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Abstract

Cancer stem cells (CSCs) are cells possessing abilities of self-renewal, differentiation, and tumori-
genicity in NOD/SCID mice. Based on this definition, multiple cell surface markers (such as CD24,
CD133, CD90, and EpCAM) as well as chemical methods are discovered to enrich liver CSCs in the
recent decade. Accumulated studies have revealed molecular signatures and signaling pathways
involved in regulating different liver CSCs. Among liver CSCs positive for different markers, some
molecular features and regulatory pathways are commonly shared, while some are only unique in
certain CSC populations. These studies imply that liver CSCs exhibit diverse heterogeneity, while
a functional relationship also exists. The aim of this review is to revisit the society of liver CSCs
and summarize the common or unique molecular features of known liver CSCs. We hope to call
for attention of researchers on the relationship of the liver CSC subgroups and to provide clues on

the hierarchical structure of the liver CSC society.
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Introduction

About 30 years ago, Dick and his colleagues studied func-
tional heterogeneity within leukemia. They reported the isolated
CD347CD38~ human leukemic cells initiating acute leukemia after
transplantation into immunodeficient mice and predicting relapse in
high-risk B-lineage acute lymphoblastic leukemia [1,2]. The isolated
CD341tCD38~ cells were then named leukemic cancer stem cells
(CSCs). From then on, CSCs were gradually identified in many
solid tumors including breast cancer [3], melanoma [4], pancreas
[5,6], prostate [7], ovarian [8,9], lung [10,11], colorectal cancer
[12-14], liver cancer [15,16], and brain cancer [17,18]. Now, it is
well known that CSCs are the special cancer cells that possess the
characteristics associated with normal stem cells, i.e. self-renewal
and differentiation, and exhibit an ability of giving rise to cancer
cells inheriting all parental features as well as resistance to chemo-
/radio-therapy [19].

Up to date, CSC populations expressing different biomarkers
have been identified in many cancers. Functional characterization
of these CSC subpopulations further reveals the common or unique

deregulated molecular signaling pathways in maintaining their CSC
features. In this review, we focused on liver CSCs and summarized the
current methods to enrich different liver CSCs as well as the common
or unique molecular pathways in regulating their stemness features.
According to these, we aimed to provide an integrative view whether
these known liver CSC populations were potentially hierarchically
related to each other.

Primary Liver Cancer and Liver CSCs

Primary liver cancer is the second most deadly human malignancy
in men world widely [20,21]. It consists of hepatocellular carcinoma
(HCC; 75%-85%), intrahepatic cholangiocarcinoma (iCCA; 10%—
15%) as well as other rare types [20]. The main HCC risk factors
are well defined such as hepatitis B virus, hepatitis C virus, alco-
hol, aflatoxin B1, and non-alcoholic fatty liver disease in patients
with metabolic syndrome and diabetes [22]. Risk factors of iCCA
development include biliary diseases (primitive sclerosing cholangitis,
cholelithiasis, biliary cirrhosis), type II diabetes, and the risk factors
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contributing to HCC [23,24]. HCC and iCCA are independent
tumors derived from distinct cell populations. However, recent stud-
ies also indicated that some HCC and iCCA tumors shared similar
molecular signatures and even driver genes [25,26].

HCC exhibits strong heterogeneity on its risk factors, clinical
parameters as well as molecular profiles. Consistently, multiple cell
surface markers, i.e. epithelial cell adhesion molecule (EpCAM),
CD133, CD90, CD47, CD44, and CD24 etc., have been identified
to enrich corresponding CSCs in HCC. They all present similar
‘stemness’ features, i.e. the abilities to self-renew and differenti-
ate, chemoresistance, and tumorigenicity in NOD/SCID mice even
after serial transplantation. The existence of these different hepatic
CSCs partially explains HCC heterogeneity. Researchers have also
explored the expressions of hepatic CSC biomarkers in iCCA cell
lines and primary iCCA tissues [27]. Higher expression levels of
these hepatic CSC markers are related to poor prognosis of iCCA
patients and these biomarkers are CD133 [28], EpCAM [29], CD44
[30], CD13 [31], as well as CD90 [32]. However, these hepatic
CSC biomarkers have not been used to enrich iCCA CSCs, and
there are no reported iCCA CSC biomarkers yet that could meet
the current definition of CSCs, i.e. cells possessing abilities of self-
renewal, differentiation, chemo/radio-resistance and tumorigenesis.
In this review, we thus mainly focused on hepatic CSCs.

Identification of Hepatic CSCs

Until now, there are two main approaches to enrich hepatic CSCs,
i.e. the antigenic methods targeting cell surface markers via cell
sorting and the functional isolation methods. The functional isolation
methods rely on CSC features. With these approaches, hepatic CSCs
are a subset of cells isolated from either HCC cell lines or primary
HCQC tissues and possess CSC features.

Identification of hepatic CSCs by cell surface markers

Distinct surface markers have been identified to characterize liver
CSC subpopulations such as EpCAM, CD133 (Prominin 1), CD90
(Thy-1), CD44, CD24, CD47, ICAM1, 0231, and oval cell marker
QV6, etc. [33-36] (Table 1). The methods of fluorescence-activated
cell sorting (FACS) and magnetic-activated cell sorting with the corre-
sponding antibodies are used to isolate CSC populations from HCC
cell lines or the tumor bulk of HCC patients. These enriched subpop-
ulations exhibit the CSC abilities including self-renewal by spheroid
formation assay, differentiation as shown by asymmetric division
or loss of the expression of CSC biomarkers, tumorigenesis and
chemo/radio-therapeutic resistance. For example, isolated EpCAM™
subpopulation from AFPT HCC cell lines and AFP* primary HCC
specimens exhibit such features. This subpopulation could form more
and larger spheroids than EpCAM ™ cells, differentiate into a mixture
of EpCAM™ and EpCAM ™ populations, and are highly chemoresis-
tant under the exposure to S-fluorouracil (5-FU) and doxorubicin
treatment. EpCAM™ CSCs from HCC cell lines as well as primary
HCC tissues initiate highly invasive tumors in NOD/SCID mice,
even after serial transplantation. However, EpCAM™ cells do not
possess these properties [16]. Table 1 summarizes the tumorigenic
capabilities of various enriched hepatic CSC subpopulations from
HCC cell lines and primary HCC tissues. Given the long-term in
vitro culture of cancer cell lines, each cancer cell line is relatively
homogenous and carries much more genetic and epigenetic variations
than its parental cells originally derived from patients. On the other
hand, cancer cells from HCC primary specimens of different patients

are freshly isolated and more representative. Thus, the results from
HCC cell lines are valuable, especially when consistent data are
obtained from multiple cell lines. Nevertheless, data from fresh
primary HCC tissues are much representative, present the solid
evidence of the tumor initiating ability of hepatic CSCs and possess
high translational values.

Individual hepatic CSC markers have also been combined to char-
acterize CSC subpopulations, such as the combination of CD44 and
CD133 as well as the combination of CD44 and CD90 [37,38]. The
results revealed that double positive cells present more aggressive fea-
tures than cells with the corresponding single CSC biomarker alone.
CD90+CD44+ HCC cells are more tumorigenic than CD90+CD44~
cells in mice and form lung metastasis lesions while CD90*tCD44~
cells do not. CD133tCD44% cells express higher levels of stem
cell-associated genes, form more colonies, and are more tumori-
genic in immuno-deficient mice as well as more chemoresistant than
CD1337CD44~ cells.

In addition, some groups also constructed lentiviral green fluo-
rescent protein (GFP) vectors with human Nanog or Sox9 promoter,
and then employed GFP to monitor and isolate CSCs [39,40]. For
example, Shan et al. [40] employed a Nanog promoter-driven GFP
gene in HCC cells. GFPT and GFP~ HCC cells were then sorted via
FACS and their CSC features were compared. The sorted GFP™ cells
expressed higher levels of Nanog, OCT4, and Sox2 and exhibited
enhanced abilities of self-renewal, differentiation, chemoresistance,
as well as tumor initiation than sorted GFP~ cells [40]. A similar
assay was also designed with a Sox9 promoter-driven enhanced GFP
and comparable results were noticed [39].

Identification of hepatic CSCs through functional
assays

Researchers have also enriched hepatic CSCs based on functional
features such as the capacity of sphere formation [41], the resis-
tance to chemicals, screening cells with high aldehyde dehydroge-
nase (ALDH) activity, and staining side population (SP) cells by
Hoechst dye 33342 [42]. ALDH is responsible for the oxidation
of intracellular aldehydes and ALDH activity; thus ALDH is con-
sidered to be a stem cell marker [43], though its role in isolating
liver CSCs needs to be further clarified. In different HCC cell
lines (Hep3B, Huh7, PLC8024, and HepG2), ALDH activity shows
at 89%, 49%, 46%, and 8% of cells, respectively. The isolated
ALDH* HCC cells present chemoresistance. Dual-color flow cytom-
etry analysis showed the majority of ALDHT HCC cells to be
CD133". The HCC tumorigenicity ability varies with the following
order: CD133TALDH*>CD133t*ALDH>CD133"ALDH™ [44].
However, in primary HCC tissues, Tanaka et al. [45] reported that
ALDH1A1-overexpressing cells did not show the positive immuno-
histochemistry staining of many other hepatic CSC markers includ-
ing EpCAM, BMI1, CD13, CD24, CD90, and CD133. In this vein,
assays need to be designed to carefully characterize the CSC features
of cells with high ALDH ability, although ALDH activity is likely a
potential specific marker for CD133% CSCs in HCC.

SP cells are cells with low Hoechst staining. They are thought to
be CSCs due to the high expression level of adenosine triphosphate-
binding cassette transporters, which efflux Hoechst 33342 dye. In
many HCC cell lines, SP cells possess higher stemness gene expression
and tumorigenesis ability compared with non-SP population [42]. In
NOD/SCID mice, 1000 sorted SP cells are able to form tumors and
such a tumorigenicity is maintained after serial transplantation. As a
control, an injection of 1 million non-SP cells does not initiate tumors
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Table 1. Cell surface biomarkers or methods to enrich hepatic CSCs

Markers Identification source Tumorigenicity (minimal Ref
number of cells)
Cell line Primary tissue Cell line Primary tissue

EpCAM HuH1, Huh7 Yes 2 x 102 1x103 [16,47]
CD133 Huh7, PLC8024, SMMC7721 Yes 1x10* 2 x 10* [15,48-50]
CD90 HepG2, Hep3B, PLC, Huh7, MHCC97 Yes 5x 102 5x 102 [38,47,51]
CD24 PLC/PRF/5, HLE Yes 5 x10% 4x10° [52]
CD44 HepG2 Yes 1x10* 1x103 [53]
ICAM1 Huh7, Hep3B Yes 1x103 2.5x 103 [34]
CD47 Huh7, PLC/PRF/5 Yes 1x103 5 x 102 [35]
281 Huh7, Hep-11, Hep-12, HepG2, SMMC7721 Yes 1% 102 1107 [36]
CD44+tCD133" SMMC7721, MHCC97L, MHCC-LM3 / 1x10* / [37]
CD44+CD90+ PLC, MHCC97L / 5x10* / [38]
CD13 Huh7, PLC/PRF/5 / 1x10?% / [31]
Ove Huh7, PLC, SMMC7721, Hep3B, HepG2 / 5x10° / [54]
DLK1 Hep3B, HuH7 / 1% 10* / [55]
SP cells Huh7, PLC/PRF/S / 1x103 / [42]
KRT19 Huh7, PLC/PRF/S, Hep3B / 1% 10* / [56]
Lgrs PLC, Hep3B / 1x10? / [57]
KIAA1114 Huh7, SK-Hep1 / 1% 10° / [58]
CD34 PLC/PRF/S / 1x10* / [59]
ALDH / Yes / 1x103 [60]
ALDH, CD133* PLC8024 / 5x10% / [44]

[42]. Toh et al. [46] also reported that flow-sorted SP and CD44*
cells from AKT/B-catenin-driven mouse tumor spheres were more
tumorigenic than non-SP and CD44~ cells in immunodeficient mice.

Co-expressed hepatic CSC biomarkers

The establishment of various methods for isolating hepatic CSCs has
assisted researchers to explore the heterogeneity feature of hepatic
CSCs and sheds light on clarifying potential relationships among
heterogenous CSCs. Yamashita ez al. [16] have revealed that isolated
EPCAM™ HCC cells express a high level of CD133 via FACS assay.
Furthermore, cells co-expressing CD90 and CD44 are isolated, and
they could differentiate to a mixed population of CD90CD44",
CD90*tCD44~, and CD90~CD44~. CD90TCD44% CSCs have an
earlier tumor onset time and larger tumors in tumorigenicity assay
than the CD90"CD44~ counterpart and also form lung metastasis
nodules, while CD90% cells do not have such a feature [38]. Similar
results were also obtained in CSCs co-expressed with CD133 and
CD44 [37],CD133 and ALDH [44], as well as CD44 and SP popu-
lation [46]. Cells with co-expressed hepatic CSC markers exhibited a
more tumorigenic ability than their corresponding controls positive
with single hepatic CSC biomarker. These results not only show the
co-expression of these biomarkers but also indicate their potential
hierarchical relationship in hepatic CSC society.

In Table 2, we summarized the known hepatic CSC biomarkers
that are co-expressed in different hepatic CSC subpopulations. In
literature, CD133, CD90, and EpCAM are early identified hepatic
CSC biomarkers and also the most frequently reported markers co-
expressed in various hepatic CSCs. CD133 is positive in most of
hepatic CSC subpopulations including EpCAM™ cells, CD24™ cells,
CD137 cells, OV6 enriched cells, as well as SP cells. CD90 is positive
for EpCAM™ cells, CD44" cells, CD13% cells, and OV6 enriched
cells. EpCAM is positive in CD1337 cells, CD24* cells, and OV6

enriched cells. Such a co-expression might indicate their possible key
node role in the hepatic CSC hierarchical relationship. However, we
need to pay attention to these three biomarkers reported earlier than
many other hepatic CSC markers, which likely leads to a frequent
detection of their expression in various hepatic CSCs.

Meanwhile, the co-expression of some CSC biomarkers varies
among different HCC cell lines. For example, the percentages of
SP/CD44% cell populations are investigated via flow cytometry
among six human HCC cell lines including Hep3B, Huh7, LM3,
SNU387, SNU398, and SNU449. About 32% and 6% of SP/CD44+
cells are shown in LM3 and SNU449, respectively. Whereas, no
SP/CD44™ cells exist in the rest of four cell lines. On the other hand,
there is also no solid evidence yet that any hepatic CSC biomarkers
might be mutually exclusive. However, from the literature (Table 2),
we do notice that CD44 is rarely co-expressed with EpCAM. Thus, in
the hierarchal structure of hepatic CSCs, if there is any, the EpCAM™
CSC branch would locate away from CD44™" branch but next to the
CD133 branch. In this vein, more broad and in-depth studies are
necessary to achieve a panorama on the co-expression of hepatic CSC
biomarkers, which will be helpful on untangling their potential linear
relationship.

The Origins of Hepatic CSCs

Although the cellular origin of hepatic CSCs remains inconclusive,
cells contributing to regenerate hepatocytes under an injured liver
condition are thought to be potential resources of hepatic CSCs.
Bone marrow stem cells including hematopoietic stem cells and mes-
enchymal stem cells have high plasticity and could differentiate into
mature hepatocytes via forming pluripotent stem cells or by fusion
with hepatocytes in normal liver or injured liver [47-49]. Replication
of hepatocytes is the major resource of liver regeneration after partial
hepatectomy. While replicative ability of hepatocytes is damaged,

0202 ¥snBny 60 uo Jasn Ausieaiun Buelfouz Aq 0190G85/£2./L/2S/1014e/SAGE/W0o"dNo"dlWSpEsE//:SRY WOl POpEojUMOd



726

Liver cancer stem cell society

Table 2. Co-expressed hepatic CSC biomarkers

CSCs Other markers Method Cell line or primary HCC Ref
EpCAM CD133 FACS Huh7, Hep3B [16]
CD90 FACS primary HCC [47]
CD133 CD44 FACS Huh7, PLC8024, SMMC-7721, MHCC-LM3, MHCC97L [15,37]
CD24, CD44 FACS Huh7, Hep3B [51]
CD44, EpCAM FACS primary HCC, Huh7, PLC8024, Hep3B [61]
CD24 CD44 FACS MHCC97L, MHCC97H [51]
EpCAM, CD133 FACS Huh7 [52]
CD44 CD90, CD24 FACS primary HCC [53]
CD90 CD44 FACS MHCCY7L, PLC, primary HCC [38]
OVe CD133 FACS Huh7, SMMC7721 [54]
EpCAM, CD90, CD133 FACS WB-TBLT [62]
CD13 CD133 FACS Huh7 [31]
CD90 FACS PLC/PRF/S, primary HCC [62]
SP cells BMI1 IHC Huh7, PLC/PRF/5 [63]
CD44 FACS LM3, SNU449 [46]
CD133,KRT14 IHC Huh7 [64]

THC indicates immuno-histochemistry.

liver progenitor cells could also repopulate the damaged liver and
restore most hepatocytes [50-52]. Due to their active proliferation
and their longevity, stem cells, progenitor cells as well as hepatocytes
in liver are favored as targets of oncogenic transformation especially
when chronic damage exits. Current researches related to hepatic
CSC origin are mainly on these three populations (Fig. 1).

The liver is the hematopoietic organ of the fetus. Hematopoi-
etic stem cells likely reside in adult liver and contribute to HCC
development. The existence of hematopoietic stem cells in the liver
has been shown by significant frequencies of donor bone marrow-
derived cells in clinical patients who received gender-mismatched
liver transplant [53]. Zeng et al. [54] have reported that CD34+
liver CSCs are positive for OV6, CD43, CD31, and CD435, which are
markers of liver stem cells and myelomonocytic cells. They proposed
that this CD34% liver CSC population is formed via a fusion of
liver progenitor cells with CD34% hematopoietic precursor-derived
myeloid intermediates. However, in the choline-deficient, ethionine-
supplemented diet rat model, observation has also been reported that
bone marrow-derived cells are not involved in hepatic tumorigenesis
but could fuse with hepatic oval cells [55]. Meanwhile, CD133 is
a well-established cell surface marker of hematopoietic stem cells
and hepatic progenitor cells [56,57]. In HCC, the expression of
CD133 is related to the poor prognosis of HCC patients and enriched
CD1337 cells possess hepatic CSC abilities [15,58-61]. These find-
ings indicated that hematopoietic stem cells might be one of the
potential resources of hepatic CSCs, whereas more in-depth and
direct evidence is still needed to reach a solid conclusion.

Liver progenitor cells and hepatocytes are the resource of liver
tumor. At earlier time, it was reported that liver progenitor cells
isolated from p53 null mice could initiate tumor and the traced hepa-
tocytes via B-galactosidase expression existed in formed tumor of
diethylnitrosamine-induced HCC mouse model [62,63]. Holczbauer
et al. [64] also co-transduced murine hepatic progenitor cells, hep-
atoblasts, and hepatocytes with oncogenic H-Ras and SV40LT and
investigated the ability of these hepatic lineage-related cells to acquire
CSC properties. Strikingly, all these transduced hepatic lineage cells
are capable to reprogram into CSCs with increased SP populations,
CD133 expression and self-renewing spheroid formation. In the
context of chronic hepatocellular injury and inflammation, lineage-

tracing studies also revealed that hepatic CSCs may be derived from
hepatocytes undergoing dedifferentiation [65]. Moreover, Karin et al.
[66] described that differentiated hepatocytes were transformed into
HCC progenitor cells in the early stage of tumor development.
CHDIL is reported to promote the dedifferentiation of HCC cells
as a chromatin remodeling factor. It maintains an open chromatin
structure for key transcriptional factors related to pluripotency such
as TCF4, which allows HCC cells to gain the CSC abilities [67].

It might also be taken into consideration that hepatic CSCs with
different markers potentially represent different cellular origins. As
mentioned above, CD34 and CD133 are hematopoietic stem cell
markers. CD90 is shared by both normal hepatic stem cells and
bone marrow-derived mesenchymal stem cells, implying its possible
mesenchymal stem cell origin [68]. EpCAM and CK19 are liver
progenitor markers, which might indicate the liver progenitor cellular
origin [69]. Unfortunately, for many other hepatic CSC subpop-
ulations such as CD24* and DLK1+ CSCs, it remains unknown
about their potential cellular origins. I vivo systematically lineage-
tracing investigations on different biomarkers may assist to decode
the relationship between various hepatic CSC subpopulations.

Molecular Signaling Pathways in Regulating
Hepatic CSCs

Data continue to mount on the molecular pathways in regulat-
ing the differential expressions of various hepatic CSC biomarkers
and the stemness maintenance of CSCs. Here, we summarized the
major signaling pathways in hepatic CSC populations with different
biomarkers.

Whnt signaling pathway, mainly in EpCAM* and
CD133* hepatic CSCs

The Wnt signaling pathway is crucial in embryogenesis, cell growth,
and tumor formation. Activation of the Wnt/B-catenin pathway
starts when Wnt binds to its receptor Frizzled (FZD) proteins. The
cytoplasmic protein disheveled is then recruited and phosphorylated,
which binds to Axin and disassociates the B-catenin destruction
complex (GSK3B/B-catenin/APC/axin). B-catenin thus accumulates
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Figure 1. Potential origins and characterization of liver CSCs Pluripotent stem cells, bipotential progenitor cells, hepatocytes or cholangiocytes, and liver
cancer cells are potential cellular origins of hepatic CSCs via malignant transformation. Currently, many hepatic CSC biomarkers have been identified such as
EpCAM, CD24, CD44, CD90, and CD133. For each CSC population, its associated signaling pathways have also been explored.

and translocates to nucleus where it activates the expression of
TCF/LEF target genes such as cyclin D1, c-Myc, and EpCAM [70-
74]. Collected evidence suggests that Wnt pathway plays an impor-
tant role in hepatic CSCs. In many hepatic CSC populations such
as CD133%, EpCAM™, Lgr5*, and OV6™ hepatic CSCs, activation
of this pathway has been documented [15,16,75,76] (Fig. 2). Among
the currently identified hepatic CSC markers, EpCAM is found to be
a direct transcriptional target of B-catenin [77].

In liver cancer, it has been frequently observed of mutations
in B-catenin, APC and Axin, over-expression of the FZD receptor,
and inactivation of GSK-3. These all contribute to aberrant acti-
vation of Wnt/B-catenin signaling in HCC [78,79]. Knockdown of
YB-1 (a transcriptional factor) suppresses the expression of Wnt
ligands (Axin1/2) and B-catenin, impairs the Wnt/B-catenin sig-
naling pathway, and reduces the numbers of hepatic CSCs, such
as EpCAM™ cells [80]. BII-Spectrin (SPTBNT1), an adapter protein
for Smad3/Smad4 complex, maintains the expression of kallistatin,
which in turn suppresses Wnt pathway. Consistently, in the SPTBN1-
knockout mice, Wnt pathway is activated and EpCAM™ hepatic
CSC cells are largely enriched [81]. In Lgr5* hepatic CSCs, it was
reported that LSD1 inhibits the expression of several suppressors of
B-catenin signaling such as Pricklel and APC [75]. HBx enhances
the stemness properties of OV6™T HCC cells through activating the
MDM2/B-catenin signaling axis. HBx promotes the nucleus translo-
cation of MDM2 and in turn enhances the transcriptional expression
of CXCL12 and CXCR4 [82].

Various noncoding RNAs also modulate the stemness features of
hepatic CSCs via targeting Wnt pathway. MicroRNAs (miRNAs) are
small non-coding RNAs that regulate gene expression by directing
their mRNA targets for translational repression or sometimes degra-
dation. miR-181 family is significantly upregulated in EpCAM™
HCCs and functionally important in maintaining the stemness of
EpCAM™ hepatic CSCs. miR-181 inhibits cell differentiation via
targeting the GATA-binding protein 6 and CDX2 as well as promotes
HCC stemness via target the Wnt signaling inhibitor NLK [83].

Meanwhile, Wnt/B-catenin pathway could also induce the expression
of miR-181 family members via directly binding to the promoter
region of this family, which leads to a Wnt/miR-181 positive feedback
[84]. miR-214 could inhibit the B-catenin pathway directly via target-
ing CTNNB1 (encoding B-catenin) or the enhancer of Zeste homolog
2 (EZH2), leading to the reduction of EpCAM™ hepatic CSCs [85].
miR-1246 activates the Wnt/B-catenin pathway in CD133% liver
CSCs via targeting Axin2 and GSK3B, two key members of the
B-catenin destruction complex [86]. Let-7b reduces the proportion
of CD24%tCD133% hepatic CSCs by inhibiting Wnt signaling via
downregulating Frizzled4 [87]. Liu et al. [88] demonstrate that miR-
200a is markedly downregulated in isolated SP cells of F344 rat
HCC. miR-200a targets CTNNB1 and knockdown of miR-200a
partially activates Wnt pathway, leading to an enhanced spheroid-
formation and the high expression of liver CSC markers (EpCAM,
CD133, and ABCG2). miR-452 increases the population of liver
CSCs by inhibiting SOX7, which directly interacts with B-catenin and
TCF4 and blocks the activation of the Wnt/B-catenin pathway [89].

Long non-coding RNAs (LncRNAs) are non-coding RNAs longer
than 200 nt and involved in regulating gene transcription, mRNA
processing and gene post-transcriptional control [90]. They are also
functionally important in regulating Wnt pathway and contribute to
the stemness features of liver CSCs, especially CD133* subpopula-
tions. LncTCF7 is highly expressed in CD1337CD13* liver CSCs. It
recruits the SWI/SNF complex to the TCF7 promoter region, which
induces TCF7 expression and then activates Wnt signaling [91].
Lnc-p-Catm is important for the self-renewal of CD133*CD13%
hepatic CSCs via activating Wnt pathway [92]. Through recruiting
EZH2, a histone methyltransferase, Lnc-B-Catm induces p-catenin
methylation, which abrogates the phosphorylation and degradation
of B-catenin. LncTIC1 interacts with the N-terminal of B-catenin and
inhibits B-catenin phosphorylation, which helps maintain the stabil-
ity of B-catenin and consequently activates Wnt signaling. Through
these, LncTIC1 participates in CD133" liver CSC self-renewal
[93]. LncAPC activates Wnt/B-catenin signaling and promotes the
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Figure 2. WNT signaling pathway in hepatic CSCs  Activation of Wnt signaling pathway has been documented mainly in CD133% and EpCAM™ hepatic CSCs.
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right above this CSC biomarker.

self-renewal of CD133" liver CSCs. It locates near the APC locus
and recruits EZH2 to APC promoter, which impairs the EZH2-
dependent transcription of APC [94]. CTNNBIP1 is a negative
regulator of Wnt activation via blocking the interaction of B-catenin
with TCF/LEE. Lnc00210 interacts with CTNNBIP1 and blocks
the interaction of B-catenin and CTNNBIP1, which consequently
drives the activation of Wnt/B-catenin signaling to promote self-
renewal and tumor initiating capability of liver CD133% cells [95].
LncFZD6 promotes Wnt/B-catenin activation and liver CD133%
CSC self-renewal through activating FZD6 expression [96]. In HCC,
LncRNA SAMMSON drives self-renewal of CD133" cells through
EZH2-dependent Wnt/B-catenin activation. SAMMSON interacts
with EZH2 and then binds to the CTNNBIP1 promoter, contributing
to the suppressed expression of CTNNBIP1 in EZH2 dependent
manner [97]. In addition, both LncDANCR and LncCUDR are
functionally important in liver CSCs via enhancing B-catenin.
LncCUDR promotes B-catenin promoter-enhancer chromatin DNA
looping formation mediated by CUDR-CTCF complex [98].
LncDANCR reduces the posttranscriptional suppression of B-catenin
by miRNA via occupying several miRNA binding sites in the 3'UTR
region of CTNNB1 mRNA. These miRNAs are miR-214, miR-320a,
and miR-199a [99].

TGF- signaling pathway, mainly in CD133* and
EpCAMT™ hepatic CSCs

The TGF-p signaling pathway is initiated when TGF-B binds to the
type II receptor (TGF-BRII). Such a binding leads to the recruit-
ment of the type I receptor (TGF-BRI), and the phosphorylation

of receptor-regulated Smads (Smad2/3). The complexes of phos-
phorylated Smad2/3 and Smad4 are then formed and move into
the nucleus, which regulates gene transcription together with other
transcription factors. Recently, accumulated results suggest that the
TGF-B pathway can induce CD133 expression and is involved in
the stemness maintenance of several marker-positive hepatic CSC
populations (Fig. 3).

You et al. [100] reported that TGF-B1 induces CD133
expression in a time- and dose-dependent manner, via demethylating
CD133 promoter region by inhibiting the expression of DNA
methyltransferase DNMT1 and DNMT38. BMP4 could also induce
Erk1/2 phosphorylation in a dose-dependent manner, which in
turn increases CD133" hepatic CSCs [101]. Tumor-associated
macrophages directly secrete TGF-B1, which promotes epithelial
mesenchymal transition (EMT) and CSC-like features as well as
increases EpCAM™ hepatic CSC populations [102]. Meanwhile,
Cyclin D1 could increase the CD90" and EpCAM™ hepatic CSC
populations, increasing stemness gene expression and increasing
chemo-resistance via directly activating Smad2/3 and Smad4 [103].
TGF-B pathway activation by FAM83D could also promote CD44
expression [104].

Many non-coding RNAs are also reported to be involved in
TGF-p pathway by which contribute to the stemness regulation of
hepatic CSCs. miR-155 significantly increases the EpCAM™ hep-
atic CSCs [105,106], while TGF-1 could further induce miR-155
expression [105]. In TGF-B1-induced HCC EMT model, the expres-
sion of miR-125b is drastically reduced. Over-expressed miR-125b
directly targets Smad2 and Smad4, by which it attenuates EMT
phenotype and CSC features of HCC cells such as chemo-resistance,
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Figure 3. TGF-B signaling pathway in hepatic CSCs = TGF-8 signaling pathway is involved in the stemness maintenance of several marker-positive hepatic
CSC populations, mainly in CD1331 and EpCAM™ hepatic CSCs. Molecules functionally involved in regulating hepatic CSCs via TGF-B signaling pathway are
included in this figure. A hepatic CSC marker filled in a bracket in this figure refers to that this hepatic CSC population is altered by the gene typed right above

this CSC biomarker.

tumor incidence as well as metastasis in mice model [107]. miR-
216a/217 cluster could activate TGF-p and PI3K/AKT pathways
by targeting Smad7 and PTEN, contributing to tumor recurrence,
sorafenib resistance, and stem-like properties of HCC cells with
increased EpCAM™ HCC cells [108]. miR-148a suppresses TGF-p1
signal pathways by repressing Smad2 and ACVR1, a key member
of BMP type I receptors, by which miR-148a suppresses cell pro-
liferation, invasion, and subcutaneous tumor growth of HCC cells
[109,110].

IL-6/STAT3 signaling pathway, mainly in CD44* and
CD133* hepatic CSCs

IL-6/STAT3 signaling activation plays an important role in the
survival and self-renewal of stem cells (Fig.4). Wan et al. [111]
demonstrated that the number of CD44% cells correlates with
the number of tumor-associated macrophages in primary HCC
tissues. Furthermore, IL-6 is produced by these tumor-associated
macrophages, which activates STAT3 signaling pathway in HCC
cells and significantly promotes the sphere formation of CD44"
cells in culture and facilitates tumor growth in xenograft mouse
model [111]. TMA4SES could interact with CD44 through their
extracellular domains and such an interaction also activates the
¢-Src/STAT3/Twist1/Bmil signaling, which in turn promotes more
spheroid formation [112].

OSM is a pleiotropic cytokine that belongs to the IL-6 family.
It shares the gp130 receptor subunit and activates STAT3 pathway.
OSM treatment leads to cell division and differentiation of dormant
EpCAMT liver CSCs. Together with 5-FU, OSM could efficiently
target both differentiated liver cells and liver CSCs [113]. AQP3

promotes the stimulation and nuclear translocation of STAT3, which
further enhances CD133% hepatic CSC populations [114]. Through
cooperation with NF-«B and HIF-1a, IL-6/STAT3 signaling also
induces the expression of CD133 during liver carcinogenesis [115].
STATS3 also cooperates with TLR4 signaling via Nanog to activate
EMT master regulator Twistl and consequently promotes the for-
mation of CD133% liver CSCs in mice [116]. Lee et al. [117] also
demonstrated that STAT3 activation enhances the self-renewal of
CD247 liver CSCs by upregulating Nanog expression.

Via targeting SOCS2/5 and PTPN1/11, two inhibitors of IL-
6 pathway, miR-589-5p enhances spheroid formation, fraction of
CD133* HCC cells and SP cells of HCC cells, as well as tumori-
genicity in HCC mouse model [118]. LncDILC is significantly down-
regulated in HCC spheroids. Over-expressed LncDILC in HCC cells
binds to IL-6 promoter and blocks NF-kB-induced IL-6 expression,
which contributes to a reduced interaction of hepatic inflammation
with CD24" and EpCAM™ hepatic CSCs [119]. LncSOX4 could
bind to STAT3 and recruit STAT3 to the SOX4 promoter region.
Consequently, LncSOX4 enhances STAT3-induced SOX4 expression
and promotes the self-renewal and tumorigenesis of CD133 liver
CSCs [120].

Other signaling pathways

Phosphatase and tensin homolog deleted on chromosome 10
(PTEN)

PTEN is a phosphatase of phosphoprotein and phospholipid that
often acts as a tumor suppressor by antagonizing the phosphatidyli-
nositol 3-kinase/AKT pathway. Mice with liver-specific PTEN dele-
tion form liver cancer spontaneously within a year and present
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the expansion of CD133" populations [58,121]. Dr Galicia further
demonstrated that PTEN loss upregulates AKT2, contributing to
the expansion of progenitor cells [122]. Moreover, overexpression
of PTEN by adenovirus gene delivery or by celecoxib treatment
significantly reduced the populations of CD44" and CD133 ™ hepatic
CSCs as well as HCC tumor formation in mice [123]. Lineage-tracing
experiments showed that PTEN haplodeficiency in miR-122a-null
mice accelerates liver carcinogenesis potentially via promoting the
expansion of periportal tumor-initiating cells [124]. In addition, miR-
25 has been found to enhance the resistance of liver CSCs to TRAIL-
induced apoptosis by directly targeting PTEN [125]. LncCUDR over-
expression cooperates with PTEN loss to accelerate the proliferation
of liver CSCs both in vitro and in vivo [126].

The Notch signaling pathway

The Notch signaling pathway is crucial in cell development, pro-
liferation, and tissue homoeostasis. It is activated upon a direct
interaction of Notch ligands including ‘Delta’ and ‘Jagged’ and
Notch receptor. Notch ligand-receptor interaction results in the
release of the Notch intracellular domain that translocates to the
nucleus and induces the transcriptional activation of Notch target
genes [127,128]. Notch activation has been observed in CSCs from
different cancers such as glioblastoma [129] and colon [130,131]
and breast cancers [132]. However, there are only limited findings
in the abnormal activation of Notch pathway in liver CSCs. In
CD133" HCC cells, the expressions of Notch receptor and its ligand
Jagged are highly elevated [15]. RUNX3 reduces EpCAM™ CSCs by
suppressing JAG1-mediated Notch signaling [133]. Zhu et al. [134]
reported that C8orf4 suppresses the self-renewal of CD13*CD133%
hepatic CSCs via targeting Notch2 signaling. Furthermore, via acti-
vating the Notch1 signaling, Musashi2 promotes the population of
CD44* hepatic CSCs [135].

Bmil
Bmil, a polycomb-group protein, functions as an oncogene and in
the maintenance of the self-renewal of stem cells. The expression of
BMI1 is increased in isolated populations of CD133" hepatic CSCs
[15]. It also functions in the maintenance of tumor-initiating SP cells
[136].

The Hedgehog signaling pathway

The Hedgehog (Hh) signaling pathway is evolutionally conserved
and essential for embryonic development [137]. In HCC, this path-
way is also activated and associated with invasion of poorly differ-
entiated HCC [138,139]. Hh activation is essential for chemoresis-
tance and invasion of CD133% and EpCAM™ cells, which could be
blocked by cyclopamine, an Hh pathway inhibitor [140]. Moreover,
NanoHHI is a novel nanoparticle-encapsulated inhibitor of the Hh
transcription factor Glil and could also dramatically reduce the
population of CD133% HCC cells [141].

The above accumulated data show that several signaling path-
ways such as Wnt and TGF-B are activated in both EpCAM™ CSCs
and CD133" CSCs in HCC. As summarized above, EpCAM and
CD133 are also co-expressed in various hepatic CSC populations.
These observations further imply a close relationship of EpCAM™
CSCs and CD133% CSCs in the hepatic CSC society. Interestingly,
IL-6 pathway activation is shared by CD44" and CD133" hepatic
CSCs, while CD44 and CD133 are also co-expressed in hepatic
CSCs, which indicates a close relationship between CD44% and
CD133% cells too. However, in literature there is no evidence to
show the co-expression of CD44 with EpCAM. Thus, one possibility
to explain such a fact is that CD44" and EpCAM* CSC strains
might locate under the CD133" strain in the hierarchical linage of
hepatic CSCs. In addition, we found that 14 miRNAs were markedly
down-regulated in five different CSC subpopulations, i.e. EpCAM™,
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CD133", CD90*, CD44™", and CD24™" cells. miR-192 is the top
one with liver-specific expression. Loss of miR-192 significantly
increases these five different CSC populations partially through
pS53/miR-192-5p/PABPC4 axis [142]. Such a signaling axis might be
a key mechanism for the origination or formation of hepatic CSCs.
Together, many heterogeneous hepatic CSC populations share similar
regulatory pathways. It appears that some of hepatic CSCs, if not all,
are hierarchically related to each other.

Clinical Implications

In the recent decade, data have been accumulated on the discovery of
hepatic CSC subpopulations with different methods as well as their
regulatory signaling pathways. CSCs are found to be responsible to
therapeutic resistance and tumor relapse after conventional cancer
therapies including chemotherapy, radiation therapy, target therapy,
and immunotherapy. According to these achievements, researchers
have focused on exploring the potential clinical utilization of target-
ing hepatic CSCs in assisting liver cancer clinical management.
There are two main research areas for targeting hepatic CSCs
toward clinical utilization. One is to interfere the key ‘stemness’ path-
ways. For example, Wnt/B-catenin pathway is activated in EpCAM ™
hepatic CSCs. The inhibition of this signaling pathway by anti-
miR-181 inhibitors suppresses the expression of stemness genes and
the tumorigenicity ability of EpCAM™ HCC cells [83]. Lupeol is a
dietary triterpene found in certain fruits and vegetables and could
suppress the PTEN-Akt-ABCG2 signaling pathway. It significantly
reduces the malignant features of CD133" CSCs including self-
renewal, chemoresistance, and tumorigenicity [143]. The potential
drawbacks or limitations are side effects on healthy stem cells sharing
the equivalent signaling pathways with CSCs and the acquisition of
resistance mechanisms. The other is the CSC ablation through target-
ing CSC surface markers. Recently, antibody-drug conjugates with
CD133 [144] and CD44 [38] have been tested in vitro and in vivo,
which inhibit CD133% and CD90*CD44% CSC-mediated tumor
formation, respectively. Ubenimex is a CD13 inhibitor that reduces
the tumorigenicity and self-renewal of CD13" cells. In combination
with 5-FU, ubenimex also significantly suppresses CD13* tumor
growth in vivo [31]. A recent study demonstrated that CSCs positive
for the isoform 5 of 02381, a composing subunit of voltage-gated
calcium channel, could be identified from recurrent HCC patients.
Monoclonal antibody 1B50-1 exerts a promising therapeutic ability
via specifically targeting «2317 CSCs in the recurrent HCC tumor
[36]. CD47 blockade suppresses HCC tumor growth in mice and
increases chemo-sensitivity of HCC cells [35,145]. The potential
drawbacks or limitations are the toxicity associated with antibody-
drug conjugates and the left-over of other hepatic CSC populations.
The anti-CSC methods provide the hope of improving prognosis
of HCC patients. Meanwhile, there are also challenges that we need
consider in order to achieve a better translational value of targeting
hepatic CSCs in clinical interpretation. Firstly, it is likely that different
hepatic CSCs co-exist in one tumor bulk and/or trans-differentiation
might occur among different hepatic CSC populations and non-
CSCs. Thus, targeting one dominant CSC population possibly allows
other CSC populations to remain in the diseased liver. These residual
CSCs would potentially initiate a new tumor mass. In this vein, to
fully understand the hierarchical relationship of these hepatic CSCs
might allow a better co-utilization of anti-CSC methods or devel-
oping much effective methods, with the hope of largely improving
the prognosis of patients with HCC. Secondly, the percentage of
hepatic CSCs in the bulk of tumor is varied and generally small. The

current effective HCC treatments including surgery, transplantation,
and even chemo/radiotherapy are mainly designed to eradicate the
tumor bulk. Therefore, anti-CSC therapy alone might not reach a
satisfied therapeutic goal. Meanwhile, the proper time of introducing
anti-CSC methods and proper ways to combine with primary HCC
treatment methods need to be considered, which however remains
less perceived. Thirdly, we have no effective methods to monitor the
anti-CSC treatment effects for HCC patients. We use primary HCC
tissues from patients to characterize hepatic CSCs via FACS analysis.
However, it is unreasonable to obtain tissue biopsies from HCC
patients to evaluate the alteration of CSC populations after anti-
CSC therapies. Serum biomarker detection hosts a great value for
evaluation, whereas it remains largely undiscovered whether small
CSC population would be able to produce the detectable amount of
specific molecules. In addition, the complex and flexible interaction
between CSC and CSC niche is also a challenge for anti-CSC method
to effectively eliminate CSCs. More efforts on overcoming these
challenges are needed to achieve the goal of increasing long-term
benefits for patients with liver cancer by targeting CSCs.

Future Directions

Until now, hepatic CSCs can be identified by many cell surface
markers, SOX9 or Nanog tracing, and sorting SP cells or cells having
a high ALDH activity. The activation of regulatory pathways is
common or unique among different CSC populations. Certain groups
of hepatic CSCs are closely related based on their co-expression and
regulatory pathways, such as EpCAM™ and CD133" CSCs, as well
as CD133*" and CD44" CSCs, whereas some CSC biomarkers might
not even be co-expressed. However, it is inconclusive on the lineage
hierarchy of various hepatic CSCs and more efforts are required to
answer clearly whether and how these CSCs are lineage-related or
simply representing different CSC subgroups.

This review specifically summarized the currently known associ-
ation of these CSCs from different aspects, with the hope of assisting
researchers to explore the potential lineage hierarchy among these
hepatic CSCs. In the future, it will be great to use single-cell sequenc-
ing methods to systematically compare the profiles of all hepatic CSC
subpopulations under different conditions. Systematically, tracing
hepatic CSCs will also allow us to investigate whether one hepatic
CSC population could trans-differentiate another one. It is certainly
worth to continuously investigate the cellular origins of different
hepatic CSC populations. Moreover, there is also an urgent need to
develop effective methods to monitor populations and functions of
hepatic CSCs in patients. Together, these efforts will provide direct
clues on the potential lineage hierarchy among hepatic CSCs. In
addition, many other factors are also needed for the maintenance
of CSCs, such as angiogenesis, hypoxia, immune evasion, etc. It will
be necessary to take them into consideration for CSC-related studies
and explore their potential specific contributions to the formation
and stemness features of CSCs.
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