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Abstract
Oral squamous cell carcinoma (OSCC), the eighth most prevalent cancer in
the world, arises from the interaction of multiple factors including tobacco,
alcohol consumption, and betel quid. Chemotherapeutic agents such as cis-
platin, 5-fluorouracil, and paclitaxel have now become the first-line options
for OSCC patients. Nevertheless, most OSCC patients eventually acquire drug
resistance, leading to poor prognosis. With the discovery and identification of
non-coding RNAs (ncRNAs), the functions of dysregulated ncRNAs in OSCC
development and drug resistance are gradually being widely recognized. The
mechanisms of drug resistance of OSCC are intricate and involve drug efflux,
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epithelial-mesenchymal transition, DNA damage repair, and autophagy. At
present, strategies to explore the reversal of drug resistance of OSCC need to
be urgently developed. Nano-delivery and self-cellular drug delivery platforms
are considered as effective strategies to overcome drug resistance due to their
tumor targeting, controlled release, and consistent pharmacokinetic profiles. In
particular, the combined application of new technologies (includingCRISPR sys-
tems) opened up new horizons for the treatment of drug resistance of OSCC.
Hence, this review explored emerging regulatory functions of ncRNAs in drug
resistance of OSCC, elucidated multiple ncRNA-meditated mechanisms of drug
resistance of OSCC, and discussed the potential value of drug delivery platforms
using nanoparticles and self-cells as carriers in drug resistance of OSCC.
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1 INTRODUCTION

Oral squamous cell carcinoma (OSCC), accounting for
about 40% of head and neck squamous cell carcinoma
(HNSCC), is a heterogeneous neoplasm arising from the
mucosal lining of the oral cavity, including the tongue,
upper and lower gingiva, oral floor, palate, and buccal
mucosa [1, 2]. Due to the low rate of early diagnosis, most
patients are already at advanced stages by the time of diag-
nosis. At present, the treatment modalities for advanced
OSCC mainly include surgery, chemotherapy, radiother-
apy, or combinations of these modalities. Unfortunately,
despite the application of various treatment modalities in
the past few decades, the five-year overall survival rate
of OSCC remains at 50% [3]. Chemotherapeutic agents,
including platinum drugs, 5-fluorouracil (5-FU), pacli-
taxel (PTX), and doxorubicin (Dox), are the most com-
mon treatment options for OSCC. However, most patients
would develop drug resistance. Currently, multidrug resis-
tance (MDR) is one of the major hurdles of failed can-
cer chemotherapy and contributes to poor prognosis of
patients [4]. The detailed mechanisms of MDR remain to
be fully elucidated.
With the development of sequencing technology,

approximately 98% of the human genome is transcribed
into RNA without protein-coding potential and hence is
termed non-coding RNA (ncRNA) [5]. The nucleotide
sequences transcribed from DNA constitute the primary
structure of ncRNAs which regulate the transcriptional
translation of target genes either directly or indirectly by
binding to them through base-complementary pairing [6].
Furthermore, ncRNAs perform biological functions by
folding to form more stable secondary or tertiary struc-

tures. For example, lncRNA maternally expressed gene
3 (MEG3), a human lncRNA, exerts its cancer suppres-
sive effect by stimulating the p53 signaling pathway [7].
Uroda et al. [8] found that in an evolutionarily conserved
region of MEG3, two distal motifs interacted to form
alternative, mutually exclusive pseudoknot structures
(“kissing loops”) through base complementarity. The
destruction of these interactions impeded the MEG3
folding, disrupted the MEG3-dependent p53 signaling,
and ultimately inhibited its cancer suppressive effect.
Therefore, the anticancer effect of lncRNA MEG3 can
be maintained by stabilizing “kissing loops”. According
to the transcript size, ncRNAs can be roughly classified
into small ncRNAs (18∼200 nt; sncRNAs) and long
ncRNAs (>200 nt; lncRNAs). There are different kinds
of sncRNAs, including microRNAs (miRNAs) and small
nucleolar RNAs [9]. It has been confirmed that ncRNAs
exert their roles in gene regulation, mRNA maturation,
and protein synthesis. Moreover, ncRNA-related signaling
pathways can drive specific cell biological responses by
recognizing extensive molecular targets [10]. For example,
zinc finger protein 750 (ZNF750), a tumor repressor, was
important for improving the prognosis of SCC patients
[11]. Meanwhile, lncRNA terminal differentiation-induced
noncoding RNA (TINCR) could function as its down-
stream target for cancer suppression. Further results
revealed that ZNF750 upregulated the expression level of
lncRNA TINCR and suppressed the malignant phenotype
of SCC [12]. In addition, ChIRP analysis results revealed
that lncRNA colon cancer-associated transcript-1 (CCAT1)
exacerbated the in vitro and in vivo SCC malignant phe-
notype by forming a complex with master transcription
factors (TFs, including TP63 and SOX2) and activating the
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TP63/SOX2-CCAT1-EGFR cascade [13]. All of the above
results suggested that ncRNAs can act as upstream or
downstream regulators to drive SCC progression. Emerg-
ing evidence suggests that ncRNAs play roles not only
in the development but also in the treatment of cancers
[14, 15]. Thus, ncRNAs serve as imperative regulators in
disease progression, prognosis, and treatment. In OSCC,
Shi et al. [16] tested 260 OSCC serum samples and identi-
fied two miRNAs, namely miR-626 and miR-5100, which
were closely and independently associated with OSCC
prognosis. Similarly, the enhancer of zeste homolog 2
(EZH2) gene has been known to be a key oncogenic driver
that repressed transcription [17]. After in vitro lncRNA
ring finger and CCCH-type domains 2 (RC3H2) silencing,
the expression level of EZH2 was downregulated, and
proliferation, migration, and invasion of OSCC cells were
inhibited, whereas in vivo lncRNA RC3H2 overexpression
increased the expression level of EZH2 and significantly
promoted the growth and invasion of OSCC cells by
sponging miR-101-3p [18]. In another study, the knock-
down of lncRNA urothelial cancer-associated 1 (UCA1)
significantly intensified CDDP-induced apoptosis and
chemosensitivity of tongue SCC (TSCC) cells, suggesting
that UCA1 silencing could be used as a new strategy
to improve the sensitivity of TSCC to CDDP [19]. In
parallel, this provides new insights into the functions of
ncRNAs in chemotherapy of OSCC. It can be seen that
multiple ncRNAs can be therapeutic targets for commonly
used chemotherapeutic agents against OSCC. However,
while focusing on the synergistic treatment of OSCC
with ncRNAs and chemotherapeutic agents, another
problem on the horizon is gradually coming to light:
ncRNAs-mediated drug resistance of OSCC.
Drug resistance against OSCC poses a serious threat

to the patients’ survival. Thus, strategies to mitigate the
drug resistance processes are urgently needed. On one
hand, nanoparticles are most commonly employed as
delivery vehicles for tumor drugs and are also widely
applied to counteract the drug resistance of OSCC [20].
On the other hand, engineering self-cells could evade
tumor cell defenses and reverse the processes of tumor
drug resistance [21]. Notably, the combined use of other
tools (including CRISPR systems) also opens new win-
dows for the treatment of tumor drug resistance. Herein,
this review detailed the emerging regulatory functions of
ncRNAs in drug resistance of OSCC and the mechanisms
of ncRNA-related OSCC chemoresistance, thereby, provid-
ing insights to alleviate drug resistance of OSCC. Impor-
tantly, the application of nano-delivery and self-cellular
drug delivery platforms may provide directions for the
development of ncRNAs-based approaches to mitigate the
drug resistance of OSCC.

2 OVERVIEWON OSCC AND
CHEMORESISTANCE

OSCC presents with pathological changes in the oral
mucosa [1]. Depending on the site of occurrence,OSCCcan
be subdivided into three subtypes: buccal mucosal SCC,
TSCC, and lip SCC. The probability of occurring in the
tongue area is about 35.3%, followed by the floor of the
mouth (22.8%) and the gingiva (12.6%) [22]. In the past ten
years, the difference in prevalence rates between men and
women has been narrowing, approaching a ratio of 1.1:1
[23]. However, the total number of cases has not decreased,
suggesting a gradual increase in the number of female
patients. Additionally, OSCC had approximately 350,000
new cases and 170,000 deaths globally in 2018, mainly in
South and East Asian countries such as India, Sri Lanka,
and China [24]. Owing to its high morbidity, mortality,
and histological specificity, OSCC now constitutes a global
public health concern imposing an enormous burden on
both individuals and society.
Multiple factors have been shown to be jointly involved

in OSCC progression. Tobacco was identified as a group
1 carcinogen that contributes to OSCC and currently
remains one of themost dominant risk factors forOSCC. In
2017, cigarette smoking accounted for a large share in Asia,
including Indonesia, China, and Mongolia [25]. Remark-
ably, due to the large population base, there were more
OSCC patients in China than in other countries [24] and
caused a heavier burden on the country. The result of a
meta-analysis that included 254 studies involving more
than seven countries demonstrated a relative risk of 3.43
for OSCC in smokers compared to non-smokers [26]. 4-
(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), one
of themajor components of cigarette smoke, is well known
to be a potent carcinogen. Peng et al. [27] found that
NNKupregulated the expression level ofmiR-944 inOSCC
cells. Furthermore, miR-944 elicited pro-inflammation
cytokines secretion, migration, and invasion, ultimately
promoting the OSCC process. Also, alcohol is established
as an independent risk factor for OSCC development.
The risk of OSCC in Asians is associated with alcohol
abuse, with adjusted ORs varying from 4.1 to 8.8. More-
over, smoking and alcohol consumption possess synergis-
tic effects. In individuals who overused both, the relative
risk for HNSCCwas≥15 [28]. Ameta-analysis showed that
HNSCChad ameta-relative risk of about 7.74 for betel quid
containing tobacco and 2.56 for betel quid without tobacco
in the Indian subcontinent (including India and Sri Lanka)
[29]. Betel quid is a blend of areca nut, slaked lime, and
betel leaf, which can be combined with tobacco, sweeten-
ers, and/or spices. Particularly in India, betel quid serves as
a predominant carrier of smokeless tobacco [30]. Human
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papillomavirus (HPV) is also a risk factor for the OSCC
process. Notably, HPV-16 is one of the most common sub-
types ofHPV causingOSCC.Approximately 14.9% ofOSCC
patients have DNA positive for HPV-16 [31]. Therefore, the
complexity of etiologies gradually becomes a major obsta-
cle in the treatment of OSCC.
Furthermore, the pathological development of OSCC is

characterized by multiple stages in the context of com-
plex etiologies. OSCC is usually preceded by oral poten-
tially malignant disorders (OPMD) which increases the
risk of becoming or already harboring invasive carci-
noma. Leukoplakia and erythroplakia are the two most
common and malignant types of OPMDs [32]. Leuko-
plakia has no characteristic histopathology. Microscopi-
cally, leukoplakia shows hyperkeratosis, epithelial hyper-
plasia, and/or epithelial thickening with an annual malig-
nant transformation rate of 2.6% [33]. Unlike leukoplakia,
erythroplakia often exhibits characteristic histopatholog-
ical changes, including high-grade dysplasia, carcinoma
in situ, or invasive SCC. Clinically, the lesions usually
appear as well-demarcated and red velvety patches. How-
ever, some lesions appear rough and granular on the sur-
face [34]. Further result has revealed that molecular-level
changes (especially in ncRNAs, including miRNAs) can
identify lesions that progress to cancers. For example, com-
bination of miR-150-5p/miR-222-3p and miR-150-5p/miR-
423-5p can distinguish normal healthy individuals from
leukoplakia and OSCC patients, respectively [35]. More-
over, nuclear transport was established as a key program
for regulating the progression of SCC. ΔNp63α, an onco-
genic transcription factor, could maintain the undifferen-
tiated state of SCC cells by controlling their nuclear trans-
port.Meanwhile, karyopherin-β1 (KPNB1), a nuclear trans-
port receptor, was shown to assist ΔNp63α in performing
nuclear transport [36]. Hazawa et al. [37] demonstrated
that importazole (an inhibitor of KPNB1) increased the
expression level of p53-upregulatedmodulator of apoptosis
(PUMA) and decreased the expression level of nucleoporin
62 (NUP62) by attenuating ΔNp63α nuclear import, which
ultimately enhanced apoptosis in SCC cells. However, it
was not clarifiedwhetherΔNp63α-mediated nuclear trans-
port is involved the regulation of ncRNAs in theOSCC pro-
cess. Perhaps it will be a direction to explore drug resis-
tance of OSCC in the future. Additionally, themechanisms
of clinical action of molecular alterations in OSCC, includ-
ing early diagnosis and treatment, remain unclear.
In the face of complex etiologies and clinical manifes-

tations of OSCC, a variety of chemotherapeutic agents
are used in clinical treatment. Cisplatin (CDDP), also
known as cisplatinum, is a first-line and cellular non-
specific chemotherapeutic drug prescribed for the treat-
ment of solid cancers such as breast cancer [38], head and
neck carcinoma [39], and testicular cancer [40]. CDDP

can enter cells through multiple accesses and bind with
genomic DNA or mitochondrial DNA to form DNA-
platinum adducts, which then arrest DNA replication,
inhibit cell mitosis, and induce apoptosis [41]. Given the
positive tumor cytotoxicity of CDDP, it is also used in the
treatment of OSCC patients [42]. Similar to CDDP, 5-FU
mainly disrupts DNA replication and inhibits thymidylate
synthase [43]. In OSCC, 5-FU induces apoptosis through
intrinsic mitochondrial-mediated signaling pathways [44].
PTX is considered to be an antitumor drug that stabilizes
microtubules and blocks mitosis [45]. In the treatment
of OSCC, PTX reduces the expression level of vascular
endothelial growth factor but has no significant inhibitory
effect on tumor growth [46]. Therefore, PTX is often used
as an adjunct drug to other anticancer drugs in the treat-
ment of OSCC. For example, PTX enhanced the toxic-
ity of cetuximab to OSCC cells and induced apoptosis of
OSCC cells [47]. However, the use of chemotherapeutic
agents in OSCC is limited by the development of intrin-
sic or acquired drug resistance in patients. For example,
the mechanisms responsible for CDDP resistance are mul-
tifactorial, such as enhancement of DNA repair, elevation
of cellular detoxification, inhibition of apoptosis, and reg-
ulation of ncRNAs [48]. Besides CDDP, other chemother-
apeutic agents, such as PTX and 5-FU, have shown vary-
ing degrees of drug resistance. As it can be seen, MDR
emergence undoubtedly poses a severe test for the treat-
ment of OSCC patients. It was shown that ncRNAs could
be involved in a variety of biological processes to pro-
mote tumorigenesis, including signaling protein interac-
tion, modulation of translation, miRNA sponge, stabilizes
protein complex [49]. Yan et al. [50] performed an inte-
grated analysis and identified that in OSCC pathogen-
esis, elevated expression levels of hsa-miR-21, hsa-miR-
31, and hsa-miR-338 were associated with cellular pro-
tein metabolic process, macromolecule metabolic process.
Decreased expression levels of hsa-miR-125b, hsa-miR-
133a, hsa-miR-133b, and hsa-miR-139 were associated with
negative regulation ofmacromolecule biosynthetic process
and gene expression. All of the above aberrantly expressed
miRNAs were involved in OSCC pathogenesis. Further-
more, in ameta-analysis that included 15 studies with 1200
OSCC samples, nine upregulated miRNAs (miR-21, miR-
455-5p,miiR-155-5p,miR-372,miR-373,miR-29b,miR-1246,
miR-196a, and miR-181) and seven down-regulated miR-
NAs (miR-204, miR-101, miR-32, miR-20a, miR-16, miR-
17, and miR-125b) were identified to be associated with
poor prognosis of OSCC [51]. Specifically, the pooled haz-
ard ratio values (95% confidence interval) related to differ-
ent miRNA expression for overall survival and disease-free
survival were 2.65 (2.07-3.39) and 1.95 (1.28-2.98), respec-
tively [51]. These results suggest that ncRNAs not only pro-
moted OSCC occurrence but were also involved in poor
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prognosis. Recently, ncRNAs have gradually been found to
play regulatory roles in the drug resistance of the OSCC
process. Therefore, elucidation of ncRNAs regulating the
drug resistance of the OSCC process is urgently needed to
mitigate or even avoid drug resistance.

3 FUNCTIONS ANDMECHANISMS OF
NCRNAS IN DRUG RESISTANCE OF OSCC

3.1 Functions of ncRNAs in drug
resistance of OSCC

OSCCcells progress to drug-resistant process throughmul-
tiple functional roles, of which ncRNAs appear to act as
mediators. Despite broad similarities in the functional pro-
gression of drug resistance, there are differences in the
functional patternsmediated by different types of ncRNAs.
Herein, we present the functions of ncRNAs in intensify-
ing or weakening drug resistance of OSCC, and highlight
the significance of ncRNAs as therapeutic targets for alle-
viating OSCC resistance (Table 1).

3.1.1 miRNAs and drug resistance of OSCC

A variety of anticancer drugs have been prescribed to treat
OSCC. Platinum drugs are widely used in clinic because
of their unique anticancer mechanisms and broad spec-
trums of anticancer activity. By using miRNA microar-
rays, Yu et al. [52] showed that expression levels of miR-
214 and miR-23a were upregulated and accompanied by
CDDP resistance, while the expression level of miR-21
was decreased with CDDP sensitivity in TSCC CDDP-
resistant subline (Tca/CDDP) cells compared to CDDP-
sensitive TSCC cells. miR-372 overexpression was detected
in OSCC. Further, miR-372 was found to inhibit zinc fin-
ger and BTB domain-containing 7A protein (ZBTB7A),
while ZBTB7A silencing increased the oncogenic poten-
tial and drug resistance of OSCC cells. Therefore, the sen-
sitivity of OSCC to CDDP could be improved by miR-372
silencing [53]. Besides the aforementioned signaling path-
ways, exosomes exert synergistic roles inmiRNA-mediated
drug resistance of OSCC. For example, exosomes released
from CDDP-resistant OSCC cells delivered miR-21 and
ultimately enhanced CDDP resistance of OSCC cells [54].
For the other two chemotherapeutic agents (5-FU and

Dox), miRNAs are also found to modulate the drug resis-
tance of OSCC. Huang et al. [55] indicated that miR-365-
3p enhanced OSCC chemosensitivity to 5-FU. The expres-
sion level ofmiR-221was upregulated inDox-treatedOSCC
cells compared to untreated OSCC cells. However, knock-
down of miR-221 enhanced the sensitivity of OSCC cells

to Dox [56]. Collectively, it can be concluded that miRNAs
are involved inMDR regulation. Therefore, it is reasonable
to target and regulate the expression levels of miRNAs to
alleviate the drug-resistant process of OSCC.

3.1.2 lncRNAs and drug resistance of OSCC

A number of lncRNAs have been identified to be abnor-
mally expressed in OSCC cells and involved in chemore-
sistance via regulating different target genes and biologic
processes. For example, the interactions of lncRNAsmedi-
ating drug resistance of OSCC were based on the ceRNA
theory that lncRNAs could act as miRNA sponges to
weaken regulations of miRNAs on mRNAs [60]. Specif-
ically, lncRNA HOXA11-AS overexpression was detected
in OSCC tissues and cells compared to adjacent normal
tissues and human oral keratinocytes. Mechanistically,
lncRNA HOXA11-AS sponged miR-98–5p, which in turn
suppress OSCC proliferation [61]. Meanwhile, lncRNA
HOXA11-AS could also inhibit the expression level of miR-
214-3p, and promote drug resistance of OSCC [62]. Notably,
lncRNAs could also regulate exosomalmiRNAs. For exam-
ple, the downregulation of lncRNAX inactive specific tran-
script (XIST) enhanced exosomal miRNA-503 secretion
and promoted cancer metastasis [63]. However, this reg-
ulatory mechanism has not been identified in OSCC and
could be further explored in the future. Several oncogenic
lncRNAs, such as lncRNA UCA1, lncRNA ANRIL, as well
as lncRNAHOX transcript antisenseRNA (HOTAIR), have
been shown to participate in the drug resistance of OSCC.
LncRNA UCA1 was demonstrated to be upregulated in

CDDP-resistant OSCC cells compared to CDDP-sensitive
cells. Mechanistically, the expression level of miR-184 was
inhibited by lncRNA UCA1. Moreover, in CDDP-resistant
OSCC cells, miR-184 overexpression facilitated tumor sup-
pression and chemosensitivity [64]. In addition to medi-
ating the involvement of miRNAs in drug resistance of
OSCC, lncRNAs may also recognize drug transporter pro-
teins. For example, compared to normal and tumor adja-
cent tissues, lncRNA ANRIL was overexpressed in OSCC
tissues. Meanwhile, lncRNA ANRIL silencing inhibited
tumor cell proliferation, induced apoptosis, and increased
CDDP cytotoxicity by impairing drug transporters MRP1
and ABCC2 [65]. Autophagy has also been shown to be
involved in lncRNA-mediated CDDP resistance. For exam-
ple, lncRNAHOTAIRwas reported as an oncogene, which
was overexpressed in OSCC cells compared to correspond-
ing normal oral mucosa tissues and human oral ker-
atinocytes [66]. Notably, lncRNAHOTAIR silencing inhib-
ited cellular autophagy by downregulating expression lev-
els of autophagy-related genes (ATG3 and ATG7), ulti-
mately enhancing sensitivity toCDDP [67]. All of the above
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TABLE 1 ncRNAs mediating OSCC drug resistance

ncRNA Expressions Sample(s)

Targets and
signaling
pathways

Clinical
Responses Drugs Reference

miR-214 + Tca8113 and
Tca/CDDP
cells

NM Promotes
survival

CDDP [52]

miR-23a + Tca8113 and
Tca/CDDP
cells

TOP2B Promotes
survival

CDDP [52]

miR-21 - Tca8113 and
Tca/CDDP
cells

NM Promotes
survival

CDDP [52]

miR-372 + SAS, OC-3,
OECM-1,
HSC-3 and
FaDu cells

miR-
372/ZBTB7A/TRAIL-
R2
axis

Anti-apoptosis CDDP; taxol [53]

miR-21 + HSC-3-R and
SCC-9-R cells

PTEN and
PDCD4

Promotes
metastasis

CDDP [54]

miR-365-3p - OC-3,
CGHNC-9,
and C9-IV3
cells; clinical
tumor tissues

miR-365-
3p/EHF/KRT16/
β5-integrin/c-
Met signaling
pathway

Promotes
metastasis
and stemness

5-FU [55]

miR-221 + SCC-4 and
SCC-9 OSCC
cells

miR‑221/TIMP3
axis

Anti-apoptosis Dox [56]

miR-371 + SAS cells AKT, β-catenin,
and Src

Anti-apoptosis CDDP; taxol [57]

miR-373 + SAS cells AKT, β-catenin,
and Src

Anti-apoptosis CDDP; taxol [57]

miR-654-5p + Tca-8113 and
CAL-27 cells;
primary fresh
OSCC tissues

miR-654-
5p/GRAP/Ras/Erk
signaling
pathway

Promotes
proliferation

CDDP; 5-Fu [58]

miR-1246 + SAS, GNM,
OC-3 and
Fadu cells

miR-1246-
/CCNG2
axis

Enhances
stemness

CDDP [59]

lncRNA
HOXA11-AS

+ TSCCA,
CAL-27,
SCC-9 and
Tca8113 cells;
OSCC tumor
tissues

HOXA11-
AS/miR-214-
3p/PIM1
axis

Promotes
proliferation

CDDP [62]

lncRNA UCA1 + Tca8113, TSCCA,
CAL-27 and
SCC-9 cells;
OSCC tumor
tissues

UCA1/miR-
184/SF1
axis

Promotes
proliferation

CDDP [64]

lncRNA ANRIL + OSCC-3, SCC-4,
HSC-3 and
CAL-27 cells;
OSCC tumor
tissues

MK/ANRIL/MRP1
and ABCC2/
caspase-
3/BCL-2
axis

Promotes
proliferation;Anti-
apoptosis

CDDP [65]

(Continues)
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TABLE 1 (Continued)

ncRNA Expressions Sample(s)

Targets and
signaling
pathways

Clinical
Responses Drugs Reference

lncRNA HOTAIR + KB and CAL-27
cells

Autophagy and
mTOR
signaling
pathway

Anti-apoptosis CDDP [66],
[67]

circITCH - SCC-6, SCC-9,
SCC-25, HN-4
and HN-6
cells; OSCC
tumor tissues

miR-
421/PDCD4
Axis

Promotes
proliferation;Anti-
apoptosis

Bortezomib [68] [69]

Upregulation, +; Downregulation, -; Cyclin G2, CCNG2; DNA topoisomerase II beta, TOP2B; Doxorubicin, Dox; ETS homologous factor, EHF; Grb-2-related
adaptor protein, GRAP; Not mentioned, NM; Phosphatase and tensin homolog, PTEN; Programmed cell death 4, PDCD4; Proto-Oncogene serine/threonine-
protein kinase, PIM1; Tissue inhibitor of metalloproteinase‑3, TIMP3; Zinc finger and BTB domain-containing 7A protein, ZBTB7A.

evidence suggest that targeted inhibition of several lncR-
NAs may be a potential therapeutic strategy to improve
CDDP resistance in OSCC patients.

3.1.3 circRNAs and drug resistance of OSCC

It has been suggested that circRNAs are also involved
in regulating the progression of drug resistance in can-
cers. Upregulated circITCH enhanced the toxicity of
chemotherapeutic agents against drug-resistant multiple
myeloma cells [68]. Similarly, the expression level of
circITCH was reduced in OSCC tissues and cell lines
compared to adjacent normal tissues and human oral
keratinocytes, and circITCH overexpression significantly
inhibited OSCC cell proliferation and induced apoptosis
[69]. Therefore, it can be speculated that circRNA can also
mediate the toxicity of chemotherapeutic drugs on OSCC
cells. However, the mechanisms of circRNA-meditated
drug resistance of OSCC need to be further explored.
Drug resistance of OSCC cells can be seen to involve a

wide range of biological signaling pathways. Fortunately,
mitigation of OSCC resistance by modulating ncRNAs is a
reliable option. Presumably, signaling pathways identified
do not yet address all barriers for drug resistance of OSCC.
Therefore, more extensive and comprehensive mecha-
nisms of ncRNAs mediating drug resistance of OSCC are
expected to be elucidated.

3.2 ncRNA-mediated mechanisms of
drug resistance of OSCC

Cancers with MDR exhibit several distinctive features,
including elevated activity of drug-efflux transporters, high
level of apoptotic threshold, enhanced DNA repair, and

autophagy-induced drug degradation, which render tumor
cells refractory to chemotherapy. Furthermore, the effec-
tiveness of chemotherapeutic agents is constrained by
intrinsic or acquired resistance. Differences at the genetic
level are also shown in drug resistance of OSCC cells. Five
hub genes (NOTCH1, JUN, CTNNB1, CEBPA, and ETS1)
were identified by bioinformatic analysis. For example, a
high mRNA expression level of NOTCH1 was associated
with the EMT phenotype and drug resistance progression.
Conversely, the knockdown of NOTCH1 reversed EMT
phenotype and drug resistance progression [70]. Addi-
tionally, multiple hub genes can be independently reg-
ulated by hsa-miR-200c-3p, hsa-miR-200b-3p, hsa-miR-
429, and hsa-miR-139-5p in miRNA-mRNA targeting reg-
ulatory network [71]. These results suggested that miR-
NAs can regulate drug resistance-associated hub genes
and accelerate or weaken the OSCC drug resistance pro-
cess. Thus, ncRNAs are destined to be involved in cancer
drug-resistant progression. Currently, according to stages
of chemotherapeutic drug action, it has been proven that
ncRNAs engage in cancer drug resistance across mul-
tiple steps, including transmembrane transport proteins
(activated drug efflux), epithelial-mesenchymal transition
(elevated apoptosis threshold), DNA damage repair (pro-
longed cell survival), autophagy (enhanced drug degrada-
tion) and so on [72]. Notably, ncRNAs are involved in the
drug resistance process of OSCC.

3.2.1 Transmembrane transport proteins

One of the root causes of drug resistance can be attributed
to reduced drug concentrations, which are often caused
by enhanced expression of drug efflux pump genes. It
subsequently generates decreased drug influx, increased
efflux, and drug sequestration in intracellular vesicles
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TABLE 2 Expression, mechanisms and clinical implications of ncRNA-meditated drug efflux in multidrug-resistant cancer

Drug transport
protein Gene ncRNA Expression Mechanisms Clinical Responses Reference
MDR1 ABCB1 circ_0109291 + MiR-188-3p, targeting

ABCB1, could be
sponged by circ_0109291,
resulting in enhanced
drug resistance.

Promotes
proliferation

[80]

lncRNA
MALAT1

+ MALAT1 promoted DDP
resistance via regulating
P-gp, EMT, and the
activation of the
PI3K/AKT/m-TOR
signaling pathway.

Anti-apoptosis [81]

MRP1 ABCC1 lncRNA
MALAT1

+ MALAT1 decreased DDP
sensitivity by
upregulating MRP1 and
MDR1 via STAT3
activation.

Promotes
proliferation

[87]

lncRNA
ANRIL

+ ANRIL regulated
caspase-3/BCL-2 to
elevate the MRP1 level.

Promotes
proliferation

[65]

linc00518 + Linc00518 sponged
miR-199a and thereby
promoted MRP1
expression and induced
drug resistance.

Anti-apoptosis [91]

BCRP ABCG2 miR-495 - MiR-495 suppressed
HOXC6 to inhibit EMT
while promoting
apoptosis of CSCs in
OSCC by inhibiting the
TGF-β signaling pathway.

Enhances stemness [94]

miR-302 - MiR-302 inhibited BCRP
expression by targeting
the 3’- UTR of BCRP
mRNA.

Anti-apoptosis [95]

miR-1246 + MiR-1246 enhanced the
CSCs via repression of
CCNG2.

Enhances stemness [59]

Upregulation, +; Downregulation, -; Cancer stem cells, CSCs; Cyclin G2, CCNG2; Epithelial-mesenchymal transition, EMT.

and compartments [73]. Furthermore, ncRNAs are also
involved in the drug efflux process (Table 2). These changes
mainly involve adenosine triphosphate (ATP) binding cas-
sette (ABC) family proteins, which has been divided into
seven subfamilies (ABCA-ABCG) [74]. It has beenwell doc-
umented that members of the ABC transporter protein
family were associated with the MDR of OSCC include
p-glycoprotein (P-gp/MDR1/ABCB1), the MDR-associated
protein family (MRP1/ABCC1), and breast cancer resis-
tance proteins (BCRP/ABCG2) [75]. TheseABC family pro-
teins have similar transmembrane domains (TMD) that
can pump drugs out of cancer cells to reduce the concen-
tration of drugs in cancer cells (Figure 1).

The expression level of MDR1 has been found to be
upregulated in cells treatedwith chemotherapeutic agents.
Mechanistically, anticancer drugs are capable of trigger-
ing epigenetic alterations in the promoter region of the
MDR1 gene, thereby resulting in a high expression level
of P-gp in tumor cells [76]. Notably, ncRNAs are respon-
sible for the MDR1-mediated drug efflux process. For
example, miR-491-3p downregulated the expression level
of MDR1 by directly binding to the 3’-UTR of ABCB1,
thereby enhancing the sensitivity of hepatoma carcinoma
cells to drugs, like Dox or vinblastine [77]. In 1997, Jain
et al. [78] first estimated immunoreactivity of P-gp in
oral tissues at different stages of tumorigenesis by flow
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F IGURE 1 Structures and drug efflux mechanisms of three common transmembrane transporter proteins in OSCC. (a). Secondary
structure models of drug efflux transporters of the P-gp, BCRP, and MRP1. (b). Drug efflux mechanisms of ABC transporters. ABC
transporters exhibit a conformational change upon substrate binding and ATP hydrolysis which drives the transport process of the substrate.
(c). MDR caused by drug efflux in OSCC. Abbreviations: ABC: adenosine triphosphate binding cassette; BCRP: breast cancer resistance
proteins; MDR: multidrug resistance; MRP1: MDR-associated protein family 1; OSCC: Oral squamous cell carcinoma; P-gp: p-glycoprotein

cytometry and found that its expression was significantly
elevated in recurrent OSCC tissues compared to nor-
mal tissues. Meanwhile, the expression level of P-gp was
higher in T4-stage compared to the T3-stage in recur-
rent tumors. Another result also confirmed that a high
expression level of ABCB1 was correlated with high tumor
grades and poor differentiation [79]. It was known that
miR-188-3p, an upstream regulator of ABCB1, could be
sponged by circ_0109291. Recently, Gao et al. [80] found
that circ_0109291 was highly expressed in CDDP-resistant
OSCC tissues and cells compared to CDDP-sensitive OSCC
tissues and cells. At the same time, miR-188-3p overexpres-
sion inhibited CDDP-resistant OSCC cells. Furthermore,
miR-188-3p inhibitors and ABCB1 overexpression reversed
the inhibitory effect of circ_0109291 silencing on CDDP-
resistant OSCC cells. Thus, circ_0109291 can increase the
expression level ofABCB1 by spongingmiR-188-3p and pro-
mote CDDP resistance of OSCC cells. In addition, lncRNA
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) that showed high expression level in CDDP-
resistant OSCC cells also promoted CDDP resistance by
regulating the expression level of P-gp [81].
Since P-gp cannot explain all drug-resistant processes

of cancer cells, MRP1, or ABCC1, was firstly identified in

small cell lung cancer [82]. Functionally, MDR1 is mainly
confined to the extrusion of xenobiotics. MRP1, on the
other hand, outputs both endobiotics and xenobiotics,
thereby affecting physiological processes beyond drug dis-
tribution [83, 84]. The expression level of MRP1 is known
to be significantly upregulated in several drug-resistant
diseases, including non-small cell lung cancer [85] and
epilepsy [86]. In CDDP-resistant A549 cells, expression lev-
els of lncRNA MALAT1 andMRP1 were upregulated com-
pared to A549 cells. It was further found that the upreg-
ulated MRP1 was triggered by lncRNA MALAT1, thereby
diminishing the sensitivity of cells to CDDP [87]. All of
the above evidence points to ncRNA as a potential win-
dow in the process of alleviating drug resistance. In OSCC,
the expression level of MRP1 was found to be higher in
cancerous tissues than in adjacent non-neoplastic tissues.
Elevated expression level ofMRP1 was detected in CDDP-
resistant cells compared with clinical samples, suggest-
ing intrinsic drug resistance in OSCC. Furthermore, a
high expression level ofMRP1 was significantly associated
with OSCC clinical stage, lymph node metastasis, and his-
tological grade [88]. Nakamura et al. [89] also revealed
that an elevated expression level of MRP1 was detected in
OSCC cell lines treated with CDDP compared to untreated
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OSCC cells. Similar results were also observed in OSCC
cells treated with vincristine [90]. LncRNA MALAT1 was
also known to upregulate the expression level of MRP1,
which contributed to CDDP resistance in lung cancer [87].
LncRNA MALAT1 overexpression was also detected in
CDDP-resistant OSCC cells compared to CDDP-sensitive
OSCC cells [81]. Therefore, it can be hypothesized that
lncRNA MALAT1 can upregulate the expression level of
MRP1 and diminish the drug sensitivity of OSCC cells.
However, the detailed regulatory mechanisms need to be
further explored.
A third drug transporter, distantly related to P-gp and

MRPs, is BCRP encoded by ABCG2, which was origi-
nally isolated from drug-resistant breast cancer cell lines
[92, 93]. Meanwhile, growing evidence indicates that ncR-
NAs can engage in BCRP-mediated drug resistance. Inhi-
bition of BCRP expression enhanced chemosensitivity
through miR-302 targeting the 3’-UTR of BCRP mRNA
[95]. Yanamoto et al. [96] found that locally recurrent
OSCC patients treated with neoadjuvant chemotherapy
had elevated expression levels ofABCG2. Furthermore, Lu
et al. [97] demonstrated that the expression level ofABCG2
was upregulated in OSCC cells with resistance to 5-FU and
CDDP compared to OSCC cells. It could be concluded that
the expression level of BCRP correlated with drug resis-
tance in OSCC cells. Cells that are free of Hoechst 33342
dye are described as side population (SP) cells. This type of
cells harbored cancer stem cell properties with the capac-
ity for tumor initiation and resistance to chemotherapeutic
drugs [98]. In OSCC, Zhang et al. [99] revealed the expres-
sion level of ABCG2 was higher in SP cells compared to
non-SP cells. Meanwhile, it has been confirmed that a high
expression level of ABCG2 in SP cells facilitated the pro-
gression of drug resistance, cancer cell proliferation, and
tumor invasion in OSCC [100]. Unfortunately, intensive
studies on themechanismof ncRNA-mediatedABCG2 reg-
ulation of drug resistance of OSCC are still lacking.

3.2.2 Epithelial-mesenchymal transition

Epithelial-mesenchymal transition (EMT) is a reversible
cellular program characterized by the loss of polarity of
epithelial cells and their transformation intomesenchymal
cells with the ability to move freely [101]. The EMT process
is initiated by EMT-activating transcription factors (EMT-
TFs), including three protein families: Snail (Snail/SNAI1
and Slug/Snai2), basic helix-loop-helix (TWIST1, TWIST2,
and TCF3), and zinc-finger E-box-binding homeobox
(ZEB1 and ZEB2) (Figure 2) [102, 103]. First, epithelial
genes such as E-cadherin, Claudin, cytokeratin, and zona
occludens 1 are suppressed whilst mesenchymal pheno-
type genes including Vimentin, fibronectin, N-cadherin,

andmatrixmetalloproteinases (MMPs) are activated [104].
Then, epithelial cells lose their typical polygonal, pebbled
appearance and acquire a spindle-shaped mesenchymal
morphology. Subsequently, the epithelial actin architec-
ture restructures and cells acquire motility and invasive-
ness by forming lamellipodia, filopodia, and invadopodia,
as well as by producing MMPs to degrade extracellular
matrix (ECM) proteins [105]. Further, the mesenchymal
cells produced are also able to reversibly return to back to
their epithelial state in a process known as mesenchymal-
epithelial transformation (MET) [106]. It has been estab-
lished that the EMT process plays influential roles in spe-
cific processes such as embryonic development, tissue for-
mation, and wound healing [107]. Furthermore, activa-
tion of inappropriate EMT process contributes to malig-
nant progression of several cancers, such as cervical can-
cer, OSCC, and more [108, 109].
EMT is known to encompass multiple molecules and

signaling pathways, and more recently ncRNAs have
been shown to serve as crucial regulators of expressions
and functions of EMT-TFs in OSCC pathologic processes
(Table 3). For example, the expression level of circIGHG
was found to be significantly upregulated in OSCC tissues
compared to adjacent non-tumor tissues andwas positively
associated with EMT phenotype. It was further found that
circIGHG induced EMT program via targeting miR-142-
5p and thus, promoted OSCC progression [111]. Emerg-
ing evidence also suggested that EMT, particularly EMT-
TFs, could affect the development of tumor drug resis-
tance. EMT-TFs can bind to promoters of certain ABC
transporter genes, thereby, activating the EMT program
and enhancing drug resistance [112]. It can be seen that
there were broad and profound mechanisms by which
ncRNAs canmediate the EMT process and promote tumor
drug resistance. LncRNA TINCR, a spliced lncRNA, is
essential for normal epidermal differentiation. Compared
with sensitive cells, the expression level of lncRNA TINCR
was significantly increased in drug-resistant cells. Mech-
anistically, lncRNA TINCR, sponging miR-125b, stimu-
lated human epidermal growth factor receptor 2 (HER-2)
release and induced drug resistance. Furthermore, Snail-
1 was a target gene of miR-125b. LncRNA TINCR silenc-
ing reversed drug resistance and EMT process by the reg-
ulation of miR-125b targeting HER-2 and Snail-1, respec-
tively [113]. Therefore, the EMT program and tumor drug-
resistant processes regulated by ncRNAs involve a variety
of complex molecules and signaling pathways, with ncR-
NAs often acting as upstream regulators. It can be postu-
lated that the expression levels of ncRNAs can be deter-
minants of the EMT program and cell drug-resistance pro-
gression, and ncRNAs can serve as a potential target reg-
ulatory window in the inhibition of EMT program and
tumor drug resistance.
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F IGURE 2 Physiological processes of EMT and its mechanisms in drug resistance. (a). EMT initiation elicits dramatic changes in cell
morphology and physiology. Down-regulation of multiple apoptotic signaling pathways associated with EMT, enhancement of drug efflux,
and retarded cell proliferation all conspire to enhance the resistance of cancer cells to drugs. (b). Drug recognizes the EGFR receptor on the
surface of epithelial cells, which in turn blocks the EGFR signaling pathway and ultimately induces apoptosis. In contrast, in mesenchymal
cells, Snail induces the expression of AXL receptor tyrosine kinase. Meanwhile, AXL signaling triggered by binding to growth arrest-specific
protein 6 (GAS6) enhances drug tolerance. Abbreviations: EGFR: epidermal growth factor receptor; EMT: epithelial-mesenchymal transition;
GAS6: growth arrest-specific protein 6

Currently, accumulating evidence suggests complex
associations between the EMT program and drug resis-
tance of OSCC. It has been found that MDR tumor
cells induced by various chemotherapeutic agents such
as CDDP and epidermal growth factor receptor (EGFR)
inhibitors frequently possess EMT phenotype. For exam-
ple, EMT phenotype was observed in cetuximab-resistant
OSCC cells with a concomitant loss of EGFR expres-
sion [116]. CDDP-resistant OSCC cell lines manifested an
EMT phenotype, with decreased expression levels of E-
cadherin and increased expression levels of TWIST and
N-cadherin [117]. Sun et al. [118] constructed stabilized
CDDP-resistant TSCC cell models and corroborated that
CDDP-resistant cells exhibited mesenchymal phenotype
compared to parental cells. Further results revealed that
decreased expression levels of miR-200b and miR-15b con-
tributed to chemotherapy-induced TSCC EMT phenotype.
These results indicated that drug-resistant OSCC cells
induced by chemotherapeutic agents tended to exhibit
EMT phenotype, which predisposed residual cancer cells
for being more aggressive. Notably, the EMT program
also increased MDR emergence in OSCC. Snail overex-

pression inhibited expression levels of E-cadherin and β-
catenin in OSCC cells and promoted the EMT process,
as well as enhanced cellular resistance to erlotinib [119].
Lin et al. [120] found that OSCC cells with EMT phe-
notype induced by PAK1 (p21 (RAC1) activated kinase
1) exhibited a CDDP resistance. PAK1 took part in the
invasion, migration, and cytoskeletal remodeling of OSCC
cells [121]. In addition, miR-485-5p overexpression sup-
pressed PAK1, to further reversing the EMT process.
Thus, the EMT process and chemoresistance in OSCC
can often coexist and mutually reinforce each other,
whichmay involve commonmolecules and signaling path-
ways in both. Chemotherapy can induce the EMT pro-
cess to promote tumor invasion and metastasis, which
in turn can lead to MDR. These feedback loops col-
lectively contribute to the malignant development of
OSCC. Moreover, the paramount regulatory roles of ncR-
NAs in the EMT program and drug resistance of OSCC
should also be considered. A better understanding of how
ncRNAs regulate the EMT process and MDR can shed
light on more effective ways to improve OSCC progno-
sis.
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TABLE 3 The ncRNAs mediating the EMT process and associated mechanisms

ncRNA Location Expression
Molecular mechanisms of
action in EMT

Clinical
Responses Reference

circPTK2 8q24.3 - Via sponging
miR-429/miR-200b-3p,
circPTK2 promoted
TGF-β-induced EMT and
cancer cell invasion by
targeting TIF1γ.

Promotes
metastasis

[110]

circIGHG 6q32 + CircIGHG directly bound
miR-142-5p and
consequently elevated
IGF2BP3 activity.

Enhances invasion [111]

lncRNA TINCR 19p13.3 + LncRNA TINCR sponged
miR-125b and released
HER-2, and miR-125b
promoted Snail-1
transcription.

Promotes
metastasis

[113]

lncRNA SATB2-AS1 2q33.1 - After downregulation of
SATB2 expression, HDAC1
failed to recruit in Snail
promoter and Snail
transcription was promoted.

Enhances invasion [114]

miR-483-3p 11p15.5 - MiR-483-3p directly targeted
integrin β3, and thus
repressed downstream
FAK/Erk signaling pathway.

Promotes
metastasis

[115]

miR-200b 1p36.33 - MiR-200b promoted EMT
through upregulation of
BMI1 and enhanced tumor
metastasis in
chemotherapy-resistant
TSCC.

Promotes
metastasis

[118]

miR-15b 3q25.33 - MiR-15b promoted EMT
through upregulation of
BMI1 and enhanced tumor
metastasis in
chemotherapy-resistant
TSCC.

Promotes
metastasis

[118]

miR-485-5p 14q32.31 - Downregulation of
miR-485-5p promoted PAK1
protein expression, which in
turn stimulated EMT.

Enhances invasion [120]

Upregulation,+; Downregulation, -; B lymphomaMo-MLV insertion region 1 homolog, BMI1; Epithelial-mesenchymal transition, EMT; Not mentioned, NM; p21
(RAC1) activated kinase 1, PAK1.

3.2.3 DNA damage repair

Small molecules binding to specific DNA sites are con-
sidered as potential chemotherapeutic agents. Currently,
the mechanisms of many chemotherapeutic agents are
to block tumor cell division by damaging DNA, such
as CDDP, carboplatin, and 5-FU [122]. However, cancer
cells have developed enhanced DNA repair capacity to
diminish the sensitivity of cancer cells to therapy [123].
Under normal physiological conditions, multiple DNA

damage responses exist for repairing damaged DNA to
maintain genomic stability in cells, including base excision
repair (BER), nucleotide excision repair (NER), mismatch
repair (MMR), homologous recombination (HR), and non-
homologous end joining (NHEJ) [124, 125]. In addition,
cells can mobilize low-fidelity trans-lesion synthesis (TLS)
DNA polymerase to bypass damagedDNA lesions and pre-
vent cell death through the TLS system [126]. These repair
mechanisms are of great value in maintaining normal cell
survivals. Nevertheless, in cancer cells, these mechanisms
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F IGURE 3 DNA damage repair mediated by ncRNAs. Three common DNA damage repair mechanisms (NER, HR, and NHEJ) involved
in ncRNA are shown here. A variety of different ncRNAs regulate OSCC drug resistance progression by inhibiting or promoting DNA damage
repair mechanisms in response to multiple key molecules. Abbreviations: HR: homologous recombination; ncRNAs: noncoding RNAs; NER:
nucleotide excision repair; NHEJ: non-homologous end-joining

apparently are hindrances to the efficacy of chemothera-
peutic agents. Growing studies suggest that following the
use of chemotherapeutic agents, enhanced DNA repair
mechanisms are identified as a primary mechanism of
drug resistance [127–129].
Intriguingly, alteration of molecules in signaling path-

ways that regulate DNA repair capacity contributes to the
sensitivity and resistance of chemotherapeutic agents (Fig-
ure 3). RAD51, an important HR repair protein, can repair
DNA damage caused by chemotherapeutic agents, thereby
reducing the efficacy of drugs and thus, trigger MDR
[130, 131]. Enhanced DNA repair capacity was observed
in drug-resistant gastric cancer cells [132]. Further results
showed that interferon regulatory factor-1, a tumor sup-
pressor, could directly suppress the expression level of
RAD51 via binding the RAD51 promoter, thereby impair-
ingDNAdamage repair and ultimately reversing chemore-
sistance [132]. The tumor suppressor complex breast can-
cer susceptibility gene 1; BRCA1-associated RING domain
protein 1 (BRCA1-BARD1) repairs DSBs by HR signaling
pathway [133]. Zhao et al. [134] indicated that the BRCA1-
BARD1 complex promoted the assembly of synaptic com-
plexes, which are key intermediates in RAD51-mediated

DNA repair. It is therefore clear that BRCA1 and BARD1 are
key regulators of the functions ofRAD51. These results sug-
gest that targeting molecules that regulate DNA repair sig-
naling pathways could be an effective approach to revers-
ing MDR in OSCC.
It is becoming clear that ncRNAs affect protein stabil-

ity and induce drug resistance in tumor cells by regulat-
ing DNA damage-responsive genes (Table 4). As a cen-
tral role in NHEJ, X-Ray Cross Complementing 4 (XRCC4)
was abundant on DNA ligase 4 and bound with XRCC4-
like factor to form complexes that formed alternate heli-
cal filament DNA to help cells survive [135]. Reduced
expression level of miR-151a was found in temozolomide
(TMZ)-resistant cells. Mechanistically, miR-151a overex-
pression can sensitize TMZ-resistant cells by repressing
XRCC4-mediated DNA repair [137]. More recently, mount-
ing evidence revealed that altered expression levels of
lncRNAs were present in tumor cells and that lncRNA
expression profiling could correlate with the evolution of
tumor drug resistance [138, 139]. By using a microarray
screening, Sharma et al. [140] identified a new lncRNA
caused by DNA damage, termed DNA damage-sensitive
RNA1 (DDSR1). LncRNA DDSR1 was further found to be
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TABLE 4 ncRNAs involved in the network of DNA damage repair

ncRNA Expression ncRNA targets
Mechanisms of DNA damage
repair Reference

miR-140 - FEN1 Enhancing FEN1-mediated DNA
repair

[136]

miR-151a - XRCC4 Activating XRCC4-mediated
NHEJ signaling pathway

[137]

lncRNA DDSR1 + BRCA1 Sequestering BRCA1-RAP80
complex via direct interactions
with BRCA1; Activating HR
signaling pathway

[140]

lncRNA lnc-RI + RAD51; miR-193a-3p Activating HR signaling pathway
via sponging miR-193a-3p

[141]

lncRNAMEG3 + p53 Triggering HR signaling pathway
via elevating p53 levels

[142]

circ_0001946 - miR-7-5p, miR-671-5p,
miR1270 and
miR-3156-5p

Activating NER signaling
pathway

[145]

circ_0062020 + TRIP13; miR-615-5p Activating NHEJ signaling
pathway via sponging
miR-615-5p

[146]

Upregulation, +; Downregulation, -; Flap endonuclease 1, FEN1; Temozolomide, TMZ; Thyroid hormone receptor interactor 13, TRIP13.

involved in HR signaling pathway to enhance DNA repair.
Lnc-RI silencing interfered with HR signaling pathway,
increased DSBs level, and decreased the expression level
of RAD51. It was further found that miR-193a-3p could
bind to lnc-RI and RAD51 mRNA and block their expres-
sion. Thus, lnc-RI competitively recognized miR-193a-3p
to increase the expression level of RAD51 and stabilized
HR signaling pathway [141]. The expression levels of cir-
cRNAs, a type of young ncRNAs, were detected as disor-
dered in a variety of cancers and were considered as key
regulators of cancer development, invasion, and metasta-
sis [143, 144]. In recent years, circRNAs have also been
found to participate in the progression of tumor drug resis-
tance. In prostate cancer, circ_0062020 overexpression pro-
moted the expression level of thyroid hormone receptor-
interacting protein 13 (TRIP13) via sponging miR-615-5p
[146]. NHEJ signaling pathway was thus actuated, leading
to enhanced DNA repair and decreased drug sensitivity of
tumor cells [147]. Although the biological function of cir-
cRNAs is not fully understood, explorations of a few cir-
cRNAs have provided navigation to mechanisms of tumor
drug resistance. Research on multimolecular interactions
(i.e. miRNAs-lncRNAs-circRNAs) could help to fully elu-
cidate the drug resistance mechanisms of OSCC.

3.2.4 Autophagy

Autophagy is a highly conserved cellular process of intra-
cellular lysosomal degradation and organelle recycling

controlled by more than 40 autophagy-related genes [148,
149]. Autophagy can be categorized as at least three distinct
forms: macroautophagy [150], microautophagy (wrap-
ping and degrading cytoplasmic components by bending
and folding inwards of lysosomal membranes) [151], and
chaperone-mediated autophagy (direct transport of mis-
folded proteins recognized by translocons into lysosomes)
[152]. The most typical type of autophagy is macroau-
tophagy, so the term “autophagy” is often used to refer
to macroautophagy. Autophagy plays roles in health and
disease states, such as embryonic development [153] and
neurodegenerative diseases [154]. Notably, autophagy is
involved in cancer progression. Intriguingly, autophagy
can exert both pro- and anticancer effects. Taking can-
cer promotion as an example, when cells are starved,
autophagy is enhanced to meet the energy and mate-
rial needs of cancer cells. The neighbor of BRCA1 gene 1
(NBR1), an autophagy-related receptor, could steerMHC I
from the surface of cancer cells into the cytoplasm. As a
result, autophagy can reduce the expression level ofMHC
I on the surface of cancer cells, thereby impeding anti-
gen presentation [155]. In mouse models, blocking the
autophagy process restored the expression level of MHC I
on the surface of cancer cells, which in turn enhanced anti-
gen presentation and thus, weaken the immune escape of
cancer cells [156].
As a “junk cleaner”, the autophagy process is also

detected in OSCC. Elevated expression level of LC3II (an
autophagy-related gene) was observed in OSCC, whereas
migration and invasion of OSCC cells were silenced by
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F IGURE 4 Molecular mechanisms of autophagy-induced drug resistance regulated by ncRNAs. Numerous signaling pathways and
ATGs exist in the autophagy process. Different ncRNAs can act as upstream signals to target key molecules and accelerate the autophagy
process. Abbreviations: ATG: autophagy-related genes; ncRNAs: noncoding RNAs

autophagy gene blockers [157]. It is well known that ncR-
NAs have been shown to function as cancer suppres-
sors or oncogenes in OSCC progression. Then, whether
autophagy and ncRNAs have synergistic or antagonistic
effects in OSCC has attracted the attention of scholars.
Gao et al. [158] found that hypoxia enhanced both the
expression level of circCDR1as and the autophagy pro-
cess in OSCC cells. Mechanistically, circCDR1as facilitated
the autophagy process via targeting multiple key regu-
lators. Meanwhile, circCDR1as enhanced the autophagy
process in OSCC cells by sponging miR-671-5p, inhibiting
mTOR, and upregulating AKT and ERK signaling path-
ways. Thus, ncRNAs serve as upstream messengers along
signaling pathways responsible for the regulation of OSCC
by autophagy, indicating that targeting ncRNAs could alle-
viate the autophagy-relatedOSCCprocess (Figure 4).How-
ever, it remains largely unknown as to how autophagy is
regulated by other ncRNAs in OSCC.
Autophagy and ncRNAs are not only involved in cancer

progression, but in recent years the two have been found
to jointly regulate the development of cancer drug resis-
tance (Table 5). For example, miR-519a enhanced TMZ-
induced autophagy and apoptosis processes, while inhi-
bition of miR-519a decreased cellular autophagy and pro-
moted TMZ resistance. In vivo, miR-519a sensitized cells
to TMZ and enhanced apoptosis by boosting the cellu-

lar autophagy process [159]. In OSCC, autophagic flux
was higher in drug-resistant cells compared to parental
cells, and inhibition of autophagy led to decreased stem-
ness, suggesting that autophagy enhanced CDDP-induced
stemness and chemoresistance in OSCC cells [79]. Inter-
estingly, ncRNAs are also implicated in the autophagy-
mediated drug-resistant process inOSCC cells. The expres-
sion levels of ATG3 and ATG7 were reduced after lncRNA
HOTAIR blocking, which inhibited autophagy. In paral-
lel, the rate of apoptosis increased and the sensitivity of
OSCC cells to CDDP was enhanced [67]. Ectopic expres-
sion of lncRNA highly upregulated in liver cancer (HULC)
induced autophagy process in cancer cells, while lncRNA
HULC silencing sensitized cancer cells to anti-tumor drugs
by inhibiting the autophagy process. Importantly, lncRNA
HULCwas aberrantly upregulated in OSCC cell lines com-
pared to normal cells and inhibition of lncRNA HULC
expression suppressed cancer cell proliferation and drug
resistance [160, 161]. Thus, inhibition of lncRNA HULC
to alleviate OSCC resistance may be partially mediated
by the autophagic signaling pathways. Collectively, inhi-
bition of the autophagy process modulated by expression
levels of ncRNAs can impair resistance of OSCC cells
to chemotherapeutic drugs, thereby, promoting apoptosis
and alleviating OSCC progression. Autophagy inhibitors
may be promising adjuvant approaches in the fight against
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TABLE 5 Studies on the role of ncRNA-meditated autophagy in multidrug-resistant cancer

ncRNA Expression Sample(s) Mechanism in autophagy Reference
circCDR1as + OSCC tissues; Tca-8113,

SCC-15, and HOK cells
Sponging miR-671-5p,
inhibiting mTOR and
upregulating AKT and
ERK½ signaling pathways

[158]

miR-519a - U87-MG cells
(glioblastoma)

Enhancing chemosensitivity
and promoting autophagy
by targeting STAT3/Bcl2
signaling pathway

[159]

lncRNA
HOTAIR

+ CAL-27 cells Upregulating expression of
MAP1LC3B, beclin1, ATG3
and ATG7

[67]

lncRNA HULC + OSCC tissues; SCC-9,
SCC-15, SCC-25 and
CAL-27 cells

Enhancing EMT process [161]

lncRNA CASC9 + OSCC tissues; SCC-15 and
CAL-27 cells

Enhancing AKT/mTOR
signaling pathway

[162]

linc00160 + HCC tissues; MHCC-97,
HCCLM-3, Hep-3B, and
Huh-7 cells

Promoting autophagy and
drug resistance by
regulating miR-132-targeted
PIK3R3

[163]

Upregulation, +; Downregulation, -; Hepatocellular carcinoma, HCC; Microtubule-associated protein 1 light chain 3B, MAP1LC3B; Phosphoinositide-3-kinase
regulatory subunit 3, PIK3R3.

the drug resistance of OSCC. Therefore, there is an urgent
need to develop new autophagy modulators with higher
efficacy and lower toxicity for the treatment of drug resis-
tance of OSCC.
In general, with the progression of chemotherapeu-

tic drug action on cancer cells and conditions of cancer
cells, drug resistancemechanisms can bemainly attributed
to drug efflux mediated by transmembrane transporter
proteins, elevated apoptosis threshold induced by EMT,
enhanced DNA repair capacity, and drug degradation due
to autophagy process. Certainly, ncRNAs can also regu-
late the OSCC resistance process in other ways besides
the aforementioned drug-resistant mechanisms. The gly-
colytic pathways can also be mediated by ncRNAs to trig-
ger drug resistance of OSCC. Wang et al. [164] found that
lnc-p23154 promoted Glut1 expression, triggered glycolytic
dysregulation, and induced drug resistance of OSCC by
directly targeting the 3’UTR of miR-378a-3p. Importantly,
the mechanisms of different drug resistance of OSCC
appear to be independent, but in fact the mechanisms
interact with each other. For example, EMT-TFs could rec-
ognize ABC transporter genes to regulate drug efflux, and
the BRCA1 gene is involved in both DNA damage repair
and the autophagy process. At the same time, ncRNAs
play connecting roles like bridges. Consequently, a bet-
ter understanding of the mechanisms of ncRNA-mediated
drug resistance of OSCC can improve the basis for develop-
ing approaches to target ncRNAs to alleviate OSCC resis-
tance.

4 NCRNA-CENTERED APPROACHES
TOMITIGATE DRUG-RESISTANCE OF
OSCC

Exploring themechanisms of ncRNA-mediated drug resis-
tance of OSCC could allow us to discover novel ways
of attenuating or blocking drug-resistant processes. Many
approaches have shown success in rescuing chemothera-
peutic agents from acquired or intrinsic drug resistance.
Currently, major approaches for targeting ncRNAs to alle-
viate drug resistance of OSCC include targeting oral cancer
stem cells, the use of adjuvant drugs, and interfering with
signaling pathways.

4.1 Targeting oral cancer stem cells

Oral cancer stem cells (OCSCs) are capable of self-renewal
within a long period of time and reproduce the differ-
ent cell lineages found in the primary cancers [165, 166].
One of the characteristics of OCSCs is the development
of drug resistance in cancer cells, including conventional
chemotherapies and immunotherapies. Therefore, OCSC-
targeted therapies are promising treatment approaches to
overcome the drug resistance of OSCC. Among miRNA
families, let-7c is widely viewed as a tumor suppressor.
The expression level of let-7c was found downregulated
in OCSCs, while let-7c overexpression weakened stemness
hallmarks and reversed chemoresistance [167]. Moreover,
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let-7c overexpression inhibited IL-8 secretion, suggesting
that the upregulation of let-7c could weaken the stemness
of OCSCs, thereby, enhancing the cytotoxicity of CDDP
[168]. The expression level of CD133 was found elevated in
OCSCs and drug resistancewas enhanced. Notably, combi-
nation therapies with targeting CD133 and administrating
CDDP inhibited OCSC-mediated OSCC initiation [169].
Dysregulated expression level of the transcription factor
SOX2 regulated drug resistance of cancer cells to existing
cancer therapies [170]. The expression level of SOX2 was
upregulated in OSCC, and OCSC property was strength-
ened. SOX2 silencing suppressed expression levels of drug-
resistant genes in OCSCs. Meanwhile, the knockdown of
SOX2 combining with CDDP treatment attenuated drug
resistance and improved the survival of OSCC mice [171].
Natural compound honokiol diminished self-renewal of
OCSCs. At the same time, honokiol potentiated the effect
of CDDPand inhibited cancer stemness ofOCSCs, suggest-
ing that honokiol may be an adjunct to the treatment of
OSCC [172]. Taken together, to alleviate drug resistance of
OSCC, it is essential to improve knowledge onOCSCs,with
a particular focus on molecular features.

4.2 Applying adjuvant drugs

Combinations of multiple drugs have also been used to
induce apoptosis in drug-resistant cells via enhancing cyto-
toxicity. Aldo-keto reductase (AKR) 1C family has been
found to be associated with drug resistance [173]. AKR1Cs
(including AKR1C1, AKR1C2, AKR1C3, and AKR1C4) were
shown to be upregulated in CDDP-resistant OSCC cells.
Mefenamic acid, an inhibitor of AKR1Cs, restored the sen-
sitivity of drug-resistant cells to CDDP and 5-FU [174].
Isomahanine was able to induce endoplasmic reticulum
stress in drug-resistant OSCC cells, ultimately inducing
apoptosis [175]. Moreover, ursolic acid (UA) inhibited the
phosphorylation of the AKT/BAD signaling pathway in
drug-resistantOSCCcells, which in turn activated intrinsic
apoptotic mechanisms [176]. Additionally, UA attenuated
cancer cell stemness and thus reversed chemoresistance
by interfering with miR-149-5p [177]. As such, drugs tar-
geting ncRNAs hold potential in alleviating the drug resis-
tance of OSCC. However, it is unknown whether the effect
of these drugs in combination with first-line chemothera-
peutic agents will amplify side effects in patients. Hence,
this provides a direction for future exploration of multiple
combination therapies.

4.3 Interfering with drug
resistance-associated signaling pathways

Targeted inhibition of EGFR and related signaling path-
ways has been used as a treatment option for cancers.

EGFR and its downstream signaling pathways were con-
firmed to be associated with CDDP sensitivity. EGFR
inhibitors sensitized OSCC cells to 5-FU and CDDP. It
has been proposed that inhibition of the EGFR signaling
pathway may serve as a reasonable strategy for the treat-
ment of drug-resistant OSCC patients [178, 179]. Further-
more, Li et al. [180] detected a higher expression level of
β-catenin in CDDP-treated OSCC cells compared to con-
trols. The sensitivity of OSCC cells to CDDPwas enhanced
by β-catenin silencing. In addition, theWnt signaling path-
way was also inhibited by β-catenin silencing. This indi-
cates that blocking the Wnt/β-catenin signaling pathway
could reverse drug resistance of OSCC cells. A variety of
ncRNAs are known to be involved in the Wnt/β-catenin
signaling pathway, including miR-106a and lncRNA pla-
centa‑specific protein 2 (PLAC2) [181, 182]. On the other
hand, it has been suggested that vitamin D can reduce the
risk of many cancers. Also, in OSCC, vitamin D sensitized
cancer cells to CDDP. Mechanistically, vitamin D inhib-
ited the activation of the NF-κB signaling pathway, thereby
enhancing CDDP toxicity in OSCC cells [183]. It is well
established that ncRNAs and NF-κB signaling pathway are
involved in OSCC process while it is unclear whether there
are ncRNAs which regulate vitamin D-mediated inhibi-
tion of NF-κB signaling pathway. Therefore, interfering
with drug-resistant signaling pathways mediated by ncR-
NAs can be an intervention to reverse the drug resistance
of OSCC and enhance chemotherapeutic drug toxicity.
At the current stage, the development of ncRNA-based

therapeutic approaches for drug resistance of OSCC has
been correspondingly successful. However, how to modify
ncRNAs to enhance the toxicity of chemotherapeutic drugs
still needs to be further explored, especially in combination
with emerging technologies.

5 FUTURE PERSPECTIVES

The systemic toxicity and low bioavailability of chemother-
apeutic agents are current challenges in the treatment of
OSCC. Hence, the development of advanced drug deliv-
ery strategies is urgently needed (Figure 5). It has been
established that the toxic effects of CDDP on cancer cells
can be scavenged by GSH catalyzed by GST (GSH-S-
transferase). Therefore, it can be hypothesized that down-
regulated GST could restore OSCC cell apoptosis induced
by CDDP. Based on the above view, Han et al. [184] con-
structed a GST inhibitor [ethacrynic acid (ECA)]-loadable
nanomaterial termed MPEG-PLA-SS-ECA, and modified
into nanoparticles carrying pingyangmycin and carbo-
platin. ECA, pingyangmycin, and carboplatin could all be
released uniformly. In their results, MPEG-PLA-SS-ECA
nanoparticles were shown to restore the chemosensitiv-
ity of drug-resistant OSCC cell lines. Meanwhile, Yang
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F IGURE 5 The combined application of several platforms based on nano-delivery and self-cellular drug delivery in drug resistance. (a).
Reversal of MDR in tumor cells by a GST inhibitor nanoparticle delivery system. (b). FA-targeted/GSH-sensitive PTX-loaded drug delivery
system. (c). Theranostic Pt(IV)-NPs for overcoming cisplatin resistance via cancer-specific targeting of mitochondria. (d). SiRNA is conjugated
with carriers forming carrier-siRNA conjugates; SAMiRNA is a nanoparticle formed by the self-assembly of siRNA modified by lipids and
PEG molecules. (e). Lipid mixture-encapsulated Cas9 mRNA and sgRNA form cLNPs. (f). Adipocytes loaded with RA and pDox can arrive at
the cancer nest via lipid metabolic pathways. (g). Drug-loaded LNT cells can return to the cancer nest via the bone marrow homing pathway.
Abbreviations: cLNPs: CRISPR lipid nanoparticles; FA: Folic acid; LNT cells: liquid nitrogen–treated AML cells; pDox: Doxorubicin prodrug;
RA: Rumenic acid

et al. [185] also developed Pt(IV)-NPs assembled from
biotin-labeled Pt(IV) prodrug derivative and cyclodextrin-
functionalized IR780. Since IR780 acted as a targeting lig-
and for mitochondria, Pt(IV)-NPs could localize in mito-
chondria and release CDDP, inducing mitochondrial DNA
damage, thereby, downregulatingGSH level and inhibiting
DNA repair mechanisms. Furthermore, a new drug deliv-
ery system (FA-PEG-S-S-PCL@PTX, FA-NPs) was able
to deliver PTX, inhibit GSH level, effectively mitigating
OSCC progression [186]. In addition to interfering with
GSH level, nano-delivery platforms that blocked the tumor
cell cycle have been developed. Synthesized polyethylene
glycol-graphene quantum dots-Pt (GPt) sensitized OSCC
cells to chemotherapeutic agents, ultimately blocking the
S-phase cell cycle and promoting apoptosis of OSCC cells
[187]. The coloaded high-density lipoprotein-mimicking
nanoparticles (HMNs) comprising NLS-Dox/anti-miR21
restored drug sensitivity in cancer cells with greater cyto-
toxicity [188]. Considering thatmiR-21 was also involved in
themechanisms of OSCC resistance, it could be speculated
that HMNs could reverse the drug resistance of OSCC.

Direct modification of ncRNAs, instead of loading ncR-
NAs, has also been proposed for targeting cancer genes.
For example, siRNAs that chemically bind to carriers form
carrier-siRNA conjugates, and lipid and PEG molecules
modify siRNA to form self-assembled lipid nanoparticles
[72]. Given the complex intracellular microenvironment,
it is recommended that targeting ncRNAs with two or
more different vectors improve drug delivery. Altogether,
nanoparticles have shown superiority against tumor cell
chemoresistance, and therefore, they can serve as a poten-
tial strategy against OSCC-resistant patients.
In recent years, CRISPR systems have also been

expanded for application in tumor drug resistance ther-
apy. On the one hand, key drivers of drug-resistant tumors
can be screened by CRISPR systems. By using genome-
wide CRISPR/Cas9 library screening, phosphoglycerate
dehydrogenase (PHGDH) was identified as a key driver
of sorafenib resistance in hepatocellular carcinoma, sug-
gesting that PHGDH could serve as a target for alleviat-
ing sorafenib resistance [189]. This application could sup-
port precision medicine for tumor drug resistance. On the
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other hand, Rosenblum et al. [190] used lipid nanoparti-
cles (LNP) as a delivery vehicle to encapsulate Cas9mRNA
and sgRNAs. As a result, this delivery system was vali-
dated to significantly inhibit tumor growth and increase
survival rate by 80% in mouse models of glioblastoma and
metastatic ovarian cancer. These strategies provided a clue
to treating OSCC resistance by using CRISPR systems to
screen for key drivers ofOSCC resistance, followed by com-
bining CRISPR systems with multiple technologies (like
nanotechnology) to construct targeted drug delivery plat-
forms. This conceptwill be the direction of future research.
Besides the two strategies mentioned above, the “self-

cellular drug delivery” platform has recently acquired con-
siderable attention. Both glucosamine and glucose were
known to be recognized by glucose transporters on the
surface of red blood cells. By conjugating insulin to glu-
cosamine, the red blood cells thus served as the insulin-
carrying van. Under high blood glucose levels, glucose
competitively bound transporter proteins, resulting in
insulin freeing and thus lowering blood glucose levels.
Notably, red blood cells can be replaced by nanoparticles
modified with glucose transporters, which will provide
solutions for the construction of other bionic cells [191].
This system is a biocompatible “intelligent drug deliv-
ery system” that can autonomously regulate drug levels
according to different conditions. Furthermore, rumenic
acid (RA), an anticancer fatty acid, and Dox prodrug were
enveloped in adipocytes. Modified adipocytes acted as a
Trojan horse for anticancer drug delivery through lipid
metabolism of tumor cells, thereby, enhancing drug trans-
port efficiency [192]. Moreover, Ci et al. [193] used liquid
nitrogen to prepare dead acute myeloid leukemia (AML)
cells and constructed drug delivery vehicles that encapsu-
lated Dox. Due to the fact that dead cells have similar pro-
tein expression as the source cells, dead cells kept their
bone marrow homing capability of live AML cells. The
results of in vivo experiments revealed that cryo-shocked
cancer cells prolonged the blood half-life of drugs and
improved enrichment of chemotherapeutic drugs in the
bone marrow. In addition, the therapy significantly pro-
longed the survival of AML mice when combined with
immune adjuvants.
Compared to drug delivery platforms constructed with

synthetic nanomaterials, drug carriers based on self-cells
maintained cellular targeting as well as good biocompat-
ibility. However, the self-cellular drug delivery platform
remains in initial stages, and it will be possible to modify
dead cells carrying multiple anticancer drugs or to load-
ing different drugs in different locations of the dead cells at
later stages. Collectively, several platforms based on nano-
delivery and self-cellular drug delivery hold promise for
the treatment of many drug-resistant cancers, especially
OSCC.

6 CONCLUSIONS

Growing evidence suggests the involvement of ncRNAs
in drug resistance of OSCC. The important roles of
ncRNAs in drug resistance make them potential tar-
gets for cancer therapies. This review highlighted the
functions and mechanisms of ncRNAs such as miRNAs,
lncRNAs, and circRNAs in the drug-resistant process of
OSCC, and ultimately elucidated that treatment targeting
these aberrantly expressed ncRNAs would be a promis-
ing approach to reverse drug resistance. Therapeutic inter-
ventions based on ncRNAs in combination with conven-
tional chemotherapies may be an ideal option to address
drug resistance in OSCC patients. However, it remains
a challenge to screen out key ncRNAs from the large
number of ncRNAs. Although ncRNAs have been exten-
sively studied in OSCC, their roles as therapeutic targets
for drug resistance of OSCC remains to be explored in
depth. Moreover, studies have mainly focused on miR-
NAs and lncRNAs, and exploration of circRNA-mediated
drug resistance of OSCC is still relatively rare. A new
space for cancer drug resistance treatment has opened by
the combination of multiple technologies for the devel-
opment of chemotherapy drug delivery platforms, such
as nanomaterials, genome editing, and modifying self-
cells. Altogether, strategies are proposed to accelerate
the pace from the lab to the bedside, and ncRNAs are
expected to become novel targets for OSCC drug-resistant
therapies.

DECLARATIONS
AUTH ORS ’ CONTRIBUT IONS
Manuscript writing (original draft): MX, LQY, YWY
Conceptualization/funding acquisition: XT, ZL
Manuscript writing, review, and editing: MX, WYR, CR,
WL
Manuscript writing, vetting, and final approval: MX, LQY,
YWY, WYR, CR, WL, XT, ZL

ACKNOWLEDGEMENTS
We thank XT and ZL for their scientific advice and critical
reading of the manuscript.

ETH ICS APPROVAL AND CONSENT TO
PART IC IPATE
Not applicable.

CONSENT FOR PUBL ICAT ION
Not applicable.

CONFL ICT OF INTEREST STATEMENT
The authors declare that they have no conflict of interest.



20 MENG et al.

FUNDING
The present work was supported by the National Natural
Science Foundation of China [Nos. 81700522]; the Natu-
ral Science Foundation ofAnhui Province [1808085MH235,
1908085QH328]; theGrants for Scientific Research of BSKY
from Anhui Medical University [XJ201706].

DATA AVAILAB IL ITY STATEMENT
Not applicable.

ORCID
XiangMeng https://orcid.org/0000-0003-1137-8482
Lei Zhang https://orcid.org/0000-0003-2424-7019

REFERENCES
1. Loganathan SK, Schleicher K, Malik A, Quevedo R, Langille E,

Teng K, et al. Rare driver mutations in head and neck squa-
mous cell carcinomas converge on NOTCH signaling. Science.
2020;367(6483):1264-9.

2. Li Q, Dong H, Yang G, Song Y, Mou Y, Ni Y. Mouse Tumor-
Bearing Models as Preclinical Study Platforms for Oral Squa-
mous Cell Carcinoma. Front Oncol. 2020;10:212.

3. Bloebaum M, Poort L, Böckmann R, Kessler P. Survival after
curative surgical treatment for primary oral squamous cell car-
cinoma. J Craniomaxillofac Surg. 2014;42(8):1572-6.

4. Garcia-Mayea Y, Mir C, Masson F, Paciucci R, ME LL. Insights
into newmechanisms andmodels of cancer stem cellmultidrug
resistance. Semin Cancer Biol. 2020;60:166-80.

5. Adams BD, Parsons C, Walker L, Zhang WC, Slack FJ. Tar-
geting noncoding RNAs in disease. J Clin Invest. 2017;127(3):
761-71.

6. Sun Q, Hao Q, Prasanth KV. Nuclear Long Noncoding
RNAs: Key Regulators of Gene Expression. Trends Genet.
2018;34(2):142-57.

7. Piccoli MT, Gupta SK, Viereck J, Foinquinos A, Samolovac S,
Kramer FL, et al. Inhibition of the Cardiac Fibroblast-Enriched
lncRNAMeg3 Prevents Cardiac Fibrosis andDiastolicDysfunc-
tion. Circ Res. 2017;121(5):575-83.

8. Uroda T, Anastasakou E, Rossi A, Teulon JM, Pellequer JL,
Annibale P, et al. Conserved Pseudoknots in lncRNA MEG3
Are Essential for Stimulation of the p53 Pathway. Mol Cell.
2019;75(5):982-95.e9.

9. Kaikkonen MU, Adelman K. Emerging Roles of Non-Coding
RNA Transcription. Trends Biochem Sci. 2018;43(9):654-67.

10. Anastasiadou E, Jacob LS, Slack FJ. Non-coding RNAnetworks
in cancer. Nat Rev Cancer. 2018;18(1):5-18.

11. Pan L, YangH, XuC, Chen S,Meng Z, Li K, et al. ZNF750 inhib-
ited themalignant progression of oral squamous cell carcinoma
by regulating tumor vascularmicroenvironment. Biomed Phar-
macother. 2018;105:566-72.

12. Hazawa M, Lin DC, Handral H, Xu L, Chen Y, Jiang YY, et al.
ZNF750 is a lineage-specific tumour suppressor in squamous
cell carcinoma. Oncogene. 2017;36(16):2243-54.

13. Jiang Y, Jiang YY, Xie JJ, Mayakonda A, Hazawa M, Chen L,
et al. Co-activation of super-enhancer-driven CCAT1 by TP63
and SOX2 promotes squamous cancer progression. Nat Com-
mun. 2018;9(1):3619.

14. Zhou L,Wang Y, ZhouM, Zhang Y,Wang P, Li X, et al. HOXA9
inhibits HIF-1α-mediated glycolysis through interacting with
CRIP2 to repress cutaneous squamous cell carcinoma develop-
ment. Nat Commun. 2018;9(1):1480.

15. Zhong ME, Chen Y, Zhang G, Xu L, GeW,Wu B. LncRNAH19
regulates PI3K-Akt signal pathway by functioning as a ceRNA
and predicts poor prognosis in colorectal cancer: integrative
analysis of dysregulated ncRNA-associated ceRNA network.
Cancer Cell Int. 2019;19:148.

16. Shi J, BaoX, Liu Z, Zhang Z, ChenW,XuQ. SerummiR-626 and
miR-5100 are Promising Prognosis Predictors for Oral Squa-
mous Cell Carcinoma. Theranostics. 2019;9(4):920-31.

17. Duan R, Du W, Guo W. EZH2: a novel target for cancer treat-
ment. J Hematol Oncol. 2020;13(1):104.

18. Wu K, Jiang Y, Zhou W, Zhang B, Li Y, Xie F, et al. Long Non-
coding RNA RC3H2 Facilitates Cell Proliferation and Invasion
by Targeting MicroRNA-101-3p/EZH2 Axis in OSCC. Mol Ther
Nucleic Acids. 2020;20:97-110.

19. Wang J, Li L, Wu K, Ge W, Zhang Z, Gong L, et al. Knock-
down of long noncoding RNA urothelial cancer-associated 1
enhances cisplatin chemosensitivity in tongue squamous cell
carcinoma cells. Pharmazie. 2016;71(10):598-602.

20. Ren S, Cheng X, Chen M, Liu C, Zhao P, Huang W,
et al. Hypotoxic and Rapidly Metabolic PEG-PCL-C3-
ICG Nanoparticles for Fluorescence-Guided Photother-
mal/Photodynamic Therapy against OSCC. ACS Appl Mater
Interfaces. 2017;9(37):31509-18.

21. Zou MZ, Liu WL, Gao F, Bai XF, Chen HS, Zeng X, et al.
Artificial Natural Killer Cells for Specific Tumor Inhibi-
tion and Renegade Macrophage Re-Education. Adv Mater.
2019;31(43):e1904495.

22. Rahman S, Kraljević Pavelić S, Markova-Car E. Circadian
(De)regulation in Head and Neck Squamous Cell Carcinoma.
Int J Mol Sci. 2019;20(11):2662.

23. Capote-Moreno A, Brabyn P, Muñoz-Guerra MF, Sastre-Pérez
J, Escorial-HernandezV, Rodríguez-CampoFJ, et al. Oral squa-
mous cell carcinoma: epidemiological study and risk factor
assessment based on a 39-year series. Int J OralMaxillofac Surg.
2020;49(12):1525-34.

24. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal
A. Global cancer statistics 2018: GLOBOCAN estimates of inci-
dence and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2018;68(6):394-424.

25. Flor LS, Reitsma MB, Gupta V, Ng M, Gakidou E. The effects
of tobacco control policies on global smoking prevalence. Nat
Med. 2021;27(2):239-43.

26. Gandini S, Botteri E, Iodice S, BoniolM, LowenfelsAB,Maison-
neuve P, et al. Tobacco smoking and cancer: ameta-analysis. Int
J Cancer. 2008;122(1):155-64.

27. Peng HY, Hsiao JR, Chou ST, Hsu YM,Wu GH, Shieh YS, et al.
MiR-944/CISH mediated inflammation via STAT3 is involved
in oral cancer malignance by cigarette smoking. Neoplasia.
2020;22(11):554-65.

28. International Agency for Research on Cancer (IARC). Section
2.2. Cancer of the oral cavity and pharynx. In: IARC Working
Group on theEvaluation of Carcinogenic Risks toHumans, eds.
IARC Monographs on the Evaluation of Carcinogenic Risks
to Humans. Alcohol Consumption and Ethylcarbamate. Lyon,
France: IARC Press; 2010, 237-329.

https://orcid.org/0000-0003-1137-8482
https://orcid.org/0000-0003-1137-8482
https://orcid.org/0000-0003-2424-7019
https://orcid.org/0000-0003-2424-7019


MENG et al. 21

29. Guha N, Warnakulasuriya S, Vlaanderen J, Straif K. Betel quid
chewing and the risk of oral and oropharyngeal cancers: ameta-
analysiswith implications for cancer control. Int J Cancer. 2014;
135(6):1433-43.

30. Arora M, Shrivastava S, Mishra VK, Mathur MR. Use of Betel
Quid in India from 2009 to 2017: An Epidemiological Analysis
of the Global Adult Tobacco Survey (GATS). Subst Use Misuse.
2020;55(9):1465-71.

31. Ndiaye C, Mena M, Alemany L, Arbyn M, Castellsagué X,
Laporte L, et al. HPVDNA, E6/E7mRNA, and p16INK4a detec-
tion in head and neck cancers: a systematic review and meta-
analysis. Lancet Oncol. 2014;15(12):1319-31.

32. Mello FW, Miguel AFP, Dutra KL, Porporatti AL, Warnakula-
suriya S, Guerra ENS, et al. Prevalence of oral potentiallymalig-
nant disorders: A systematic review and meta-analysis. J Oral
Pathol Med. 2018; 47(7):633-40.

33. Brouns E, Baart J, Karagozoglu K, Aartman I, Bloemena E, van
der Waal I. Malignant transformation of oral leukoplakia in a
well-defined cohort of 144 patients. Oral Dis. 2014;20(3): e19-24.

34. Warnakulasuriya S. White, red, and mixed lesions of oral
mucosa: A clinicopathologic approach to diagnosis. Periodon-
tol 2000. 2019;80(1):89-104.

35. Chang YA, Weng SL, Yang SF, Chou CH, Huang WC, Tu SJ,
et al. A Three-MicroRNASignature as a Potential Biomarker for
the Early Detection of Oral Cancer. Int JMol Sci. 2018;19(3):758.

36. Hazawa M, Lin DC, Kobayashi A, Jiang YY, Xu L, Dewi FRP,
et al. ROCK-dependent phosphorylation of NUP62 regulates
p63 nuclear transport and squamous cell carcinoma prolifera-
tion. EMBO Rep. 2018;19(1):73-88.

37. Hazawa M, Yoshino H, Nakagawa Y, Shimizume R, Nitta K,
Sato Y, et al. Karyopherin-β1 Regulates Radioresistance and
Radiation-Increased Programmed Death-Ligand 1 Expression
in Human Head and Neck Squamous Cell Carcinoma Cell
Lines. Cancers (Basel). 2020;12(4):908.

38. Takamizawa S, Ishiki H, Shimoi T, Shimizu M, Satomi E.
Neoadjuvant Cisplatin in BRCA Carriers With HER2-Negative
Breast Cancer. J Clin Oncol. 2020;38(23):2699-2700.

39. Patil V, Noronha V, Dhumal SB, Joshi A, Menon N, Bhat-
tacharjeeA, et al. Low-cost oralmetronomic chemotherapy ver-
sus intravenous cisplatin in patients with recurrent, metastatic,
inoperable head and neck carcinoma: an open-label, parallel-
group, non-inferiority, randomised, phase 3 trial. Lancet Glob
Health. 2020;8(9):e1213-22.

40. BjerringAW, Fosså SD,HaugnesHS,NomeR, Stokke TM,Hau-
gaa KH, et al. The cardiac impact of cisplatin-based chemother-
apy in survivors of testicular cancer: a 30-year follow-up. Eur
Heart J Cardiovasc Imaging. 2020;jeaa289. https://doi.org/10.
1093/ehjci/jeaa1289.

41. Goodsell DS. The molecular perspective:Cisplatin. Stem Cells.
2006;24(3):514-5.

42. Li X, Guo S, Xiong XK, Peng BY, Huang JM, Chen MF, et al.
Combination of quercetin and cisplatin enhances apoptosis in
OSCC cells by downregulating xIAP through the NF-κB path-
way. J Cancer. 2019;10(19):4509-21.

43. Horowitz J, Chargaff E. Massive incorporation of 5-fluorouracil
into a bacterial ribonucleic acid. Nature. 1959;184:1213-5.

44. Ji N, Jiang L, Deng P, Xu H, Chen F, Liu J, et al. Synergistic
effect of honokiol and 5-fluorouracil on apoptosis of oral squa-
mous cell carcinoma cells. J Oral Pathol Med. 2017;46(3):201-7.

45. Abu Samaan TM, Samec M, Liskova A, Kubatka P, Büsselberg
D. Paclitaxel’s Mechanistic and Clinical Effects on Breast Can-
cer. Biomolecules. 2019;9(12):789.

46. Myoung H, Hong SD, Kim YY, Hong SP, Kim MJ. Evaluation
of the anti-tumor and anti-angiogenic effect of paclitaxel and
thalidomide on the xenotransplanted oral squamous cell carci-
noma. Cancer Lett. 2001;163(2):191-200.

47. Sawatani Y, Komiyama Y, Nakashiro KI, Uchida D, Fuku-
moto C, ShimuraM, et al. Paclitaxel Potentiates the Anticancer
Effect of Cetuximab by Enhancing Antibody-Dependent Cel-
lular Cytotoxicity on Oral Squamous Cell Carcinoma Cells In
Vitro. Int J Mol Sci. 2020;21(17):6292.

48. Zhou J, Kang Y, Chen L, Wang H, Liu J, Zeng S, et al. The
Drug-Resistance Mechanisms of Five Platinum-Based Antitu-
mor Agents. Front Pharmacol. 2020;11:343.

49. Goodall GJ,Wickramasinghe VO. RNA in cancer. Nat Rev Can-
cer. 2021;21(1):22-36.

50. Yan ZY, Luo ZQ, Zhang LJ, Li J, Liu JQ. Integrated Analy-
sis and MicroRNA Expression Profiling Identified Seven miR-
NAs Associated With Progression of Oral Squamous Cell Car-
cinoma. J Cell Physiol. 2017;232(8):2178-85.

51. Troiano G, Mastrangelo F, Caponio VCA, Laino L, Cir-
illo N, Lo Muzio L. Predictive Prognostic Value of Tissue-
Based MicroRNA Expression in Oral Squamous Cell Carci-
noma:A Systematic Review and Meta-analysis. J Dent Res.
2018;97(7):759-66.

52. Yu ZW, Zhong LP, Ji T, Zhang P, ChenWT, Zhang CP.MicroR-
NAs contribute to the chemoresistance of cisplatin in tongue
squamous cell carcinoma lines. Oral Oncol. 2010;46(4):317-22.

53. Yeh LY, Yang CC, Wu HL, Kao SY, Liu CJ, Chen YF, et al.
The miR-372-ZBTB7A Oncogenic Axis Suppresses TRAIL-R2
Associated Drug Sensitivity in Oral Carcinoma. Front Oncol.
2020;10:47.

54. Liu T, Chen G, Sun D, Lei M, Li Y, Zhou C, et al. Exosomes
containing miR-21 transfer the characteristic of cisplatin resis-
tance by targeting PTEN and PDCD4 in oral squamous cell car-
cinoma. Acta Biochim Biophys Sin. 2017;49(9):808-16.

55. Huang WC, Jang TH, Tung SL, Yen TC, Chan SH, Wang LH. A
novelmiR-365-3p/EHF/keratin 16 axis promotes oral squamous
cell carcinomametastasis, cancer stemness and drug resistance
via enhancing β5-integrin/c-met signaling pathway. J Exp Clin
Cancer Res. 2019;38(1):89.

56. Du L, Ma S, Wen X, Chai J, Zhou D. Oral squamous cell carci-
noma cells are resistant to doxorubicin through upregulation of
miR‑221. Mol Med Rep. 2017;16(3):2659-67.

57. Lin SC, Wu HL, Yeh LY, Yang CC, Kao SY, Chang KW. Acti-
vation of the miR-371/372/373 miRNA Cluster Enhances Onco-
genicity andDrugResistance inOral CarcinomaCells. Int JMol
Sci. 2020;21(24):9442.

58. Lu M, Wang C, Chen W, Mao C, Wang J. miR-654-5p Targets
GRAP to Promote Proliferation, Metastasis, and Chemoresis-
tance of Oral Squamous Cell Carcinoma Through Ras/MAPK
Signaling. DNA Cell Biol. 2018;37(4):381-8.

59. Lin SS, Peng CY, Liao YW, Chou MY, Hsieh PL, Yu
CC. miR-1246 Targets CCNG2 to Enhance Cancer Stemness
and Chemoresistance in Oral Carcinomas. Cancers (Basel).
2018;10(8):272.

60. Thomson DW, Dinger ME. Endogenous microRNA sponges:
evidence and controversy. Nat Rev Genet. 2016;17(5):272-83.

https://doi.org/10.1093/ehjci/jeaa1289
https://doi.org/10.1093/ehjci/jeaa1289


22 MENG et al.

61. Niu X, Yang B, Liu F, Fang Q. LncRNA HOXA11-AS promotes
OSCC progression by sponging miR-98-5p to upregulate YBX2
expression. Biomed Pharmacother. 2020;121:109623.

62. Wang X, Li H, Shi J. LncRNA HOXA11-AS Promotes Prolifer-
ation and Cisplatin Resistance of Oral Squamous Cell Carci-
noma by Suppression of miR-214-3p Expression. Biomed Res
Int. 2019;2019:8645153.

63. Xing F, Liu Y, Wu SY, Wu K, Sharma S, Mo YY, et al. Loss of
XIST in Breast Cancer Activates MSN-c-Met and Reprograms
Microglia via Exosomal miRNA to Promote Brain Metastasis.
Cancer Res. 2018;78(15):4316-30.

64. Fang Z, Zhao J, Xie W, Sun Q, Wang H, Qiao B. LncRNAUCA1
promotes proliferation and cisplatin resistance of oral squa-
mous cell carcinoma by sunppressingmiR-184 expression. Can-
cer Med. 2017;6(12):2897-2908.

65. Zhang D, Ding L, Li Y, Ren J, Shi G, Wang Y, et al. Midkine
derived from cancer-associated fibroblasts promotes cisplatin-
resistance via up-regulation of the expression of lncRNA
ANRIL in tumour cells. Sci Rep. 2017;7(1):16231.

66. Tao D, Zhang Z, Liu X, Zhang Z, Fu Y, Zhang P, et al. LncRNA
HOTAIR promotes the invasion and metastasis of oral squa-
mous cell carcinoma throughmetastasis-associated gene 2.Mol
Carcinog. 2020;59(4):353-64.

67. WangX, LiuW,Wang P, Li S. RNA interference of long noncod-
ing RNAHOTAIR suppresses autophagy and promotes apopto-
sis and sensitivity to cisplatin in oral squamous cell carcinoma.
J Oral Pathol Med. 2018;47(10):930-7.

68. Liu J, Du F, Chen C, Li D, Chen Y, Xiao X, et al. Cir-
cRNA ITCH increases bortezomib sensitivity through regulat-
ing the miR-615-3p/PRKCD axis in multiple myeloma. Life Sci.
2020;262:118506.

69. Hao C, Wangzhou K, Liang Z, Liu C, Wang L, Gong L,
et al. Circular RNA ITCH Suppresses Cell Proliferation but
Induces Apoptosis in Oral Squamous Cell Carcinoma by Reg-
ulating miR-421/PDCD4 Axis. Cancer Manag Res. 2020;12:
5651-8.

70. ZengD, Liang YK, Xiao YS,Wei XL, LinHY,WuY, et al. Inhibi-
tion of Notch1 reverses EMT and chemoresistance to cisplatin
via direct downregulation of MCAM in triple-negative breast
cancer cells. Int J Cancer. 2020;147(2):490-504.

71. Wu HT, Chen WT, Li GW, Shen JX, Ye QQ, Zhang ML, et al.
Analysis of the Differentially Expressed Genes Induced by Cis-
platin Resistance in Oral Squamous Cell Carcinomas and Their
Interaction. Front Genet. 2019;10:1328.

72. Wang WT, Han C, Sun YM, Chen TQ, Chen YQ. Noncoding
RNAs in cancer therapy resistance and targeted drug develop-
ment. J Hematol Oncol. 2019;12(1):55.

73. Peetla C, Vijayaraghavalu S, Labhasetwar V. Biophysics of cell
membrane lipids in cancer drug resistance: Implications for
drug transport and drug delivery with nanoparticles. Adv Drug
Deliv Rev. 2013;65(13-14):1686-98.

74. Fletcher JI, Haber M, Henderson MJ, Norris MD. ABC trans-
porters in cancer: more than just drug efflux pumps. Nat Rev
Cancer. 2010;10(2):147-56.

75. Chen Z, Shi T, Zhang L, Zhu P, Deng M, Huang C, et al. Mam-
malian drug efflux transporters of the ATP binding cassette
(ABC) family in multidrug resistance: A review of the past
decade. Cancer Lett. 2016;370(1):153-64.

76. Baker EK, Johnstone RW, Zalcberg JR, El-Osta A. Epigenetic
changes to the MDR1 locus in response to chemotherapeutic
drugs. Oncogene. 2005;24(54):8061-75.

77. Zhao Y, Qi X, Chen J, Wei W, Yu C, Yan H, et al. The miR-491-
3p/Sp3/ABCB1 axis attenuates multidrug resistance of hepato-
cellular carcinoma. Cancer Lett. 2017;408:102-11.

78. Jain V, Das SN, Luthra K, Shukla NK, Ralhan R. Differ-
ential expression of multidrug resistance gene product, P-
glycoprotein, in normal, dysplastic and malignant oral mucosa
in India. Int J Cancer. 1997;74(1):128-33.

79. Naik PP, Mukhopadhyay S, Panda PK, Sinha N, Das CK,
Mishra R, et al. Autophagy regulates cisplatin-induced stem-
ness and chemoresistance via the upregulation ofCD44,ABCB1
and ADAM17 in oral squamous cell carcinoma. Cell Prolif.
2018;51(1):e12411.

80. Gao F, Han J, Wang Y, Jia L, LuoW, Zeng Y. Circ_0109291 Pro-
motes the Cisplatin Resistance of Oral Squamous Cell Carci-
noma by Sponging miR-188-3p to Increase ABCB1 Expression.
Cancer Biother Radiopharm. 2020;https://doi.org/10.1089/cbr.
2020.3928.

81. Wang R, Lu X, Yu R. lncRNA MALAT1 Promotes EMT Pro-
cess and Cisplatin Resistance of Oral Squamous Cell Carci-
noma via PI3K/AKT/m-TOR Signal Pathway. Onco Targets
Ther. 2020;13:4049-61.

82. Cole SP, Bhardwaj G, Gerlach JH, Mackie JE, Grant CE,
Almquist KC, et al. Overexpression of a transporter gene in
a multidrug-resistant human lung cancer cell line. Science.
1992;258(5088):1650-4.

83. Cascorbi I. P-glycoprotein: tissue distribution, substrates, and
functional consequences of genetic variations. Handb Exp
Pharmacol. 2011;201:261-83.

84. Cole SP. Targeting multidrug resistance protein 1 (MRP1,
ABCC1): past, present, and future. Annu Rev Pharmacol Tox-
icol. 2014;54:95-117.

85. Dong Q, Zhou C, Ren H, Zhang Z, Cheng F, Xiong Z, et al.
Lactate-induced MRP1 expression contributes to metabolism-
based etoposide resistance in non-small cell lung cancer cells.
Cell Commun Signal. 2020;18(1):167.

86. Wang L, Song L, Chen X, Suo J, Ma Y, Shi J, et al. microRNA-
139-5p confers sensitivity to antiepileptic drugs in refrac-
tory epilepsy by inhibition of MRP1. CNS Neurosci Ther.
2020;26(4):465-74.

87. Fang Z, Chen W, Yuan Z, Liu X, Jiang H. LncRNA-MALAT1
contributes to the cisplatin-resistance of lung cancer by upreg-
ulating MRP1 and MDR1 via STAT3 activation. Biomed Phar-
macother. 2018;101:536-42.

88. Zhang B, Liu M, Tang HK, Ma HB, Wang C, Chen X, et al.
The expression and significance of MRP1, LRP, TOPOIIβ, and
BCL2 in tongue squamous cell carcinoma. J Oral Pathol Med.
2012;41(2):141-8.

89. Nakamura M, Nakatani K, Uzawa K, Ono K, Uesugi H,
Ogawara K, et al. Establishment and characterization of a
cisplatin-resistant oral squamous cell carcinoma cell line,H-1R.
Oncol Rep. 2005;14(5):1281-6.

90. Naramoto H, Uematsu T, Uchihashi T, Doto R, Matsuura T,
Usui Y, et al. Multidrug resistance-associated protein 7 expres-
sion is involved in cross-resistance to docetaxel in salivary gland
adenocarcinoma cell lines. Int J Oncol. 2007;30(2):393-401.

https://doi.org/10.1089/cbr.2020.3928
https://doi.org/10.1089/cbr.2020.3928


MENG et al. 23

91. Chang L, Hu Z, Zhou Z, Zhang H. Linc00518 Contributes to
Multidrug Resistance Through Regulating theMiR-199a/MRP1
Axis in Breast Cancer. Cell Physiol Biochem. 2018;48(1):16-28.

92. Allikmets R, Schriml LM, Hutchinson A, Romano-Spica V,
DeanM. A human placenta-specific ATP-binding cassette gene
(ABCP) on chromosome 4q22 that is involved in multidrug
resistance. Cancer Res. 1998;58(23):5337-9.

93. Doyle LA, YangW,Abruzzo LV, Krogmann T, Gao Y, Rishi AK,
et al. A multidrug resistance transporter from human MCF-7
breast cancer cells. Proc Natl Acad Sci USA. 1998;95(26):15665-
70.

94. YouX, Zhou Z, ChenW,Wei X, ZhouH, LuoW.MicroRNA-495
confers inhibitory effects on cancer stem cells in oral squamous
cell carcinoma through the HOXC6-mediated TGF-β signaling
pathway. Stem Cell Res Ther. 2020;11(1):117.

95. Wang Y, Zhao L, Xiao Q, Jiang L, He M, Bai X, et al.
miR-302a/b/c/d cooperatively inhibit BCRP expression to
increase drug sensitivity in breast cancer cells. Gynecol Oncol.
2016;141(3):592-601.

96. Yanamoto S, Yamada S, Takahashi H, Naruse T, Matsushita
Y, Ikeda H, et al. Expression of the cancer stem cell markers
CD44v6 and ABCG2 in tongue cancer: effect of neoadjuvant
chemotherapy on local recurrence. Int J Oncol. 2014;44(4):1153-
62.

97. Lu X, Wang Z, Huang H, Wang H. Hedgehog signaling
promotes multidrug resistance by regulation of ABC trans-
porters in oral squamous cell carcinoma. J Oral Pathol Med.
2020;49(9):897-906.

98. Naito H, Wakabayashi T, Kidoya H, Muramatsu F, Takara K,
Eino D, et al. Endothelial Side Population Cells Contribute
to Tumor Angiogenesis and Antiangiogenic Drug Resistance.
Cancer Res. 2016;76(11):3200-10.

99. Zhang P, Zhang Y, Mao L, Zhang Z, Chen W. Side population
in oral squamous cell carcinoma possesses tumor stem cell phe-
notypes. Cancer Lett. 2009;277(2):227-34.

100. Liu Y, Cui P, Chen J, LiW. Isolation and phenotypic characteri-
zation of side population cells in oral squamous cell carcinoma.
Mol Med Rep. 2015;11(5):3642-6.

101. Chakraborty S, Mir KB, Seligson ND, Nayak D, Kumar R,
Goswami A. Integration of EMT and cellular survival instincts
in reprogramming of programmed cell death to anastasis. Can-
cer Metastasis Rev. 2020;39(2):553-66.

102. Olteanu GE, Mihai IM, Bojin F, Gavriliuc O, Paunescu V. The
natural adaptive evolution of cancer: The metastatic ability of
cancer cells. Bosn J Basic Med Sci. 2020;20(3):303-9.

103. PanG, LiuY, ShangL, ZhouF, Yang S. EMT-associatedmicroR-
NAs and their roles in cancer stemness and drug resistance.
Cancer Commun (Lond). 2021;41(3):199-217.

104. Lu W, Kang Y. Epithelial-Mesenchymal Plasticity in Cancer
Progression and Metastasis. Dev Cell. 2019;49(3):361-74.

105. Lamouille S, Xu J, Derynck R. Molecular mechanisms of
epithelial-mesenchymal transition. Nat Rev Mol Cell Biol.
2014;15(3):178-96.

106. Dongre A, Weinberg RA. New insights into the mechanisms of
epithelial-mesenchymal transition and implications for cancer.
Nat Rev Mol Cell Biol. 2019;20(2):69-84.

107. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-
mesenchymal transitions in development and disease. Cell.
2009;139(5):871-90.

108. TeeuwssenM, FoddeR.Wnt Signaling inOvarianCancer Stem-
ness, EMT, andTherapyResistance. J ClinMed. 2019;8(10):1658.

109. Wang C, Liu X, Huang H, Ma H, Cai W, Hou J, et al.
Deregulation of Snai2 is associated with metastasis and poor
prognosis in tongue squamous cell carcinoma. Int J Cancer.
2012;130(10):2249-58.

110. Wang L, Tong X, Zhou Z, Wang S, Lei Z, Zhang T, et al.
Circular RNA hsa_circ_0008305 (circPTK2) inhibits TGF-β-
induced epithelial-mesenchymal transition and metastasis by
controlling TIF1γ in non-small cell lung cancer. Mol Cancer.
2018;17(1):140.

111. Liu J, Jiang X, Zou A, Mai Z, Huang Z, Sun L, et al.
circIGHG-Induced Epithelial-to-Mesenchymal Transition Pro-
motesOral SquamousCell CarcinomaProgression viamiR-142-
5p/IGF2BP3 Signaling. Cancer Res. 2021;81(2):344-55.

112. Orellana-Serradell O, Herrera D, Castellón EA, Contreras
HR. The transcription factor ZEB1 promotes chemoresis-
tance in prostate cancer cell lines. Asian J Androl. 2019;21(5):
460-7.

113. Dong H, Hu J, Zou K, Ye M, Chen Y, Wu C, et al. Activation of
LncRNA TINCR by H3K27 acetylation promotes Trastuzumab
resistance and epithelial-mesenchymal transition by targeting
MicroRNA-125b in breast Cancer. Mol Cancer. 2019;18(1):3.

114. Wang YQ, Jiang DM, Hu SS, Zhao L, Wang L, Yang MH,
et al. SATB2-AS1 Suppresses Colorectal Carcinoma Aggres-
siveness by Inhibiting SATB2-Dependent Snail Transcrip-
tion and Epithelial-Mesenchymal Transition. Cancer Res.
2019;79(14):3542-56.

115. Yue J, Lv D, Wang C, Li L, Zhao Q, Chen H, et al. Epigenetic
silencing of miR-483-3p promotes acquired gefitinib resistance
and EMT in EGFR-mutant NSCLC by targeting integrin β3.
Oncogene. 2018;37(31):4300-12.

116. Kitahara H, Hirai M, Kato K, Bou-Gharios G, Nakamura H,
Kawashiri S. Eribulin sensitizes oral squamous cell carcinoma
cells to cetuximab via induction of mesenchymal-to-epithelial
transition. Oncol Rep. 2016;36(6):3139-44.

117. Choi HS, Kim YK, Yun PY. Upregulation of MDR- and
EMT-Related Molecules in Cisplatin-Resistant Human
Oral Squamous Cell Carcinoma Cell Lines. Int J Mol Sci.
2019;20(12):3034.

118. Sun L, Yao Y, Liu B, Lin Z, Lin L, Yang M, et al. MiR-
200b and miR-15b regulate chemotherapy-induced epithelial-
mesenchymal transition in human tongue cancer cells by tar-
geting BMI1. Oncogene. 2012;31(4):432-45.

119. Dennis M, Wang G, Luo J, Lin Y, Dohadwala M, Abemayor
E, et al. Snail controls the mesenchymal phenotype and drives
erlotinib resistance in oral epithelial and head and neck
squamous cell carcinoma cells. Otolaryngol Head Neck Surg.
2012;147(4):726-32.

120. Lin XJ, He CL, Sun T, Duan XJ, Sun Y, Xiong SJ. hsa-miR-
485-5p reverses epithelial to mesenchymal transition and pro-
motes cisplatin-induced cell death by targeting PAK1 in oral
tongue squamous cell carcinoma. Int J Mol Med. 2017;40(1):
83-9.

121. Parvathy M, Sreeja S, Kumar R, Pillai MR. Potential role of p21
Activated Kinase 1 (PAK1) in the invasion and motility of oral
cancer cells. BMC Cancer. 2016;16:293.

122. Qiu Z, Oleinick NL, Zhang J. ATR/CHK1 inhibitors and cancer
therapy. Radiother Oncol. 2018;126(3):450-64.



24 MENG et al.

123. Stefanski CD, Keffler K, McClintock S, Milac L, Prosperi JR.
APC loss affects DNAdamage repair causing doxorubicin resis-
tance in breast cancer cells. Neoplasia. 2019;21(12):1143-50.

124. CurtinNJ.DNA repair dysregulation fromcancer driver to ther-
apeutic target. Nat Rev Cancer. 2012;12(12):801-17.

125. Tian H, Gao Z, Li H, Zhang B, Wang G, Zhang Q, et al. DNA
damage response–a double-edged sword in cancer prevention
and cancer therapy. Cancer Lett. 2015;358(1):8-16.

126. Patel SM, Dash RC, Hadden MK. Translesion synthesis
inhibitors as a new class of cancer chemotherapeutics. Expert
Opin Investig Drugs. 2021;30(1):13-24.

127. Sarkaria JN, Kitange GJ, James CD, Plummer R, Calvert H,
Weller M, et al. Mechanisms of chemoresistance to alkylating
agents inmalignant glioma. Clin Cancer Res. 2008;14(10):2900-
8.

128. O’Grady S, Finn SP, Cuffe S, Richard DJ, O’Byrne KJ, Barr MP.
The role of DNA repair pathways in cisplatin resistant lung can-
cer. Cancer Treat Rev. 2014;40(10):1161-70.

129. MasudaH, Ozols RF, Lai GM, Fojo A, RothenbergM,Hamilton
TC. Increased DNA repair as a mechanism of acquired resis-
tance to cis-diamminedichloroplatinum (II) in human ovarian
cancer cell lines. Cancer Res. 1988;48(20):5713-6.

130. Bhat KP, Cortez D. RPA and RAD51: fork reversal, fork protec-
tion, and genome stability. Nat Struct Mol Biol. 2018;25(6):446-
53.

131. Laurini E, Marson D, Fermeglia A, Aulic S, Fermeglia M, Pricl
S. Role of Rad51 and DNA repair in cancer: A molecular per-
spective. Pharmacol Ther. 2020;208:107492.

132. Tan L, Yuan J, Zhu W, Tao K, Wang G, Gao J. Interferon regu-
latory factor-1 suppresses DNA damage response and reverses
chemotherapy resistance by downregulating the expression of
RAD51 in gastric cancer. Am J Cancer Res. 2020;10(4):1255-70.

133. Li Q, Saito TT, Martinez-Garcia M, Deshong AJ, Nadarajan
S, Lawrence KS, et al. The tumor suppressor BRCA1-BARD1
complex localizes to the synaptonemal complex and regulates
recombination under meiotic dysfunction in Caenorhabditis
elegans. PLoS Genet. 2018;14(11):e1007701.

134. Zhao W, Steinfeld JB, Liang F, Chen X, Maranon DG, Jian Ma
C, et al. BRCA1-BARD1 promotes RAD51-mediated homolo-
gous DNA pairing. Nature. 2017;550(7676):360-5.

135. Brouwer I, Sitters G, Candelli A, Heerema SJ, Heller I, de Melo
AJ, et al. Sliding sleeves of XRCC4-XLF bridge DNA and con-
nect fragments of broken DNA. Nature. 2016;535(7613):566-9.

136. Lu X, Liu R, Wang M, Kumar AK, Pan F, He L, et al.
MicroRNA-140 impedes DNA repair by targeting FEN1 and
enhances chemotherapeutic response in breast cancer. Onco-
gene. 2020;39(1):234-47.

137. Zeng A,Wei Z, YanW, Yin J, Huang X, Zhou X, et al. Exosomal
transfer of miR-151a enhances chemosensitivity to temozolo-
mide in drug-resistant glioblastoma. Cancer Lett. 2018;436:10-
21.

138. Zhang L, Meng X, Zhu XW, Yang DC, Chen R, Jiang Y, et al.
Long non-coding RNAs in Oral squamous cell carcinoma: bio-
logic function,mechanisms and clinical implications.Mol Can-
cer. 2019;18(1):102.

139. Wei L, Wang X, Lv L, Liu J, Xing H, Song Y, et al. The emerg-
ing role of microRNAs and long noncoding RNAs in drug resis-
tance of hepatocellular carcinoma. Mol Cancer. 2019;18(1):147.

140. Sharma V, Khurana S, Kubben N, Abdelmohsen K, Oberdoerf-
fer P, Gorospe M, et al. A BRCA1-interacting lncRNA regulates
homologous recombination. EMBO Rep. 2015;16(11):1520-34.

141. ShenL,WangQ, LiuR,ChenZ, ZhangX, ZhouP, et al. LncRNA
lnc-RI regulates homologous recombination repair of DNA
double-strand breaks by stabilizing RAD51mRNA as a compet-
itive endogenous RNA. Nucleic Acids Res. 2018;46(2):717-29.

142. Shihabudeen Haider Ali MS, Cheng X, Moran M, Haemmig S,
Naldrett MJ, Alvarez S, et al. LncRNA Meg3 protects endothe-
lial function by regulating the DNA damage response. Nucleic
Acids Res. 2019;47(3):1505-22.

143. Zhong Y, Du Y, Yang X, Mo Y, Fan C, Xiong F, et al. Circular
RNAs function as ceRNAs to regulate and control human can-
cer progression. Mol Cancer. 2018;17(1):79.

144. Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK,
Hansen TB, Kjems J. The biogenesis, biology and characteri-
zation of circular RNAs. Nat Rev Genet. 2019;20(11):675-91.

145. Huang MS, Liu JY, Xia XB, Liu YZ, Li X, Yin JY, et al.
Hsa_circ_0001946 Inhibits LungCancer Progression andMedi-
ates Cisplatin Sensitivity inNon-small Cell LungCancer via the
Nucleotide Excision Repair Signaling Pathway. Front Oncol.
2019;9:508.

146. Li H, Zhi Y, Ma C, Shen Q, Sun F, Cai C. Circ_0062020 Knock-
downStrengthens theRadiosensitivity of Prostate Cancer Cells.
Cancer Manag Res. 2020;12:11701-12.

147. Clairmont CS, Sarangi P, Ponnienselvan K, Galli LD, Csete
I, Moreau L, et al. TRIP13 regulates DNA repair pathway
choice through REV7 conformational change. Nat Cell Biol.
2020;22(1):87-96.

148. Levine B, Kroemer G. Biological Functions of Autophagy
Genes: A Disease Perspective. Cell. 2019;176(1-2):11-42.

149. Mizushima N. The ATG conjugation systems in autophagy.
Curr Opin Cell Biol. 2020;63:1-10.

150. McWilliams TG, Prescott AR, Villarejo-Zori B, Ball G, Boya
P, Ganley IG. A comparative map of macroautophagy and
mitophagy in the vertebrate eye. Autophagy. 2019;15(7):1296-
1308.

151. Schäfer JA, Schessner JP, Bircham PW, Tsuji T, Funaya
C, Pajonk O, et al. ESCRT machinery mediates selective
microautophagy of endoplasmic reticulum in yeast. Embo j.
2020;39(2):e102586.

152. Kaushik S, Cuervo AM. The coming of age of chaperone-
mediated autophagy. Nat Rev Mol Cell Biol. 2018;19(6):365-81.

153. Tan P, Ren Y, Zhang Y, Lin Y, Cui T, Huang Y, et al. Dissecting
dynamic expression of autophagy-related genes during human
fetal digestive tract development via single-cell RNA sequenc-
ing. Autophagy. 2019;15(11):2019-21.

154. Luo R, Su LY, Li G, Yang J, Liu Q, Yang LX, et al. Activation
of PPARA-mediated autophagy reduces Alzheimer disease-like
pathology and cognitive decline in amurinemodel. Autophagy.
2020;16(1):52-69.

155. de Souza ASC, Gonçalves LB, Lepique AP, de Araujo-Souza PS.
TheRole of Autophagy in Tumor Immunology-ComplexMech-
anisms That May Be Explored Therapeutically. Front Oncol.
2020;10:603661.

156. Yamamoto K, Venida A, Yano J, Biancur DE, Kakiuchi M,
Gupta S, et al. Autophagy promotes immune evasion of pancre-
atic cancer by degrading MHC-I. Nature. 2020;581(7806):100-5.



MENG et al. 25

157. Fan T, Chen Y,He Z,WangQ, Yang X, Ren Z, et al. Inhibition of
ROS/NUPR1-dependent autophagy antagonises repeated cad-
mium exposure -induced oral squamous cell carcinoma cell
migration and invasion. Toxicol Lett. 2019;314:142-52.

158. Gao L, Dou ZC, Ren WH, Li SM, Liang X, Zhi KQ. CircCDR1as
upregulates autophagy under hypoxia to promote tumor cell
survival via AKT/ERK(½)/mTOR signaling pathways in oral
squamous cell carcinomas. Cell Death Dis. 2019;10(10):745.

159. Li H, Chen L, Li JJ, Zhou Q, Huang A, Liu WW, et al. miR-
519a enhances chemosensitivity and promotes autophagy in
glioblastoma by targeting STAT3/Bcl2 signaling pathway. J
Hematol Oncol. 2018;11(1):70.

160. Xiong H, Ni Z, He J, Jiang S, Li X, He J, et al. LncRNA
HULC triggers autophagy via stabilizing Sirt1 and attenuates
the chemosensitivity of HCC cells. Oncogene. 2017;36(25):3528-
40.

161. SuW, Tang J,Wang Y, Sun S, Shen Y, YangH. Long non-coding
RNA highly up-regulated in liver cancer promotes epithelial-
to-mesenchymal transition process in oral squamous cell carci-
noma. J Cell Mol Med. 2019;23(4):2645-55.

162. Yang Y, Chen D, Liu H, Yang K. Increased expression of
lncRNA CASC9 promotes tumor progression by suppress-
ing autophagy-mediated cell apoptosis via the AKT/mTOR
pathway in oral squamous cell carcinoma. Cell Death Dis.
2019;10(2):41.

163. Zhang W, Liu Y, Fu Y, Han W, Xu H, Wen L, et al. Long non-
coding RNA LINC00160 functions as a decoy of microRNA-132
tomediate autophagy and drug resistance in hepatocellular car-
cinoma via inhibition of PIK3R3. Cancer Lett. 2020;478:22-33.

164. Wang Y, Zhang X, Wang Z, Hu Q, Wu J, Li Y, et al. LncRNA-
p23154 promotes the invasion-metastasis potential of oral squa-
mous cell carcinoma by regulating Glut1-mediated glycolysis.
Cancer Lett. 2018;434:172-83.

165. Nassar D, Blanpain C. Cancer Stem Cells: Basic Concepts and
Therapeutic Implications. Annu Rev Pathol. 2016;11:47-76.

166. Baniebrahimi G,Mir F, Khanmohammadi R. Cancer stem cells
and oral cancer: insights into molecular mechanisms and ther-
apeutic approaches. Cancer Cell Int. 2020;20:113.

167. Chien CS, Wang ML, Chu PY, Chang YL, Liu WH, Yu CC,
et al. Lin28B/Let-7 Regulates Expression of Oct4 and Sox2 and
Reprograms Oral Squamous Cell Carcinoma Cells to a Stem-
like State. Cancer Res. 2015;75(12):2553-65.

168. Peng CY, Wang TY, Lee SS, Hsieh PL, Liao YW, Tsai LL,
et al. Let-7c restores radiosensitivity and chemosensitivity
and impairs stemness in oral cancer cells through inhibiting
interleukin-8. J Oral Pathol Med. 2018;47(6):590-7.

169. Yu CC, Hu FW, Yu CH, Chou MY. Targeting CD133 in
the enhancement of chemosensitivity in oral squamous cell
carcinoma-derived side population cancer stem cells. Head
Neck. 2016;38(1):E231-8.

170. Novak D, Hüser L, Elton JJ, Umansky V, Altevogt P, Utikal J.
SOX2 in development and cancer biology. Semin Cancer Biol.
2020;67(Pt 1):74-82.

171. ChouMY,HuFW, YuCH, YuCC. Sox2 expression involvement
in the oncogenicity and radiochemoresistance of oral cancer
stem cells. Oral Oncol. 2015;51(1):31-9.

172. Chang MT, Lee SP, Fang CY, Hsieh PL, Liao YW, Lu MY,
et al. Chemosensitizing effect of honokiol in oral carcinoma

stem cells via regulation of IL-6/Stat3 signaling. Environ Tox-
icol. 2018;33(11):1105-12.

173. Bortolozzi R, Bresolin S, Rampazzo E, Paganin M, Maule F,
Mariotto E, et al. AKR1C enzymes sustain therapy resistance
in paediatric T-ALL. Br J Cancer. 2018;118(7):985-94.

174. Shiiba M, Yamagami H, Yamamoto A, Minakawa Y, Okamoto
A, Kasamatsu A, et al. Mefenamic acid enhances anticancer
drug sensitivity via inhibition of aldo-keto reductase 1C enzyme
activity. Oncol Rep. 2017;37(4):2025-32.

175. Utaipan T, Athipornchai A, Suksamrarn A, Chunsrivirot S,
Chunglok W. Isomahanine induces endoplasmic reticulum
stress and simultaneously triggers p38 MAPK-mediated apop-
tosis and autophagy in multidrug-resistant human oral squa-
mous cell carcinoma cells. Oncol Rep. 2017;37(2):1243-52.

176. Chen CF, Yang JS, Chen WK, Lu CC, Chiang JH, Chiu HY,
et al. Ursolic acid elicits intrinsic apoptotic machinery by
downregulating the phosphorylation of AKT/BAD signaling in
human cisplatin‑resistant oral cancer CAR cells. Oncol Rep.
2018;40(3):1752-60.

177. ChenQ, Luo J,WuC, LuH, Cai S, Bao C, et al. ThemiRNA-149-
5p/MyD88 axis is responsible for ursolic acid-mediated atten-
uation of the stemness and chemoresistance of non-small cell
lung cancer cells. Environ Toxicol. 2020;35(5):561-9.

178. Ohnishi Y, Yasui H, Kakudo K, Nozaki M. Cetuximab-
resistant oral squamous cell carcinoma cells become sensitive
in anchorage-independent culture conditions through the acti-
vation of the EGFR/AKT pathway. Int J Oncol. 2015;47(6):2165-
72.

179. Chen YJ, Chen SY, Lovel R, Ku YC, Lai YH, Hung CL,
et al. Enhancing chemosensitivity in oral squamous cell carci-
nomaby lentivirus vector-mediatedRNA interference targeting
EGFR and MRP2. Oncol Lett. 2016;12(3):2107-14.

180. Li L, Liu HC, Wang C, Liu X, Hu FC, Xie N, et al. Overexpres-
sion of β-Catenin Induces Cisplatin Resistance in Oral Squa-
mous Cell Carcinoma. Biomed Res Int. 2016;2016:5378567.

181. Zhang N, Wei ZL, Yin J, Zhang L, Wang J, Jin ZL. MiR-106a*
inhibits oral squamous cell carcinoma progression by directly
targetingMeCP2 and suppressing theWnt/β-Catenin signaling
pathway. Am J Transl Res. 2018;10(11):3542-54.

182. Chen F, Qi S, Zhang X, Wu J, Yang X, Wang R. lncRNA PLAC2
activated by H3K27 acetylation promotes cell proliferation and
invasion via the activation of Wnt/β‑catenin pathway in oral
squamous cell carcinoma. Int J Oncol. 2019;54(4):1183-94.

183. Huang Z, Zhang Y, Li H, Zhou Y, Zhang Q, Chen R, et al. Vita-
min D promotes the cisplatin sensitivity of oral squamous cell
carcinoma by inhibiting LCN2-modulated NF-κB pathway acti-
vation through RPS3. Cell Death Dis. 2019;10(12):936.

184. Han B, Wang Y, Wang L, Shang Z, Wang S, Pei J. Preparation
of GST Inhibitor Nanoparticle Drug Delivery System and Its
Reversal Effect on theMultidrugResistance inOral Carcinoma.
Nanomaterials (Basel). 2015;5(4):1571-87.

185. Yang GG, Pan ZY, Zhang DY, Cao Q, Ji LN, Mao ZW. Pre-
cisely Assembled Nanoparticles against Cisplatin Resistance
via Cancer-Specific Targeting of Mitochondria and Imaging-
Guided Chemo-Photothermal Therapy. ACS Appl Mater Inter-
faces. 2020;12(39):43444-55.

186. Fan L,Wang J, Xia C, ZhangQ, PuY, ChenL, et al. Glutathione-
sensitive and folate-targeted nanoparticles loaded with pacli-



26 MENG et al.

taxel to enhance oral squamous cell carcinoma therapy. JMater
Chem B. 2020;8(15):3113-22.

187. Wei Z, Yin X, Cai Y, Xu W, Song C, Wang Y, et al. Antitu-
mor effect of a Pt-loaded nanocomposite based on graphene
quantum dots combats hypoxia-induced chemoresistance of
oral squamous cell carcinoma. Int J Nanomedicine. 2018;13:
1505-24.

188. RuiM, Qu Y, Gao T, Ge Y, Feng C, Xu X. Simultaneous delivery
of anti-miR21with doxorubicin prodrug bymimetic lipoprotein
nanoparticles for synergistic effect against drug resistance in
cancer cells. Int J Nanomedicine. 2017;12:217-37.

189. Wei L, Lee D, Law CT, Zhang MS, Shen J, Chin DW,
et al. Genome-wide CRISPR/Cas9 library screening identified
PHGDHas a critical driver for Sorafenib resistance inHCC.Nat
Commun. 2019;10(1):4681.

190. Rosenblum D, Gutkin A, Kedmi R, Ramishetti S, Veiga
N, Jacobi AM, et al. CRISPR-Cas9 genome editing using
targeted lipid nanoparticles for cancer therapy. Sci Adv.
2020;6(47):eabc9450.

191. Wang C, Ye Y, Sun W, Yu J, Wang J, Lawrence DS, et al.
Red Blood Cells for Glucose-Responsive Insulin Delivery. Adv
Mater. 2017;29(18). https://doi.org/10.1002/adma.201606617.

192. Wen D, Wang J, Van Den Driessche G, Chen Q, Zhang Y, Chen
G, et al. Adipocytes as Anticancer DrugDelivery Depot. Matter.
2019;1(5):1203-14.

193. Ci T, Li H, Chen G, Wang Z, Wang J, Abdou P, et al. Cryo-
shocked cancer cells for targeted drug delivery and vaccination.
Sci Adv. 2020;6(50):eabc3013.

How to cite this article: Meng X, Lou Q-y, Yang
W-y, Wang Y-r, Chen R, Wang L, et al. The role of
non-coding RNAs in drug resistance of oral
squamous cell carcinoma and therapeutic potential.
Cancer Commun. 2021;1–26.
https://doi.org/10.1002/cac2.12194

https://doi.org/10.1002/adma.201606617
https://doi.org/10.1002/cac2.12194

	The role of non-coding RNAs in drug resistance of oral squamous cell carcinoma and therapeutic potential
	Abstract
	1 | INTRODUCTION
	2 | OVERVIEW ON OSCC AND CHEMORESISTANCE
	3 | FUNCTIONS AND MECHANISMS OF NCRNAS IN DRUG RESISTANCE OF OSCC
	3.1 | Functions of ncRNAs in drug resistance of OSCC
	3.1.1 | miRNAs and drug resistance of OSCC
	3.1.2 | lncRNAs and drug resistance of OSCC
	3.1.3 | circRNAs and drug resistance of OSCC

	3.2 | ncRNA-mediated mechanisms of drug resistance of OSCC
	3.2.1 | Transmembrane transport proteins
	3.2.2 | Epithelial-mesenchymal transition
	3.2.3 | DNA damage repair
	3.2.4 | Autophagy


	4 | NCRNA-CENTERED APPROACHES TO MITIGATE DRUG-RESISTANCE OF OSCC
	4.1 | Targeting oral cancer stem cells
	4.2 | Applying adjuvant drugs
	4.3 | Interfering with drug resistance-associated signaling pathways

	5 | FUTURE PERSPECTIVES
	6 | CONCLUSIONS
	DECLARATIONS
	AUTHORS’ CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST STATEMENT
	FUNDING
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


