
facilitated the self-renewal of liver TICs by promoting the transcrip-
tional activation of GPR107 in HCC.”” The IncRNA frizzled 6
(IncFZD6) promoted the self-renewal of liver TICs by activating the
transcription of BRM/SWI2-related gene 1 (BRGI)-dependent
FZD6.”® The IncRNA Zic family member 2 (IncZic2) was found to
be required for the self-renewal of liver TICs.” Specifically, IncZic2
activated the expression of myristoylated alanine-rich protein kinase
C substrate (MARCKS) and MARCKS-like 1 (MARCKSLI) by
combining with the transcription factor BRGI. The IncZic2/BRG1/
MARCKS/MARCKSL1 pathway can be targeted to eliminate liver
TICs. 1linc00210 promoted the self-renewal and tumor-initiating ac-
tivity of liver TICs by triggering the Wnt/B-catenin signaling
pathway.'*
protein 1 (CTNNBIP1) and alleviated its suppressive effect on
Wnt/B-catenin activation. It could be envisioned that these IncRNAs
may contribute to drug resistance in HCC. Their association with
HCC chemoresistance should be investigated in the future.

Mechanistically, linc00210 bound B-catenin-interacting

Meanwhile, IncRNAs are able to govern the stemness and malignant
features of HCC cells, hence exerting regulatory effects on drug resis-
tance in HCC. The histone methyltransferase enhancer of zeste ho-
molog 2 (EZH2) strengthened the stemness features of HCC by
lowering the expression of the stemness regulator atonal homolog 8
(ATOHS)."”" Inc-PDZD7 sponged miR-101 to elevate EZH2 expres-
sion, thereby suppressing the sensitivity of HCC cells to 5-FU and
sorafenib in vitro and in vivo. The high expression of Inc-PDZD7
correlated with tumor stage, size, differentiation, and vascular inva-
sion of HCC patients. Inc-PDZD7 might represent a potential drug
target to benefit HCC treatment. Liver CSCs are characterized by
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the stemness-related marker CD133 and are responsible for cancer
drug resistance.'’” IncARSR promoted the expansion of liver CSCs
by activating the STAT3 pathway.'®> Consistently, IncARSR reduced
the responsiveness of HCC cells to cisplatin treatment. H19 inhibited
the chemosensitivity of CD133" CSCs by activating the mitogen-acti-
vated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) signaling pathway in HCC.'™ It is well established that
glycogen synthase kinase 3B (GSK3p) plays a vital role in cancer
growth and metastasis by manipulating the Wnt/B-catenin signaling
cascade.'” HCC-associated long noncoding RNA (HANR) mediated
DOX resistance in HCC cells partially by binding to GSK3B-interact-
ing protein (GSKIP) to inhibit GSK3B activation.'’® Knockdown of
HANR significantly inhibited HCC xenograft/orthotopic tumor
growth and restored the sensitivity of in vivo tumors to DOX treat-
ment. HOXA13 was capable of increasing HCC cell migration and
aggressiveness.'”” More importantly, HOXA13 also reduced the
response to sorafenib in HCC cells. The IncRNA HOXA transcript
at the distal tip (HOTTIP) could regulate HOXA13 expression
through an epigenetic mechanism. HOTTIP might function in
enhancing resistance to sorafenib in HCC.

Altogether, a list of IncRNAs has been validated to be associated with
chemotherapy resistance in HCC. The mechanisms underlying the ef-
fects of IncRNAs on HCC resistance to chemotherapy involve their
regulation of MDR gene expression, cellular apoptotic and autophagic
pathways, liver TIC self-renewal, CSC expansion, and cancer cell
metastasis. Remarkably, IncRNAs can serve as miRNA sponges.
Additionally, IncRNAs can affect gene expression via epigenetic pat-
terns. Therefore, it can be speculated that chemoresistance-related
IncRNAs influence various target genes and cellular signaling path-
ways through different mechanisms. The mechanisms behind
IncRNA-mediated HCC chemoresistance should be extensively
explored in future studies. Moreover, it is essential to delve into the
IncRNA/miRNA axes involved in HCC drug resistance.

Remarkably, both in vitro and in vivo experiments have proven the
contribution of several IncRNAs, such as NR2F1-AS1, HI19,
PDIA3P1, NEATI1, IncARSR, GAS5, TUC338, Inc-PDZD7, and
HANR, to HCC drug resistance. These IncRNAs may have great po-
tential to be utilized as therapeutic targets for HCC management.
Further studies are required to investigate the effectiveness and feasi-
bility of IncRNA-based therapies in the clinical setting. HOTAIR,
H19, IncARSR, and linc-ROR are well-characterized IncRNAs that
are involved in HCC chemoresistance. Therefore, the regulation of
their expression in tumors may represent an effective therapeutic
treatment for HCC patients.

Emerging Roles of circRNAs in HCC Chemoresistance

Although the role of circRNAs in HCC development has recently
become a research hotspot, the study of the contribution of circRNAs
to HCC chemoresistance is still at the initial stage. circRNA_101505
was downregulated in cisplatin-resistant HCC cells compared to
cisplatin-sensitive cells."®® circRNA_101505 improved the chemo-
therapeutic response to cisplatin in HCC cells by functioning as a

miR-103 sponge. This resulted in the upregulation of oxidored-nitro
domain-containing protein 1 (NOR1), a tumor suppressor. Consis-
tently, circRNA_101505 also inhibited HCC cell proliferation. Like-
wise, circ_0003418 was identified to be expressed at low levels in
HCC tissues and cell lines.'"” Its expression was associated with tu-
mor size and tumor-node-metastasis (TNM) stage in HCC patients.
circ_0003418 inhibited HCC cell proliferation, migration, and inva-
sion. It also increased the sensitivity of HCC cells to cisplatin by
blocking the Wnt/B-catenin pathway. Knockdown of circ_0003418
facilitated HCC growth and cisplatin resistance in a mouse xenograft
model. circRNAs have been shown to be differentially expressed in
HCC and exert significant effects on HCC progression.''* Tt has
been well documented that circRNAs usually act as miRNA
sponges.” There is no doubt that circRNAs possess multifaceted roles
in HCC drug resistance, given the broad involvement of miRNAs in
cancer chemoresistance. circRNAs can also combine with other mol-
ecules and then repress their functions. For instance, circZKSCAN1
sequestered fragile X mental retardation protein (FMRP) and pre-
vented its interaction with the cell cycle and apoptosis regulator 1
(CCAR1), thus blocking the Wnt/B-catenin signaling cascade.''"
Particular circRNAs may be involved in HCC drug resistance by regu-
lating the key steps during HCC pathogenesis and metastasis. Further
studies are necessary to fully disclose the functional roles of circRNAs
in HCC chemoresistance. Additionally, the circRNA/miRNA regula-
tory networks associated with chemotherapeutic responsiveness in
HCC should be delineated.

Potential ncRNA Targets in HCC

Poor therapy responses to conventional chemotherapeutics and the
emergence of chemoresistance are still the major challenges in
HCC therapy.''” Increasing evidence has confirmed the involvement
of ncRNAs in HCC drug resistance. An ncRNA may function as an
oncogene or a tumor suppressor, depending on its targets during
cancer pathogenesis.''> The rapid progress in ncRNA research points
to the great potential of ncRNAs as novel therapeutic targets in
cancer. Therapeutic strategies that make use of ncRNAs or directly
target ncRNAs may be helpful to improve HCC intervention. One
of the potential ways to exploit ncRNAs in HCC therapy would be
the direct delivery of tumor-suppressive ncRNAs to target cells. It
has been proposed that several tumor-suppressive ncRNAs are attrac-
tive therapeutic targets for HCC. In preclinical studies, the therapeu-
tic efficacy of ncRNAs can be evaluated by detecting cancer cell
viability or by measuring tumor volume and survival rate in tumor-
bearing mice. For instance, miR-26 family members were downregu-
lated in HCC and were correlated with poor prognosis in HCC pa-
tients.”® miR-26b enhanced DOX-induced apoptosis in HCC cells
by inhibiting NF-«B signaling. Another report indicated that miR-
26a inhibited HCC growth by inducing cell-cycle arrest."'* Systematic
administration of miR-26a dramatically inhibited tumor progression
without toxicity in a mouse model of HCC. miR-26a/b-sensitized
HCC cells to DOX treatment and promoted cell apoptosis through
suppression of autophagy in vitro and in vivo.”* Upregulation of
tumor-suppressive miR-26a/b may represent an effective strategy to
suppress HCC progression. miR-122, a hepatocyte-specific miRNA,
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constitutes 70% of the total adult liver miRNA contents.'"” miR-122 is
generally downregulated in HCC and correlates with poor prognosis
in HCC patients. This miRNA suppressed HCC cell proliferation, in-
vasion, and drug resistance by targeting various genes involved in the
Wnt/B-catenin signaling pathway.''® Restoration of tumor-suppres-
sive miR-122 expression is a potential therapeutic option in HCC.
Animal models that target miR-122 have been developed. In an or-
thotopic miR-122-deficient HCC mouse model, intratumoral admin-
istration of adenovirus vectors expressing miR-122-regulated thymi-
dine kinase (TK) achieved effective antitumor effects and enhanced
the safety of intratumoral delivery of adenovirus-mediated TK/ganci-
clovir gene therapy.''” A novel MS2 bacteriophage virus-like particle
(VLP)-based miR-122 delivery system, crosslinked with the HIV
transactivator of transcription (TAT) peptide, penetrated the cyto-
membrane and significantly inhibited HCC cell proliferation in tu-
mor-bearing mice.''® In addition, the delivery of miR-122 by multi-
functional graphene-P-gp loaded with miR-122-InP@ZnS quantum
dots (QDs) nanocomposites (GPMQNSs) selectively targeted HCC
xenograft tumors and alleviated DOX resistance by inducing
apoptosis in HCC.'"” These studies regarding experimental miR-
122-based therapies are encouraging, but their therapeutic efficacy
warrants further evaluation in clinical trials. Similarly, miR-101 has
been affirmed to be a critical tumor-suppressive miRNA in HCC.
miR-101 repressed the proliferation and malignant properties of
HCC cells, as well as increased HCC sensitivity to chemotherapeutic
agents.'” The intratumoral delivery of miR-101, in combination with
DOX by liposome nanoparticles, resulted in enhanced antitumor ef-
fects in a HCC xenograft model.'*' Taken together, these findings
might provide evidence for further development of ncRNA/drug-
based combination therapies in HCC.

On the other hand, the silencing of oncogenic ncRNAs could be
an alternative strategy to restrain HCC progression. The IncRNA
HOTAIR was highly expressed and acted as an oncogene in
HCC.'* Its overexpression was strongly correlated with lymph
node metastasis, larger tumor size, poor prognosis, and tumor recur-
rence in HCC patients. HOTAIR regulated the invasive and aggres-
sive features of HCC cells by various mechanisms, including induc-
tion of the EMT process, interaction between tumor-suppressive
miRNAs, and promotion of autophagy.'** It also played an important
role in the intrinsic chemoresistance of HCC cells.”” HOTAIR may be
a promising therapeutic target for HCC and could be silenced in
several ways.'> First, potential agents that mask the binding sites
may prevent the interaction between HOTAIR and its molecular
targets, thus blocking the pro-carcinogenic function of HOTAIR.
Second, miRNA-141-mediated degradation of HOTAIR may be an
effective approach to silence HOTAIR in HCC."** Finally, key mole-
cules that mediate the oncogenic ability of HOTAIR probably serve
as novel targets for HCC therapy. High expression of miR-221
correlated with poorly differentiated HCC and poor outcome in
HCC patients.'*” miR-221 facilitated HCC growth and chemoresist-
ance by acceleration of cell-cycle progression or by suppression of
cell apoptosis.*>'**'*” Knockdown of miR-221 suppressed the prolif-
eration, invasion, and migration of HCC cells by negatively regulating
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the Janus-activated kinase (JAK)-signal transducer and activator of
transcription 3 (STAT3) signaling pathway.'*® Downregulation of
highly expressed miR-221 using a 2'-O-methyl phosphorothioate-
modified anti-miR-221 oligonucleotide prevented tumor growth in
an orthotopic HCC mouse model.'** Thus, oncogenic miR-221 might
be used as an ideal candidate for therapeutic approaches aimed at
miRNA silencing. Upregulation of the IncRNA TUC338 was signifi-
cantly associated with disease progression in HCC patients."*" It
was found to promote HCC cell growth by regulating cell-cycle pro-
gression.'”! Therefore, targeting oncogenic TUC338 may be an effec-
tive strategy to counteract HCC growth. Hepatic uptake occurs
rapidly following systemic administration of oligonucleotides. Thus,
ncRNA-based therapeutic approaches are particularly suitable for
the treatment of hepatic tumors. The activation of tumor-suppressive
ncRNAs or inactivation of oncogenic ncRNAs may be critical mech-
anisms that restore drug sensitivity in HCC. Despite the considerable
promise of ncRNAs as therapeutic targets, ncRNA-based therapies
have not yet reached clinical practice. The currently known repertoire
of ncRNAs may only represent a small fraction of functionally rele-
vant ncRNAs in HCC. A better understanding of the molecular mech-
anism of ncRNA-mediated HCC carcinogenesis will make a signifi-
cant contribution to the treatment of HCC. Before ncRNA-based
therapeutics can become an effective approach of cancer care, there
are still many challenges that remain to be addressed, including the
lack of specific targeting of the drug, poor cellular uptake, low
bioavailability, off-target effects, and long-term safety in humans.
Therefore, more efforts are warranted to facilitate the clinical transla-
tion of ncRNA-based therapeutics in cancer intervention.

Conclusions and Future Perspectives

HCC is one of the most common and lethal cancers globally, due to its
high rates of metastasis and relapse. Acquired drug resistance contrib-
utes to the unsatisfactory effects of chemotherapy in HCC. Drug
resistance has become an immense obstacle in the treatment of
HCC patients. Therefore, a better understanding of the mechanisms
responsible for HCC chemoresistance will provide opportunities for
improved treatments for HCC. ncRNA research has already added
a new layer of complexity to the comprehension of HCC pathogen-
esis. It is well established that the dysregulation of ncRNAs is tightly
correlated with HCC progression and chemoresistance. The expres-
sion level of ncRNAs in drug-resistant HCC cells could be 2-10 times
higher than that in control cells. Nevertheless, it is unclear how the
expression pattern of ncRNAs can affect their biological function.
The effects of ncRNA abundance on their function should be defined
in future studies. It has been reported that some ncRNAs display tis-
sue-specific expression patterns.'**'*? Hepatocyte-specific ncRNAs
may be involved in HCC drug resistance. Further research is required
to identify hepatocyte-specific ncRNAs and determine their biological
function. The mechanisms underlying the functional role of ncRNAs
in HCC chemoresistance involve sophisticated networks. ncRNAs
serve as critical players in HCC chemoresistance by affecting cell
death, malignant behaviors, and drug efflux and metabolism. With
the development of microarray and high-throughput sequencing
techniques, numerous ncRNAs have been identified in HCC. So far,
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Figure 4. Schematic lllustration of ncRNA-Based Therapeutic Strategies in
Drug-Resistant HCC Cells

Antisense oligonucleotides, small molecule inhibitors, and miRNA sponges can be
employed to suppress the expression of oncogenic NcRNAs, thus reversing HCC
chemoresistance. Nanoparticle-encapsulated ncRNAs, chemically modified
ncRNAs, or exogenous ncRNA mimics can be delivered to inhibit the expression of
their target genes that mediate drug resistance in HCC cells. GalNAc, N-ace-
tylgalactosamine; siRNA, small interfering RNA.

only a small proportion of ncRNAs has been functionally character-
ized. Most of the studies regarding the connection between specific
ncRNAs and HCC drug resistance were only reported once. Substan-
tial efforts should be undertaken to further reveal the actual function
of these ncRNAs in HCC chemoresistance. Notably, various in vitro
and in vivo preclinical studies have highlighted the great potential
of several ncRNAs as therapeutic targets for HCC treatment. Further
clinical studies are warranted to evaluate the feasibility, safety, and
effectiveness of ncRNA-based therapeutic approaches in HCC treat-
ment. So far, it is still not clear how many ncRNAs are implicated in
HCC drug resistance. Undoubtedly, comprehensive elucidation of
ncRNA function in HCC will advance our knowledge of the exact
mechanisms associated with HCC chemoresistance. Both IncRNAs
and circRNAs can act as miRNA sponges. The IncRNA/miRNA
and circRNA/miRNA regulatory axes in HCC drug resistance are
worthy of further investigation. Some IncRNAs play a role in HCC
chemoresistance through interaction with miRNAs. However, the
detailed mechanisms of how the interactions affect HCC chemoresist-
ance have not yet been fully revealed. Further integrative analyses of
IncRNAs and miRNAs with potential crosstalk will contribute to
elucidating the complex mechanisms behind HCC chemoresistance.
At present, there are a very limited number of studies exploring the
biological function of circRNAs in HCC chemoresistance. It can be
hypothesized that certain circRNAs affect HCC chemoresistance by
targeting miRNAs. Therefore, further studies are needed to figure
out whether circRNAs serve as upstream regulators of miRNA-medi-

ated HCC drug resistance. In addition, IncRNAs and circRNAs may
interfere with the function of their associated miRNAs in HCC drug
resistance. It is likely that different types of ncRNA form intricate reg-
ulatory axes in HCC during chemotherapy. More intensive studies are
necessary to disclose the complicated interplay among diverse classes
of chemoresistance-associated ncRNAs.
various targets and signaling pathways. The effects of ncRNAs
on HCC carcinogenesis and development are broad and diverse.
Therefore, it is necessary to adequately understand the molecular pro-
cesses underlying HCC progression and chemoresistance for the
identification of appropriate ncRNAs as therapeutic targets.

ncRNAs can modulate

Therapies targeting ncRNAs might overcome drug resistance in
cancer. At present, several strategies have been adopted to develop
ncRNA-based therapies, which include controlling ncRNA expres-
sion with mimics or sponges, antisense oligonucleotide-mediated
repression of ncRNA function, and small molecular inhibitors of
specific ncRNAs (Figure 4). More importantly, ncRNA-directed
therapeutics for different cancers have entered into clinical tri-
als."** Nevertheless, some issues remain to be addressed. The
in vivo stability, bioactivity, and targeted delivery efficiency of
ncRNA mimics or antagonists are pivotal components in the suc-
cessful development of ncRNA-based therapies. Chemical modifi-
cations can improve the stability of therapeutic ncRNAs and pro-
long their half-lives in vivo. Previously, N-acetylgalactosamine
(GalNAc)-conjugated siRNAs were developed, and these siRNAs
could be accurately transferred to HCC cells and specifically
downregulate target mRNAs.'>> Moreover, the development of
novel delivery systems may foster efficient ncRNA transport in vivo
and enhance the bioavailability of delivered ncRNAs. For example,
incorporation of therapeutic oligonucleotides into nanoparticles
was reported to improve their delivery efficiency.'*® The combina-
tion of delivery systems with cell-specific receptors may facilitate
targeted ncRNA delivery. In addition, approaches aimed at
evading nuclease degradation or the host immune system should
be established to enhance the bioavailability of ncRNAs in vivo.
More clinical trials must be further launched to advance the devel-
opment of ncRNA-based therapies to benefit HCC patients.
Notably, accumulating evidence highlights the great prospect of
employing ncRNAs coupled with traditional therapeutic measures
to maximize the efficacy of HCC intervention. The safety and ef-
ficacy of the combined therapy must be validated before its clinical
application. It is hoped that these efforts could ultimately open up
potential approaches for overcoming HCC drug resistance.
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