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Abstract

Hepatocellular Carcinoma (HCC) is one of the most common malignancies in the world and it is
highly fatal. Liver Cancer Stem Cells (LCSCs) are a kind of cell with resembling characteristics to
normal stem cells in HCC. The self-renewal, differentiation, tumorigenic potential and chemical
resistance of LCSCs may be responsible for the high recurrence rate and refractory of HCC. In
recent years, an accumulation of studies has shown that LCSCs originate from Hepatic Progenitor
Cells (HPCs), hepatocytes, liver cancer cells and extrahepatic stem cells, and find that these cells
transform into LCSCs through signaling pathways, gene mutation and other mechanisms. This
paper reviews the original cells of LCSCs and their transformation mechanisms discovered in the
last decade. In addition, in the process of HPCs and hepatocytes transforming into LCSCs, there is a
cross-connecting network between the signaling pathways, which will provide some valuable clues
for the targeted therapy of LCSCs.
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Abbreviations

HCC: Hepatocellular Carcinoma; LCSCs: Liver Cancer Stem Cells; HPCs: Hepatic Progenitor
Cells; EpCAM: The Epithelial Cell Adhesion Molecules; TGF-f: Transforming Growth Factor-f;
HOCs: Hepatic Oval Cells; COH: The Canal of Hering; Ring 1: The Ring Finger Protein 1; HNF4a:
Hepatocyte Nuclear Factor 4a; EMT: Epithelial-Mesenchymal Transition; TNF-a: Tumor Necrosis
Factor-a; HBx: Hepatitis B Virus X; NF2: Neurofibromatosis Type 2; AFB: Aflatoxin B,; DCLKI:
Doublecortin-like Kinase 1; ESC-related: The Embryonic Stem Cell-related; IncRNA: Long non-
coding RNA; THOR: Testis-Associated Highly Conserved Oncogenic IncRNA; LEF1: Lymphoid
Enhancer-binding Factor-1; CHDIL: Chromodomain-Helicase-DNA-binding-protein 1-like;
MSCs: Mesenchymal Stem Cells; IR-MSCs: Irradiated MSCs; CiSCs: Cancer-induced Stem Cells;
BM-MSCs: Bone Marrow-Mesenchymal Stem Cells

Introduction

Primary liver cancer can be divided into Hepatocellular Carcinoma (HCC), intrahepatic
cholangiocarcinoma, liver angiosarcoma, hepatoblastoma, and fibrolamellar carcinoma [1-3]. HCC
is one of the most common malignancies in the world, accounting for 75% to 85% of primary liver
cancer. It is the second leading cause of cancer-related death worldwide [3,4].

Liver Cancer Stem Cells (LCSCs) have the ability of self-renewal and differentiation, chemical
drug resistance and tumorigenicity even after serial transplantation. Multiple cell surface markers,
such as the Epithelial Cell Adhesion Molecules (EpCAM), CD133, CD44, CD13, CD90, CD47,
CD44, CD24 and OV6, have been isolated to enrich corresponding LCSCs in HCC [1,5]. There
are many signaling pathways regulating LCSCs, including Wnt/p-catenin, Notch, Transforming
Growth Factor-B (TGF-B), Hedgehog [1] and IL-6/STAT3. Both RAS/RAF/MEK and PI3K/Akt/
mTOR pathways are deregulated in LCSCs and they primarily involve in the regulation of cell
growth, survival and differentiation of HCC [6].

Surgical resection of HCC has made great progress in the past years, but the 5-year survival rate
of HCC patients is still unsatisfactory due to the frequent recurrence and chemotherapy resistance.
More and more evidence has shown that LCSCs are critical for leading to chemotherapy resistance,
recurrence, poor prognosis and incurable disease of HCC [7,8].

Therefore, targeting LCSCs contributes to the treatment of HCC. Small-molecule inhibitors
against dysregulation of signaling pathways may effectively suppress LCSC-mediated tumorigenesis,
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Figure 1: Potential origins of liver cancer stem cells.
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Figure 2: Hepatic progenitor cells transform into liver cancer stem cells through the imbalance of signal pathway. The promoting effect is represented by ——.
The inhibition is represented by . The positive effect is represented by (+). The negative effect is represented by (-).
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metastasis and self-renewal [1]. In addition, the targeted therapeutic
strategies about the original cells of LCSCs and their transformation
mechanisms can also achieve the purpose of reducing LCSCs and
effectively inhibit the growth, metastasis and self-renewal of tumors.

A large number of studies have shown that Hepatic Progenitor C
(HPCs), hepatocytes, liver cancer cells and extrahepatic stem c

can transform into LCSCs [5,9] (Figure 1). In this review, the original
cells and transformation mechanisms of LCSCs discovered in the last

decade are comprehensively discussed.

LCSCs Originate from HPCs
HPCs, known as the Hepatic Oval Cells (HOCs), locate in

Canal of Hering (COH). In severe liver injury, the regenerative ability
of hepatocytes is impaired, and liver stem cell chambers proliferate
and activate. After HPCs amplifying and maturing, cells at the COH
site showed the common morphology and immunophenotype
of hepatocytes and bile duct cells [10]. An increasing number of
experiments have shown that HPCs may transform into LCSCs
through signaling pathways, gene mutation and other mechanisms,

leading to the occurrence and development of HCC (Figure 2).

Dysregulation of the signaling pathways

Wnt/p-catenin signaling pathway: The activation of Wnt/p-

catenin in HPCs is sufficient to cause the malignant transformation
of HPCs and lead to the generation of HCC [11,12]. The Ring finger
protein 1 (Ringl), a transcriptional repressor, displays tumorigenic
activity. Overexpression of Ringl activated the Wnt/B-catenin
signaling pathway and upregulated the expression of Cyclin D1 and
c-myc in HPCs, and may drive the transformation of HPCs into
LCSCs [13]. In addition to overexpression of Ringl, downregulation
of Tg737 and miR-200a can also activate the Wnt/p-catenin pathway.
Knockout Tg737 inhibited the expression of snail controlled by
Hepatocyte Nuclear Factor 4o (HNF4a), resulting in the imbalance
of the Wnt/B-catenin/Snail-HNF4a negative feedback circuit, which
made HPCs acquire LCSC-like features in the process of malignant
transformation and promoted Epithelial-Mesenchymal Transition
(EMT) [14]. However, downregulated miR-200a could directly target
B-catenin of HPCs and activate the Wnt/p-catenin pathway, which led
to the tumorigenicity of HPCs [15]. In addition, autocrine osteopontin
induced the destruction of the E-cadherin/-catenin complex via a
integrin-Src signaling [11], therefore led to the activation of B-catenin
and the malignant transformation process of HPCs.

ells
ells

the

TNEFR /STATS3 signaling pathway: The activation of the TNFR
/STAT3 signaling pathway closely relates to the occurrence of
tumors. Tumor Necrosis Factor-a (TNF-a) is the most important
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cytokine in inflammation-associated tumorigenesis. Dysregulation
of the TNFR-2/STAT3 signaling pathway can activate HPCs, and
the activated HPCs abnormally differentiate into HCC, leading
to the development of HCC [16]. TNF-a could also activate the
TNFR 1/Src /STAT3 signaling pathway, up-regulate the expression
of Nanog and Lin28, and promote the self-renewal of HPCs via the
deregulation of ubiquitin D and checkpoint kinase 2 to trigger the
chromosomal instability of HPCs. The transformation of HPCs to
LCSCs is synergically promoted [17]. The experimental study found
that there was a cross-linking network between IL-6/STAT3 and
Whnt/B-catenin signaling pathway. The higher titers of IL-6/STAT3
and Wnt/p-catenin signaling pathway suggested that Hepatitis B
virus X (HBx) may induce the intrinsic changes of HPCs through the
way of the above signaling pathway. Thus, HPCs have tumorigenic
potential [18].

Akt signaling pathway: HPCs can induce the activation of
Akt to produce LCSCs via TGF-p, then result in the occurrence of
HCC [19,20]. TGF-B, as a hepatic profibrogenic cytokine, is mainly
produced by activated mesenchymal cells upon chronic liver injury.
TGF-B-induced activation of Akt and transformation of HPCs were
mediated by microRNA-216a-modulated phosphatase and tensin
homolog deleted on chromosome 10 suppression, leading to the
production of LCSCs in the liver. Inactivation of FOXO3a in HPCs is
also associated with the generation of LCSCs [20].

Hippo signaling pathway: It has been found that in addition
to the activation of Wnt/B-catenin and TNFR/STAT3 signaling
pathways, the dysregulation of the Hippo signaling pathway also gives
rise to the malignant transformation of HPCs. Neurofibromatosis
type 2 (NF2) gene is a tumor suppressor gene that encodes the
protein, Merlin. As the only gene of the Hippo signaling pathway that
mutates and inactivates in cancer, the expression of Merlin in tumor
cells shows a significant negative correlation with the expression
of YAP. Epidermal growth factor receptor can drive the excessive
proliferation of NF2-/- progenitor cells inactivated by NF2 mutation,
thus leading to the occurrence of tumors [21,22].

JNK/c-jun/miR-199a-3p signaling pathway: Viral infection,
inflammation and other pathological causes can cause abnormal
proliferation of HPCs, then lead to the transformation of HPCs
into LCSCs with self-renewal ability and differentiation potential,

and result in the occurrence of HCC [3,23]. HBx, a multifunctional
HBx protein encoded by HBV, plays an important role in viral
replication and HBV-induced carcinogenesis. HBx and TGF-p1 can
induce the transformation of HPCs to LCSCs. TGF-B1 up-regulated
miR-199a-3p, and cooperated with HBx to promote the malignant
transformation of HPCs through JNK/c-jun/miR-199a-3p signal
pathway [23]. JNK/c-jun/miR-199a-3p and Wnt/B-catenin pathways
cross-link each other through HBx. HBx inhibited HPCs apoptosis
by interfering with the balanced expression of Bcl2 family-related
proteins and the caspase protein through activating Wnt/p-catenin
signaling pathway, thus induced malignant transformation of HPCs
[24].

Gene mutation

Tumorigenesis comprises multiple processes with an
accumulation of genetic mutations that drive the progressive
transformation of HPCs into malignant tumors [25]. Genetically
engineered fetal liver progenitor cells lacking the function of tumor
suppressor genes are the origin of HCC. Activation-induced cytidine
deaminase may promote the malignant transformation of HPCs
through its mutagenic activity [25]. The gene, deleted in malignant
brain tumors 1 at chromosome 10q25.3-26.1, is a candidate tumor
suppressor gene via virtue of frequent deletions and lack of expression,
taking part in the malignant process of HPCs [26].

Some researchers have used Aflatoxin B, (AFB,) to treat HOCs
transfected with HBx gene and find that the synergistic action of HBx
gene and AFB, made HOCs have the ability to form HCC. Moreover,
p53 null transformed HOC:s give rise to HCC [27].

Thorgeirsson’s study speculated that oncogenic H-RAS and
SV40LT reprogrammed HPCs and mature hepatocytes into cancer
stem cells. EMT-related pathways were activated by different liver
cell lines during oncogenic reprogramming, and H-RAS/SV40LT-
mediated oncogenic reprogramming of adult hepatocytes requiring
myc [28].

LCSCs Originate from Hepatocytes

The liver consists of two major cell types, parenchyma and
non-parenchyma cells. Hepatocytes are the most abundant hepatic
parenchyma cells, accounting for 92.5% of the liver [29]. It has been
found that hepatocytes are highly plastically and can dedifferentiate
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into immature progenitor cells under the condition of activation of
the Hippo signal pathway [30]. Further experiments showed that
HCC stemmed from hepatocytes. Different pathophysiological
diseases can cause permanent hepatocyte injury, regeneration and
inflammation, which promote hepatocytes to dedifferentiate into
LCSCs and lead to HCC (Figure 3) [31,32].

Dysregulation of the signaling pathway

Abnormal activation of the Wnt/B-catenin signaling pathway
can bring about reprogramming of hepatocytes. Reprogramming of
hepatocellular plasticity was mediated by Doublecortin-Like Kinase
1 (DCLK1). Overexpression of DCLK1 induced spheroid growth in
untransformed primary human hepatocytes in suspension culture,
which promoted the clonality and tumorigenicity of hepatic epithelial
cells by activating P-catenin [33]. Loss of p53 promoted mature
hepatocytes to dedifferentiate into nestin-positive progenitor-like
cells, which may differentiate into HCC or cholangiocarcinoma
after lineage-specific mutations via targeting Wnt and Notch signals
[34]. The imbalance of Notch and YAP/Hippo signaling pathways
mediated hepatocellular reprogramming, and there was a link
between HCC initiation and hepatocellular reprogramming [32,35].
Besides, studies have shown that deletion of AXIN1 induced Notch
and YAP signal transduction and led to HCC, but did not depend
on the activation of Wnt/p-catenin [36]. P-38 MAPK and AP-1 in
the IL-33/p38 signal pathway were activated during exposure to
long-term tobacco smoking, and induced liver cancer stem cell-like
characteristics of hepatocytes [37].

Gene mutation

When co-transduced with H-RAS and SV40LT, the Embryonic
Stem Cell-related (ESC-related) gene in hepatocytes was activated
and the expression of myc was significantly up-regulated by 21 times.
However, knockout c-myc in hepatocytes expressing H-RAS/SV40LT
decreased the production of LCSCs, which verified that c-myc was the
key element for the activation of ESC-related genes in hepatocellular
carcinogenic reprogramming into LCSCs [28]. Gankyrin, also
known as 26S proteasome non-ATPase regulatory subunit, is an
oncoprotein that is mainly overexpressed in HCC. It was found that
the overexpression of Gankyrin could attenuate the hepatic function
of primary hepatocytes. Furthermore, Gankyrin bound to HNF4a to
promote proteasome-dependent HNF4a degradation in liver cancer
cells, which indicated that Gankyrin mediated dedifferentiation of
hepatocytes through down-regulating HNF4a, and then promoted
the production of LCSCs and the development of HCC [38].

LCSCs Originate from Liver Cancer Cells

There are most differentiated liver cancer cells and a small part of
LCSCs in HCC tissue [39]. During the development of liver cancer
cells, the reactivation of gene expression signals makes them show
similar phenotypes of their lineage precursor cells, which promotes the
malignant transformation of tumors to a great extent [40]. Increasing
evidence showed that liver cancer cells could dedifferentiate through
signal pathways, gene mutation and other mechanisms, leading to the
production of LCSCs [41,42].

Dysregulation of the signaling pathway

Wnt/p-catenin signaling pathway: Experiments have shown that
the Wnt pathway played an important role in the activation of HCC-
LCSCsand thetransformation from differentiation to dedifferentiation
[43]. The spheres of liver cancer cells with overexpression of
DCLK1 expressed highly active B-catenin, a-Fetoprotein and SOXO9,

indicating that overexpression of DCLKI could induce clonality and
dedifferentiation phenotype of liver cancer cells [33]. The stimulation
of TGF-P1 led to the overexpression of CD147. The signal of TGF-p1-
CD147 in highly differentiated liver cancer cells is activated through
B-catenin and matrix metalloproteinase, and the expression of
differentiation marker HNF4 mRNA is inhibited, thus inducing the
dedifferentiation of liver cancer cells [41]. The cytoplasmic CDC73 in
liver cancer cells was phosphorylated and bound to B-catenin under
the action of Shp2, which promoted the nuclear translocation of
B-catenin. Activation of the Wnt/B-catenin signal pathway promoted
the dedifferentiation of liver cancer cells [42]. In addition, various
long non-coding RNA (IncRNA) have been shown to play a role in the
occurrence and development of HCC [44]. A new LncRNA, THOR
(Testis-associated Highly conserved Oncogenic IncRNA) promoted
the dedifferentiation of liver cancer cells and expansion of LCSCs by
targeting the B-catenin signaling pathway [45].

STATS3 signaling pathway: LncARSR regulated the transduction
of the STATS3 signal in liver cancer cells, and targeted STAT3 signal
pathway to promote dedifferentiation of liver cancer cells and LCSCs
proliferation [46]. Oct4 and Nanog are essential transcription
factors to maintain the phenotype of stem cells. Studies have shown
that ectopic co-expression of Oct4 and Nanog could regulate the
signal transduction and the activation of the STAT3, which made
MHCC97-L cells (liver cancer cells) with the characteristics of LCSCs,
and promoted EMT by activating STAT3/Snail signal [47].

Notch signaling pathway: Studies have shown that the abnormal
activation of the Notch signal pathway promoted the dedifferentiation
of liver cancer cells. Lymphoid Enhancer-binding Factor-1 (LEF1)
is a member of the LEF1/T-cell factor family. LEF1 could activate
key members of the Notch signal pathway (such as NOTCHI and
NOTCH2) by directly binding to their promoter regions. LEF1
promotes tumor stemness and poor differentiation of HCC by
activating the Notch signal pathway [48]. The high expression of
HNF-1p not only promoted the dedifferentiation of liver cancer cells
to LCSCs by activating the Notch pathway, but also enhanced the
invasive potential of liver cancer cells, and promoted the occurrence
of endoderm metastasis of liver cancer cells, and thus promoted the
migration and invasion of liver cancer cells [49].

Other signaling pathways: The down-regulation of miR-613
promoted the expansion of LCSCs by promoting dedifferentiation of
liver cancer cells and self-renewal of LCSCs, while overexpressed miR-
613 inhibited the dedifferentiation of liver cancer cells by targeting the
SOX9 signal [50]. Up-regulation of miR-365 inhibited the expansion
of LCSCs through RAS-related C3 botulinum toxin substrate 1 signal
inhibiting dedifferentiation of liver cancer cells and reducing the
self-renewal ability of LCSCs [51]. In addition, KLF4 could directly
activate the expression of HNF-6 by binding to its promoter. KLF4
promoted the differentiation of HCC by inducing the expression of
HNF-6, and the imbalance of the KLF4/HNF-6 pathway promoted
the dedifferentiation of HCC [52]. Transcriptionally activated p73p
activated YAP, but did not activate the expression of Bax, which may
promote malignant dedifferentiation of liver cancer cells [53].

Gene mutation

Knockout tumor suppressor atonal homolog 8 gene could mark
potential CSCs in HCC and induce CD133-cells to differentiate
into CD133+ cells, making them with CSCs characteristics such
as self-renewal, differentiation and chemotherapy resistance [54].
Transcription factors, including Snail, Slug and Twist, mediated
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dedifferentiation and acquired characteristics of stem cell under
certain conditions [41]. Transcription factor KLF4 could directly
bind to the EpCAM promoter, up-regulate the expression of EpCAM
and E-CAD, induce partial reprogramming of Huh7 cells, lead to
dedifferentiation of Huh?7 cells, and increase the number of EPCAM+/
CD133+LCSCs in Huh?7 liver cancer cell lines with the increase of
dryness and tumorigenicity [55].

HBx not only induces the transformation of HPCs into LCSCs,
but also produces LCSCs by promoting the dedifferentiation of liver
cancer cells. HBx could activate Oct-4, Nanog, KLF4, -catenin and
EpCAM in vivo and in vitro. HBx promoted the stemness of liver
cancer cells by activating B-catenin and epigenetic up-regulation of
miR-181. HBx could also stimulate cell migration, soft agar growth
and spheroid formation. HBx promoted the occurrence of HCC by
promoting changes in the expression of genes that were characteristics
of LCSCs [56].

The oncoprotein Gankyrin promoted the development of
HCC by down-regulating the dedifferentiation of liver cancer cells
mediated by HNF4a and promoting the production of LCSCs [38].
Chromodomain-Helicase-DNA-binding-protein 1-like (CHDIL)
belongs to the chromodomain-helicase-DNA-binding domain-
containing chromatin remodeling family. The overexpression of
CHDIL could maintain the "open chromatin" structure of the activity
of estrogen-related receptor-f and transcription factor 4 promoter,
thus endow liver cancer cells with progenitor cell-like characteristics
[57].

LCSCs Originate from Extrahepatic Stem
Cells

Stem cells are undifferentiated cells that exist in the embryonic,
fetal and adult stages of life and produce differentiated cells that form
tissues and organs [58]. Mesenchymal Stem Cells (MSCs) are a kind
of stromal cells with the ability of self-renewal and multi-directional
differentiation, which are initially identified from bone marrow.
Bone marrow is the most abundant and characteristic source of
MSCs [59]. The long-life span and self-renewal ability of MSCs make
them survive long enough, accumulate DNA damage, produce cancer
cells, and exert the function of CSCs [60]. Studies have shown that
extrahepatic stem cells transformed into LCSCs through a variety of
mechanisms.

Dysregulation of the signaling pathway

Irradiated MSCs (IR-MSCs) can also maintain the stemness of
LCSCs through the Wnt/B-catenin signal pathway [61]. It has been
found that CSCs were isolated from tumor cell lines transformed from
MSCs. So it is speculated that the mutated MSCs may be the origin
of CSCs [62,63]. Bone marrow-derived MSCs may also differentiate
into LCSCs and promote the occurrence and development of HCC
[60,64].

MSCs are heavily recruited into the tumor microenvironment.
After exposure to factors secreted by cancer cells, it may show
cellular plasticity, obtain more stem cell-like states, and obtain some
characteristics of CSCs. These acquired characteristics may contribute
to the progression, survival and metastasis of the tumor. We call
these cells Cancer-induced Stem Cells (CiSCs), which are directly
produced by human Bone Marrow-Mesenchymal Stem Cells (BM-
MSCs) exposing to cancer cell lines. Wnt/B-catenin signal may play
an important role in the transformation from BM-MSCs to CiSCs.
These data suggested that soluble factors produced by cancer cells

contributing to the transformation of normal human BM-MSCs into
cells with the characteristics of cancer stem cells [60].

Cell fusion

Cell fusion is a strictly regulated process, including initiation,
chemotaxis, adhesion, fusion and fusion after five steps [65]. It has
been observed in experimental animals and some human subjects that
the fusion of two cells induced malignant transformation of cells [66].
SK cells represented the transformation mechanism from normal
MSCs to enhanced self-renewing CSCs with metastatic ability. SK
cells and their xenograft cells represented the relative homogeneity of
CSCs with substantial metastatic ability. Therefore, it represents a new
mechanism of non-epithelial and endothelial CSCs in tumorigenesis,
development and metastasis [64]. CD34+ LCSCs are formed by the
fusion of HPCs and myeloid intermediates (granulocytic monocytes)
derived from CD34+ hematopoietic progenitor cells. Circulating bone
marrow-derived precursors can become the origin of tumorigenesis
and carcinogenesis by fusion, transdifferentiation or reprogramming
after homing to damage organs under pathological conditions [67].

Conclusion

At present, a large number of studies have shown that LCSCs can
be derived fromavariety of cells. This paper reviews the transformation
of HPCs, hepatocytes, liver cancer cells, and extrahepatic stem
cells into LCSCs, through signal pathways and gene mutations and
the relationship between these transformation mechanisms. From
these transformation mechanisms, we can find that there are cross-
connected networks in the signal pathways of cell transformation,
which enables us to further understand the complexity of cell
transformation into LCSCs. In the process of transformation from
HPCs to LCSCs, HBx acts as a cross-linking regulatory molecule to
connect Wnt/B-catenin and JNK/c-jun/miR-199a-3p pathways, while
Wnt/B-catenin signaling pathways are interconnected with IL-6/
STAT3 pathways through IL-6. In the transformed mechanisms of
hepatocytes, Wnt/p-catenin, Notch and Hippo pathways are cross-
linked through p53 and YAP. It is also explaining whether MSCs
produce LCSCs through fusion with HPCs or directly convert them
into LCSCs through contact with soluble factors secreted by cancer
cells.

Although experimental studies have described the origin of
LCSCs and their mechanisms and studied the relationship between
signal pathways, the relationship between various traceable cells
into LCSCs is still unclear, and the cross-linking relationship among
the Akt signal pathway, Wnt/B-catenin, Notch, Hippo and other
pathways needs to be further verified. In this crossed network, the
specific molecular mechanism of the interaction between signaling
pathways and gene mutations and how they accurately participate
in the regulation of LCSCs is still unclear. Signal pathways, gene
mutation and the cross-linking relationship inter them provide us
with a new direction of treatment. Looking forward to the future, the
combined targeted therapy for the origin of LCSCs or the network
connection of signal pathways may be a new therapeutic method to
prolong the survival time and reduce the recurrence of HCC.

Funding

This work was funded by the National Natural Science Foundation
of China, grant number 81673728.

References

1. Liu YC, Yeh CT, Lin KH. Cancer stem cell functions in hepatocellular

Remedy Publications LLC., | http://clinicsinoncology.com/

2022 | Volume 7 | Article 1936


https://pubmed.ncbi.nlm.nih.gov/32466488/

Juan Xu, et al.,

Clinics in Oncology - Infectious Diseases

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

carcinoma and comprehensive therapeutic strategies. Cells. 2020;9(6):1331.

Nagtegaal ID, Odze RD, Klimstra D, Paradis V, Rugge M, Schirmacher
P, et al. The 2019 WHO classification of tumours of the digestive system.
Histopathology. 2020;76(2):182-8.

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

Frager SZ, Schwartz JM. Hepatocellular carcinoma: Epidemiology,
screening, and assessment of hepatic reserve. Curr Oncol. 2020;27(Suppl
3):S138-43.

Gu YZ, Zheng X, Ji JF. Liver cancer stem cells as a hierarchical society: Yes
or no? Acta Biochim Biophys Sin (Shanghai). 2020;52(7):723-35.

Zhou G, Wilson G, George ], Qiao L. Targeting cancer stem cells as a
therapeutic approach in liver cancer. Curr Gene Ther. 2015;15(2):161-70.

Cheng Z, Liang XJ, Zhang C, Wang RY, Wei TT, Ning BF, et al. SOX9-
transactived long non-coding RNA NEATI promotes the self-renewal of
liver cancer stem cells through PKA/Hippo signaling. Signal Transduct
Target Ther. 2021;6:87.

Nagano H, Ishii H, Marubashi S, Haraguchi N, Eguchi H, Doki Y, et al.
Novel therapeutic target for cancer stem cells in hepatocellular carcinoma.
J Hepatobiliary Pancreat Sci. 2012;19(6):600-5.

Sell S, Leffert HL. Liver cancer stem cells. ] Clin Oncol. 2008;26(17):2800-5.

Ko S, Russell JO, Molina LM, Monga SP. Liver progenitors and adult cell
plasticity in hepatic injury and repair: Knowns and Unknowns. Annu Rev
Pathol. 2020;15:23-50.

Liu YY, Cao L, Chen R, Zhou XY, Fan XY, Liang YC, et al. Osteopontin
promotes hepatic progenitor cell expansion and tumorigenicity via
activation of beta-catenin in mice. Stem Cells. 2015;33(12):3569-80.

Mokkapati S, Niopek K, Huang L, Cunniff KJ, Ruteshouser EC, de
Caestecker M, et al. Beta-catenin activation in a novel liver progenitor cell
type is sufficient to cause hepatocellular carcinoma and hepatoblastoma.
Cancer Res. 2014;74(16):4515-25.

Zhu K, Li JW, Li J, Sun J, Guo Y, Tian HW, et al. Ringl promotes the
transformation of hepatic progenitor cells into cancer stem cells through
the Wnt/B-catenin signaling pathway. J Cell Biochem. 2019.

Huang QK, PuM, Zhao G, Dai B, Bian ZY, Tang HL, et al. Tg737 regulates
epithelial-mesenchymal transition and cancer stem cell properties via a
negative feedback circuit between Snail and HNF4alpha during liver stem
cell malignant transformation. Cancer Lett. 2017;402:52-60.

Liu J, Ruan B, You N, Huang QK, Liu WH, Dang Z, et al. Downregulation
of miR-200a induces EMT phenotypes and CSC-like signatures through
targeting the beta-catenin pathway in hepatic oval cells. PLoS One.
2013;8(11):79409.

Jing YY, Sun K, Liu WT, Sheng DD, Zhao SM, Gao L, et al. Tumor
necrosis factor-alpha promotes hepatocellular carcinogenesis through the
activation of hepatic progenitor cells. Cancer Lett. 2018;434:22-32.

Li XF, Chen C, Xiang DM, Qu L, Sun W, Lu XY, et al. Chronic
inflammation-elicited liver progenitor cell conversion to liver cancer stem
cell with clinical significance. Hepatology. 2017;66(6):1934-51.

Wang C, Yang W, Yan HX, Luo T, Zhang J, Tang L, et al. Hepatitis B
virus X (HBx) induces tumorigenicity of hepatic progenitor cells in
3,5-diethoxycarbonyl-1,4-dihydrocollidine-treated HBx transgenic mice.
Hepatology. 2012;55(1):108-20.

Machida K. Existence of cancer stem cells in hepatocellular carcinoma:
Myth or reality? Hepatol Int. 2017;11(2):143-7.

WuK,DingJ, Chen C, Sun W, Ning BF, Wen W, et al. Hepatic transforming
growth factor beta gives rise to tumor-initiating cells and promotes liver

2

—_

22.

23.

24.

25.

26.

27.

28.

2

Nel

30.

31.

32.

33.

34.

3

wu

36.

37.

38.

cancer development. Hepatology. 2012;56(6):2255-67.

.Zhang N, Zhao Z, Long J, Li H, Zhang B, Chen GY, et al. Molecular

alterations of the NF2 gene in hepatocellular carcinoma and intrahepatic
cholangiocarcinoma. Oncol Rep. 2017;38(6):3650-8.

Benhamouche S, Curto M, Saotome I, Gladden AB, Liu CH, Giovannini
M, et al. Nf2/Merlin controls progenitor homeostasis and tumorigenesis
in the liver. Genes Dev. 2010;24(16):1718-30.

Dong KS, Chen Y, Yang G, Liao ZB, Zhang HW, Liang HF, et al. TGF-
betal accelerates the hepatitis B virus X-induced malignant transformation
of hepatic progenitor cells by upregulating miR-199a-3p. Oncogene.
2020;39(8):1807-20.

Shen LH, Zhang XF, Hu DX, Feng T, Li HL, Lu YL, et al. Hepatitis B virus X
(HBx) play an anti-apoptosis role in hepatic progenitor cells by activating
Wnt/beta-catenin pathway. Mol Cell Biochem. 2013;383:213-22.

Kim SK, Nasu A, Komori J, Shimizu T, Matsumoto Y, Minaki Y, et al.
A model of liver carcinogenesis originating from hepatic progenitor cells
with accumulation of genetic alterations. Int ] Cancer. 2014;134(5):1067-
76.

Deng H, Gao YB, Wang HF, Jin XL, Xiao JC. Expression of Deleted in
Malignant Brain Tumours 1 (DMBT1) relates to the proliferation and
malignant transformation of hepatic progenitor cells in hepatitis B virus-
related liver diseases. Histopathology. 2012;60(2):249-60.

Li CH, Wang YJ, Dong W, Xiang S, Liang HF, Wang HY, et al. Hepatic
oval cell lines generate hepatocellular carcinoma following transfection
with HBx gene and treatment with aflatoxin Bl in vivo. Cancer Lett.
2011;311(1):1-10.

Holczbauer A, Factor VM, Andersen JB, Marquardt JU, Kleiner DE, Raggi
C, et al. Modeling pathogenesis of primary liver cancer in lineage-specific
mouse cell types. Gastroenterology. 2013;145(1):221-31.

. Aparicio-Vergara M, Tencerova M, Morgantini C, Barreby E, Aouadi

M. Isolation of Kupffer cells and hepatocytes from a single mouse liver.
Methods Mol Biol. 2017;1639:161-71.

Yimlamai D, Christodoulou C, Galli GG, Yanger K, Pepe-Mooney B,
Gurung B, et al. Hippo pathway activity influences liver cell fate. Cell.
2014;157(6):1324-38.

Mu XR, Espanol-Suner R, Mederacke I, Affo S, Manco R, Sempoux C, et
al. Hepatocellular carcinoma originates from hepatocytes and not from the
progenitor/biliary compartment. J Clin Invest. 2015;125(10):3891-903.

Shin S, Wangensteen KJ, Teta-Bissett M, Wang Y], Mosleh-Shirazi E, Buza
EL, etal. Genetic lineage tracing analysis of the cell of origin of hepatotoxin-
induced liver tumors in mice. Hepatology. 2016;64(4):1163-77.

Ali N, Nguyen CB, Chandrakesan P, Wolf RF, Qu DF, May R, et al.
Doublecortin-like kinase 1 promotes hepatocyte clonogenicity and
oncogenic programming via non-canonical beta-catenin-dependent
mechanism. Sci Rep. 2020;10:10578.

Tschaharganeh DF, Xue W, Calvisi DF, Evert M, Michurina TV, Dow LE,
et al. p53-dependent Nestin regulation links tumor suppression to cellular
plasticity in liver cancer. Cell. 2014;158(3):579-92.

. Fitamant J, Kottakis F, Benhamouche S, Tian HS, Chuvin N, Parachoniak

CA, et al. YAP inhibition restores hepatocyte differentiation in advanced
HCC, leading to tumor regression. Cell Rep. 2015;10:1692-707.

Abitbol S, Dahmani R, Coulouarn C, Ragazzon B, Mlecnik B, Senni
N, et al. AXIN deficiency in human and mouse hepatocytes induces
hepatocellular carcinoma in the absence of beta-catenin activation. J
Hepatol. 2018;68(6):1203-13.

Xie CF, Zhu JY, Wang XQ, Chen JQ, Geng SS, Wu JS, et al. Tobacco
smoke induced hepatic cancer stem cell-like properties through IL-33/p38
pathway. ] Exp Clin Cancer Res. 2019;38(1):39.

Sun W, Ding J, Wu K, Ning BF, Wen W, Sun HY, et al. Gankyrin-mediated

Remedy Publications LLC., | http://clinicsinoncology.com/

2022 | Volume 7 | Article 1936


https://pubmed.ncbi.nlm.nih.gov/32466488/
https://pubmed.ncbi.nlm.nih.gov/31433515/
https://pubmed.ncbi.nlm.nih.gov/31433515/
https://pubmed.ncbi.nlm.nih.gov/31433515/
https://pubmed.ncbi.nlm.nih.gov/30207593/
https://pubmed.ncbi.nlm.nih.gov/30207593/
https://pubmed.ncbi.nlm.nih.gov/30207593/
https://pubmed.ncbi.nlm.nih.gov/30207593/
https://pubmed.ncbi.nlm.nih.gov/33343207/
https://pubmed.ncbi.nlm.nih.gov/33343207/
https://pubmed.ncbi.nlm.nih.gov/33343207/
https://pubmed.ncbi.nlm.nih.gov/32490517/
https://pubmed.ncbi.nlm.nih.gov/32490517/
https://pubmed.ncbi.nlm.nih.gov/25537770/
https://pubmed.ncbi.nlm.nih.gov/25537770/
https://www.nature.com/articles/s41392-021-00466-x
https://www.nature.com/articles/s41392-021-00466-x
https://www.nature.com/articles/s41392-021-00466-x
https://www.nature.com/articles/s41392-021-00466-x
https://pubmed.ncbi.nlm.nih.gov/22892595/
https://pubmed.ncbi.nlm.nih.gov/22892595/
https://pubmed.ncbi.nlm.nih.gov/22892595/
https://pubmed.ncbi.nlm.nih.gov/18539957/
https://pubmed.ncbi.nlm.nih.gov/31399003/
https://pubmed.ncbi.nlm.nih.gov/31399003/
https://pubmed.ncbi.nlm.nih.gov/31399003/
https://pubmed.ncbi.nlm.nih.gov/26033745/
https://pubmed.ncbi.nlm.nih.gov/26033745/
https://pubmed.ncbi.nlm.nih.gov/26033745/
https://pubmed.ncbi.nlm.nih.gov/24848510/
https://pubmed.ncbi.nlm.nih.gov/24848510/
https://pubmed.ncbi.nlm.nih.gov/24848510/
https://pubmed.ncbi.nlm.nih.gov/24848510/
https://pubmed.ncbi.nlm.nih.gov/31696964/
https://pubmed.ncbi.nlm.nih.gov/31696964/
https://pubmed.ncbi.nlm.nih.gov/31696964/
https://pubmed.ncbi.nlm.nih.gov/28536011/
https://pubmed.ncbi.nlm.nih.gov/28536011/
https://pubmed.ncbi.nlm.nih.gov/28536011/
https://pubmed.ncbi.nlm.nih.gov/28536011/
https://pubmed.ncbi.nlm.nih.gov/24260215/
https://pubmed.ncbi.nlm.nih.gov/24260215/
https://pubmed.ncbi.nlm.nih.gov/24260215/
https://pubmed.ncbi.nlm.nih.gov/24260215/
https://pubmed.ncbi.nlm.nih.gov/29981431/
https://pubmed.ncbi.nlm.nih.gov/29981431/
https://pubmed.ncbi.nlm.nih.gov/29981431/
https://pubmed.ncbi.nlm.nih.gov/28714104/
https://pubmed.ncbi.nlm.nih.gov/28714104/
https://pubmed.ncbi.nlm.nih.gov/28714104/
https://pubmed.ncbi.nlm.nih.gov/21932402/
https://pubmed.ncbi.nlm.nih.gov/21932402/
https://pubmed.ncbi.nlm.nih.gov/21932402/
https://pubmed.ncbi.nlm.nih.gov/21932402/
https://pubmed.ncbi.nlm.nih.gov/27990610/
https://pubmed.ncbi.nlm.nih.gov/27990610/
https://pubmed.ncbi.nlm.nih.gov/22898879/
https://pubmed.ncbi.nlm.nih.gov/22898879/
https://pubmed.ncbi.nlm.nih.gov/22898879/
https://pubmed.ncbi.nlm.nih.gov/29130106/
https://pubmed.ncbi.nlm.nih.gov/29130106/
https://pubmed.ncbi.nlm.nih.gov/29130106/
https://pubmed.ncbi.nlm.nih.gov/20675406/
https://pubmed.ncbi.nlm.nih.gov/20675406/
https://pubmed.ncbi.nlm.nih.gov/20675406/
https://pubmed.ncbi.nlm.nih.gov/31740785/
https://pubmed.ncbi.nlm.nih.gov/31740785/
https://pubmed.ncbi.nlm.nih.gov/31740785/
https://pubmed.ncbi.nlm.nih.gov/31740785/
https://pubmed.ncbi.nlm.nih.gov/23934090/
https://pubmed.ncbi.nlm.nih.gov/23934090/
https://pubmed.ncbi.nlm.nih.gov/23934090/
https://pubmed.ncbi.nlm.nih.gov/23959426/
https://pubmed.ncbi.nlm.nih.gov/23959426/
https://pubmed.ncbi.nlm.nih.gov/23959426/
https://pubmed.ncbi.nlm.nih.gov/23959426/
https://pubmed.ncbi.nlm.nih.gov/22211283/
https://pubmed.ncbi.nlm.nih.gov/22211283/
https://pubmed.ncbi.nlm.nih.gov/22211283/
https://pubmed.ncbi.nlm.nih.gov/22211283/
https://pubmed.ncbi.nlm.nih.gov/23523670/
https://pubmed.ncbi.nlm.nih.gov/23523670/
https://pubmed.ncbi.nlm.nih.gov/23523670/
https://pubmed.ncbi.nlm.nih.gov/28752456/
https://pubmed.ncbi.nlm.nih.gov/28752456/
https://pubmed.ncbi.nlm.nih.gov/28752456/
https://pubmed.ncbi.nlm.nih.gov/24906150/
https://pubmed.ncbi.nlm.nih.gov/24906150/
https://pubmed.ncbi.nlm.nih.gov/24906150/
https://pubmed.ncbi.nlm.nih.gov/26348897/
https://pubmed.ncbi.nlm.nih.gov/26348897/
https://pubmed.ncbi.nlm.nih.gov/26348897/
https://pubmed.ncbi.nlm.nih.gov/27099001/
https://pubmed.ncbi.nlm.nih.gov/27099001/
https://pubmed.ncbi.nlm.nih.gov/27099001/
https://pubmed.ncbi.nlm.nih.gov/25083869/
https://pubmed.ncbi.nlm.nih.gov/25083869/
https://pubmed.ncbi.nlm.nih.gov/25083869/
https://pubmed.ncbi.nlm.nih.gov/25772357/
https://pubmed.ncbi.nlm.nih.gov/25772357/
https://pubmed.ncbi.nlm.nih.gov/25772357/
https://pubmed.ncbi.nlm.nih.gov/29525529/
https://pubmed.ncbi.nlm.nih.gov/29525529/
https://pubmed.ncbi.nlm.nih.gov/29525529/
https://pubmed.ncbi.nlm.nih.gov/29525529/
https://pubmed.ncbi.nlm.nih.gov/30691509/
https://pubmed.ncbi.nlm.nih.gov/30691509/
https://pubmed.ncbi.nlm.nih.gov/30691509/
https://pubmed.ncbi.nlm.nih.gov/21735473/

Juan Xu, et al.,

Clinics in Oncology - Infectious Diseases

39.

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

dedifferentiation facilitates the tumorigenicity of rat hepatocytes and
hepatoma cells. Hepatology. 2011;54(4):1259-72.

Zhou TF, Li SC, Xiang DM, Liu JY, Sun W, Cui XL, et al. m6A RNA
methylation-mediated HNF3gamma reduction renders hepatocellular
carcinoma dedifferentiation and sorafenib resistance. Signal Transduct
Target Ther. 2020;5:296.

Yan Q, Zhang Y, Fang XN, Liu BL, Wong TL, Gong LQ, et al. PGC7
promotes tumor oncogenic dedifferentiation through remodeling DNA
methylation pattern for key developmental transcription factors. Cell
Death Differ. 2021;28:1955-70.

.Wu J, Lu M, Li Y, Shang YK, Wang SJ, Meng Y, et al. Regulation of a

TGF-betal-CD147 self-sustaining network in the differentiation plasticity
of hepatocellular carcinoma cells. Oncogene. 2016;35(42):5468-79.

Xiang DM, Cheng Z, Liu H, Wang X, Han T, Sun W, et al. Shp2 promotes
liver cancer stem cell expansion by augmenting beta-catenin signaling
and predicts chemotherapeutic response of patients. Hepatology.
2017;65(5):1566-80.

Pandit H, Li Y, Li XY, Zhang WZ, Li SP, Martin RCG. Enrichment of
cancer stem cells via beta-catenin contributing to the tumorigenesis of
hepatocellular carcinoma. BMC Cancer. 2018;18(1):783.

Shaker OG, Abdelwahed MY, Ahmed NA, Hassan EA, Ahmed TI,
Abousarie MA, et al. Evaluation of serum long noncoding RNA NEAT and
MiR-129-5p in hepatocellular carcinoma. IUBMB Life. 2019;71(10):1571-
8.

Cheng ZJ, Lei ZQ, Yang PH, Si AF, Xiang DM, Zhou JH, et al. Long non-
coding RNA THOR promotes liver cancer stem cells expansion via beta-
catenin pathway. Gene. 2019;684:95-103.

Yang C, Cai WC, Dong ZT, Guo JW, Zhao YJ, Sui CJ, et al. IncARSR
promotes liver cancer stem cells expansion via STAT3 pathway. Gene.
2019;687:73-81.

Yin X, Zhang BH, Zheng SS, Gao DM, Qiu SJ, Wu WZ, et al. Coexpression
of gene Oct4 and Nanog initiates stem cell characteristics in hepatocellular
carcinoma and promotes epithelial-mesenchymal transition through
activation of Stat3/Snail signaling. ] Hematol Oncol. 2015;8:23.

Fang S, Liu M, Li L, Zhang FF, Li Y, Yan Q, et al. Lymphoid enhancer-
binding factor-1 promotes stemness and poor differentiation of
hepatocellular carcinoma by directly activating the NOTCH pathway.
Oncogene. 2019;38(21):4061-74.

Zhu )N, Jiang L, Jiang JH, Yang X, Li XY, Zeng JX, et al. Hepatocyte
nuclear factor-1beta enhances the stemness of hepatocellular carcinoma
cells through activation of the Notch pathway. Sci Rep. 2017;7(1):4793.

Li B, Liu D, Yang P, Li HY, Wang D. miR-613 inhibits liver cancer stem
cell expansion by regulating SOX9 pathway. Gene. 2019;707:78-85.

Jiang ZB, Ma BQ, Liu SG, Li ], Yang GM, Hou YB, et al. miR-365 regulates
liver cancer stem cells via RAC1 pathway. Mol Carcinog. 2019;58(1):55-65.

Sun HC, Tang HM, Xie DC, Jia ZL, Ma ZY, Wei DY, et al. Kruppel-like
factor 4 blocks hepatocellular carcinoma dedifferentiation and progression
through activation of hepatocyte nuclear factor-6. Clin Cancer Res.
2016;22(2):502-12.

Iscan E, Ekin U, Yildiz G, Oz O, Keles U, Suner A, et al. TAp73beta can
promote hepatocellular carcinoma dedifferentiation. Cancers (Basel).
2021;13(4):783.

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

66.

67.

.Song YY, Pan GJ, Chen LL, Ma S, Zeng TT, Man Chan TH, et al. Loss
of ATOHS increases stem cell features of hepatocellular carcinoma cells.
Gastroenterology. 2015;149(4):1068-81.

Karagonlar ZF, Akbari S, Karabicici M, Sahin E, Avci ST, Ersoy N, et
al. A novel function for KLF4 in modulating the de-differentiation of
EpCAM(-)/CD133(-) nonstem cells into EpCAM(+)/CD133(+) liver
cancer stem cells in HCC cell line HuH7. Cells. 2020;9(5):1198.

Arzumanyan A, Friedman T, Ng IOL, Clayton MM, Lian ZR, Feitelson
MA. Does the hepatitis B antigen HBx promote the appearance of liver
cancer stem cells? Cancer Res. 2011;71(10):3701-8.

Liu M, Chen LL, Ma NF, Chow RKK, Li Y, Song YY, etal. CHD1L promotes
lineage reversion of hepatocellular carcinoma through opening chromatin
for key developmental transcription factors. Hepatology. 2016;63(5):1544-
59.

Kolios G, Moodley Y. Introduction to stem cells and regenerative medicine.
Respiration. 2013;85(1):3-10.

Magsood M, Kang MZ, Wu XT, Chen JH, Teng LP, Qiu LP. Adult
mesenchymal stem cells and their exosomes: Sources, characteristics, and
application in regenerative medicine. Life Sci. 2020;256:118002.

El-Badawy A, Ghoneim MA, Gabr MM, Salah RA, Mohamed IK, Amer M,
et al. Cancer cell-soluble factors reprogram mesenchymal stromal cells to
slow cycling, chemoresistant cells with a more stem-like state. Stem Cell
Res Ther. 2017;8(1):254.

. HouJ, Zhao NP, Zhu PX, Chang J, Du Y, Shen W. Irradiated mesenchymal
stem cells support stemness maintenance of hepatocellular carcinoma stem
cells through Wnt/beta-catenin signaling pathway. Cell Biosci. 2020;10:93.

Qian H, Ding XQ, Zhang J, Mao F, Sun ZX, Jia HY, et al. Cancer stemness
and metastatic potential of the novel tumor cell line K3: An inner mutated
cell of bone marrow-derived mesenchymal stem cells. Oncotarget.
2017;8(24):39522-33.

Xu X, Qian H, Zhu W, Zhang X, Yan Y, Wang M, et al. Isolation of cancer
stem cells from transformed human mesenchymal stem cell line F6. ] Mol
Med (Berl). 2010;88(11):1181-90.

Eun JR, Jung YJ, Zhang YL, Zhang YH, Tschudy-Seney B, Ramsamooj
R, et al. Hepatoma SK Hep-1 cells exhibit characteristics of oncogenic
mesenchymal stem cells with highly metastatic capacity. PLoS One.
2014;9(10):e110744.

Dornen J, Sieler M, Weiler J, Keil S, Dittmar T. Cell fusion-mediated tissue
regeneration as an inducer of polyploidy and aneuploidy. Int ] Mol Sci.
2020;21(5):1811.

Platt JL, Cascalho M. Cell fusion in malignancy: A cause or consequence?
A provocateur or cure? Cells. 2019;8(6):587.

Zeng CJ, Zhang YL, Park SC, Eun JR, Nguyen NT, Tschudy-Seney B, et
al. CD34(+) liver cancer stem cells were formed by fusion of hepatobiliary
stem/progenitor cells with hematopoietic precursor-derived myeloid
intermediates. Stem Cells Dev. 2015;24(21):2467-78.

Remedy Publications LLC., | http://clinicsinoncology.com/

2022 | Volume 7 | Article 1936


https://pubmed.ncbi.nlm.nih.gov/21735473/
https://pubmed.ncbi.nlm.nih.gov/21735473/
https://www.nature.com/articles/s41392-020-00299-0
https://www.nature.com/articles/s41392-020-00299-0
https://www.nature.com/articles/s41392-020-00299-0
https://www.nature.com/articles/s41392-020-00299-0
https://www.nature.com/articles/s41418-020-00726-3
https://www.nature.com/articles/s41418-020-00726-3
https://www.nature.com/articles/s41418-020-00726-3
https://www.nature.com/articles/s41418-020-00726-3
https://pubmed.ncbi.nlm.nih.gov/27041581/
https://pubmed.ncbi.nlm.nih.gov/27041581/
https://pubmed.ncbi.nlm.nih.gov/27041581/
https://pubmed.ncbi.nlm.nih.gov/28059452/
https://pubmed.ncbi.nlm.nih.gov/28059452/
https://pubmed.ncbi.nlm.nih.gov/28059452/
https://pubmed.ncbi.nlm.nih.gov/28059452/
https://pubmed.ncbi.nlm.nih.gov/30075764/
https://pubmed.ncbi.nlm.nih.gov/30075764/
https://pubmed.ncbi.nlm.nih.gov/30075764/
https://pubmed.ncbi.nlm.nih.gov/31190421/
https://pubmed.ncbi.nlm.nih.gov/31190421/
https://pubmed.ncbi.nlm.nih.gov/31190421/
https://pubmed.ncbi.nlm.nih.gov/31190421/
https://pubmed.ncbi.nlm.nih.gov/30359743/
https://pubmed.ncbi.nlm.nih.gov/30359743/
https://pubmed.ncbi.nlm.nih.gov/30359743/
https://pubmed.ncbi.nlm.nih.gov/30391438/
https://pubmed.ncbi.nlm.nih.gov/30391438/
https://pubmed.ncbi.nlm.nih.gov/30391438/
https://pubmed.ncbi.nlm.nih.gov/25879771/
https://pubmed.ncbi.nlm.nih.gov/25879771/
https://pubmed.ncbi.nlm.nih.gov/25879771/
https://pubmed.ncbi.nlm.nih.gov/25879771/
https://pubmed.ncbi.nlm.nih.gov/30696957/
https://pubmed.ncbi.nlm.nih.gov/30696957/
https://pubmed.ncbi.nlm.nih.gov/30696957/
https://pubmed.ncbi.nlm.nih.gov/30696957/
https://pubmed.ncbi.nlm.nih.gov/28684878/
https://pubmed.ncbi.nlm.nih.gov/28684878/
https://pubmed.ncbi.nlm.nih.gov/28684878/
https://pubmed.ncbi.nlm.nih.gov/31075412/
https://pubmed.ncbi.nlm.nih.gov/31075412/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6585981/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6585981/
https://pubmed.ncbi.nlm.nih.gov/26338995/
https://pubmed.ncbi.nlm.nih.gov/26338995/
https://pubmed.ncbi.nlm.nih.gov/26338995/
https://pubmed.ncbi.nlm.nih.gov/26338995/
https://pubmed.ncbi.nlm.nih.gov/33668566/
https://pubmed.ncbi.nlm.nih.gov/33668566/
https://pubmed.ncbi.nlm.nih.gov/33668566/
https://pubmed.ncbi.nlm.nih.gov/26099525/
https://pubmed.ncbi.nlm.nih.gov/26099525/
https://pubmed.ncbi.nlm.nih.gov/26099525/
https://pubmed.ncbi.nlm.nih.gov/32408542/
https://pubmed.ncbi.nlm.nih.gov/32408542/
https://pubmed.ncbi.nlm.nih.gov/32408542/
https://pubmed.ncbi.nlm.nih.gov/32408542/
https://pubmed.ncbi.nlm.nih.gov/21464043/
https://pubmed.ncbi.nlm.nih.gov/21464043/
https://pubmed.ncbi.nlm.nih.gov/21464043/
https://pubmed.ncbi.nlm.nih.gov/27100146/
https://pubmed.ncbi.nlm.nih.gov/27100146/
https://pubmed.ncbi.nlm.nih.gov/27100146/
https://pubmed.ncbi.nlm.nih.gov/27100146/
https://pubmed.ncbi.nlm.nih.gov/23257690/
https://pubmed.ncbi.nlm.nih.gov/23257690/
https://pubmed.ncbi.nlm.nih.gov/32585248/
https://pubmed.ncbi.nlm.nih.gov/32585248/
https://pubmed.ncbi.nlm.nih.gov/32585248/
https://pubmed.ncbi.nlm.nih.gov/29115987/
https://pubmed.ncbi.nlm.nih.gov/29115987/
https://pubmed.ncbi.nlm.nih.gov/29115987/
https://pubmed.ncbi.nlm.nih.gov/29115987/
https://pubmed.ncbi.nlm.nih.gov/32774840/
https://pubmed.ncbi.nlm.nih.gov/32774840/
https://pubmed.ncbi.nlm.nih.gov/32774840/
https://pubmed.ncbi.nlm.nih.gov/28465472/
https://pubmed.ncbi.nlm.nih.gov/28465472/
https://pubmed.ncbi.nlm.nih.gov/28465472/
https://pubmed.ncbi.nlm.nih.gov/28465472/
https://pubmed.ncbi.nlm.nih.gov/20697686/
https://pubmed.ncbi.nlm.nih.gov/20697686/
https://pubmed.ncbi.nlm.nih.gov/20697686/
https://pubmed.ncbi.nlm.nih.gov/25338121/
https://pubmed.ncbi.nlm.nih.gov/25338121/
https://pubmed.ncbi.nlm.nih.gov/25338121/
https://pubmed.ncbi.nlm.nih.gov/25338121/
https://pubmed.ncbi.nlm.nih.gov/32155721/
https://pubmed.ncbi.nlm.nih.gov/32155721/
https://pubmed.ncbi.nlm.nih.gov/32155721/
https://pubmed.ncbi.nlm.nih.gov/31207918/
https://pubmed.ncbi.nlm.nih.gov/31207918/
https://pubmed.ncbi.nlm.nih.gov/26192559/
https://pubmed.ncbi.nlm.nih.gov/26192559/
https://pubmed.ncbi.nlm.nih.gov/26192559/
https://pubmed.ncbi.nlm.nih.gov/26192559/

	Title
	Abstract
	Abbreviations
	Introduction
	LCSCs Originate from HPCs
	Dysregulation of the signaling pathways
	Gene mutation

	LCSCs Originate from Hepatocytes
	Dysregulation of the signaling pathway
	Gene mutation

	LCSCs Originate from Liver Cancer Cells
	Dysregulation of the signaling pathway
	Gene mutation

	LCSCs Originate from Extrahepatic Stem Cells
	Dysregulation of the signaling pathway
	Cell fusion

	Conclusion
	Funding
	References
	Figure 1
	Figure 2
	Figure 3

