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Abstract: Hepatocellular carcinoma (HCC) is one of the most prevalent malignancies
around the world. The self-renewal, proliferation, differentiation, and tumorigenic potential
of liver cancer stem cells (LCSCs) may account for the high recurrence rate and the
refractory feature of HCC. Despite extensive researches, the underlying regulatory mechan-
ism of LCSCs has not been fully disclosed. Long nonprotein coding RNAs (IncRNAs) may
exert an essential role in regulating various biological functions of LCSCs, such as main-
taining the stemness of cancer stem cells (CSCs) and promoting tumor development.
Therefore, it is highly critical to determine which IncRNAs can control LCSCs functions
and understand how LCSCs are regulated by IncRNAs. Herein, we summarized IncRNAs
and the main signaling pathways involved in the regulation of LCSCs found in recent years.
Moreover, we shed light on the existence of the network system of IncRNAs and LCSCs,
which may provide valuable clues on targeting LCSCs.
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Introduction

Hepatocellular carcinoma (HCC) accounts for approximately 75% to 85% of
primary hepatic malignancies, ranking the third-largest cause of cancer-related
death worldwide."? Liver cancer stem cells (LCSCs) are a subpopulation of cells
with stem cell properties, which can not only renew and expand vigorously and
further differentiate into heterogeneous tumor cells, but also cause malignant
changes of normal stem cells or progenitor cells, causing the invasion, drug
resistance, relapse, metastasis, and poor prognosis of HCC.** However, it is not
well understood how LCSCs maintain self-renewal and promote malignant
progression.

Long nonprotein coding RNAs (LncRNAs) are a subclass of noncoding genes
with a length of more than 200 nucleotides, participating in regulating the biologi-
cal processes of cell proliferation, invasion, metastasis, and metabolism.>”’
Moreover, IncRNAs manipulate the downstream gene expression by introducing
chromatin modification complexes and interacting with miRNAs, mRNA, or
proteins.®? Accumulated evidence shows that IncRNAs are often dysregulated as
carcinogens or tumor suppressors in various cancers.'”'' At present, increasing
studies suggest that IncRNAs participate in the self-renewal and proliferation of
LCSCs through different mechanisms and play a vital role in the deterioration of
HCC. Thus, further investigation and verification of the role of IncRNAs expressed
in LCSCs aberrantly may provide new ideas for the treatment of HCC.
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LncRNAs Involved in the Regulation
of LCSCs

Recently, massive investigations support that IncRNAs are
essential for sustaining CSCs properties. According to the
expression levels in LCSCs, IncRNAs are briefly classified
into up-regulated IncRNAs and down-regulated IncRNAs,
which not only provide new clues to the pathogenesis of
HCC but also may become new markers and therapeutic
targets for HCC. Some IncRNAs involved in the regula-
tion of LCSCs are summarized below (Table 1).

Up-Regulated LncRNAs Expressed in

LCSCs

HULC

HULC is located on chromosome 6p24.3, containing about
1600 nucleotides and two exons. The promoter and the
first exon of HULC are situated at a long terminal repeat
(LTR) reverse transposon.'* Via miR675, HULC enhances
Sirt]l expression, which in turn induces cell autophagy.
Thus, HULC can enhance CyclinD1 through the autop-
hagy-mir675-pkm?2 pathway, thereby increasing pRB and
inhibiting the expression of P21 and WAF1/CIP1 in the
LCSCs. Depending on CyclinDl, HULC accelerates
the progress and the growth of human LCSCs, especially
the CD44+CD24+EpCAM+ LCSCs."?

LINCO00324

LINC00324 is situated in chromosome 17p13.1 and is
uniformly distributed in the nucleus. Pathologically,
LINCO00324 regulates cell proliferation and participates
in cancer development by combining HUR and FAMS3B
family.'* LINC00324 is highly expressed in the EpCAM
+CD24+CD133+ LCSCs, with a lower survival rate of
HCC patients. Interestingly, it is related to tumor size,
stage, differentiation degree, and lymph node metastasis
but has nothing to do with gender, age, and AFP.
LINCO00324 can promote FasL expression by attracting
PU.1 to the FasL promoter region, ultimately maintaining
the biological characteristics of LCSCs and inhibiting cell
apoptosis.'>

SAMMSON

SAMMSON is a target of the transcription factor SOX10
on chromosome 3pl13-3p14, mainly accumulating in the
nucleus. The carcinogenic effect of SAMMSON can be
enhanced by interacting with p32.'® SAMMSON is over-
expressed in CDI33+ LCSCs and liver cancer cells, which
is closely associated with poor prognosis. Interestingly, its

expression level in advanced liver cancer is higher than
that in early liver cancer. By regulating the translations of
¢c-MYC and CCND2 proteins, SAMMSON activates the
Wnt/B-catenin signaling pathway to promote the self-
renewal of LCSCs, the invasion and tumorigenic ability
of hepatoma cell lines, and the occurrence of HCC."”

LncHDAC2

Human chromosome 9 contains a gene named IncHDAC?2,
which is 834 kb in length. LncHDAC?2 is expressed immo-
derately in liver cancer and CD13+CD133+ liver CSCs.
Mechanically, the interaction between IncHDAC2 and
HDAC?2 can recruit the NuRD complex to the promoter
of PTCH1. Ultimately, the inhibition of PTCH1 expression
and the activation of the Hh signal can drive the self-
renewal, expansion, and tumor progression of LCSCs.
Furthermore, IncHDAC2 combines with the 1200-1400
base pair region on the PTCHI promoter in a non-
sequence complementary manner to regulate its transcrip-
tion. Meaningfully, HDAC2 and PTCH1 have completely
opposite relationships with the severity of HCC.'®

LncARSR

LncARSR is a gene on chromosome 9, composed of 4
exons and 591 nucleotides.'® The expression of IncARSR
is significantly increased in EpCAM+CD133+ liver CSCs.
Moreover, it can promote the dedifferentiation of liver
cancer cells and the expansion of LCSCs by targeting the
STAT3 signaling pathway. LncARSR is one of the con-
trollers of HCC cells lying upstream of STAT3. S31-201,
a STAT?3 inhibitor, makes IncARSR-knockout liver cancer
cells and control cells the same in the ratio and self-
renewal capacity of LCSCs, further confirming that
IncARSR requires STAT3 to promote the expansion of
LCSCs. Also, when interfering with IncARSR, the sensi-
tivity of HCC to sorafenib and cisplatin remarkably
increases, suggesting that IncARSR may play a role in
HCC resistance treatment.”

DLX6-AS|

DLX6-AS1 is a regulatory factor of the DLX gene family,
located on chromosome 7q21.3.2' The abnormal expres-
sion of DLX6-AS1 may be related to the poor prognosis of
HCC patients through the DLX6-AS1/miR-203a/MMP-2
pathway.”> DLX6-AS1 is highly expressed in CD133
+CD13+ LCSCs and hepatocellular carcinoma cells. Its
down-regulation results in a reduction of the CADMI
promoter methylation to further enhance the expression
of CADMI inactivating the STAT3 signaling pathway,
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Table I LncRNAs Participating in the Regulation of Liver CSCs

Gene Expression® Principal Functions® Molecules and Signaling Pathways Involved® Reference
Name
HULC i Promoting proliferation Autophagy-mir675-pkm2 pathway, CyclinD | [13]
LINC00324 T Maintaining proliferation, migration, FasL, PU.1 [15]
invasion, self-renewal and inhibiting
apoptosis
SAMMSON i Enhancing stemness and promoting Whnt/B-catenin pathway, c-MYC, CCND2 [17]
self-renewal
IncHDAC2 i Promoting self-renewal Hedgehog signaling pathway [18]
IncARSR i Promoting self-renewal and STATS3 signaling pathway [20]
amplification
DLX6-ASI i Promoting autophagy, amplification, STAT3 signaling pathway, CADMI| [23]
and proliferation
THOR T Promoting amplification TGF-B/SMAD-THOR-f-catenin signaling pathway [25]
HAND2- T Maintaining self-renewal BMP signaling pathway, INO80 [26]
ASI
PTVI T Promoting proliferation and self- Whnt signaling pathway, SWI/SNF complex [30]
renewal
NEAT | 1 Promoting self-renewal and Hippo/PKA signaling pathway, AKAP8 [31]
amplification
CUDR i Promoting growth, proliferation, and mTORSTAT3/miR 143-HK2 cascade, CUDR-HULC [33-35]
malignant transformation /CUDR-f-catenin cascade, SET | A-CUDR-pRB- h3k4me3 -
trf2 -telomere
DANCR T Maintaining stemness and promoting CTNNBI [37]
proliferation
ICR i Maintaining stemness Naog [38]
IncBRM i Maintaining stemness and promoting BRGI/BRM, YAPI [39]
self-renewal
IncCAMTAI T Promoting proliferation and self- CAMTAI [43]
renewal
Inc-B-Catm T Maintaining stemness and promoting Whnt/B-catenin pathway, B-catenin/EZH2 [44]
self-renewal
IncTCF7 T Promoting self-renewal Wht signaling pathway, BAF170 [45]
HOTAIR i Promoting malignant proliferation SETD2 [46]
HI9 l Inhibiting activity, promoting MAPK/ERK signaling pathway [50]
apoptosis, and increasing drug
resistance
DILC l Inhibiting amplification IL-6/STAT3, NF-kB [51]

Notes: *Expression level of IncRNAs in LCSCs. 1: Up-regulated; |: Down-regulated. "The principal functions of IncRNAs in LCSCs. “Molecules and signaling pathways
involved in IncRNAs-mediated functions.
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thereby inhibiting the autophagy and amplification of
LCSCs, inhibiting the proliferation of cancer cells, colony
formation, and tumor formation, attenuating the expression
of stemness-related genes (CD133, CD13, OCT-4, SOX2
and Nanog) in LCSCs, and inhibiting the occurrence and
development of tumors in vivo.>

THOR

The study found that the ectopic expression of human
THOR accelerates the occurrence of melanoma in zebra-
fish, so it is called an oncogene.24 In HCC cells, B-catenin
is located downstream of THOR. THOR is upregulated in
OV6+ or EpCAM+ liver tissues and CSC-riched hepatoma
cell spheres through B-catenin signaling, thereby promot-
ing dedifferentiation of hepatoma cells and self-renewal
and expansion of LCSCs. The downstream genes of TGF-
B/SMAD include B-catenin and THOR in liver CSCs.
Therefore, the mediated chain of TGF-f/SMAD-THOR-§3-
catenin participates in the regulation of LCSCs. Besides,
THOR also increases the resistance of liver cancer cells to
sorafenib.”

HAND?2-ASI
HAND2-ASI is spanning nearly 8.3 kb with four exons. It
is a conservative locus on human chromosome 4.2° Studies
have reported that HAND2-AS1 can suppress tumor
migration, invasion, and metastasis.’”*® The expression
of HAND2-AS1 is significantly increased in CDI13
+CD133+ liver CSCs. It recruits the INO80 chromatin
remodeling complex to the promoter of BMPR1A, thereby
inducing its expression and leading to the activation of the
BMP signal that can promote the self-renewal of LCSCs
and the development of liver cancer. Knocking down
HAND2-AS1 silencing BMPRIA

a synergistic antitumor effect on the human liver cancer
1.26

and also have

mode

PTVI

PTV1 lies in chromosome 8q24, which plays an integral
part in CSC self-differentiation, proliferation, angiogen-
PVTI
a transcription regulator by cooperating with the chromatin

esis, invasion, and metastasis. can act as
remodeling complex in HCC.* PVT1 promotes the
expression of SWI and SNF proteins by activating the
SWI/SNF complex, which can further start the down-
stream Wnt signaling pathway to increase the Wnt protein
expression, ultimately encouraging the self-renewal of
LCSCs and the proliferation of tumors. The research

results reveal that the expression level of PTVI is

positively and negatively correlated with monoclonals for-
mation and apoptosis rate, respectively.*

NEAT |

NEATT1 is a IncRNA transcribed from chromosome 11, acti-
vated in EpCAM+CD24+ LCSCs. NEAT1 and the AKAPS
protein bind to each other so that the PKA C subunit in the
cytoplasm is reduced dramatically. In contrast, the R subunit
and C subunit are significantly increased in the nucleus,
inhibiting the phosphorylation of LATS and YAP, key mole-
cules of the Hippo signaling pathway, which contributes to

1 .
3 Meantime,

the expansion and self-renewal of LCSCs.
NEAT1v1 is required for the expression of CD44, a marker
of LCSCs.** Alarmingly, evidence indicates that liver cancer
patients with high expression of NEAT1 have poorer overall

survival and tumor-free survival.

CUDR

CUDR is encoded on chromosome 19p13.1, about 2.2 kb in
length. CUDR plays a vital part in tumor progression and
patients’ prognosis. Furthermore, the transcription of CUDR
is higher in CD133+/CD44+/CD24+/EpCAM+ LCSCs, con-
tributing to the malignant proliferation of stem cells and the
tumorigenic effect. Hu Pu et al reported that CUDR over-
expression + CyclinD1 overexpression/CUDR overexpres-
sion + PTEN depletion synergistically boost the expression
of H19 in LCSCs, thereby increasing telomere length.>* The
cascade of CUDR-HULC/CUDR-B-catenin has also been
reported.** CUDR changes the gene expression of human
embryonic stem cell-like hepatocytes by inhibiting the sur-
face modification of H3K27me3. Meantime, it can inhibit
HULC promoter methylation to induce HULC expression.
CTCF encourages the formation of B-catenin promoter-
enhancer DNA loops, which makes CUDR recruit more
RNApolll and P300, resulting in a unique expression of -
catenin. Shengxian Yuan et al also discovered SET1A-
CUDR-pRB-h3k4me3-trf2 -telomere, a new regulatory
chain in HCC and LCSCs.*> CUDR enhances the interaction
between SET1A and pRBI, and joints SET1A and pRBI1 to
increase H3K4me3, boosting the activity of TRF2 specifi-
cally. Eventually, the telomere length is extended. Clearly,
through various genetic molecules, CUDR can promote the
malignant transformation of LCSCs and the occurrence and
development of HCC synergistically.

DANCR

DANCR is a tumor-associated IncRNA on chromosome 4.
Studies have found that it is necessary for the dedifferentia-
tion of epidermal cells.** DANCR is upregulated in EpCAM
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+CD90+CD133+ LCSCs. Besides, DANCR significantly
increases the stem characteristics of liver cancer cells, the
proliferation of CSCs, and the proliferation and metastasis of
HCC. The function of DANCR primarily depends on the
association and regulation with CTNNBI1. Some miRNAs
can bind to CTNNBI to suppress the effect of CTNNBI,
while DANCR possesses the capacity of competitive com-
bination. Consequently, DANCR reverses the inhibitory
effect of miRNAs.*>” To some extent, DANCR may be
a key oncogene for the occurrence and development of
HCC and can predict the prognosis of HCC.

ICR (Lnc24236)

ICR is associated with the incidence and the prognosis of
HCC patients with portal vein tumor thrombosis (PVTT).
The expressions of ICR and ICAM-1 are up-regulated and
linearly related in PVTT tissues, which reduces the overall
survival rate of patients. ICR and ICAM-1 mRNAs have
a continuous complementary sequence of 812 bp. The two
form an RNA double strand that reinforces the stability of
ICAM-1 mRNA and the expression of ICAM-1, thereby
regulating the stem cell characteristics of HCC and pro-
moting HCC growth and metastasis. ICR is controlled by
Nanog in hepatoma cells, which is involved in the stem-
ness maintenance of EpCAM+CD24+ CSCs. Moreover,
a remarkable relationship between the expression of ICR/
ICAM-1 and the clinical indicators of liver cancer patients,
including tumor size, intrahepatic metastasis rate, PVTT
incidence, TNM stage, and DFS/OS, was detected.
Valuably, both may also be used as prognostic indicators
and may have a higher predictive potential than AFP.*®

LncBRM

LncBRM contains 1321 nucleotides and six exons, posi-
tioned between ACTBL2 and PLK2 genes on the human
chromosome 5. It is a moderately conserved site, assem-
bling in the nucleus.”® LncBRM expression markedly
enhances in HCC and CD13+CD133+ LCSCs, facilitating
the proliferation of xenograft tumors and the self-renewal
of LCSCs. Mechanically, IncBRM isolates BRM to initiate
BRG1-biased BAF complexes in LCSCs, adjusting the
BRG1/BRM BAF
embedded in BRGI is involved in the activation of
YAPI signaling in a KLF4-dependent manner.>® YAPI is
a crucial factor for self-renewal, maintenance of stemness,
and tumorigenesis of liver CSCs. The BRG1 and YAPI
targets are closely correlated with liver cancer severity and

switch. Moreover, the complex

prognosis.

LncCAMTAI

LncCAMTALI, a gene on chromosome 1, is oriented to
CAMTALI in the antisense direction. LncCAMTA1 is
a critical tumor suppressor in various human cancers,
functioning in the nucleus.***

LncCAMTAL is highly expressed in CD13+CDI133+
LCSCs and HCC. The higher the expression, the higher the
recurrence rate, and the worse the prognosis of liver cancer,
suggesting that it may be an oncogene. Studies show that
IncCAMTAL advances the formation of spheres, the expres-
sion of stem cell markers and transcription factors in vitro,
the proliferation of liver cancer cells, and tumor development
in vivo. Significantly, the mechanism of maintaining the
properties of CSC-like cells is the inhibition of CAMTAI1
mRNA and protein expression by reducing tissue markers in
the CAMTAL1 promoter region and changing the chromatin
structure on the CAMTAI promoter, suggesting that
IncCAMTAL transcription level is negatively relevant to
the CAMTAL mRNA level in HCC tissues. CAMTALI is
required to the effect of IncCAMTA1 on HCC cell prolifera-
tion and CSC-like properties, and silencing CAMTAI can
destroy the effects of IncCAMTA1 knockout.*®

Lnc-B-Catm

Lnc-B-Catm situates in between genes of the IRF2BP2 and
TOMM20 on chromosome 1q, possessing two exons and
2281 nucleotides. It is a gene with a moderately conserved
site, chiefly in the nucleus. Lnc-B-Catm is overexpressed in
HCC and CD13+CD133+ LCSCs, which accelerates LCSCs
self-renewal, tumorigenesis, and tumor dissemination
in vivo. The 9 and 6 fragments of Inc-B-Catm are connected
to the N-terminus of B-catenin and EZH2, respectively, and
the three combine to form an RNA-protein complex. The
combination of B-catenin and EZH2, which mechanism is
that EZH2 methylates B-catenin at K49 of N-terminus, pro-
motes tumor balls formation that can be disrupted by Inc-p-
Catm knockout, illustrating that the ball-forming ability of
the combination depends on Inc-p-Catm. Furthermore, Inc-f3-
Catm augments the mutual effect between EZH2 and -
catenin, boosting the methylation and stability of B-catenin.
Lastly, Wnt signaling is initiated.** Notably, the positive
connection between the expression levels of Inc-fB-Catm,
EZH2, and Wnt/B-catenin target genes and the severity and
prognosis of liver cancer patients is significant.

LncTCF7
LncTCF7 locates between HSPA4 and TCF7 genes on
human chromosome 5, composed of 3 exons and 3.6 kb.
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The enhancive expression of IncTCF7 promotes pluripo-
tent transcription factors (Sox2 and Nanog) expression and
tumor development in HCC tissues and CD13+CD133+
liver CSCs. The mechanism is that IncTCF7 recruits the
SWI/SNF complex to the 3’ terminus and binds to it,
starting IncTCF7 expression and activating the Wnt sig-
naling pathway. Experiments found that TCF7 and Wnt7a
can reverse the knockout effect of IncTCF7. Nevertheless,
the impact of IncTCF7 can be destroyed by DKK1, a Wnt
signaling inhibitor. Knocking out IncTCF7 disrupts the
bind of BAF170 and the 1160 to 1048 bp fragment of
TCF7 promoter. Hence, the deletion of BAF170 signifi-
cantly represses the activity of downstream target genes of
TCF7, Nanog, and Wnt, such as Sox2, CCNDI, and
CCND2. Additionally, the 5-year survival rate is reduced
in HCC patients with upregulated TCF7.*

HOTAIR

HOTAIR sits in the HOXC gene cluster, which is on
chromosome 12. To a certain degree, HOTAIR can accel-
erate tumorigenesis and the malignant proliferation of
CD133+CD44+CD24+EpCAM+ LCSCs in
a SETD2 reduction way. HOTAIR overexpression enhances
the interaction of HOTAIR, CREB, P300, and RNApolll,
blocking the recruitment of the CREB-P300-RNApolll
complex in the SETD2 promoter region. Due to the

human

SETD2 promoter region containing CREB binding ele-
ments that support RNApolll activity, the catalytic function
of RNApolll is blocked to inhibit the expression and phos-
phorylation of SETD2. HOTAIR strengthens the binding
ability of pSTED2 and HOTAIR, which makes the interac-
tion between pSETD2 and histone H3 and the levels of
H3K36mel/2/3 suppressed, thereby reducing the formation
of the hMSH6-hMSH2-H3k36me3-Skp2 complex. The
hMSH6-H3k36me3-Skp2 has excellent effects on repairing
broken DNA and old proteins. HOTAIR prevents hMSH2/
6-H3k36me3-Skp2 complex from binding DNA damage
sites to ruin DNA damage repair and enhance MSI, trigger-
ing the abnormal expression of genes, such as CyclinE,
CyclinD1, CDK2, CDK4, ppRB, E2F1, and PCNAs.*°

LncRNAs Down-Regulated in Liver
Cancer Stem Cells

HI9

HI19 is a 2.3 kb IncRNA with 35 small open reading
frames encoded on 11p15.5. It may preserve cells from
oxidative stress in cancer tissues by motivating the activity
of NF-KB. In HCC, H19, participating in the epigenetic

mechanism of tumorigenesis and tumor development, can
inhibit and improve the transcription of genes related to

reactions, 4749

apoptosis and chemical respectively.
Evidence obtained indicates an enlargement of HI19
expression in HCC tissues by initiating the MAPK/ERK
signaling pathway. Astonishingly, the down-regulation of
H19 accelerates cell activity and decelerates cell apoptosis
and resistance in CD133+ LCSCs in an oxidative stress
(OS) dependent manner. Furthermore, ROS, MDA, and
SOD are induced up-regulation through blocking MAPK/

ERK signaling pathway, which stimulates OS.*°
DILC

DILC is a noncoding protein gene seated in chromosome
13g34, with a full-length of 2394nt>' DILC down-
regulation enlarges the expression of markers and stem-
related transcription factors and the formation of spheroid
colonies in LCSCs, strengthening cancer cell tumorigen-
esis and tumor growth, advancing the tumor size and
volume as well. DILC modulates the signal of IL-6/
JAK2/STAT3/autocrine in  EpCAM+CD24+ LCSCs.
When DILC is down-regulated, IL-6 transcription and
IL-6 autocrine signal are boosted by reducing the hybrid
of DILC and IL-6 promoter to activate the IL-6/STAT3
pathway. Further, DILC controls the cross-linked signal
between TNF-o/NF-kB and autocrine/IL-6/STAT3 cas-
cade. NF-«B is activated in dependence on inflammatory
factors and induced to the IL-6 promoter region. Low
DILC expression reduces the competitive combination of
DILC and the IL-6 promoter region, promoting IL-6 tran-
scription and LCSCs expansion. Accordingly, DILC may
exert an enormous function in joining liver inflammation
and LCSCs expansion.”' Furthermore, emerging data sup-
port that a higher expression level of DILC has a lower
recurrence rate and a higher survival rate.

Signaling Pathways of LncRNAs
Regulating LCSCs
Wnt/B-Catenin Signaling Pathway

According to research reports, the evolutionary conserved
Wnt/B-catenin pathway can mediate the regulation of vari-
eties of IncRNAs on LCSCs, such as SAMMSON, Inc-B-
Catm, IncPTV1, IncTCF7, and THOR.!7?33%4445 yhen
the Wnt signal is absent, B-catenin is destroyed by the
multi-protein complex containing two kinases of APC,
Axin, WTX, and phosphorylated B-catenin. Then, it is
ubiquitinated and eventually degraded by the proteasome.
When the Wnt signal reaches the cell surface, the
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phosphorylation of B-catenin is sedated. Then B-catenin
collects and is transferred to the nucleus furtherly.
Finally, it integrates with the LEF/TCF factor to govern
the expression of target genes.’> >* The active Wnt signal-
ing pathway is associated with the HCC microenvironment
and the stem cell characteristics obtained by tumor cells.”

Hedgehog Signaling Pathway

The Hedgehog pathway manages cell proliferation and
differentiation during carcinogenesis.’® The competence
of this pathway facilitates the expression of target genes
about proliferation, angiogenesis, and stem cell self-
renewal. Typically, in the absence of Hh ligands (IHh,
SHh, and DHh), the PTCH1 protein restrains the Smo
inhibiting the Gli.
However, when the Hh ligand is present, the signaling

protein by transcription factor
pathway is activated, and the negative effect of PTCHI
on Smo is released. Next, multiplied expressed Gli is
transferred to the nucleus furtherly to reinforce the tran-
scription of the target genes.’’>® The Shh pathway sensi-
tizes the expression of downstream genes of cell migration
and invasion (SNAIL, MMPs, CHSY1), cell cycle tumor
growth (cyclin Bl, CDK, Bcl2), and CSCs markers
(CD133).>? Several lines of evidence have testified that
the Shh pathway is stimulated in many tumors and parti-
cipates in the stemness maintenance of CSCs and drug
tolerance, such as breast cancer, colon cancer, and liver
cancer. Wu et al found that IncHDAC2 participates in
governing LCSCs through this pathway.'® After the Shh
pathway is activated in CSCs, the low expression of Shh
mRNA and the high expression of Smo mRNA make HCC
cells have more increased colony proliferation and clonal
formation and help maintain the stemness of LCSCs.*°

STAT3 Signaling Pathway

STAT3 exhibits a strong role in the generation, metastasis,
drug resistance, and immune evasion of HCC and partici-
pates in the maintenance of the properties of LCSCs,
which are principally modulated by different oncogenes.
Recently, studies have found that IncARSR, IncDLX6-
AS1, IncDILC can control LCSCs leaning on the STAT3
signaling pathway.”***>! STAT3 is provoked by multiple
cytokines, including IL-6, IL-10, EGF, FGF, IGF, and
other growth factors. Once these factors attach to the
corresponding receptors, JAKs will also be excited,
which phosphorylate STAT3 and the tyrosine residues of
the receptor. Then, the SH2 domain of STAT3 links to the
tyrosine residue of the receptor to form a homodimer that

enters the nucleus, thereby exchanging the signals between
the cytoplasm and the nucleus. After translocation to the
nucleus, pSTAT3 forms a complex with some co-
activators, including p68, to activate the transcription of
the target genes.®'

BMP Signaling Pathway

LncHAND2-AS1 is an activator of the BMP signaling
pathway to maintain cell stemness and improve LCSCs
proliferation, suggesting that BMP signaling mediates the
regulation of IncRNAs on LCSCs.?® Evidence indicates
that not only BMP2 and BMP4 are the key regulators of
normal SCs and CSCs, but also BMP-9 can directly affect
LCSCs.%? There are two ways to excite the BMP signaling
pathway. In the classical pathway, mature BMP dimers
bind to receptors, resulting in the transphosphorylation of
the receptors. SMADs1/5/8 are recruited to the activated
receptor complex and are phosphorylated. Subsequently,
SMADs1/5/8 with  SMAD4 to
a heterologous complex transported to the nucleus as

connect form
a transcription factor. In the case of SMAD4 missing,
BMPs can stimulate a non-classical pathway. The com-
plexes of TAK1 and TAB 1 exert effect via BMP receptors
(XIAP, BRAM1). TAKI is a versatile MAPKKK that
mediates p38-MAPK, ERK1/2-MAPK, INK-MAPK, and
NF-jB signaling pathways. Generally, stimulation of these
pathways can accelerate tumor growth and drug resistance.
Additionally, the PI3K/AKT pathway is activated by non-
standard BMP signals either to promote cancer cell inva-
sion and diffusion.®” BMP ligands also manipulate tumor
differentiation, angiogenesis, and immune response and
promote CSC expansion and survival.**

MAPK/ERK Signaling Pathway

The MAPK/ERK signaling pathway pushes forward an
immerse influence on numerous cancers, including inducing
cell proliferation, differentiation, and survival, making the
components of the MAPK/ERK pathway potential targets of
cancer treatment. The MAPK/ERK signaling pathway is also
involved in the biological process of several IncRNAs acting
on LCSCs, such as H19.%  The MAPK/ERK pathway, com-
posed of three kinases, RAF, MEK, and ERK, is a signal
transduction pathway, which mainly transmits extracellular
signals into the cell. There are four different MAPK signal
cascades involved in delivering extracellular stimuli, includ-
ing ERK1/2, p38, JNK1/2/3, and ERKS, which perform
functions through the small g protein RAS. RAS/RAF/
MEK/ERK, the most cascade,

important ultimately

OncoTargets and Therapy 2021:14

submit your manuscript

923

Dove


http://www.dovepress.com
http://www.dovepress.com

Zhang and Zhu

Dove

phosphorylates and activates JNK1/2/3. However, the effec-
tor protein p38, consisting of RAC (or Cdc42)-TAK!1 (or
MTK1)-MKK3/6 protein, is eventually provoked through
the other parallel MAPK pathways. ERK1/2 kinase functions
on the final signaling node of the MAPK/ERK pathway,

regulating cell growth, differentiation, and metabolism.®> %’

Hippo Signaling Pathway

The Hippo pathway is an evolutionarily conserved pathway.
Remarkably, the excessive activation of transcriptional co-
activator YAP/TAZ leads to uncontrolled cell growth and
malignant transformation.®® NEAT1, one of the IncRNAs,
work on LCSCs via this pathway.>’ When the Hippo path-
way is encouraged, Lats1/2-Mobl is phosphorylated and
started by Mst1/2. Eventually, YAP/TAZ is phosphorylated.
Phosphorylated YAP/TAZ does not enter the nucleus to
function, but it is degraded by 14-3-3 proteins. When the
Hippo pathway is closed, YAP/TAZ gathers and combines
with TEADs to form functional hybrid transcription factors
that initiate targeted gene expression.”” Amounts of data
highlight that YAP/TAZ can play a tumorigenic effect by
enhancing the properties of CSCs, including drug resistance,
EMT, and metastasis.”” LncRNAs influence mutually with
the downstream effector YAP/TAZ or the upstream kinase
MST1/LATS of the Hippo pathway, thereby acting on HCC
and LCSCs.”" The impact of YAP/TAZ-IncRNAs interac-
tion on LCSCs emphasizes its potential in a drug

intervention.

LncRNAs and Signaling Pathways on

LCSCs

Notably, the regulation of IncRNAs on LCSCs is not
independent but interrelated and constitutes a relatively
complex regulatory network (Figure 1).

The GLI molecule as a communication medium between
the SHH signaling pathway and the Wnt/B-catenin signaling
pathway has been reported.”” Moreover, through DPI, the
Wnt/B-catenin signaling pathway inhibits the interaction
between NOTCH signaling and YAP/TAZ of the HIPPO
signaling pathway. In addition, the HIPPO signaling pathway
can start the STAT3 signal.”*’* The dephosphorylation of
STAT3 can be aroused by BMP10 in means of PTPRS,
suggesting the positive relationship between the STAT3 sig-
nal and BMP signal.”” Evidence proves that through the
TAKI1/TAB 1 molecular mechanism, the MAPK/ERK signal-
ing pathway is inspired by BMP, thereby interacting with the
Hippo/Yap1 pathway in a C-MY C-dependent manner.*>’° Of
note, accumulating investigations have demonstrated that the
MAPK/ERK pathway is also cross-linked with other signal-
ing pathways. For example, the MAPK/ERK and PI3K/AKT
pathways can be motivated attributing to IN/IGF signaling
molecules, and subsequently, the WNT/B-catenin and Notch
signaling pathways are further animated.”” Several IncRNAs
act on LCSCs through the above pathways. Consistently,
IncRNAs have also been shown to interplay with each
other, like HULC, H19, CUDR, and so on.*>”*

Significantly, this complex network exerts an essential
part in our understanding of the regulatory mechanism of

telomere

e

(+)
Oxidative

€ stress

Figure 1 A network of IncRNAs and signaling pathways acting on LCSCs. This figure is composed of IncRNAs (PINK), signaling pathways (BLUE), LCSCs (GREEN),
regulatory molecules (YELLOW), the final mechanisms of IncH19 and IncCUDR acting on LCSCs (PURPLE). The positive effect is represented by (+). However, the negative

effect is represented by (-).

submit your manuscript

924

Dove

OncoTargets and Therapy 2021:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Zhang and Zhu

IncRNAs on LCSCs that may arise from two-dimensional
to three-dimensional.

Conclusions

LCSCs are considered to be responsible for the poor prog-
nosis, recurrence, and incurability of HCC.* However, the
mechanism of self-renewal and malignant progression of
LCSCs is not yet clear. Currently, accumulating studies
have shown that IncRNAs may play a significant role in
regulating the biological functions of LCSCs through the
interaction of multiple molecules or signal transduction
pathways. This article summarized the 20 IncRNAs involved
in regulating LCSCs and the six signal pathways that med-
iate their regulatory effects discovered in the past six years.
Surprisingly, we found that IncRNAs and various signaling
pathways formed an across-linked network, allowing us to
understand further the complexity of IncRNAs’ regulatory
mechanism on LCSCs. However, the connection between
LINCO00324, DANCR, ICR, IncCAMTA1, HOTAIR, and
this network needs to be further verified. Moreover, why
the reverse differential expression of H19 on HCC and
LCSC is still unknown. In this network system, the specific
of the
IncRNAs, molecules, and signaling pathways and how

molecular mechanisms interactions between
they precisely participate in the regulation of LCSCs are
still great conundrums.

We believe that other IncRNAs and regulatory path-
ways or molecular mechanisms have not yet been
unveiled. Undoubtedly, it requires us to do lots of research
to enrich the complex network regulating LCSCs.
Prospectively, the network system provides us a new treat-
ment direction on LCSCs. Combination targeting therapy
on the IncRNAs or molecular signaling pathways may
become a new treatment method or a new adjuvant remedy

to prolong survival and reduce the recurrence of HCC.
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