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a b s t r a c t

The cancer stem cell (CSC) hypothesis was proposed over 4 decades ago and states that tumor growth is
maintained by a small subset of cancer cells analogous to normal tissue stem cells in terms of self-
renewal and differentiation capacity. Advances in CSC isolation were initially achieved in hematologi-
cal malignancies and later in solid tumors, including hepatocellular carcinoma (HCC), the major histo-
logical type of liver cancer. Increasing evidence suggests the importance of liver CSCs for tumor growth,
metastasis, and chemo/radiation resistance in HCC, but the application of the liver CSC concept for the
clinical diagnosis and treatment of HCC has not yet been achieved to the extent initially expected.
Furthermore, the heterogeneity and plasticity of liver CSCs has recently been noted and might be related
to drug resistance and the rapid growth and/or metastasis of the tumor after treatment. Here, we
introduce our recent advancement in liver CSC research and discuss the clinical implications, which may
lead to the development of improved diagnostics and treatment in HCC.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignancies and the second leading cause of cancer death
worldwide [1]. The majority of HCCs arise from a background of
r stem cells; HCC, hepatocel-
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chronic liver diseases caused by hepatitis B virus (HBV) or hepatitis
C virus (HCV) infection, and a high incidence has historically been
observed in Asia and Africa due to high prevalence of these viruses
[2,3]. Currently, several guidelines are available for HCC screening
in high-risk patients infected with HBV or HCV. Moreover,
increasing numbers of HCC cases have been observed in most
industrialized countries, potentially related to the high incidence of
obesity and underlying metabolic diseases known as non-alcoholic
fatty liver diseases (NAFLD). There is an urgent need for the
development of improved diagnostics and treatment of HCC in
these populations.

HCC is known as a heterogeneous disease in terms of
morphology, cellular behavior, responses to treatment, and clinical
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outcome [4e6]. Traditionally, these heterogeneities have been
explained by differences in genetic/epigenetic changes accumu-
lated during the clonal evolution of cancer cells [7,8]. In contrast,
cancer cells have similar capacities to stem cells, including self-
renewal, differentiation, and limitless division. These observations
resulted in the proposal of the cancer stem cell (CSC) hypothesis,
which states that a subset of tumor cells possess stem cell features,
enabling them to self-renew and divide asymmetrically in order to
generate heterogenous cell populations [9]. Recent evidence sug-
gests the existence of CSCs in HCC, and they are considered highly
tumorigenic, metastatic, and chemo/radiation resistant, indicating
the importance of targeting liver CSCs for the development of
improved diagnostics and treatment of HCC [5,10]. Here we sum-
marize the evidence surrounding liver CSCs by focusing on their
heterogeneity and clinical application.

2. Heterogeneity of liver CSCs

The major characteristics of CSCs are self-renewal and differ-
entiation capacity in isolated cells, experimentally confirmed by
in vitro clonogenicity and in vivo tumorigenicity with the formation
of cellular heterogeneity in the tumor [11]. Therefore, cell isolation
methods for enriching tumorigenic cells with differentiation ability
have been extensively explored to identify liver CSCs [12]. Thus far,
various cell surface markers have been reported to enrich liver
CSCs, including epithelial cell adhesion molecule (EpCAM), CD133,
CD90 (Thy 1), CD44, CD24, and CD13 [13]. Most of thesemarkers are
also known to be expressed in hepatoblasts or hepatic progenitor
cells but not in adult mature hepatocytes.

The characteristics of normal hepatic progenitor cells isolated
using different markers might be distinct. For example, studies
evaluating the characteristics of oval cells suggested different na-
tures of EpCAM-positive and CD90-positive cells in chemically
injured rat liver [14,15]. EpCAM-positive cells express classical oval
cell markers including AFP, OV-1, and CK19, whereas CD90-positive
cells express desmin and a-SMA but not AFP, OV-1, or CK19, indi-
cating that CD90þ populations are more likely to be mesenchymal
cells.

Similarly, we found that EpCAM-positive and CD90-positive
cells isolated from HCC are distinct in terms of gene and protein
expression patterns in both fresh primary HCC tissues and cell lines
(Fig. 1) [16]. Alpha-fetoprotein (AFP), a well-known oncofetal pro-
tein and the most utilized tumor marker for the screening and
Fig. 1. Two distinct liver cancer stem cells. Liver cancer stem cells are a heterogenous
population in terms of cellular phenotypes. EpCAM-positive liver cancer stem cells
show polygonal epithelial cell shape, express genes associated with epithelial cell
function, produce alpha-fetoprotein (AFP), and are highly tumorigenic. In contrast,
CD90-positive liver cancer stem cells show mesenchymal cell shape, express genes
associated with mesenchymal cell function, produce laminin g2 monomer (LG2m), and
are highly metastatic.
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evaluation of HCC, was produced mainly in EpCAM-positive cancer
cells. EpCAM-positive HCC cells show polygonal epithelial cell
morphology and highly tumorigenic capacity. In contrast, CD90-
positive HCC cells show spindle-like mesenchymal cell shapes
and are highly metastatic. To date, no tumor markers have been
available to reflect the presence of CD90-positive cancer cells;
however, we recently identified that a specific form of basement
membrane component, laminin g2 monomer (termed LG2m), is
produced in abundance in CD90-positive HCC cells (see section 3)
[17].

Our recent studies suggested that these heterogeneous liver
CSCs interact together to orchestrate tumor growth and metastasis
[18]. For example, the presence of CD90-positive cells is a risk for
distant metastasis in HCC [16]. We found that CD90-positive CSCs
are not only metastatic to distant organs by themselves, but also
help in the metastasis of CD90-negative cells, including EpCAM-
positive cells, which originally have no distant metastatic capac-
ity, through activation of TGF-b signaling (Fig. 2) [16]. Sorafenib is a
receptor tyrosine kinase inhibitor that suppresses c-Kit signaling,
and we found that inhibition of c-Kit signaling had no effect on
primary tumor growth but suppressed distant organ metastasis
mediated by CD90-positive CSCs [16,19]. EpCAM-positive CSCs
produced DKK1, one of the target genes activated by Wnt signaling
like EpCAM, suggesting that Wnt signaling is activated in EpCAM-
positive CSCs [20,21]. However, DKK1 is also known to be a sup-
pressor ofWnt signaling, and the role of DKK1 on HCC development
needs to be investigated further. Oncostatin M (OSM) is an inter-
leukin-6-related cytokine known to enhance hepatocytic differen-
tiation, and OSM treatment in EpCAM-positive CSCs resulted in an
increase of non-CSCs through OSM receptor signaling, thereby
facilitating 5-fluorouracil (5-FU) sensitivity [22].

Our recent studies also suggested that heterogeneous liver CSCs
and non-CSCs might show cellular plasticity in response to geno-
toxic or molecularly targeted reagents. Sorafenib treatment resul-
ted in an increase of EpCAM-positive CSCs in HCC cell lines [19,23].
Fig. 2. Plasticity and interaction of hepatocellular carcinoma cells. Heterogenous
liver cancer stem cells collaborate to orchestrate the development of hepatocellular
carcinoma. EpCAM-positive liver cancer stem cells show activation of Wnt signaling
and resistance to sorafenib, especially when tumor suppressor capicua is inactivated.
Oncostatin M (OSM) induces hepatocytic differentiation of EpCAM-positive liver can-
cer stem cells to non-cancer stem cells. EpCAM-positive liver cancer stem cells alone
cannot metastasize to distant organs but acquire metastatic ability in the presence of
CD90-positive liver cancer stem cells, potentially through paracrine TGF-b signaling.
CD90-positive liver cancer stem cells express c-Kit, and sorafenib has no effect on
EpCAM-positive HCC cells but suppresses de novo metastasis of hepatocellular carci-
noma mediated by CD90-positive liver cancer stem cells, potentially through c-Kit
signaling inhibition. Cellular stresses induced by chemotherapeutic reagents such as 5-
fluorouracil (5-FU), epirubicin, or transcatheter arterial chemoembolization induce de-
differentiation of non-cancer stem cells or transdifferentiation of EpCAM-positive liver
cancer stem cells to CD90-positive liver cancer stem cells.



T. Yamashita and S. Kaneko Regenerative Therapy 17 (2021) 34e37
We found that capicua, encoded by CIC, was mutated and func-
tionally abrogated in acquired sorafenib-resistant HCC in humans
[23]. Capicua is a regulator of receptor tyrosine kinase signaling and
works as a tumor suppressor, whereas its inactivation induces
extracellular signal-regulated kinase (ERK) signaling activation and
an increase of EpCAM-positive cells. Furthermore, we found gen-
otoxic stresses induced by 5-FU or epirubicin treatment results not
only in enrichment of EpCAM-positive cells but also in de novo
generation of CD90-positive and CD105-positive mesenchymal
liver CSCs originally not found in EpCAM-positive HCC cell lines
(Fig. 2) [24]. Indeed, CD105-positive HCC cells were detected in
human HCC specimens surgically resected after transcatheter
arterial chemoembolization (TACE) treatment, suggesting that
mesenchymal liver CSCs expressing CD90 or CD105 are resistant to
hypoxia and cytotoxic reagents, and are potentially generated de
novo after cellular stresses from epithelial CSCs or non-CSCs. These
data illustrate the complexity of HCC development organized by
liver CSCs, and even after successful treatment targeting the spe-
cific liver CSC population, CSCs might arise de novo from a non-CSC
population.

3. Application of liver CSC concept for clinical diagnosis

Several staging systems are currently available for HCC classifi-
cation, including Barcelona Clinic Liver Cancer (BCLC) staging, and
are based on tumor number and size, vascular invasion, metastatic
status, hepatic reserve, and performance status. These systems can
provide an approximate estimate of patient survival, but patients
diagnosed at the same disease stage sometimes show a different
prognosis, potentially due to themalignant phenotype of the tumor
[25]. Extensive efforts to understand the nature of HCC at the
molecular level through transcriptome analysis led to the definition
of the molecular subclasses of HCC related to patient prognosis
[26e28]. Hoshida's S1e3 subclasses [29] or Boyault's G1e6 sub-
classes [30] are based on microarray data and could be utilized for
prognosis (Fig. 3). However, the application of microarray data still
needs to be validated prior to its implementation in clinical prac-
tice. Thus far, AFP is the only marker clinically available for
Fig. 3. Molecular hepatocellular carcinoma subclasses and prognosis. Hepatocel-
lular carcinoma (HCC) is molecularly categorized into several subclasses, roughly
divided into a poor survival proliferation class or a good survival non-proliferation
class. Hoshida's S1 and Boyault's G3 subclass is molecularly associated with the acti-
vation of TGF-b/Wnt signaling, presence of CD90-positive liver cancer stem cells, and
elevation of serum laminin g2 monomer (LG2m). Hoshida's S2 and Boyault's G1-2
subclass is molecularly associated with the activation of Myc/Akt signaling, EpCAM-
positive liver cancer stem cells, and elevation of serum alpha-fetoprotein (AFP).
Some HCCs show high intensity in hepatobiliary phase (HBP) images of Gd-EOB-DTPA-
enhanced MRI. Molecularly, these HCCs have CTTNB1 mutations with activation of
HNF4A, and patients show good survival outcomes.
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detecting HCC with poor prognosis, which is closely related to the
presence of EpCAM-positive CSCs [31].

Metastasis determines the prognosis of cancer, but no markers
are clinically available for diagnosing the metastatic nature of the
tumor before it metastasizes. Given that the presence of CD90-
positive CSCs is closely associated with distant organ metastasis,
biomarkers reflecting the existence of CD90-positive CSCs could
help to predict themetastatic nature of HCC. Recently, we found that
LG2m, a monomeric form of g2 chain of laminin-332 in basement
membrane [32], is actively produced in CD90-positive HCC cells [17].
LG2m is cancer specific extracellularmatrix and promotesmalignant
behaviors of cancer [33,34]. Accordingly, we evaluated the prog-
nostic value of LG2mmeasurement in HCC patients. Microarray data
of HCC cell lines clearly indicated that LG2m elevation is a marker of
HCC corresponding to the Hoshida's S1 and Boyault's G3 subclasses.
No correlation was observed between serum LG2m and AFP nor
serum LG2m and des-gamma-carboxy prothrombin (DCP), indi-
cating that LG2m is a novel distinct HCC marker. LG2m elevation
correlated with poor overall patient survival in two independent
HCC cohorts. Furthermore, we found that neither AFP nor DCP but
rather LG2m elevation was closely associated with the risk of later
development of extrahepatic spread. Thus, we concluded that LG2m
is a novel serum marker produced by CD90-positive CSCs that is
elevated in Hoshida's S1 and Boyault's G3 subclasses and is associ-
atedwith distant organmetastasis and a poor prognosis. As far aswe
know, LG2m is the first tumormarker that correlates with the risk of
metastasis to be identified, and efforts to measure serum LG2m in
the clinical setting are currently ongoing.

Molecular profiling of HCC also provides information on HCC
subclasses with better survival rates (Fig. 3). This HCC subclass is
characterized by gene expression patterns reminiscent to mature
hepatocytes. Gd-EOB-DTPA-enhanced MRI has been used to eval-
uate liver tumors in Japan since 2008. Gd-EOB-DTPA is character-
ized by its rapid and specific uptake by hepatocytes via organic
anion transporting polypeptides (OATPs) expressed in the sinu-
soidal membrane. Therefore, Gd-EOB-DTPA uptake at hepatobiliary
phase (HBP) in the liver is considered to reflect hepatocyte function
[35].We found that HCCwith high Gd-EOB-DTPA uptake capacity at
HBP showed good overall survival without elevation of AFP [31].
Gene signature analysis suggested that this specific HCC is char-
acterized by the activation of transcription factor HNF4A, a master
regulator of mature hepatocyte function, in HCC [36,37]. Further-
more, this HCC subclass showed strong nuclear b-catenin staining
or CTNNB1 mutations [37,38], and lower expression of EpCAM.

Taken together, our studies demonstrate the utility of serum
AFP, LG2m, and Gd-EOB-DTPA-enhancedMRI findings for reflecting
the presence or absence of liver CSCs and patient prognosis (Fig. 3).
Importantly, AFP and Gd-EOB-DTPA-MRI findings are currently
available in the clinical setting, and the addition of LG2m would
further supplement the information about the nature and clinical
outcome of HCC in the near future.

4. Conclusions

Accumulating evidence suggests that the diversity of liver CSCs
might explain the heterogeneous nature of HCC in terms of growth,
metastasis, treatment responses, and prognosis. Efforts to apply
these basic research data to the clinical setting will foster the
development of novel diagnostic and therapeutic approaches to
defeat HCC.
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