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Cancer stemness in hepatocellular carcinoma: mechanisms

and translational potential

Yu-Man Tsui'?, Lo-Kong Chan'? and Irene Oi-Lin Ng'~

Cancer stemness, referring to the stem-cell-like phenotype of cancer cells, has been recognised to play important roles in different
aspects of hepatocarcinogenesis. A number of well-established cell-surface markers already exist for liver cancer stem cells, with
potential new markers of liver cancer stem cells being identified. Both genetic and epigenetic factors that affect various signalling
pathways are known to contribute to cancer stemness. In addition, the tumour microenvironment—both physical and cellular—is
known to play an important role in regulating cancer stemness, and the potential interaction between cancer stem cells and their
microenvironment has provided insight into the regulation of the tumour-initiating ability as well as the cellular plasticity of liver
CSCs. Potential specific therapeutic targeting of liver cancer stemness is also discussed. With increased knowledge, effective
druggable targets might be identified, with the aim of improving treatment outcome by reducing chemoresistance.
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BACKGROUND

Liver cancer is one of the most aggressive malignancies, with a
high rate of recurrence in part due to the existence of cancer stem
cells (CSCs), which contribute to resistance to chemotherapy. CSCs
are cells that, like normal stem cells, have the ability to self-renew
by dividing as well as to give rise to all cell types within a tumour;
consequently, they are also referred to as tumour-initiating cells
(TICs)."™ The strong emphasis on tumour initiation makes the
in vivo tumorigenicity assay a gold standard for defining cancer
stemness. Therefore, in this review, only those studies with
validation in tumorigenicity in vivo will be included for the
discussion regarding cancer stemness in hepatocellular
carcinoma (HCC).

Liver CSCs (LCSCs) are regulated by the expression of multiple
stemness-related genes, such as Oct4, Sox2, Nanog and SALL4. For
example, Oct4 and Sox2 are two transcription factors that are
required for the self-renewal and pluripotency of embryonic stem
cells®> SALL4 is a transcription factor enhanced in epithelial cell
adhesion molecule (EpCAM)™ AFP™ hepatic stem-cell-like (HpSC)
subtype as compared with the mature hepatocyte (MH) subtype.®
In addition, Nanog is the downstream mediator of the signal
transducer and activator of transcription 3 (STAT3) signalling
pathway in CD24-promoted cancer stemness in HCC.” LCSCs
within HCC are mostly marked by various surface markers, some of
which, such as CD13,% CD24,”° CD44,° CD133°'" and EpCAM,'>"3
are well established, although newer markers of LCSCs have also
been identified. Genetic and epigenetic elements are known to
affect various signalling pathways and to contribute to regulating
cancer stemness. Furthermore, the tumour microenvironment is
known to play an important role in regulating cancer stemness,
and the potential interaction between CSCs and their microenvir-
onment has provided insight into the cellular plasticity of LCSCs.

Given the importance of LCSCs in mediating chemoresistance,
potential ways of specific therapeutic targeting of liver cancer
stemness have also been proposed.

MARKERS FOR CANCER STEMNESS IN THE LIVER

Below we will briefly describe some well-established markers for
cancer stemness in HCC, as well as discussing some representative
potential new markers (Table 1).

Well-established stemness markers
As demonstrated by enhanced tumorigenicity shown by the
CD13™ fraction of HCC cells, CD13 is a marker of cancer stemness
in dormant HCC cells, which are slowly cycling with resistance to
chemotherapy/radiation therapy, as well as having the capability
to reconstitute tumours."® Only CD137CD166 cells could
propagate to generate all of the original CD137CD1667,
CD13%7CD166~, CD13°CD166" and CD13 CD166  subpopula-
tions, while CD137CD166" cells could not,” indicating that the
CD13%CD166~ subpopulation could maintain the cancer stemness
feature in a hierarchical manner, in which only the CSCs subset of
HCC cells is able to self-renew by asymmetric and symmetric
divisions to derive one and two daughter cells, respectively,
capable of self-renewal and multipotency to prolong the
continuous clonal growth of tumours.®

CD24 expression was found to be enriched in cisplatin-resistant
HCC cells,” and CD24™ HCC cell lines and patient-derived CD24™"
HCC cells have enhanced sphere formation, expression of
stemness genes and tumorigenicity compared with their CD24™
counterparts.” Further mechanistic studies showed that the
STAT3/Nanog signalling axis mediated these cancer stemness
phenotypes.” In another study, CD24"CD133" HCC cells, but not
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Table 1. Summary of HCC cancer stemness markers that have been validated by tumorigenicity assays.
CSC markers Functions in liver cancer stem cells Subcellular localisation References
Well-established markers
CD13 Enhances side population, sphere formation, tumorigenicity, 5-FU and doxorubicin resistance;  Cell surface 1415
protects from ROS-induced DNA damage
CD24 Promotes cisplatin resistance, sphere formation, stemness gene expression, migration and Cell surface 716
invasion, tumorigenicity and STAT3 signalling to enhance Nanog expression; co-expression with
CD133 promotes secondary tumour formation in vivo by inducing iNOS and Notch signalling
CD44 Promotes sorafenib resistance, sphere formation and tumorigenicity; helps maintain c-Met- Cell surface 17,18
induced stemness phenotypes
CD133 Promotes sphere formation, colony formation, stemness gene expression and tumorigenicity Cell surface 0
EpCAM Promotes sphere formation, invasion, 5-FU resistance, tumorigenicity and Wnt/f-catenin Cell surface 612
signalling; promotes EpCAM™ AFP™ hepatic stem-cell-like (HpSC) subtype; enhances SALL4
expression
Potential new markers
ICAM-1 Promotes sphere formation, tumorigenicity and lung metastases; forms a feed-forward loop Cell surface 26
with Nanog
LGR5 Promotes stemness gene expression, sphere formation, tumorigenicity, and sorafenib and Cell surface 27293132
cisplatin resistance; stimulates hepatocyte and bile duct regeneration upon liver damage;
enhances Wnt/B-catenin signalling
MAEL Promotes stemness gene expression, EMT, migration and invasion, cisplatin resistance and Cytoplasmic 2931,3236
tumorigenicity
Cripto-1  Promotes stemness gene expression, migration and invasion, sphere formation, sorafenib and  Cytoplasmic 3536
cisplatin resistance and tumorigenicity; stabilises DvI3 protein to promote Wnt/p-catenin
signalling

CD24~CD133" HCC cells, could form liver tumours after secondary
orthotopic transplantation, and this process was mediated by
signalling through inducible nitric oxide synthase (iNOS), tumour
necrosis factor (TNF)-converting enzyme (TACE; also known as a
disintegrin and metalloprotease domain [ADAM17]) and Notch.'®

CD44™" cells demonstrated enhanced sphere-forming ability and
tumorigenicity and were found in sorafenib-resistant HCC cell
lines,” whereas knockdown of CD44 could suppress HCC
tumorigenicity.'® The co-expression of c-Met and CD44 in
CD44" HCC cells facilitated the maintenance of c-Met-induced
stemness phenotypes.'® Furthermore, CD447CD133" cells had
enhanced sphere-forming ability, and this population of cells was
induced by maternal embryonic leucine zipper kinase, which was
overexpressed in HCC samples and associated with poorer
recurrence-free survival."

CD133" HCC cells had enhanced expression of stemness genes,
sphere formation and tumorigenicity.'® Toll-like receptor 4 (TLR4)/
Akt signalling was shown to promote cancer stemness in HCC cell
lines, as reflected by an increase in the CD1337CD49" HCC cell
population, by upregulating Sox2.2° The enhanced tumorigenicity
of CD1337CD49" HCC cells was also Nanog dependent®' as
CD133"Nanog"9" cells had increased expression of insulin-like
growth factor 2 (IGF2) mRNA-binding protein-3 and YAP1, which
ultimately inhibited transforming growth factor-f (TGF-B) signal-
ling from suppressing TLR4 signalling.”’

EpCAM is a well-established cancer stemness surface marker in
HCC and can be induced by Wnt/B-catenin signalling.'**2> A
specific hepatic stem cell-like subtype of EpCAM™ cells, but not an
MH subtype of HCCs, was found to overexpress SALL4, a
transcription factor that is known to regulate stemness in
embryonic and haematopoietic stem cells, and further functional
studi6es indicated a role for SALL4 in promoting cancer stemness in
HCC.

Potential new markers of stemness

Cells that express intercellular adhesion molecule 1 (ICAM-17
cells), sorted from HCC cell lines and human primary HCC tissues,
had higher tumorigenicity than their ICAM-1~ counterparts.?®

Conversely, liver-specific knockdown of ICAM-1 in hepatitis B virus
(HBV) transgenic mice led to a reduction in the formation of liver
tumours, as well as liver and lung metastases.®® Further
investigation showed that ICAM-1 was transcriptionally regulated
by Nanog.2®

Interleukin-1 receptor-associated kinase 1 was reported to be
overexpressed in HCC,? and its knockdown in HCC cells
suppressed sphere formation, tumorigenicity and protein expres-
sion of CD24 and CD47, which were enriched in TICs to promote
cancer stemness features such as sphere formation and tumor-
igenicity,”® and chemoresistance to doxorubicin and sorafenib.?’

Damage-induced leucine-rich repeat containing G-protein-
coupled receptor 5 (LGR5)" cells have been shown to regenerate
hepatocytes and bile ducts in vivo,”® and LGR5 has pro-survival
and pro-cancer stemness roles in HCC cells.>**" In the presence of
R-spondin, LGR5 activates Wnt/B-catenin signalling and functions
downstream of the Dishevelled 3 (DvI3)-mediated homeodomain-
interacting protein kinase 2/catalytic subunit of protein phospha-
tase Tla/itchy E3 ubiquitin protein ligase homologue axis to
promote cancer stemness phenotypes.>? Although knockdown of
LGR5 suppressed tumorigenicity,32 its overexpression has not
been consistently observed across HCC cohorts in different
studies,®'* so whether LGR5 is a genuine marker of cancer
stemness in HCC needs further study.

The IGF signalling pathway is also implicated in cancer
stemness of HCC as a high ratio of the insulin receptor isoform
A (IR-A) to isoform B (IR-B) was associated with a higher expression
of the hepatic progenitor cell (HPC) marker, CK19, and poorer
overall survival,* and there was enhanced IR-A expression in
spheroid cultures. The ligands of IR, insulin and IGF2, induced the
phosphorylation of IR and Akt in HCC cells, and stable over-
expression of IR-A in an HCC cell line promoted migration and
invasion, tumour growth, tumorigenicity and expression of
stemness markers (CD133, CD44).3* These indicate that IR-A is a
functional surface molecule to promote cancer stemness of HCC.

Cripto-1, a member of the epidermal growth factor-CFC family
of proteins, is a protein overexpressed in HCC and associated with
poorer overall and disease-free survival as it conferred stemness
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phenotypes in HCC cells by binding to DvI3 protein and
maintaining its stability,’> which promoted Wnt/B-catenin
signalling.®

Not all markers of cancer stemness are only expressed on the
cell surface. For example, Maelstrom protein, which is localised in
the perinuclear structure and nucleus, is overexpressed in HCC
and promotes many stemness phenotypes, including sphere
formation and tumorigenicity in HCC cells.*®

GENETIC ELEMENTS THAT ARE RELEVANT TO LIVER CANCER
STEMNESS

The HCC mutational landscape is characterised by pronounced
intertumoural heterogeneity and the lack of a representative
actionable oncogenic driver.3’7>° HCC development is mainly
driven by inactivating mutations in various tumour-suppressor
genes, which predispose hepatocytes to accumulate additional
oncogenic changes that drive cancer initiation and tumorigen-
esis.***" The key genetic changes identified in HCC relevant to the
properties of LCSCs are highlighted and discussed below.

p53 mutation

Although p53 inactivation alone is insufficient to drive HCC
tumorigenesis,*? its inactivation has been suggested to predis-
pose hepatocytes to oncogenic transformation and acquisition of
CSC properties. For example, expression of oncogenic c-myc in
p53-deficient HCC cells significantly accelerates the growth
of tumour xenografts and promotes self-renewal ability in terms
of enhanced spheroid formation and increased expression of
stemness genes.”* The inactivation of p53 through a mutation-
independent mechanism has also been suggested to support
LCSC properties.** Liu et al.** reported that cellular p53 can be
degraded and suppressed by mitophagy, a specialised type of
autophagy that specifically clears away mitochondria. Upon
inhibition of mitophagy, the mitophagy-associated kinase phos-
phatase and tensin homologue (PTEN)-induced kinase 1 phos-
phorylates p53 and promotes its nuclear translocation; the
nuclear p53 occupies the NANOG promoter and prevents its
expression by OCT4 and SOX2, eventually blocking the LCSC
properties and hepatocarcinogenesis.

[-Catenin mutation

Canonical Wnt/B-catenin signalling has been observed in various
LCSC models such as CD133" and EpCAM™ LCSCs.'>* As well as
activating mutations in B-catenin, inactivating mutations in the
protein subunits of the functional destruction complex for (-
catenin, such as AXIN1 and glycogen synthase kinase 3 (GSK-38),
could result in Wnt activation. AXINT mutations are often recurrent
in HCC and usually mutually exclusive to the activating B-catenin
mutations. 3%’

Serine/threonine kinase receptor-associated protein, a scaffold
protein that has a role in Wnt pathway activation in colorectal
cancer, has been found to be upregulated in HCC;*® its knockout
downregulates the stem cell markers AXIN2 and LGR5 and
upregulates other differentiation-associated genes. Similarly, a
reduction in the cytoplasmic expression of RNA-binding motif on
Y chromosome, which inhibits GSK-38, significantly promotes 3-
catenin activation and contributes to the CSC phenotypes.*’ These
results suggest that Wnt pathway activity supports the hyperpro-
liferation of HCC cells and more progenitor cell-like LCSC
characteristics.

Telomerase reverse transcriptase (TERT) promoter mutation

Mutations in the TERT gene promoter occur frequently in HCC (in
>60% of cases). The expression and activity of TERT are tightly
linked to stem cell functions by maintaining the self-renewal
ability and ensuring the proliferation and differentiation efficiency.
Mutation of its promoter could induce TERT expression, the de-

differentiation of hepatocytes and the acquisition of LCSC
properties during hepatocarcinogenesis. Indeed, in HCC cells
expressing stemness-related proteins, such as cytokeratin-19,
EpCAM and CD133, and having hTERT positivity, telomere length
was significantly longer than in conventional HCC cells.*® Longer
telomeres were associated with shorter overall and disease-free
survival in patients with HCC.

Viruses

Several studies have demonstrated the role of hepatitis viruses in
contributing to liver cancer stemness properties. Integration of
viral gene components into the genome of hepatocytes is a
feature of chronic HBV infection. During the integration process,
the hepatitis B X (HBx) gene is usually truncated at the C-terminus,
resulting in the translation of a truncated HBx protein. Stable
expression of truncated HBx protein enhanced the TIC population
in immortalised normal liver cells, with a concomitant increase in
STAT3 signalling and STAT3-driven CD133 expression.*® Further-
more, the truncated HBx-expressing cells show upregulated
farnesoid X receptor (FXR) expression to promote CSC properties,
which could be effectively reversed by a selective FXR
inhibitor. Similarly, induced truncated HBx expression in HCC cell
lines could promote CSC properties,®® such as the upregulation
of NANOG.

The expression of EpCAM is normally suppressed in hepatocytes
by the chromatin-modifying polycomb-repressive complex 2, but
HBV replication within these cells induces EpCAM re-expression.”"
EpCAM undergoes regulated intramembrane proteolysis during
HBV replication, and the released intracellular domain, in complex
with [B-catenin, translocates to the nucleus to activate Wnt
signalling, driving the expression of stemness marker genes and
supporting chemoresistance.

Hepatitis C virus (HCV) is an RNA virus that exerts its biological
activities without integrating into the host genome. In one study,
the expression of a subgenomic replicon of HCV, the NS5B
polymerase, is sufficient to promote the expression of a range of
stemness genes.’

EPIGENETIC FACTORS RELEVANT TO STEMNESS

A growing number of studies have been carried out to investigate
the role of epigenetic modulation and non-coding epigenetic
regulators, including microRNA and long non-coding RNA
(IncRNA), in regulating liver cancer stemness properties; these
studies are briefly discussed below.

Epigenetic modulation

Dysregulated changes in epigenetic modulation—DNA methyla-
tion, microRNA and histone modifications—are linked with liver
cancer stemness. For example, treating HCC cells with zebularine,
a DNA methyltransferase inhibitor, led to global DNA hypomethy-
lation and significantly increased the side population of liver
cancer cells as defined by the functional characteristics of
Hoechst-33342 dye exclusion. This population of cells displayed
increased self-renewal properties and robust tumour-initiating
abilities in a serial transplantation model,® indicating the re-
expression of genes involved in activating diverse oncogenic
pathways.

Significant upregulation of lysine-specific demethylase-1
(LSD1) was reported in LGR5™ HCC cells.>' LSD1 reverses mono-
and di-methylation of histone H3K4 in the promoter regions of
negative regulators of Wnt pathway, including Prickle1 and APC,
thereby inhibiting their expression, to promote {-catenin
activation and support the CSC properties of LGR5™ cells.
Furthermore, increased histone deacetylase (HDAC) activity in
HCC, which in some cases might be associated with the
expression of SALL4, has also been demonstrated to support
liver cancer stemness.®>*
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Fig. 1 Identification of functionally important IncRNAs responsible for supporting liver cancer stemness. The use of microarray analyses
for identifying IncRNAs downregulated in cisplatin-resistant hepatospheres or IncRNAs enriched in CD133%"CD13" hepatospheres. IncRNAs
could support liver cancer stemness by modulating a range of signalling pathways critical in normal development and stem cells.

MicroRNA and liver cancer stemness

MicroRNA profiling of LCSC and non-CSC cell populations has
identified specific microRNAs that are associated with the
expression of different CSC markers. For example, dysregulated
levels of miR-130b, miR-142-3p and miR-1246p have been
proposed to contribute to the stemness properties of CD133"
CSCs. Specifically, miR-130b and miR-1246p were overexpressed in
HCC.>>>® miR-130b targets and downregulates the expression of
tumour protein 53-induced nuclear protein 1, a pro-apoptotic
tumour suppressor that triggers autophagy;”> while miR-1246p
targets and downregulates the expression of AXIN2 and GSK-3f3 to
promote Wnt signalling.>® By contrast, miR-142-3p directly targets
and downregulates CD133 expression; miR-142-3p was found to
be underexpressed in a CD133" CSC population, and its re-
expression antagonised CD133-mediated cancer stemness
properties.’’

Other miRNAs that are involved in CSC-marker-positive LCSCs
have also been described. In EpCAM™ CSCs, abnormally low DNA
methylation in the upstream region of the miR-200b/miR-200a/
miR-420 microRNA cluster led to the enrichment of miR-429,
which promotes the stemness properties of EpCAM™ TICs through
the retinoblastoma-binding protein 4/E2F transcription factor 1/
Oct4 axis.”® Interestingly, in cells expressing a high level of miR-
429, this microRNA was also detectable in secreted microvesicles,
suggesting a potential intercellular role in mediating intracellular
gene expression.

IncRNA and liver cancer stemness

Over the past 5 years, a number of IncRNAs (non-coding RNAs
with >200 nucleotides) showing dysregulated expression in HCC
hepatospheres have been identified and reported to be involved
in self-renewal and tumour progression in HCCs (Fig. 1). Inc-DILC
—IncRNA downregulated in LCSCs—is commonly downregulated
in cisplatin-resistant hepatospheres,*® and downregulation of Inc-
DILC was found in HCC patients and significantly associated with
shorter patient survival. Importantly, higher expression of stem-
ness genes including interleukin (IL)-6, EpCAM and CD24 was
observed in HCC with Inc-DILC downregulation, indicating a
positive correlation between Inc-DILC downregulation and
increased cancer stemness properties. Mechanistically, Inc-DILC

directly interacts with the IL-6 promoter to block the expression of
STAT3 stimulated by TNF-a and IL-13 and mediated by nuclear
factor kB (NF-kB). Blocking the autocrine IL-6/STAT3 signal, in turn,
suppresses LCSC expansion. By performing transcriptomic micro-
array profiling analysis comparing CD1337CD13™ hepatospheres
with their CD1337CD13~ counterparts, the IncRNAs IncTCF7,%°
INcBRM,®" IncB-Catm,®? IncHDAC2%% and IncHAND2%* have been
identified to be significantly upregulated in the presence of CD133
and CD13.

SIGNALLING PATHWAYS THAT FUNCTION IN CANCER CELL
STEMNESS

Independent studies have shown that Wnt/B-catenin and IL-6/
STAT3 are the two main signalling pathways that support liver
cancer stemness, as mentioned above. However, other signalling
pathways have also been reported to support liver cancer
stemness, and representative examples are discussed below
(Fig. 2).

NF-kB signalling

CD47 was found to be upregulated in chemoresistant hepato-
spheres, and CD47 is preferentially expressed in liver TICs. The
protease cathepsin S has been proposed to support the stemness
properties of CD47" HCC cells. Cathepsin S secreted by CD47"
hepatospheres binds to and activates the protease-activated
receptor-2 (PAR2) to mediate autocrine signalling. Activation of
PAR2 eventually forms a feed-forward signalling loop by promot-
ing the nuclear translocation of NF-kB to further drive transcrip-
tion and expression of cathepsin 5.2

Notch signalling

The role of Notch signalling in LCSCs has consistently been
observed.®>® iNOS has been demonstrated to promote Notch
signalling specifically in CD24"CD133" LCSCs by the activation of
ADAM17/TACE, which mediates Notch cleavage in a soluble
guanylate cyclase/cGMP/protein kinase G-dependent manner.'®
The association of ADAM17/TACE upregulation with poorer overall
survival suggests that Notch1 activation might play a role in
supporting liver tumorigenesis by promoting LCSC properties.
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Fig. 2 Key signalling pathways that support liver cancer stem cell properties and their association with liver cancer stem cell marker
expression. Wnt/p-catenin and IL-6/STAT3 are the two main signalling pathways that support liver cancer stemness. Recent studies have
provided additional evidence that MAPK signaling, NF-kB signaling, Hippo signaling, and Notch signaling are also playing critical roles in
supporting liver cancer stemness and associated with the elevated expression of the indicated liver cancer stem cell markers.

iNOS also increases the levels of rhomboid protein-2 (iRhom?2),
which functions as a positive regulator of Notch signalling by
transporting ADAM17/TACE to the cell surface.

Hippo signalling

Hippo signalling is important in the regulation of stem cell
renewal and differentiation. Of its two downstream effectors,
transcriptional coactivator with PDZ-binding motif (TAZ) and
Yes-associated protein (YAP), TAZ was found to be predomi-
nantly expressed in HCC. Interestingly, the knockdown of TAZ
attenuated growth under normal conditions but induced a
compensatory upregulation of YAP together with an increase in
the expression of the CSC marker CD90 in the presence of 5-
fluorouracil, which contributes to chemoresistance.®’ This result
suggests that Hippo signalling might play an oncogenic role in
HCC by conferring LCSC properties, and notably, that, when
targeting Hippo signalling in HCC cells, simultaneous inhibition
of TAZ and YAP should be considered to avoid potential
compensatory actions.

Mitogen-activated protein kinase (MAPK) signalling

In LCSCs, MAPK signalling was shown to be activated by intrinsic
genetic alterations of tumour-suppressor proteins such as
apoptosis-stimulating protein of p53 (ASPP2)°® or by extrinsic
stimulation by growth factors such as hepatocyte growth factor
(HGF) secreted by stromal cells.®® HGF secreted by cancer-
associated fibroblasts (CAFs) transactivates the c-MET receptor

and induces downstream MAPK signalling to activate FRAT-
mediated transcription of hairy/enhancer-of-split related with
YRPW motif 1 (HEY1) to support the cancer initiation properties
in LCSCs. In 2018, Chan et al.’”® reported the specific down-
regulation of protein arginine methyltransferase 6 (PRMT6), a
chromatin modifier, in CD133" LCSCs. PRMT6 can also perform a
chromatin-modifying independent function by methylating and
binding to the R100 residue of c-Raf kinase in the cytoplasm,
which inhibits the interaction of Ras with c-Raf to abolish MAPK
pathway activation; the downregulation of PRMT6 therefore
alleviates this inhibition. This suggests a novel mechanism—
through posttranslational modification of key signal transducers in
the pathway—by which LCSCs maintain MAPK signalling.

PLASTICITY OF CANCER STEMNESS

Plasticity is regarded as the ability of cells to reversibly acquire cell
fates or phenotypes of other cell types in a tissue-restrictive
manner and is distinct from the reprogramming of differentiated
cells back to the primitive pluripotent stem cell state.' Any
interconversion between different differentiated cell states or
phenotypes (trans-differentiation)’”! or de-differentiation of
differentiated cells to progenitor cells' should be considered as
plasticity. Below, we focus on some examples of plasticity in
relation to tumour initiation, such as epithelial-mesenchymal
transition (EMT), differentiation plasticity and metabolic plasticity
in CSCs (Fig. 3).
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Fig. 3 The plasticity of LCSCs refers to the acquisition of the necessary changes in cell states to facilitate the adaptation of LSCSs to the
tumour microenvironment. This includes plasticity in the form of EMT, metabolic reprogramming and differentiation plasticity. EMT refers to
the change from epithelial to mesenchymal states of the cells. Metabolic reprogramming shifts the reliance on glucose and aerobic glycolysis
to enhanced mitochondrial respiration and fatty acid oxidation. Differentiation plasticity allows the expansion of hepatic progenitor cells
(HPCs) and promotes stemness gene expression. All of these support HCC formation.

Epithelial-to-mesenchymal transition

EMT is the transition from an epithelial state to a mesenchymal
state of cells. It can be induced by TGF-B in HCC,”? and one study
found that TGF-B1 and CD147 formed a self-sustaining signalling,
in which CD147 increased TGF-B1 expression, whereas TGF-31
promoted the expression of CD147, leading to a positive
correlation between TGF-B1 and CD147 in the DEN-induced HCC
mouse model.”? The overexpression of CD147 also promoted the
loss of E-cadherin to enhance epithelial plasticity towards a more
mesenchymal state.”? Such self-sustained TGF-81 signalling inhi-
bits hepatocyte nuclear factor 4a (HNF4a), a marker for
differentiated MHs, to promote de-differentiation of hepatocytes.
The overexpression of HNF4a and the TGF-B1-inhibitory
Smad7 suppressed tumorigenicity of HCC cells in a CD147-
knockdown background.”? This study showed a role of TGF-B1
and CD147 in a positive relationship to promote cancer stemness
and the plasticity in EMT in HCC. Furthermore, CD44 was required
to promote TGF-B-induced EMT-related gene expression since
sorted CD44-postive but not CD44-negative PLC/PRF/5 cells
exhibit EMT-related gene induction in the presence of TGF-B.”?
The CD44-positive cells also showed enhanced migratory and
invasive ability.”* This indicated that CD44, which is one marker for
cancer stemness, was involved in the plasticity of cancer cells to
transit into the more aggressive mesenchymal state.

However, whether EMT is firmly related to cancer stemness is
controversial. In HPCs, TGF-B can not only induce EMT but also
inhibit proliferation. However, HPCs that have adapted to chronic
TGF-B exposure were resistant to apoptosis induced by serum
starvation and acute TGF-B exposure’ and were able to alleviate
liver damage induced by carbon tetrachloride.”* By making use of
c-Met-knockout HPCs, it was found that c-Met signalling was
required for the acquisition of enhanced viability and regenerating
power resulted from TGF-f3 over-exposure but was not needed for
the EMT phenotypes induced by TGF-B.* The growth arrest
resulted from c-Met knockout was accompanied by increased

expression of cyclin-dependent kinase inhibitors p15 and p19 and
increased senescence and reactive oxygen species (ROS).”* Such c-
Met-mediated proliferation in chronically TGF-B-exposed HPCs
was a post-EMT event as the c-Met-promoted phenotype also
required the participation of an EMT marker, Twist1.”* Overall,
there exists a complicated interplay between TGF- and HGF/c-
Met signalling in HPCs: TGF-B promotes plasticity by means of
EMT, whereas HGF/c-Met signalling helps the expansion of HPCs
by suppressing the growth-inhibitory effects of TGF-B. This
suggests separate roles of plasticity of EMT and stemness in
normal HPCs as chronic TGF-f exposure did not enhance the
expression of stemness proteins.”*

On the other hand, a cocktail of HGF, A83-01 (a TGF-f inhibitor)
and CHIR99021 (a GSK-3pB inhibitor) converted hepatocytes from
healthy human liver donor cells into bipotential HPCs,”> which
showed enhanced expression of markers of pluripotency and were
capable of differentiation into both hepatocytes and biliary
epithelial cells. This implies inhibiting TGF-$ signalling would
increase the plasticity of normal hepatocytes towards bipotential
HPCs, whereas it is intriguing that activating TGF-f3 signalling can
induce plasticity towards a more mesenchymal state in HCC cell
models. This result might implicate a context-dependent role of
TGF-B in the plasticity and stemness of cancerous liver cells as
compared with normal liver cells.”® It is also in keeping with the
complex role of TGF-§ as a tumour suppressor and a pro-
metastatic factor, depending on the context and stages of HCC
development.”””® More, improved liver cancer models are needed
to elucidate this further.

Differentiation plasticity

The human unconventional prefoldin RPB5 interactor (hURI)-
tetOFF"®P mouse HCC model is a model in which hepatocyte-
specific NAD'-deficit-induced DNA damage mimics human
hepatocarcinogenesis through multistep liver tumour develop-
ment.”® As Sox9 is the marker for HPCs, crossing hURI-tetOFF"eP
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mice with Sox9""F>FSFP mice can result in tumours with the HPC-

derived cells labelled as enhanced green fluorescent protein
(EGFP)-positive cells, which were found to be positive of EpCAM,
CD133 and CD44 protein expression, thus indicating cancer
stemness in the tumours derived from the bipotent HPCs in
hepatocarcinogenesis. Similar finding was obtained by crossing
hURI-tetOFF"®P mice with Sox9"™F " R12 and the serum albumin
(SA)"ERT2 mice, respectively, which both contained the R26-stop-
EYFP reporter to label the HPCs and hepatocytes, respectively,
with enhanced yellow fluorescent protein (EYFP) upon the Cre-
recombination. Lineage tracing experiments for both crossed
mouse models showed that HPCs and hepatocytes could derive
HCC-containing EYFP-positive and EYFP-negative HCC cells within
the respective tumours. Galectin-3 was identified to be highly
expressed in the hURI-expressing cells, and conditioned medium
from galectin-3-knockdown hepatocytes failed to promote the
expression of stemness genes in, and the expansion of, HPCs.
Heterozygous knockout of galectin-3 also showed a reduction in
the number of HPCs and hepatic tumour formation. This indicates
that HCC can be derived from both HPCs and hepatocytes and
plasticity across these cell types might be related to cancer
stemness and tumour initiation, depending on the context of HCC
initiation. Further study will be needed to delineate the plasticity
of HPCs and hepatocytes in relation to cancer stemness in
improved liver cancer models.

Metabolic plasticity

Plasticity in the metabolic reprogramming of HCC cells has been
investigated using the Dt81Hepal-6 cell line. This cell line is
derived from the in vivo passage of the Hepa1-6 cell line in C57BL/
6 mice® and is more tumorigenic than its parental counterpart,
potentially owing to its ability to undergo metabolic adaptation. In
the presence of high glucose, Dt81Hepa1-6 cells have enhanced
glucose uptake and aerobic glycolysis as well as fatty acid
synthesis, compared with the parental cell line.®® This metabolic
change might enable the Dt81Hepa1-6 cells to adapt to glucose-
restricted conditions better than the parental cell line by using
fatty acids as an alternative energy source.®’

In another cell-sorting study, Wei et al.®' found an increased
expression of proteins conferring mitochondrial biogenesis and
fusion, but a reduced expression of those involved in mitochon-
dria fission in LCSCs (NanogM9" cells) compared with their
Nanog'" non-CSC counterparts. As mitochondria are a popula-
tion of dynamic organelles with opposing fusion and fission
processes to regulate mitochondrial function, mitochondrial
fusion can promote oxidative phosphorylation while fission
inhibits it. Complex | of the mitochondrial respiratory chain is
required for the generation of NAD™" for mitochondrial function.
One component of complex | is mitochondrial ribosomal protein
S5 (MRPS5); its expression, at high levels, was associated with
poorer HCC patient survival,®' whereas its knockdown increased
mitochondrial membrane potential, decreased oxygen consump-
tion, suppressed tumorigenicity and decreased tumour growth.?'
Further investigation showed that sirtuin 1 (SIRT1), a deacetylase
that is expressed at high levels in LCSCs, reduced the acetylation
of MRPS5, thus reducing its nuclear localisation and the
expression of glycolysis-related genes.®' This, in turn, promoted
the localisation of MRPS5 within the cytoplasm and enhanced
mitochondrial function and aerobic respiration. Hence, these
results indicate that SIRT1/MRPS5 is critical in controlling the
metabolic switch of the cells to mitochondrial aerobic respiration
from relying more on glycolysis during the gain of cancer
stemness phenotypes.

These studies indicate the presence of a switch to mitochon-
drial aerobic respiration for HCC cells to undergo de-
differentiation into HCC cells with a cancer stemness phenotype,
highlighting the flexibility to use an alternative energy source
when encountering glucose restriction. Further investigation of

such metabolic reprogramming in sorted HCC cells according to
cancer stemness markers will be needed to further elucidate the
mechanism(s).

CANCER STEMNESS AND THE TUMOUR MICROENVIRONMENT
The tumour microenvironment in HCC comprises the extracellular
matrix (ECM), which contains a large variety of cells other than
liver cancer cells, and is believed to contribute to the niche for
cancer stemness. In this section, we divide the tumour micro-
environment into physical and cellular components to facilitate
discussion (Fig. 4).

Physical influences

The ECM is a complex non-cellular three-dimensional network of
collagens, laminins, fibronectin, elastin, proteoglycans, glycosami-
noglycans and other glycoproteins, which provides structural and
biochemical support.®? According to different studies, both low®*
and high®* ECM stiffness have been implicated to promote cancer
stemness. There are no mechanistic studies for how low ECM
stiffness promotes cancer stemness, while high ECM stiffness
activates the Akt/mammalian target of rapamycin (mTOR) signal-
ling pathway in an integrin B1-dependent manner to promote
cancer stemness. Whether variation in these findings is due to the
different HCC cell lines used and differing ranges of matrix
stiffness applied requires further investigation. In addition, the y2
chain of laminin-332% and type 1 collagen a chains (COL1A1)%?
have both been suggested to promote cancer stemness, and
further functional studies with tumorigenicity assays are needed
to validate these results.

Hypoxia has been proposed to arise in solid tumours and occurs
particularly frequently in HCC, due to its rapid growth.®® Hypoxic
conditions were shown to enhance the expression of CD44 and
Oct4 and EMT-related genes, as well as promoting vascular
mimicry in HepG2 cells, compared with normoxia.2” Our previous
study also found that hypoxia increased the transcription of
sentrin-specific protease 1 (SENP1), a member of the de-
SUMOylation protease family, by inducing hypoxia-inducible
factor (HIF)-1a, causing SENP1 to repress the SUMOylation of
HIF-1a and thereby increase its stabilisation and transcriptional
activity; HIF-1a is strongly implicated in the maintenance of
stemness,2®% and our study revealed that HIF-1a and SENP1 co-
operated in a positive manner.

Cellular components

Cellular components in the microenvironment include CAFs,
tumour-associated macrophages (TAMs) and many other immune
cells. Previous studies have demonstrated that CAFs increase the
tumorigenicity of HCC cells. Conditioned medium from CAFs
promotes sphere formation,2°>®" the expression of stemness-
related genes, such as CD24,°° CD44°° (CD47,%° CD90,°
Nanog,”®”" 0Oct4*®?" and Sox2,°°°' and chemoresistance to
cisplatin and doxorubicin.?® It was further demonstrated that
CAF-induced cancer stemness in HCC cells was stimulated by
HGF**° via the c-MET/FRA1/HEY1 signalling axis (see above) or
the c-MET/STAT3 axis or by IL-6 via STAT3 in CD24-positive HCC
cells.®° It is also interesting that conditioned medium derived from
peritumoural CAFs enhanced the metastatic properties and
tumorigenicity of HCC cells to a greater extent than did
conditioned medium from CAFs from within the tumour. The
increase in metastatic properties and tumorigenicity was found to
be induced by several cytokines in the conditioned medium,
including IL-6, C-C motif chemokine ligand 2 (CCL2) and
chemokine (C-X-C motif) ligand 1 (CXCL1). HCC cells upregulated
their expression of C-C chemokine receptor type 2 (CCR2) and C-X-
C motif chemokine receptor 1 (CXCR1), and also had EpCAM
expression,” indicating that peritumoural fibroblasts could
potentially recruit and maintain CSCs.
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Fig. 4 Key cellular components (upper part) and physical influences (lower part) in the liver tumour microenvironment that support
stemness gene expression and tumour initiation. Cellular components include CAFs, TAMs, T cells, B cells and the respective secreted
cytokines and factors. The physical components consist of ECM and the hypoxic environment. All of these play roles in promoting stemness

gene expression to drive the tumour-initiation activity of LCSCs.

Conditioned medium from polarised M2 TAMs promoted
migration,®>* tumour growth,®>* sphere formation,”® expression
of stemness proteins,”>** a side population of cancer stemness,”
TGF-B/p-Smad®® and B-catenin™?* signalling pathways and
EMT?** in HCC cell lines.”® CCL-17 and TNF-0, which are
overexpressed in HCC®® and implicated in HCC development,®>9¢
respectively, were found be the functional components secreted
by TAMs in promoting these phenotypes. Another study used
fluorescence-activated cell sorting to identify a small subpopula-
tion of cells in HCC that had low proteasomal activity, a feature of
stem cells, and further demonstrated that these cells had
increased CD44 marker expression and tumorigenicity and could
facilitate macrophage migration in vitro and metastatic potential
in vivo through macrophage recruitment.”” This indicates that
HCC cells with cancer stemness properties might cooperate with
macrophages to facilitate tumour initiation.

CXCL11, a cytokine involved in recruiting activated T cells to
inflammation sites, was found to be overexpressed in HCC and in
a281" HCC TICs.® Knockdown of CXCL11 suppressed the
expression of stemness genes, sphere formation, tumorigenicity
and chemoresistance to doxorubicin in the a261" HCC TICs,
whereas overexpression reversed these phenotypes.”® CXCR3, the
receptor for CXCL11, stimulates downstream extracellular signal-
regulated kinase 1/2 signalling to promote cancer stemness in
HCC cells,”® indicating a positive role for inflammatory CXCL11 in
HCC cancer stemness and progression. Another study of

chemokines in HCC found that CCL20 was overexpressed in HCC
and that a high serum CCL20 level was associated with poorer
disease-free and overall survival.”® The receptor for CCL20, CCRS,
was expressed in intrahepatic CD45-positive tumour-infiltrating
immune cells, and metastatic HCC tissues had a higher expression
of CCR6 than non-metastatic tissues.”® A blocking antibody
against CCL20 reduced the recruitment of CD197CD5" B cells,
which expressed high levels of CXCR6, towards HCC cells in
chemotaxis assays.”® An anti-CCL20 antibody also reduced tumour
incidence, growth and metastasis of HCC cells in subcutaneous
HCC mouse xenograft models with an immunocompetent back-
ground. A tumour-promoting role for CCL20-induced B cell
recruitment was subsequently confirmed.”® These results suggest
that chemokines released by HCC cells can help to recruit tumour-
promoting immune cells to promote angiogenesis and tumour
initiation in HCC but whether angiogenesis and tumour initiation
essentially occur in sequential order and whether the recruited B
cells enhance stemness genes/markers in HCC cells in the above
mouse models needs further investigation.

CANCER STEMNESS AND CHEMORESISTANCE

CSCs acquire chemoresistance through multiple mechanisms.
First, CSCs can increase drug efflux by upregulating the expression
of transmembrane exporters such as ATP-binding cassette super-
family G member 2 (ABCG2) (driven by Oct4),'® ABCBS5 (driven by
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granulin-epithelin  precursor)’®’ and multi-drug  resistance
transporter-1 (driven by c-Myc, Nanog or IL-8)'°>"'%* to prevent

drug exposure. The nature of the transporter used by the CSCs
depends on the genetic background and the underlying
oncogenic drivers in the CSCs.'? Second, LCSCs can activate
pro-survival signalling pathways such as those mediated by Akt
and BCL-2 while suppressing apoptotic pathways to antagonise
the cytotoxic effects of anticancer drugs.'"'® Blocking the pro-
survival signalling pathways can re-sensitise the cells to the drug
treatment. Third, tumour microenvironment-related factors such
as hypoxia or intercellular interactions (e.g. with hepatic stellate
cells and CAFs) through paracrine signalling can confer CSC
properties and chemoresistance upon liver cancer cells.%%%61%

Expression profiling of sorafenib-resistant hepatospheres
revealed CD47 as a significantly upregulated tumour-initiation
marker compared with control parental HCC cells.'®” CD47
knockdown or inhibition by neutralising antibodies re-sensitised
the sorafenib-resistant cells to sorafenib treatment. The expression
of CD24 in HCC cells has also been shown to be positively
correlated with sorafenib resistance'®® through the activation of
protein phosphatase 2A, which induces inactivation of the mTOR/
Akt pathway. Inactivation of mTOR enhances the level of
autophagy to mediate sorafenib resistance. Another protein that
induces autophagy is annexin A3 (ANXA3), the levels of which are
elevated in sorafenib-resistant HCC cells and patient-derived
xenograft samples. These cells and samples are also enriched in
CD133, which was previously identified to mark a subset of CSCs
in HCC, implicating ANXA3 in the control of stemness and
resistance towards sorafenib and regorafenib.'®®'"® ANXA3
activates autophagy for cell survival and specifically suppresses
protein kinase C&/p38-mediated apoptosis induced by stress.
Accordingly, combining an anti-ANXA3 monoclonal antibody with
sorafenib or regorafenib has been demonstrated to effectively
overcome resistance to these compounds.'®*

SPECIFIC THERAPEUTIC TARGETING OF LIVER CANCER
STEMNESS

Targeted therapy (using antibodies or inhibitors) of LCSC markers
can effectively eliminate LCSCs, and this approach has previously
been reported in preclinical animal models (reviewed in ref. ''")
However, directly targeting specific LCSC markers to eradicate
CSCs is challenging, as some of the markers are also expressed in
other organs, in which they serve important physiological
functions. Instead, there are other potential directions that can
be explored to specifically target liver cancer stemness, as
outlined below.

Reversion of the dysregulated biological processes underlying
liver cancer stemness

Small interfering RNA-based synthetic lethality screening in
EpCAM™ LCSCs uncovered mitochondrial-processing peptidase
subunit B, which, upon inhibition, not only significantly
suppressed EpCAM expression and Wnt/B-catenin signalling
but also induced apoptosis in EpCAM™ LCSCs via intracellular
ROS accumulation.''? Similarly, inhibition of glutaminase-1, an
enzyme specifically expressed in the mitochondrial matrix to
support LCSC properties, could lead to ROS accumulation and
suppression of the Wnt/B-catenin pathway.''® These findings
suggest that disrupting the redox balance might be a useful
approach to target LCSCs. Furthermore, chromodomain helicase
DNA-binding-protein 4 (CHD4), which possesses HDAC and poly-
ADP ribose polymerase (PARP) activities, was also found to be
enriched in EpCAM™ LCSCs, where it epigenetically regulates
gene expression and the DNA damage response, contributing to
stemness properties and chemoresistance in response to
epirubicin treatment."' This finding could open up potential
therapeutic opportunities using deacetylase and PARP

inhibitors, the latter of which has already been used in breast
cancer treatment.

Another potential strategy is to target the metabolic vulner-
abilities of LCSCs. Three independent studies have identified
stearoyl-CoA desaturase (SCD1), an enzyme responsible for the
synthesis of mono-unsaturated fatty acids (MUFAs), as a critical
player in mediating HCC tumorigenesis and CSC properties.''>™'"”
SCD1 is significantly upregulated in hepatic stellate cells and HCC
cells from patients, and its expression is associated with more
advanced HCC stage and shorter disease-free survival. SCD1
promotes liver cancer stemness through the synthesis of MUFAs,
which can stabilise B-catenin, thereby inducing Wnt/B-catenin
signalling, as well as generating a feed-forward loop to elevate
SCD1 expression.'” SCD1 can also contribute to sorafenib
resistance by inhibiting the endoplasmic reticulum stress-
induced unfolded protein response.''® Importantly, suppression
of SCD1 by a specific inhibitor not only sensitises the cells to
sorafenib treatment but is also sufficient to suppress liver fibrosis
and liver tumorigenesis.

Inducing differentiation of LCSCs

IL-8 has been found to confer LCSC properties and is associated
with a poorer prognosis in HCC patients. Its signalling network has
also been found to be significantly upregulated in CD133" LCSCs,
in which enhanced IL-8 secretion conferred a greater ability to
support self-renewal and angiogenesis.''® As the mouse homo-
logue of IL-8, mCXCL1, has been demonstrated to be required for
maintaining the quiescent state of LCSCs in an mTOR complex 1
(mTORC1)-dependent manner,'% blocking IL-8 or mTORC1 could
promote the differentiation of LCSCs, which might serve as a novel
strategy to eliminate stem cell-like CSC populations. Similarly,
high-dose treatment with bone morphogenetic protein 4, which
has an important role in hepatogenesis and hepatic stem cell
differentiation, could promote the differentiation of CD133%
LCSCs and thus suppress CSC-related functions.'"®

THE SEARCH FOR, AND DEVELOPMENT OF, NOVEL
COMPOUNDS TO DIRECTLY TARGET LCSCS

Natural compounds

Natural compounds isolated from plants might possess anti-LCSC
properties. For example, Lup-20(29)-en-3b-ol (Lupeol), a triterpene
derived from fruits and vegetables, can suppress CD133" LCSC
populations and sensitise HCC cells to chemotherapeutic agents
by modulating PTEN."?° In addition, baicalein, a type of flavonoid
isolated from plant roots, can inhibit SAR1B GTPase, which is
required for autophagy, to specifically sensitise LCSCs, but not
normal cells, to mTORC1 inhibition.'?'

Synthetic compounds

The presence of LCSCs is associated with HCC recurrence.
However, a vitamin A-like synthetic compound, acyclic retinoid
(ACR), has been demonstrated to significantly reduce the extent of
HCC recurrence.'”? ACR suppresses the expression of MYCN, a
basic-loop-helix transcription factor important for supporting LCSC
properties and underlying Wnt/B-catenin signalling. EpCAM™
LCSCs were demonstrated to have increased levels of MYCN
expression and showed sensitivity to ACR, indicating that ACR
treatment might serve as an effective strategy to target and
remove EpCAM™ LCSCs.

LCSC-TARGETED IMMUNOTHERAPY

There is a paradigm shift in cancer therapy from targeted therapy
to harnessing the immune system to eradicate the cancer cells.
Nivolumab and Pembrolizumab are the two anti-programmed cell
death protein 1 (PD1) antibodies approved as the second-line
agents for patients with advanced HCC refractory to sorafenib.



Although the overall response rate of anti-PD1 treatment in HCC
patients remains to be improved, the complete remission of the
liver tumours in some of the anti-PD1-treated patients suggested
that immunotherapy could also be a useful strategy to target
LCSCs. Indeed, LCSCs have been shown to utilise PD1/PD ligand 1
(PD-L1)-dependent and PD-L1-independent mechanisms to evade
immunosurveillance. For example, SOX2, a cancer stemness-
related transcription factor being elevated in HCC tissues, has
been shown to directly bind to the consensus sequence of the PD-
L1 promoter and drives PD-L1 transcription.’®® On the other hand,
a positive correlation between the expression of IL-6 and PD-L1
has also been observed in HCC patients.'** Activation of the IL-6/
Janus kinase-1 pathway could support the protein glycosylation
and stabilisation of the PD-L1 receptor and facilitates its
immunosuppressive function. Besides the PD1/PD-L1-dependent
mechanism, recurrent HCC cells that expressed a high level of
stemness marker genes tend to express a lower level of HLA
molecules and resulting potentially in less neoantigen presenta-
tion, which facilitate their evasion from adaptive immunity.'** To
overcome this, innate immune cells such as cytokine-induced
killer cells, a form of CD3" and CD56™ natural killer (NK) cells,
which targets and eradicates LCSCs through an NK group 2D
ligand-dependent mechanism might be employed instead.'

In addition to immune checkpoint blockade, a number of
studies have developed and assessed the therapeutic potential
of genetically engineered immune cells targeting liver CD133"
CSCs. As mentioned above, ANXA3 was found to be preferen-
tially expressed in LCSCs and especially enriched in the CD133%
cell population. Dendritic cells transfected with ANXA3 are
capable of inducing more functionally active T cells able to
recognise and eradicate CD133" LCSCs.% Last year, a Phase |
clinical trial was reported to assess the toxicity and treatment
efficacy of CD133-targeted chimeric antigen receptor (CAR-T)
cells in a patient cohort consisting of HCC, pancreatic and
colorectal patients.”®” It was demonstrated that CD133-targeted
CAR-T cells showed good specificity in eliminating CD133"
tumours. More than half of the patients achieved a stable
disease and a small number of patients even achieved complete
remission after the CD133-targeted CAR-T cell infusion.
Although the CD133-targeted CAR-T cell infusion was tolerated
in cancer patients, its toxicity leading to a decrease in
haemoglobin, lymphocytes and platelets remains a challenge
to overcome before repeated and extended infusion is possible.
Nevertheless, CD133-targeted therapy against LCSCs by geneti-
cally engineered immune cells could potentially serve as an
alternative treatment strategy for late-stage HCC patients who
are refractory to the currently available treatment options.

FUTURE PERSPECTIVES

The state and survival of CSCs are controlled by various intrinsic
factors, such as genetic and epigenetic alterations, as well as
extrinsic physical and cellular elements that are derived from the
tumour microenvironment. Targeting CSCs and their niches is a
feasible approach to treating cancers, and several clinical trials
targeting CSCs in other cancers, such as using dendritic cell
immunotherapy against CSCs (NCT03548571), are ongoing. The
ultimate goal of investigating the properties of LCSCs and LCSC
cross-talk within its niches is to translate our knowledge into
effective therapeutics against HCC.
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