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LncRNAs link cancer stemness to therapy resistance
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Abstract: Cancer stem cells (CSCs) are a cellular subpopulation accelerating cancer cell growth, invasion and me-
tastasis and survival. After chemoradiotherapy, CSCs are enriched because of their survival advantages and lead
to tumor relapse and metastasis. Elimination of CSCs is critically important for the radical treatment of human can-
cers. Long non-coding RNAs (IncRNAs) are a group of RNAs longer than 200 nucleotides and have no protein-coding
potential. Aberrant expressions of INcRNAs are associated with human diseases including cancer. LncRNAs func-
tion as cancer biomarkers, prognostic factors and therapeutic targets. They induce cancer stemness by chromatin
modification, transcriptional regulation or post-transcriptional regulation of target genes as a sponge or through
assembling a scaffold complex. Several factors caused aberrant expressions of IncRNAs in CSCs such as genes
mutations, epigenetic alteration and environmental stimuli. Targeting of INcRNAs has been demonstrated to sig-
nificantly reverse the chemoradioresistance of CSCs. In this review, we have summarized the progress of studies
regarding IncRNAs-mediated therapy resistance of CSCs and clarified the molecular mechanisms. Furthermore, we
have for the first time analyzed the influences of IncRNAs on cell metabolism and emphasized the effect of tumor
microenvironment on INcRNAs functions in CSCs. Overall, the thorough understanding of the association of INcCRNAs
and CSCs would contribute to the reversal of therapy resistance.
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Introduction

Cancer stem cells (CSCs), also known as tumor
initiating cells (TICs) are a cellular subpopula-
tion with the characteristics of self-renewal,
refractory resistance to conventional therapies
and potent differentiation potential [1]. CSCs
often show high expressions of stemness mark-
ers, epithelial to mesenchymal transition (EMT)
and survival advantages over non-CSCs. It is
widely accepted that CSCs are the major cause
of tumor relapse and metastasis since they sur-
vive chemoradiotherapy [2]. Furthermore, CSCs
are enriched after chemoradiotherapy and ren-
der cancers cells to be more resistant [3].
Therefore, eradication of CSCs may be essen-
tial for the radical treatment of human cancers.

The acquisition of cancer stemness is a very
complex and heterogeneous process in which
many genetic and epigenetic factors are
involved.

During the past decades, the researchers have
revealed that less than 2% of the human
genome is transcribed into protein-coding RNAs
while the rest dose not code proteins [4, 5].
Long non-coding RNAs (IncRNAs) are character-
ized as a class of non-coding RNAs with more
than 200 nucleotides and expressed mainly in
the cytoplasm. Similar to mRNAs, IncRNAs are
equipped with a poly-A tail and 5’ cap and Pol Il
transcripts. Although IncRNAs are expressed at
relatively low level and show low evolutionary
conservation, they play significant roles in
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human diseases including cancer. LncRNAs
exert their physiological and pathological roles
by transcriptional or post-transcriptional regu-
lation of target genes. They are involved in can-
cer initiation and progression and serve as can-
cer biomarkers, prognostic factors and thera-
peutic targets [6, 7]. They regulate a variety of
cellular processes including cancer cell growth,
metabolism, metastasis and invasion, survival
and stemness [8-12]. The genes mutations,
epigenetic alteration and environmental stimuli
all contribute to aberrant expressions of
IncRNAs in cancer cells.

In this review, we have focused on the progress
of studies regarding IncRNAs-mediated therapy
resistance of CSCs and analyzed their expres-
sions, functions and action mechanisms. The
signaling pathways and transcription factors
regulated by IncRNAs in CSCs have been sum-
marized. Furthermore, we have for the first time
dissected the association of cell metabolism
with IncRNAs-mediated therapy resistance in
CSCs. We have also emphasized the effect of
tumor microenvironment on IncRNAs functions
in CSCs. Overall, the thorough understanding of
the molecular mechanisms of IncRNAs would
contribute to overcoming the chemoradioresis-
tance of CSCs.

The aberrant expressions of IncRNAs in CSCs

Many factors lead to aberrant expressions of
IncRNAs in CSCs such as genes mutations, epi-
genetic alteration and environmental stimuli.
P53, a known tumor suppressor, was frequent-
ly mutated in human cancers. Yuechao Zhao et
al reported that p53-R273H, one mutated
form of p53, up-regulated the expressions of
Inc273-31 and Inc273-34, which endowed
colorectal cancer cells with stemness-like phe-
notype [13]. Some stemness markers ac-
tivated the transcription of IncRNAs as tran-
scription factors to maintain the stemness of
cancer cells. SOX9, a member of SOX family,
which are effective inducers for the formation
of stem-like phenotypes, induced colorectal
cancer (CRC) stemness by activating the tran-
scription of IncRNA phenylalanyl-tRNA synthe-
tase subunit alpha antisense RNA 1 (FARSA-
AS1) through binding to FARSA-AS1 promoter
[14]. In turn, FARSA-AS1 elevated SOX9 expres-
sion by absorbing miR-18b-5p and augmented
FARSA via sequestering miR-28-5p, creating a
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positive feedback of SOX9 expression to accel-
erate tumor progression. SOX2 was demon-
strated to enhance the expression of INcCRNA
H19, which was responsible for the progenitor
property of tumor-initiating hepatocytes (TICs)
in vitro and the tumorigenic potential in vivo in
hepatocellular carcinoma [15]. Oct4, another
stemness marker, initiated the transcriptions
of IncRNAs NEAT1 and MALAT1 in lung cancer
as transcription factors [16]. Inhibition of
NEAT1 and MALAT1 rescued the tumor-promo-
tion activity of Oct-4. MiRNAs, which are anoth-
er common class of non-coding RNAs (ncRNAs),
play their roles also through transcriptional or
translational regulation of target genes. It has
been demonstrated that miRNAs regulated
IncRNAs expression by their direct interaction,
accelerating EMT and tumor progression [17].
The death stimuli such as anti-cancer drugs or
ionizing radiation also caused aberrant expres-
sions of IncRNAs, inducing the acquisition of
cancer stemness and therapy resistance.
Furthermore, tumor microenvironment has
important effect on the expressions and func-
tions of IncRNAs in CSCs, which was specially
reviewed in the latter part.

The functions of IncRNAs in therapy resis-
tance of CSCs

CSCs are intrinsically chemoradioresistant due
to several mechanisms such as high expres-
sions of drug-efflux pumps, enhanced DNA
repair capability and strong defense against
ROS [18-22]. Surviving CSCs lead to tumour
recurrence and metastasis after chemoradio-
therapy. Elimination of CSCs is critically impor-
tant for the complete tumor killing. The roles
of CSCs in therapy resistance of human can-
cers were shown in Figure 1. LncRNAs were
involved in therapy resistance by regulating the
behaviors of CSCs, and thus become attractive
anti-cancer targets in several human cancers.
Junlong Zhuang et al reported that IncRNA-
LET was down-regulated due to the activation
of TGFB/SMAD signaling after a long-time treat-
ment with gemcitabine, leading to the enrich-
ment of CSCs in bladder cancer. Their study
demonstrated that down-regulation of IncRNA-
LET increased the protein expression of NFOO,
which in turn inhibited miRNA-145 expression
and promoted cancer stemness. Therefore, the
enrichment of CSCs in bladder cancer induced
gemcitabine resistance through the IncCRNA-
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Figure 1. The roles of CSCs in therapy resistance of human cancers. CSCs are intrinsically resistant to chemoradio-
therapy. Surviving CSCs induce tumor recurrence and metastasis after chemoradiotherapy.

LET/NFOO/miR-145 signaling axis [23]. In tri-
ple-negative breast cancer, IncRNA NEAT1
played an oncogenic role through increasing
CD44*/CD24, ALDH*, and SOX2* stem cell pop-
ulations and inducing chemoresistance [24].
LncRNA MALAT1 induced the resistance of
CSCs to temozolomide through promoting the
expressions of anti-apoptotic Bcl-2, HSP70,
and inhibitors of apoptosis proteins (IAPs) fam-
ily (clAP-1, clAP-2, XIAP and survivin) and multi-
drug resistance protein 1 (MRP1) in glioblasto-
ma [25]. LncRNA AFAP1-AS1 was demonstrated
to be highly expressed in human laryngeal
specimens, promote cancer stemness and
induce cisplatin resistance. AFAP1-AS1 nega-
tively regulated the expression of miR-320a,
resulting in overexpression of miR-320a target
gene RBPJ, which activated Notch signaling
pathway as a transcriptional effector [26].
LncRNA brain cytoplasmic 200 (BC200) RNA
was aberrantly expressed in several human
cancers. Recently, BC200 was demonstrated
to be highly expressed in blood and in tumour
tissues of glioblastoma patients. High expres-
sion of BC200 enhanced cancer stemness and
temozolomide resistance by up-regulation of
stemness related markers and multidrug resis-
tance proteins through interfering with miR-
218-5P expression. Targeting the BC200/
miR218-5p signaling axis significantly improved
the sensitivity to temozolomide and attenuated
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stemness features of glioblastoma cells [27].
The multidrug resistance (MDR) proteins, which
are drug flux transporters and promote drug
resistance, were often overexpressed in CSCs,
resulting in the intrinsic resistance of CSCs. By
up-regulating ABCB5, a known drug efflux
transporter, IncO0963 conferred oral cancer
cells stemness-like traits including drug resis-
tance, increased self-renewal, invasion and
colony formation ability [28].

Radiotherapy is used as one curative treatment
modality for more than 50% cancer patients.
Accumulating evidences have suggested that
IncRNAs were also involved in radiotherapy
resistance by regulating cancer stemness
[29]. Shlomit Brodie et al reported that IncRNA
TALNEC2 was overexpressed in glioblastoma
(GBM) in vitro and in vivo due to E2F1-mediated
transcription activation. Inhibition of TALN-
EC2 suppressed GBM cell proliferation and
arrested cell cycle in the G1/S phase. Moreover,
inhibition of TALNEC2 attenuated the self-
renewal and mesenchymal transformation of
GBM stem cells, enhanced radiation sensitivity
and prolonged the survival of tumour-bearing
mice partly through the recovery of miR-21 and
miR-11 expressions [30]. Another study by Wei
Yang et al also demonstrated that radiation
sensitivity was improved by interfering with the
expressions of IncRNAs in GBM CSCs (GSCs).
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They found that lincRNAp21, which is a tumour
suppressor and regulates cell cycle and apop-
tosis in several human cancers, was down-reg-
ulated due to up-regulation of Hu antigen R
(HuR) caused by miR-146b-5p down-regulation
in GSCs. LincRNAp21 negatively regulated
[B-catenin, which is a critical activator of wnt/[3-
catenin signaling pathway. Decreased lin-
cRNAp21 induced the activation of wnt/B-
catenin signaling pathway, inducing the acquisi-
tion of stemness and radioresistance of GSCs.
Overexpression of lincRNAp21 inhibited self-
renewal of GSCs and enhanced the radiosensi-
tivity [31]. Together, IncRNAs controlled CSCs
response to chemoradiotherapy and thus the
targeting of IncRNAs may be new avenues to
overcoming the chemoradioresistance of CSCs.

The action mechanisms of IncRNAs in regulat-
ing therapy resistance in CSCs

Although IncRNAs have no protein-coding capa-
bility, they play their pathological roles by con-
trolling the expressions of target genes at tran-
scriptional or post-transcriptional levels. They
activate or inhibit the transcription of target
genes and regulate the activity, stability and
translocation of functional proteins. They com-
petitively bind to special RNAs or proteins as a
sponge or through assembling a scaffold com-
plex with other regulatory components to regu-
late target genes expressions. In CSCs, IncRNAs
regulated therapy resistance mainly through
controlling the expressions of genes involved in
cancer stemness.

Acted as a sponge

Multidrug resistance gene 1 (MDR1) was asso-
ciated with cancer cell broad-spectrum resis-
tance to chemotherapeutic agents. LncRNA
FENDRR was demonstrated to bind to the 3’
untranslated region (3’'UTR) of MDR1, prevent
the binding of RNA binding protein HuR to
MDR1 3'UTR and thus inhibit MDR1 expres-
sion. The recovery of FENDRR expression
attenuated the stemness of non-small cell lung
cancer cells through down-regulating MDR1
expression [32]. In CD133*/CD166*/CD44*
colon cancer stem cells, IncRNA 1567
(LINCO1567) acted as a sponge to competitive-
ly bind to miRNA-93, eliminating the inhibitory
effect of miRNA-93 on target genes expres-
sions including HDAC8, TLE4, stratifin and
MSI1. Up-regulation of miRNA-93 or down-regu-
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lation of MSI1 reduced the tumorigenic role of
LINCO1567 [33]. Overexpression of IncRNA
DLX6-AS1 was associated with cancer stem-
ness in osteosarcoma. DLX6-AS1 competitively
bound to miR-129-5p, by which the inhibitory
effect of miR-129-5p on DLK1 was reversed,
resulting in wnt signaling activation and wnt
target genes expressions such as c-Myc,
SOX2, Oct4 and Nanog [34]. In pancreatic can-
cer, linc-DYNC2H1-4 was overexpressed and
resulted in acquired gemcitabine resistance by
increasing cancer stem subpopulations. Linc-
DYNC2H1-4 acted as a sponge to competi-
tively bind to miRNA-145, which specially inhib-
ited epithelial to mesenchymal transition and
the expressions of cancer stemness markers
including Lin28, Nanog, Sox2 and Oct4 [35].
Therefore, linc-DYNC2H1-4 increased pancre-
atic cancer stemness and gemcitabine resis-
tance by negatively regulating miRNA-145, one
tumor suppressor. Long non-coding RNA
FOXD2 Adjacent Opposite Strand RNA 1
(FOXD2-AS1) was associated with cancer pro-
gression and recurrence. Xiaoli Liu et al
demonstrated that high expression of FOXD2-
AS1 conferred thyroid cancer cells stemness-
like features and anoikis resistance in vitro.
They found that FOXD2-AS1 interacted with
miR-7-5p as a sponge and induced overex-
pression of miR-7-5p target gene telomerase
reverse transcriptase (TERT). Inhibition of
FOXD2-AS1 repressed thyroid cancer cells
stemness-like features and reversed anoikis
resistance in vitro [36]. LncRNA HOTAIR has
been investigated intensively due to its close
association with tumour initiation and pro-
gression. Ning Wang et al demonstrated that
HOTAIR promoted the expansion of prostatic
cancer stem-like cells and induced docetaxel
resistance by sequestering miR-590-5p as a
sponge and inducing overexpression of IL-10,
which initiated the activation of STAT3 signal-
ing [37]. LncRNA ASB16-AS1 was revealed as
an inducer of gastric cancer stemness and cis-
platin resistance. By acting as a sponge,
ASB16-AS1 interacted with miR-3918 and miR-
4676-3 and increased the expression of
TRIM37, resulting in the activation of NF-kB
pathway. In the meanwhile, ASB16-AS1 cooper-
ated with ATM kinase, facilitated TRIM37 phos-
phorylation and further promoted the activa-
tion of NF-kB pathway. Therefore, ASB16-AS1
increased the expression of TRIM37 and
improved its activity, resulting in constitutive
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activation of NF-kB pathway and cancer stem-
ness [38]. In NSCLC, IncRNA DGCR5 was
enriched in CSCs and responsible for the action
of CSCs. DGCR5 inhibited the expression of
miR-330-5p, which negatively regulated cancer
stemness marker CD44 expression, by interac-
tion with it as a sponge. Thus, overexpression
of DGCR5 contributes to CSC-like traits via
modulating miR-330-5p/CD44 axis in NSCLC
[39].

Acted through assembling a scaffold complex

SOX2 is essential for self-renewal and con-
ferred bladder cancer stem cells (BCSCs) che-
moresistance. Low expressed in Bladder
Cancer Stem cells (IncRNA-LBCS) suppressed
self-renewal and chemoresistance of BCSCs
through assembling a scaffold complex with
heterogeneous nuclear ribonucleoprotein K
(hnRNPK) and enhancer of zeste homolog 2
(EZH2), which suppressed the expression of
SOX2 by inducing H3K27me3 of SOX2 promot-
er [40]. LncRNA Zinc2 (IncZic2) was highly
expressed in liver cancer and liver CSCs and
responsible for the maintainance of stemness
characteristics. LncZic2 interacted with BRM/
SWi2-related gene 1 (BRG1), a component of
chromatin remodelling complex, and directed it
to MARCKS and MARCKSL1 promoter, promot-
ing the expressions of MARCKS/MARCKSL1.
Inhibition of BRG1 or MARCKS/MARCKSL1
attenuated the self-renewal capability of liver
CSCs [41]. G protein coupled receptors (GPCR)
are discovered as important anti-cancer tar-
gets due to their critical regulatory roles in sig-
nal transduction [42]. Through an unbiased
screening for GPCR expression, GPR107 was
found to be the top GPCR expressed in liver
cancer and liver CSCs. Moreover, GPR107 was
responsible for CSCs self-renewal. LncGPR107,
which was located neighbouring to GPR107 on
the genome, recruited SRCAP complex to
GPR107 promoter and initiated its transcrip-
tion activation. Targeting IncGPR107-SRCAP-
GPR107 axis significantly inhibited CSCs activi-
ty in liver cancer [43].

The signaling pathways and transcription
factors involved in IncRNAs-mediated cancer
stemness and therapy resistance

The signaling pathways

Wnt/B-catenin signaling pathway was closely
associated with cancer stemness in several
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human cancers [44, 45]. Wnt ligands bind to
their receptors on cell surface such as frizzled-
related family members and LRP5/6, forming
an active complex to initiate the downstream
signaling cascade. (-catenin is defined as a
central modulator of wnt/B-catenin signaling
pathway. When wnt ligands bind to their recep-
tors, B-catenin is phosphorylated, dissociated
from the APC/Axin/GSK-3[3 complex and trans-
located into the nucleus. B-catenin then inter-
acts with TCF/LEF transcription factors to acti-
vate the transcription of target genes including
those cancer stemness inducers. LncRNAs
were demonstrated to induce cancer stemness
through regulating wnt/B-catenin signaling
pathway in several human cancers. They com-
petitively bound to the inhibitors of wnt/
B-catenin signaling pathway as a sponge or
regulate the transcription activity of B-catenin
through assembling a scaffold complex. In cis-
platin resistant NSCLC A549 cells, IncRNA
NEAT1 was overexpressed and responsible for
CSCs enrichment by activation of wnt signaling
pathway. Inhibition of NEAT1 restrained the
stemness traits and induced apoptosis of cis-
platin resistant A549 cells [46]. Another study
also highlighted the involvement of wnt signal-
ing pathway in NSCLC stemness. The authors
demonstrated that IncRNA CCAT1 inhibited let-
7c, one suppressor of wnt signaling pathway,
resulting in the activation of wnt signaling path-
way and cancer stemness in NSCLC. Down-
regulation of CCAT1 or overexpression of let-7¢
promoted asymmetric division of NSCLC
stem cells and therefore restrained cancer
stemness [47]. In breast cancer, IncRNA H19
stimulated symmetric division of CSCs, result-
ing in their expansion by specially inhibiting let-
7c, by which oestrogen receptor activated Wnt
signaling was released. In turn, increased wnt
signaling stimulated high expression of H19,
thereby creating a positive H19/Wnt regulatory
loop [48]. In colon cancer, IncRNA RBM5-AS1/
LUST was enriched in CSCs. As a nuclear
retained RNA, LUST directly interacts with
B-catenin, stabilizes the -catenin/TCF-4 com-
plex and potentiates the transcription of -
catenin target genes including CMYC, CCND1,
YAP1 and SGK1 [49]. LncRNA BCAR4 was high-
ly expressed in gastric cancer tissue compared
with in adjacent tissue and significantly associ-
ated with tumor size, stage and patients sur-
vival. Down-regulation of BCAR4 expression
increased the sensitivity of gastric cancer cells
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to cisplatin by inhibition of stem cells markers
such as B-catenin, Nanog, Oct3/4, Sox2, c-Myc,
and KIf4 due to wnt signaling inactivation [50].
LncRNA THOR (testis-associated highly con-
served oncogenic long non-coding RNA), pro-
moted liver cancer stem cells expansion and
resistance to sorafenib through activating
B-catenin signaling pathway [51]. Recently,
Hang-Lung Chang et al demonstrated that
IncRNA MALAT1, which was overexpressed in
hepatocellular carcinoma (HCC), bound to
B-catenin directly to faciliate the activation of
wnt/B-catenin pathway [52]. Inhibition of
MALAT1 significantly repressed the nuclear
translocation of B-catenin and quelled the
aberrant activation of the Wnt/B-catenin.
Inhibition of Wnt/B-catenin pathway attenuat-
ed caner stemness, abrogated cancerous liver
cell metastasis and clonogenicity and sup-
pressed in vivo tumor initiation and growth.
Therefore, MALAT1 was an attractive molecular
candidate and the therapeutic targeting of
MALAT1 may constitute a novel promising anti-
cancer strategy for HCC treatment.

In addition to wnt/B-catenin pathway, Hedgehog
(Hh) signaling pathway and Notch signaling
pathway are recognized as another two major
stemness-related pathways. In colorectal can-
cer (CRC), IncRNA-cCSC1 induced cancer stem-
ness by activation of Hh pathway. Inhibition of
INcRNA-cCSC1 attenuated the self-renewal
capability of colon cancer stem cells and
enhanced the sensitivity to 5-fluorouracil [53].
In laryngeal carcinoma, LINC-PINT was down-
regulated and associated with cancer stem-
ness and cisplatin resistance. Down-regulation
of LINC-PINT induced an increase of miR-425-
5p expression while decreased the expression
of PTCH1, which is a tumor suppressor protein
of the Hh pathway [54]. Therefore, the authors
speculated that LINC-PINT inhibited cancer
stemness of laryngeal carcinoma possibly
through inactivating the Hh pathway. Sym-
metric division is an important mechanism for
CSCs expansion. Guanglin Huang et al demon-
strated that down-regulation of IncRNA TUSC-7
promoted the renewal ability of lung adenocar-
cinoma stem cells, yielding to their symmetric
division. Low expression of TUSC-7 recovered
the degradation of NUMB by miR-146 and led
to Notch signaling activation and the acquisi-
tion of cancer stemness [55]. Furthermore,
MAPK pathway was also closely associated
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with cancer stemness. LncRNA H19 conferred
CD133* liver CSCs chemoresistance through
activation of MAPK/Erk pathway and reduction
of oxidative stress [56]. Guanqun Huang et al
reported that activation of MAPK signaling
pathway was involved in live CSCs. They found
that IncRNA MAPKG interacted with and recruit-
ed RNA polymerase Il to MAPK6 promoter,
resulting in the activation of MAPK6 transcrip-
tion, which contributed to the self-renewal of
live CSCs. Targeting INcRNA MAPK6 or MAPKG6
could effectively eliminate live CSCs [57].

The transcription factors

Signal Transducer and Activator of Transcri-
ption (STAT) proteins are a group of transcrip-
tion factors which control tumor cells growth,
metastasis and survival through initiating the
transcription of target genes [58]. STAT3 is
phosphorylated and activated by the Janus
Kinase (JAK) family, dimerized and translo-
cated to the nucleus to initiate transcription.
STAT3 activation was reported to be associat-
ed with poor prognosis of patients with lung
cancer, liver cancer and renal cell carcinoma
(RCC) [59-61]. STAT3 activation was also
responsible for the formation of tumor spheres
and the viability of CSCs in several human can-
cers. LncARSR promoted liver CSCs expansion
and resistance to cisplatin and sorafenib by
activating STAT3 signaling [62]. LncRNA
PTCSC3 was defined as a tumor suppressor of
thyroid cancer. Xiao-ming Wang et al reported
that overexpression of PTCSC3 suppressed
stem cells properties and increased the
sensitivity of anaplastic thyroid cancer to doxo-
rubicin by inhibiting STAT3 signaling and the
expression of INO8O0, which is a positive regula-
tor of thyroid cancer stemness [63]. SOX9, as a
transcription factor, has been identified to
induce cancer stemness in glioma and osteo-
sarcoma. Furthermore, SOX9 was demonstrat-
ed to be involved in IncRNAs THOR-mediated
gastric cancer stemness. THOR directly bound
to SOX9 untranslated region (3'UTR), promoting
SOX9 expression. Inhibition of THOR or SOX9
reduced gastric cancer stemness and en-
hanced cell sensitivity to cisplatin [64]. YAP is a
transcription co-activator in Hippo signaling
and participates in the expansion of CSCs in
several human cancers. LncARSR contributed
to self-renewal, tumorigenicity and metastasis
of renal CSCs by physically interacting with YAP
and prompting YAP nuclear translocation while
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Figure 2. The signaling pathways and transcriptional factors involved in IncRNAs-mediated cancer stemness and

therapy resistance.

LATS1-mediated YAP phosphorylation was
repressed. In turn, the YAP/TEAD complex
bound to IncARSR promoter and accelerated
IncARSR expression, forming a positive feed-
back loop in renal CSCs [65]. Furthermore, YAP
was demonstrated to be involved in IncCRNA
MALAT1 induced stemness of ovarian cancer
cells. By interaction with YAP, MALAT1 inhibited
its translocation from nucleus to cytoplasm,
stabilized it and increased its activity, leading
to the enhancement of cancer stemness and
cisplatin resistance [66]. In liver cancer,
MALAT1 increased the expression of YAP1 by
sponging miRNA-375, which inhibited YAP1
expression through binding to its 3-UTR.
Inhibition of MALAT1 attenuated liver CSCs
features including decreased sphere formation
capacity and stemness genes expressions
[67]. HOXA10, as a member of HOX transcrip-
tion factor family, participates in several physi-
ological and pathological processes such as
tumorigenesis. Ming Shao et al demonstrated
that HOXA10 was highly expressed in liver
CSCs and contributed to liver CSCs self-renew-
al and liver tumorigenesis. LncRNA HOXA10
(Inc HOXA10), which locates closely with
HOXA10 on the chromosome, was defined as a
modulator of HOXA10 expression. Lnc HOXA10
recruited SNF2L, a component of the epigene-
tic complex NURF, which regulates chromatin
remodelling and transcriptional initiation, to the
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promoter of HOXA10, resulting in HOXA10
overexpression. Therefore, the IncHOXA10/
SNF2L/HOXA10 axis was highlighted as an
attractive target to eradicate liver CSCs [68].
The signaling pathways and transcriptional fac-
tors involved in IncRNAs-mediated cancer
stemness and therapy resistance were summa-
rized in Figure 2.

The involvement of cell metabolism in
IncRNAs-mediated cancer stemness and
therapy resistance

Abnormal cell metabolism is an important hall-
mark of cancer [69]. The cell metabolism of
glucose, amino acids and lipids supply energy
and mass for cancer cell growth, metastasis
and survival. Furthermore, abnormal cell
metabolism contributes to the acquisition of
cancer stemness [70, 71]. Accumulating evi-
dences have suggested that IncRNAs conferr-
ed therapy resistance by regulating CSCs
metabolism. Glycolysis is a central pathway of
glucose metabolism and has been demonstrat-
ed to maintain cancer stemness and induce
chemoresistance [72, 73]. Glycolysis is more
active in CSCs compared with in non-CSCs
because of increased glucose uptake and gly-
colytic enzyme expressions in CSCs [74-76].
Inhibition of glycolysis attenuated cancer stem-
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ness. In breast cancer, F Peng et al reported
that IncRNA H19 interacted with miRNA let-7 as
a competitive endogenous RNA to release
hypoxia-inducible factor 1«, resulting in up-reg-
ulation of pyruvate dehydrogenase kinase 1
(PDK1), a critical glycolytic enzyme. Increased
expression of PDK1 promoted glycolysis to
enhance stemness in hypoxia. Depletion of
H19 or PDK1 suppressed the maintainance of
breast cancer stemness [77]. Another study by
Fei Ma et al also highlighted the association of
INncRNAs regulated cell metabolism and breast
cancer stemness [78]. They found that IncRNA
FGF13-AS1 was down-regulated in breast
tumor tissues and inhibited glycolysis and
stemness properties of breast cancer cells. By
competitively interacting with IGF2BP proteins,
FGF13-AS1 reduced the mRNA stability of
c-Myc, which controls glycolysis by regulating
glucose transporters and glycolytic enzymes.
In turn, c-Myc, as a transcription factor, inhibit-
ed the transcription of FGF13-AS1, forming a
negative feedback loop. Therefore, FGF13-AS1
inhibited glycolysis and breast cancer stem-
ness by negatively regulating c-Myc through
binding to IGF2BP proteins, which are RNA
binding proteins and prevents c-Myc mRNA
degradation. Glioblastoma multiform (GBM) is
the most common brain tumor with a dismal
5-year overall survival rate [79]. Temozolomide
(TMZ), an alkylating agent, is prescribed as a
first-line chemotherapeutic drug for the treat-
ment of GBM [80]. Gal Mazor et al reported that
InNcRNA TP73-AS1 was responsible for the
induction of TMZ resistance by glioblastoma
multiform cancer stem cells (gCSCs) through
regulating the expressions of genes involved in
metabolism, mitochondria, and nucleotide
metabolism and curbing ROS levels. LncRNA
TP73-AS1 also promoted the expression of
ALDH1A1, a known marker of CSCs and induc-
er of tumor chemoresistance in GBM. Their
study recovered TP73-AS1 as a prognostic fac-
tor for GBM patients receiving TMZ treatment
[81]. Thus, the regulation of cell metabolism by
IncRNAs played important roles in cancer stem-
ness and therapy resistance.

The effect of tumor microenvironment on
IncRNAs-mediated cancer stemness and
therapy resistance

Tumor cells have close contact with their host
tumor microenvironment (TME), which pro-

1058

motes tumor initiation and progression [82].
TME supports tumor growth, migration and
invasion and cell resistance to chemoradiother-
apy by inducing cancer stemness, epithelial to
mesenchymal transition, regulating DNA dam-
age and inhibiting apoptosis [83]. In this review,
we have for the first time focused on the effect
of TME on IncRNA regulated therapy resistance
in CSCs. TME regulates the expressions of
IncRNAs in tumor cells. Hypoxic is an important
characteristic of TME and promotes the malig-
nant progression of tumors such as increased
cells proliferation, metastasis, therapy resis-
tance and cancer stemness. Hypoxia/HIF-1a
signaling has been shown to modulate the non-
coding transcriptome including IncRNAs and
miRNAs. In hepatocellular carcinoma (HCC),
hypoxia-driven histone deacetylase 3 (HDAC3)
promoted cancer stemness by inhibiting the
expression of INcRNA RUNX1-IT1. Mechanical
studies revealed that IncRNA RUNX1-IT1 direct-
ly bound to miR-632, acting as a competing
endogenous RNA to facilitate the expression of
the miR-632 target gene GSK-3f3 and suppress
WNT/B-catenin pathway activation [84]. In mul-
ticellular tumor spheroids culture (MCTS) of
breast cancer cell MCF-7 which mimics the
traits of TME including hypoxia and acidosis,
IncRNA HAL (an uncharacterized IncRNA) was
detected in the quiescent stem cell population.
Silencing of IncRNA HAL inhibited the propor-
tion and function of CSCs, confirming that TME
was involved in cancer stemness by regulating
IncRNAs expressions [85]. Furthermore, stro-
mal cells endowed cancer cells with CSCs fea-
tures by regulating IncRNAs expressions. Our
previous study demonstrated that cancer-asso-
ciated fibroblasts (CAFs), one major component
of TME, increased the expression of IncRNA
DNM30S, which was a critical mediator of
radioresistance by inhibiting irradiation induced
DNA damage while enhancing DNA damage
repair in esophageal cancer cells [86]. Stromal
cells secreted IncRNAs in exosomes to cancer
cells [87]. In colorectal cancer (CRC), CAFs pro-
moted the stemness and conferred resistance
to oxaliplatin by secretion of IncRNA H19-
loaded exosomes. Upon access to colorectal
cancer cells, H19 acted as a sponge to activate
the B-catenin pathway through competitively
binding to miR-141, an inhibitor of CRC stem-
ness [87]. Similar to CAFs, mesenchymal stem
cells (MSCs), as another component of TME,
regulate proliferation, metastasis and angio-
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Figure 3. The roles of tumor microenvironment in INcRNAs-mediated cancer stemness and therapy resistance. The
components of tumor microenvironment such as CAFs, MSCs and TAMs can secret IncRNAs in exosomes or up-
regulate INcCRNAs expressions in cancer cells. This crosstalk of tumor microenvironment and cancer cells induced
metabolic reprogramming, B-catenin pathway activation, MAPK pathway activation or epithelial to mesenchymal
transition, which confers cancer cells stemness and increased drug resistance.

genesis of cancer cells [88, 89]. Moreover,
MSCs are able to endow cancer cells with CSCs
feathers. The co-culture of gastric cancer cells
and MSCs induced overexpression of IncRNA
HCP5, which interacted with miR-3619-5P as a
sponge and up-regulated PPARG coactivator 1
alpha (PPARGC1A). Then, carnitine palmitoyl-
transferase 1 (CPT1) was transcriptionally acti-
vated, enhancing fatty acid oxidation (FAO),
which maintains gastric cancer cells stemness
[90]. Furthermore, MSCs induced stemness by
reprogramming FAO in gastric cancer cells [91].
The transforming growth factor B1 (TGF-B1),
which was secreted by MSCs, induced an acti-
vation of SMAD2/3 signaling upon binding to its
receptors and increased IncRNA MACC1-AS1
expression in gastric cancer cells. MACC1-AS1
enhanced FAO and induced gastric cancer
cells stemness and resistance to 5-FU and
oxaliplatin by sequestering miR-145-5p, which
is correlated with lipid metabolism and inhibits
drug resistance. Tumor-associated macro-
phages (TAMs), as the major immunosuppres-
sive cells in TME, were demonstrated to medi-
ate stemness and drug resistance through the
crosstalk with tumor cells. Yingnan Ye et al
revealed that TAMs induced overexpression of
IncRNA H19, which sequestered the tumor sup-
pressor miR-193b, increasing MAPK1 expres-
sion to activate MAPK signaling pathway in
hepatocellular carcinoma cells. Thus, the H19/
miR-193b/MAPK1 axis induced stemness and
epithelial to mesenchymal transition of hepato-
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cellular carcinoma cells [92]. The effect of
tumor microenvironment on IncRNAs-mediated
therapy resistance in CSCs was shown in Figure
3.

Conclusions and perspectives

CSCs are the major obstacle for the complete
tumor Killing and thus lead to tumor recurrence
and metastasis due to their intrinsic therapy
resistance. However, there have not been fea-
sible approaches to directly target CSCs
to eliminate their influences until now [2].
LncRNAs exert their pathological roles by regu-
lating the expressions of target genes at tran-
scriptional or post-transcriptional levels. They
served as the inducers or suppressors of can-
cer stemness and controlled tumor response to
chemoradiotherapy as shown in Table 1. They
were discovered as prognostic factors of can-
cer patients due to their critical roles in CSCs.
Since IncRNAs are secreted and circulated in
the body, they can be detected in tumor tissues
as well as in body fluids such as serum, plasma,
urine and saliva [7, 93]. Furthermore, IncRNAs
are highly sensitive and stable and therefore
are suitable for the non-invasive detection to
diagnose, monitor and manage cancer [7].
Ling-Yun Lin et al demonstrated that IncUEGC1
encapsulated within exosomes in the plasma
was highly sensitive, stable, and may be used
as a promising biomarker for early-stage gas-
tric cancer [94]. In the clinic, IncRNA PCA3 has

Am J Cancer Res 2021;11(4):1051-1068



Targeting INCRNAs to reverse therapy resistance of CSCs

Table 1. The IncRNAs involved in cancer stemness

Cancer type Function Mechanisms Ref.

LncRNA-LET Bladder cancer Inhibition of cancer stemness and gemcitabine resistance Down-regulation of IncRNA-LET increased the protein expression of NFOO which in turn  [23]
inhibited miRNA-145 expression and promoted cancer stemness.

NEAT1 Triple-negative breast cancer Induction of cancer stemness NEAT1 increased CD44*/CD24-, ALDH+, and SOX2* stem cell populations. [24]

NSCLC Induction of cancer stemness and cisplatin resistance NEAT1 was overexpressed and activated wnt signaling pathway. [46]

AFAP1-AS1 Laryngeal cancer Induction of cancer stemness AFAP1-AS1 negatively regulated the expression of miR-320a, resulting in [26]
overexpression of RBPJ and Notch signaling activation.

BC200 Glioblastoma Induction of cancer stemness and temozolomide resistance BC200 up-regulated stemness related markers and multidrug resistance proteins [27]
through interfering with miR-218-5P expression.

Lnc00963 Oral cancer Induction of cancer stemness By up-regulating ABCB5, a known drug efflux transporter, IncO0963 conferred oral [28]
cancer cells stemness-like traits.

TALNEC2 Glioblastoma Induction of cancer stemness and radioresistance Inhibition of TALNEC2 inhibited cancer stemness partly through the recovery of miR-21  [30]
and miR-11 expression.

LincRNAp21 Glioblastoma Inhibition of cancer stemness and radioresistance LincRNAp21 negatively regulates B-catenin, which is a critical activator of wnt/(3- [31]
catenin signaling pathway.

FENDRR Lung cancer Inhibition of cancer stemness FENDRR bound to 3'UTR of MDR1, prevent the binding of RNA binding protein HUR to [32]
MDR21 3’UTR and thus inhibit MDR1 expression.

LINCO1567 Lung cancer Inhibition of cancer stemness LINCO1567 acted as a sponge to competitively bind to miRNA-93, increasing target [33]
genes expressions including HDACS8, TLE4, stratifin and MSI1.

DLX6-AS1 Osteosarcoma Induction of cancer stemness DLX6-AS1 competitively bind to miR-129-5p and increased DLK1 expression, resulting  [34]
in wnt signaling activation.

Linc-DYNC2H1-4 Pancreatic cancer Induction of cancer stemness and gemcitabine resistance Linc-DYNC2H1-4 competitively bound to miRNA-145 and inhibited EMT and the [35]
expressions of cancer stemness markers.

FOXD2-AS1 Thyroid cancer Induction of cancer stemness FOXD2-AS1 interacted with miR-7-5p as a sponge and induced overexpression of [36]
miR-7-5p target gene telomerase reverse transcriptase (TERT).

HOTAIR Prostatic cancer Induction of cancer stemness and docetaxel resistance HOTAIR sequestered miR-590-5p as a sponge and induced overexpression of IL-10, [37]
which initiated the activation of STAT3 signaling.

ASB16-AS1 Gastric cancer Induction of cancer stemness and cisplatin resistance ASB16-AS1 interacted with miR-3918 and miR-4676-3 and increased the expression [38]
of TRIM37. Furthermore, ASB16-AS1 cooperated with ATM kinase , facilitated TRIM37
phosphorylation and promoted the activation of NF-kB pathway.

DGCR5 NSCLC Induction of cancer stemness DGCRS5 inhibited the expression of miR-330-5p, which negatively regulated cancer [39]
stemness marker CD44 expression, by interaction with it as a sponge.

LBCS Bladder cancer Inhibition of cancer stemness LBCS formed a scaffold complex with hnRNPK and EZH2, which suppressed SOX2 [40]
expression by mediating H3K27me3 of SOX2 promoter.

LncZic2 Liver cancer Induction of cancer stemness LncZic2 interacted with BRG1 and directed it to MARCKS and MARCKSL1 promoter, [41]
promoting the expressions of MARCKS/MARCKSL1.

LncGPR107 Liver cancer Induction of cancer stemness LncGPR107 recruited SRCAP complex to GPR107 promoter and initiated its [43]
transcription activation.

CCAT1 NSCLC Induction of cancer stemness CCAT1 inhibited let-7c¢, one suppressor of wnt signaling pathway, resulting in the [47]
activation of wnt signaling pathway.

H19 Breast cancer Induction of cancer stemness H19 inhibited let-7c by which oestrogen receptor activated Wnt signaling was released. [48]

Liver cancer Induction of cancer stemness and drug resistance H19 conferred activated MAPK/Erk pathway and reduction of oxidative stress. [56]
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Breast cancer Up-regulation of cancer stemness H19 interacted with miRNA let-7 to release HIFrlq, resulting in upregulation of [77]
pyruvate dehydrogenase kinase 1 (PDK1) and increase of glycolysis.
Colorectal cancer Up-regulation of cancer stemness H19 in exosomes secreted by CAFs activated the B-catenin pathway via acting as a [87]
competing endogenous RNA sponge for miR-141.
Hepatocellular carcinoma  Induction of cancer stemness TAMs induced overexpression of H19 which sequestered miR-193b, increasing MAPK1  [92]
expression to activate MAPK signaling pathway.
RBM5-AS1/LUST Colon cancer Induction of cancer stemness LUST directly interacts with B-catenin, stabilizes the -catenin/TCF-4 complex and [49]
potentiates the transcription of B-catenin target genes.
BCAR4 Gastric cancer Induction of cancer stemness and cisplatin resistance BCAR4 increased the expressions of stem cells markers such as B-catenin, Nanog, [50]
Oct3/4, Sox2, c-Myc, and KIf4 due to wnt signaling activation.
THOR Liver cancer Induction of cancer stemness and sorafenib resistance THOR promoted liver cancer stem cells expansion and resistance to sorafenib [51]
treatment through activating B-catenin signaling pathway.
Gastric cancer Induction of cancer stemness and cisplatin resistance THOR directly bound to SOX9 untranslated region (3’UTR), promoting SOX9 expression.  [64]
LncRNA-cCSC1 Colon cancer Induction of cancer stemness and 5-fluorouracil resistance  LncRNA-cCSC1 induced cancer stemness by activation of Hh pathway. [53]
LINC-PINT Laryngeal carcinoma Inhibition of cancer stemness LINC-PINT inhibited cancer stemness of laryngeal carcinoma possibly through [54]
inactivating the Hedgehog pathway.
TUSC-7 Lung adenocarcinoma Induction of cancer stemness TUSC-7 inhibited the degradation of NUMB by miR-146 and lead to Notch signaling [55]
activation.
LncRNA MAPK6 Esophageal cancer Induction of cancer stemness LncRNA MAPKG interacted with and recruited RNA polymerase Il to MAPK6 promoter, [57]
resulting in the activation of MAPK® transcription.
LncARSR Liver cancer Induction of cancer stemness and resistance to cisplatin IncARSR promoted liver CSCs expansion and resistance to cisplatin and sorafenib by [62]
and sorafenib activating STAT3 signaling.
Renal cancer Induction of cancer stemness LncARSR interacted with YAP and prompted YAP nuclear translocation while repressed  [65]
YAP phosphorylation.
PTCSC3 Thyroid cancer Inhibition of cancer stemness and doxorubicin resistance Overexpression of PTCSC3 inhibited STAT3 signaling and the expression of INO80, [63]
which is a positive regulator of thyroid cancer stemness.
MALAT1 Ovarian cancer Induction of cancer stemness and cisplatin resistance By interaction with YAP, MALAT1 inhibited it translocation from nucleus to cytoplasm, [66]
stabilized it and increased its activity in ovarian cancer.
Liver cancer Induction of cancer stemness MALAT1 increased the expression of YAP1 by sponging miRNA-375, which inhibited [67]
YAP1 expression through binding to its 3"-UTR.
Lnc HOXA10 Liver cancer Induction of cancer stemness Lnc HOXA10 recruited SNF2L to the promoter of HOXA10, resulting in HOXA10 [68]
overexpression.
FGF13-AS1 Breast cancer Inhibition of cancer stemness By competitively interacting with IGF2BP proteins, FGF13-AS1 reduced the mRNA [79]
stability of c-Myc to suppress glycolysis.
TP73-AS1 Glioblastoma Induction of cancer stemness and temozolomide resistance TP73-AS1 regulated, mitochondria, and nucleotide metabolism, and curbed ROS levels. [81]
HAL Breast cancer Induction of cancer stemness HAL was induced by tumor microenvironment such as hypoxia and acidosis. [85]
HCP5 Gastric cancer Up-regulation of cancer stemness MSCs induced overexpression of HCP5, which interacted with miR-3619-5P and [90]
initiated the transcription of CPT1, prompting FAO.
MACC1-AS1 Gastric cancer Induction of cancer stemness and resistance to 5-FU and TGF-B1 secreted by MSCs induced MACC1-AS1 overexpression which promoted FAO by  [91]
oxaliplatin sequestering miR-145-5p.
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been routinely used as a biomarker for prostate
cancer [95]. Furthermore, several clinical trials
are being undergoing to evaluate the effective-
ness of circulating IncRNAs as biomarkers or
prognostic factors in human cancers. Therefore,
the IncRNAs involved in cancer stemness may
be dynamically detected by liquid biopsy to pre-
dict tumor response to chemoradiotherapy and
prognosis of the patients.

LncRNAs are the bridge of cancer stem cells
and therapy resistance in many human can-
cers. Due to highly tissue-specific expression,
IncRNAs are being becoming novel anti-cancer
targets in cancers [96]. Their expressions and
functions can be altered with RNAi technology,
antisense oligonucleotides (ASOs), or small
molecule inhibitors. Furthermore, gene therapy
approaches may be applied for IncRNAs-target-
ed anti-cancer strategies. Companies such as
the Curna Inc., MiNA Therapeutics Ltd. and
RaNA Therapeutics Inc. are taking steps for the
development of IncRNA based strategies.
Therefore, it holds promise that IncRNAs based
anti-cancer drugs would be developed to elimi-
nate CSCs in the future. Although the mecha-
nisms by which IncRNAs regulated cancer
stemness are diverse in different cancers,
more attention should be paid on those stem-
ness-related signaling pathways and transcrip-
tion factors due to their significant roles. Our
review highlighted the important roles of wnt/
B-catenin pathway, Hedgehog (Hh) signaling
pathway and Notch signaling pathway in
IncRNAs-mediated cancer stemness and thera-
py resistance. Several inhibitors of these path-
ways have been developed and some of them
have entered clinical phases for human can-
cers [97-99]. Targeting these stemness-related
signaling pathways may be another effective
approach to eliminate cancer stemness medi-
ated by IncRNAs. Furthermore, tumor microen-
vironment played essential roles in the devel-
opment of cancer stemness by regulating
IncRNAs expressions. The role of tumor micro-
environment should not be ignored in the battle
against cancer stem cells. Although many
IncRNAs have been demonstrated to be attrac-
tive targets of reversing therapy resistance of
CSCs, more studies are required before they
are targeted in the clinical treatment of human
cancers. Their structure, expression pattern
and molecular mechanisms all need to be clari-
fied. Together, we believe that IncRNAs are
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promising targets to overcome therapy resis-
tance of CSCs and deserve to be further stud-
ied for their clinical significance.
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