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Abstract

Cholangiocarcinoma (CCA) is a highly aggressive liver cancer associated with a poor prognosis. Cancer stem cells
(CSCs) play critical roles in CCA by driving tumor initiation, metastasis, recurrence, and treatment resistance.
CSCs possess unique properties, including self-renewal, quiescence, and metabolic plasticity, enabling them to
evade conventional treatments such as chemotherapy and radiation. Several key CCA stem cell markers are
involved in interactions with immune cells within the tumor microenvironment (TME) and in metabolic adaptations
that support CSC survival and resistance through complex mechanisms. Despite advancements in chemotherapy
and targeted therapies, CSCs remain a major challenge in CCA treatment. In this review, we summarize
new insights, updated information, emerging therapeutic strategies, and future directions for CSC research in
CCA.
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INTRODUCTION

Primary liver cancers represent a major global health problem, with nearly 900,000 new cases diagnosed
annually worldwide"'. Among these, cholangiocarcinoma (CCA) is a highly malignant cancer arising from
biliary epithelial cells, known as cholangiocytes. Although CCA is relatively rare, its incidence and mortality
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rates have been steadily increasing globally. Over the past decade, the incidence of CCA has risen by
109%". Today, CCA is the second most common type of primary liver cancer after hepatocellular
carcinoma (HCC), accounting for 15% of all cases and roughly 3% of gastrointestinal cancers"”. CCA can be
classified anatomically into intrahepatic cholangiocarcinoma (iCCA) and extrahepatic cholangiocarcinoma
(eCCA). eCCA is further subdivided into perihilar cholangiocarcinoma (pCCA) and distal
cholangiocarcinoma (dCCA)". Although eCCA is more common than iCCA, distinguishing between them
can be challenging. Many cases are diagnosed at an advanced stage due to limited diagnostic tools. The high
mortality rate is partly attributable to the poor performance of traditional diagnostic markers, such as CA
19-9 and carcinoembryonic antigen (CEA). Consequently, iCCA is sometimes misdiagnosed as HCC,
especially in cirrhotic patients, because of similarities in treatment approaches”. Accurate identification of
histological type and assessment of the tumor’s molecular profile are critical for selecting appropriate
treatments. Furthermore, CCA is highly heterogeneous, which affects both its progression and clinical
management. Several risk factors have been identified, including liver fluke infection, primary sclerosing
cholangitis (PSC), choledochal cysts, Caroli disease, cirrhosis, chronic hepatitis B or C, obesity, type 2
diabetes, and chronic alcohol consumption"’. Although CCA is rare worldwide, the highest incidence and
mortality rates occur in the Greater Mekong subregion, particularly in northeastern Thailand. In this
region, the primary cause is infection with the carcinogenic liver fluke Opisthorchis viverrini (OV)".

CCA is an aggressive, highly metastatic tumor with a poor prognosis. Surgical resection is currently the only
potentially curative option for early-stage disease. Nevertheless, the 1-, 3-, and 5-year survival rates after
surgery are 52.1%, 21.7%, and 11.2%, respectively, with a median survival time of 12.4months"". For
advanced or unresectable CCA, the standard first-line chemotherapy is a combination of gemcitabine and
cisplatin®. When first-line treatment fails, there is no established standard second-line therapy. However,
several clinical trials have been conducted to address this gap. Notably, as a second-line treatment following
cisplatin/gemcitabine therapy, the combination of oxaliplatin and 5-fluorouracil (FOLFOX regimen)showed
promising results in a phase III randomized study (UK ABC-06)""\. Nevertheless, further improvements in
chemotherapy are urgently needed. Recent advances in omic technologies have identified several genetic
alterations in CCA, including mutations in TP53, KRAS, SMAD4, CDKN2A/B, isocitrate dehydrogenases
(IDH), and members of the FGFR and EGFR families"”. As a result, targeted therapies have been developed
and evaluated in multi-phase clinical trials, including FGFR2 inhibitors, BRAF inhibitors, HER2 inhibitors,
and IDH inhibitors""". While these precision treatments have improved survival and prognosis for some
patients, only a few achieve long-term benefits. Most patients eventually develop drug resistance and
experience tumor recurrence, often within 2 years of surgical resection”.

Accumulating evidence indicates that, like other malignant tumors, CCA harbors a significant population of
cancer stem cells (CSCs)"". CSCs are a subpopulation of tumor cells with self-renew and differentiation
capabilities, similar to normal stem cells"?. In CCA, CSCs are implicated in tumor initiation, metastasis,
recurrence, and chemotherapy resistance"*. Overexpression of CSC markers in CCA tissue samples has
been correlated with poor clinical outcomes and a higher likelihood of postoperative recurrence"*”.
However, research on CSCs in CCA remains limited. This review aims to provide an updated overview of
CSCs in CCA and discuss future research directions, which may contribute to the development of novel
therapeutic strategies for this challenging disease.

BIOLOGICAL CHARACTERISTICS OF CSCS

The concept of CSCs was first established in human acute myeloid leukemia (AML) cells by Dick’s lab in
the late 20th century. AML stem cells were identified by the presence of CD34 and absence of CD38 (CD34"
CD3g"). This subpopulation possesses the ability to self-renew, differentiate, and generate AML, and was
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thus proposed as the CSC population in human AML". Over the past decades, researchers have proposed
two major models for the origin of CSCs [Figure 1]". The first, known as the “Hierarchical Model”,
suggests that CSCs originate from normal stem cells or progenitor cells that acquire genetic and epigenetic
alterations over time. Accumulation of these mutations transforms them into CSCs. Through self-renewal,
CSCs can asymmetrically divide to maintain their own population and produce short-lived progenitor cells
with limited proliferative capacity"”. The second, the “Stochastic Model”, proposes that any cell within a
tumor has the potential to de-differentiate into a stem-like state under certain conditions. This model is
based on tumor heterogeneity, emphasizing that tumor cell behavior is influenced by both intrinsic and
extrinsic factors. These factors contribute to the clonal expansion of cancer cells and the relative quiescence
of CSCs™\.

Similar to normal stem cells, CSCs share at least two defining features: self-renew and the potential to
differentiate. Self-renewal allows CSCs to divide symmetrically into two identical CSCs or asymmetrically
into one CSC and one more differentiated daughter cell. CSCs typically reside in a specialized
microenvironment called the “niche”, which includes neighboring supportive cells, the extracellular matrix
(ECM), and other factors essential for their survival. This niche helps sustain the long-term repopulation
potential of CSCs™. Key signaling pathways are preferentially activated in CSCs, including the Wnt/p-
catenin, Notch, Hedgehog (Hh), insulin-like growth factor (IGF), and nuclear factor-kappa B (NF-«B)
pathways"”.

Despite advances in cancer diagnosis and treatment, recurrence and chemotherapy resistance remain major
concerns. These challenges are closely related to the biological properties of CSCs. Understanding these
properties is crucial for developing more effective cancer treatments. However, the unique characteristics of
CSCs are not yet fully understood due to their variability across different cancer types. Nonetheless,
accumulating evidence highlights several key traits of CSCs, as shown in Figure 2.

CSCs highly express stem cell markers

Understanding and identifying CSC-specific markers is critical for the development of diagnostic and
therapeutic strategies. Although definitive CSC markers remain elusive, similarities between CSCs and
normal stem cells suggest that some stem cell markers are overexpressed in CSCs. Transcription factors
such as SRY-box transcription factor 2 (SOX2), MYC, Oct4, and KLF contribute significantly to CSC
characteristics by regulating self-renewal, differentiation, and tumorigenic potential®'. Apart from
transcription factors, several cell surface markers, including CD44, CD133, epithelial cell adhesion molecule
(EpCAM), CD34, and CD38, can serve as diagnostic indicators of CSCs. Moreover, cytoplasmic proteins
such as aldehyde dehydrogenase (ALDH) and Musashi-1/2 have also been identified as CSC markers in
various cancers, where they contribute to the regulation of stem-like phenotypes™!. Suppressing these
markers can potentially impair the stemness, therapeutic resistance, and tumorigenic capacity of CSCs!*>***!,

Recently, the accumulation of omics data has facilitated the identification and characterization of CSCs in
different malignancies. Firdous et al. compiled CSC biomarker information into a freely accessible online
resource, the Cancer Stem Cells Database (BCSCdb), which includes five categories of CSC biomarker
interactions, ten clinical trial biomarkers as drug targets, and 445 CSC-related therapeutic target genes
(http://dibresources.jcbose.ac.in/ssaha4/bcscdb)™”. Several commonly used markers for CSC identification
are summarized in Table 1.

CSCs exhibit high tumor-initiating capacity in xenotransplantation models
Xenotransplantation into immunodeficient mice has been widely used to identify CSCs based on their
ability to self-renew and initiate tumors"**. This approach has been applied across various cancer types,
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Table 1. Frequently used markers for CSC identification

Cancer type Markers References
AML CD34+CD38-, CD123, TIM3, CD25, CD32, CD96 [28]
Bladder Lin-CD44+CK5+CK20-, CD133, CD44, SOX2 [29,30]
Breast CD44'/CD24” low, ALDH1', CD24, ABCG2, CD133, CD49f, LGR5, SSEA-3, CD70, PROCR, CD44  [31,32]
Glioblastoma CD133, SSEAT, CD15, LICAM, SOX2, Musashi-1, Nestin [33,34]
Colon CD133", Bmi-1, CD24, CD26, CD29, CD44, CD44v6, EpCAM, LGRS [35]
Head and neck CD44, SALL4, CD133, CD90, ALDH+, Nanog, Oct-4, SOX2 [36]
Hepatocellular carcinoma CD90+CD44+, EpCAM [37,38]
Melanoma CD133+ [39]
Ovarian CD44+CD117+, OCT4, SSEA4, ALDH1/2, LGR5, CD133, CD24 [40,41]
Pancreatic CD133, CD24, CD44, CXCR4, EpCAM, ABCG2, c-Met, ALDH-1, nestin [42]
Nasopharyngeal Carcinoma CD24 [43]
Gastric carcinoma CD44v3 [44]

AML: Acute myeloid leukemia; CSC: cancer stem cell; CD: cluster of differentiation; TIM:T-cell immunoglobulin and mucin domain; CK:
cytokeratin; ALDH: aldehyde dehydrogenase; SOX: SRY-related HMG-box; ACBG: ATP-binding cassette subfamily G; LGR: leucine-rich repeat-
containing G-protein coupled receptor; SSEA: stage-specific embryonic antigen; PROCR: protein c receptor; LICAM: L1 cell adhesion molecule;
Bmi-1: B cell-specific moloney murine leukemia virus integration site 1, EpCAM: epithelial cell adhesion molecule; SALL4: spalt-like transcription
factor 4; oct-4: octamer-binding transcription factor 4; CXCR: C-X-C motif chemokine receptor; cMet: mesenchymal-epithelial transition factor.

including brain, pancreatic'*, ovarian, CCA", and lung cancers"”. For example, studies in human breast
cancer showed that as few as 100 CD44'/CD24"°" cells - representing the stem-like population - could
generate tumors in mice, whereas 10,000 cells with different phenotypes could not“*". In colon cancer,
approximately 2.5% of the CD133" cell population possesses tumor-initiating capability. CD133" cells
generate tumors more rapidly in immunodeficient mice compared to CD133 cells, and tumor growth is
further enhanced upon serial transplantation without significant phenotypic changes™'. In CCA, CSCs
demonstrated significantly faster and more robust tumor formation than their parental cancer cells when

equal numbers were injected into BR] mice”.

CSCs can enter a quiescent state

The quiescent stage (Go phase) is a reversible stage of cell cycle arrest in which cells exhibit low metabolic
activity to maintain genomic integrity. This feature is well-documented in adult stem cells*". Like their
normal counterparts, CSCs can transition between quiescent and proliferative states depending on tumor
microenvironmental factors such as nutrient availability, intrinsic signaling, and mitochondrial membrane
dynamics™. Quiescent CSCs are typically characterized by low RNA content, absence of proliferation
markers, and minimal cell division®”. Studies in hematopoietic stem cells (HSCs) have shown that
downregulation of genes involved in DNA replication and cell cycle progression, including cyclin A2, cyclin
B1, cyclin E2, and survivin, is associated with the quiescent state”’. Importantly, quiescent CSCs can
migrate to distant sites and cause tumor relapse or metastasis, even years after treatment of the primary
tumor™®. Due to their low proliferation rate, quiescence is considered a major contributor to therapeutic
resistance and tumor recurrence in several cancers, such as CCA" and glioma'. Therefore, elucidating the
mechanisms of CSC quiescence is a major focus in current cancer research.

CSCs resist chemotherapy and radiation

CSCs exhibit resistance to chemotherapy and radiation due to several inherent characteristics. Most current
chemotherapeutic drugs are designed to target rapidly proliferating cancer cells. However, CSCs often
display a slow-cycling or quiescent phenotype, allowing them to evade chemotherapy-induced cytotoxicity.
The persistence of these quiescent CSCs contributes to chemotherapy resistance and tumor recurrence after
standard treatments”. This phenomenon has been observed in various solid tumors. For example, glioma
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Figure 1. Two proposed models for the origin of CSCs. The “Stochastic Model” suggests that any tumor cell can become a CSC through
cellular plasticity driven by intrinsic or extrinsic factors, reflecting tumor heterogeneity. In contrast, the “Hierarchical Model” posits that
normal stem cells acquire genetic mutations through intrinsic or extrinsic influences, transforming them into CSCs. CSC: Cancer stem

cell.

stem cells, which are relatively quiescent, can survive treatment with temozolomide (TMZ) and sustain
long-term tumor growth with a high proliferative index in mouse models”*?. Similarly, in squamous cell
carcinoma, slower-cycling cells exhibit increased resistance to cisplatin-based chemotherapy". In addition,
CSCs contribute to radioresistance. For example, CD133" glioma cells are enriched in patients after
radiotherapy. These CD133" cells, isolated from human glioma xenografts and patient tumor tissues,
showed enhanced resistance to radiation by activating DNA damage checkpoint responses and promoting
more effective DNA repair compared to CD133" cells*?. CSCs employ multiple mechanisms to resist
chemo/radiotherapy. They often overexpress multidrug resistance (MDR) transporters, such as members of
the ATP-binding cassette (ABC) transporter family, which enhance drug efflux and contribute to
chemoresistance”. In CCA, CSCs exhibit high expression levels of proteins related to MDR, including
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Figure 2. Cancer stem cell characteristics. The common characteristics of CSCs -such as self-renewal, expression of stem cell markers,
multi-lineage differentiation, slow proliferation during quiescence, resistance to chemotherapy/radiation, and tumor-initiating ability -
can be used for CSC identification. CSC: Cancer stem cell; CD: cluster of differentiation; MDR: multi-drug resistance; SOX: SRY-related
HMG-box; KLF: Kriippel-like factor; oct-4: octamer-binding transcription factor 4.

ALDH3A1, ALDH1A1, and ABC transporters, thereby conferring chemoresistance™”. High ALDH
expression is also linked to increased migratory capacity and gemcitabine resistance in CCA cells">**.
Moreover, the CSC niche plays a critical role in mediating resistance, as CSCs rely on this specialized
microenvironment for survival. Hypoxic conditions within the niche promote drug resistance by inducing
the accumulation of hypoxia-inducible factors (HIF1a, HIF2a). HIF activation inhibits differentiation,
regulates apoptosis, and enhances DNA repair, collectively contributing to chemotherapy resistance**".
Recently, a specialized microenvironment termed the “glyco-niche”, characterized by chondroitin sulfate-
modified CSPG4 (NG2) and related signaling pathways, has been identified as a key factor underlying the
therapeutic resistance of glioma stem cells'®”. Targeting pathways that regulate these resistance mechanisms
may enhance the sensitivity of CSCs to anticancer therapies.

CSCs possess multi-lineage differentiation ability
CSCs exhibit multipotency, enabling them to differentiate into various cell types. This unique property plays
a direct role in tumorigenesis and contributes to tumor heterogeneity*. According to the CSC theory of
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cancer progression, CSCs occupy the top position in the hierarchical organization of heterogeneous tumor
cell populations. From this apex, they generate the more differentiated bulk of tumor cells, which possess
unlimited proliferative potential. The CSC niche mediates extracellular cues that regulate stemness and
direct differentiation into diverse tumor phenotypes'*. For example, colon CSCs have been shown to
differentiate into blood cell types under chemically induced hypoxic conditions, as evidenced by high
expression of erythroblast markers CD34 and TER-119. This result suggests that CSCs possess the capacity
for multi-lineage differentiation into erythroblasts and erythrocytes under certain conditions.

When CCA-CSCs were cultured in adipogenic and osteogenic differentiation media, they differentiated into
adipocytes and osteocytes, respectively. These findings indicate that CCA-CSC-like cells can differentiate
into various cell types depending on the microenvironment and inducing factors'”. Furthermore, in the
presence of fetal bovine serum (FCS) in spheroid cell culture, CCA-CSCs became adherent cells resembling
parental tumor cells. These FCS-induced differentiated cells showed reduced stem-like properties, such as
decreased expression of stem cell markers and lower chemoresistance. A comprehensive mass
spectrometry-based analysis revealed distinct protein expression profiles between CCA-CSCs, FCS-
differentiated cells, and parental CCA cells"”. The involvement of the integrin signaling pathway during
CSC differentiation suggests that this pathway may serve as a niche for CSC differentiation">***”. This
differentiation ability of CSCs provides new insights into how the tumor microenvironment (TME)
influences CSC fate, contributing to tumor heterogeneity' and potentially attenuating aggressive
behavior'®..

The differentiation ability of CSCs is often referred to as “plasticity”, which describes their capacity for
phenotypic transformations, such as epithelial-mesenchymal transition (EMT), mesenchymal-epithelial
transition (MET), trans-differentiation into stem/progenitor cells, or conversion between different
differentiated states"”. This plasticity plays a crucial role in cancer initiation and progression. Many
intrinsic and extrinsic factors influence cellular plasticity. For example, activation of PKA can induce MET
and reduce tumor-initiating ability, thereby diminishing stem cell characteristics in liver cancer!™.
Additionally, inflammatory cytokines such as TNF-o, IL-6, CCL22, and TGF-p promote the trans-
differentiation of hepatocytes or non-tumor cells into stem-like phenotypes, facilitating tumor recurrence
after conventional chemotherapy!?. IL-6 can also promote the conversion of HCC cells into liver stem cells
via the JAK1-STAT3-OCT4 pathway, enhancing their stemness'. According to the cellular plasticity
model, CSCs are not necessarily the origin source of cancer. Instead, certain malignantly differentiated cells
harboring oncogenic mutations can trans-differentiate into stem-like cells, thereby contributing to
intratumoral heterogeneity®. CSCs also display highly plastic metabolic profiles, allowing them to survive
under stress by dynamically switching between oxidative phosphorylation (OXPHOS) and glycolysis. The
differentiation process of CSCs is highly complex due to the many factors influencing it. Therefore,
understanding and controlling this process has emerged as a promising strategy to eradicate CSC
populations and prevent tumor recurrence and heterogeneity.

CCA STEM CELLS

Cellular origin of CCA

In 1989, Sell et al. proposed, using a rat model of chemical hepatocarcinogenesis, that HCC and CCA
originate from pluripotent liver stem cells capable of developing into CCA*”. Since then, multiple studies
have demonstrated that HCC and CCA may arise from common bipotent hepatic progenitor cells. These
progenitor cells, which highly express specific stem cell markers, can differentiate into either hepatocytes or
cholangiocytes'*”. Genetic mutations in TP53 and KRAS - commonly found in both HCC and CCA - can
drive these progenitor cells to undergo malignant transformation, leading to HCC and CCA, respectively
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[Figure 3]"*. Additionally, hepatic progenitor cells can reprogram into CCA-CSCs, while mature
hepatocytes also possess stem cell-like properties in the liver. Thus, hepatocytes may differentiate into CCA-
CSCs, representing another potential cellular origin of CCA through genomic and epigenetic alterations as

well as microenvironmental influences (Figure 3., dashed line)'*”'.

Building on this, genomic alterations, including gene mutations and chromosomal aberrations such as
gains, losses, or rearrangements, are recognized as key drivers of cellular transformation and play a central
role in cancer initiation and progression”. The differential identification of genetic alterations between
iCCA and eCCA holds important implications for classification, diagnosis, prognosis, and treatment”.
Recent integrative molecular profiling studies have identified several genetic alterations: mutations in
FGFR1-3,IDH1, IDH2, BAP1, RNF43, and EPHA2 occur more frequently in iCCA, whereas mutations in
ARID1B and ELF3, and fusions involving PRKACA and PRKACB are more common in eCCA"”. Moreover,
mutations in TP53, KRAS, ARID1A, PIK3CA, and loss of CDKN2A/B are common to both iCCA and
eCCA"". These molecular distinctions are crucial for developing targeted therapies. Apart from these
mutations, genetic heterogeneity across ethnic populations has also been highlighted. Comparative analyses
between Asian and Western cohorts suggest that variations in genetic profiles may reflect differences in
underlying etiological risk factors. Notably, Asian iCCA patients - more often exposed to liver fluke
infections and hepatitis B virus (HBV) - tend to have a higher frequency of DNA repair gene mutations
than Western patients, whose risk factors include PSC, metabolic syndrome, and inflammatory bowel
disease™. These population-specific genetic patterns underscore the importance of considering regional
etiological factors. PSC is a major risk factor for both iCCA and eCCA, although iCCA commonly develops
in the context of PSC". However, the molecular mechanisms underlying PSC-associated carcinogenesis
remain incompletely understood. PSC-related iCCA shares several clinical and pathological features with
eCCA, particularly with the perihilar subtype (pCCA), and differs from cirrhosis-associated iCCA"”. In a
study of 10 CCA patients with PSC involving the perihilar region, gallbladder, and intrahepatic areas,
genetic analysis revealed frequent loss of chromosome 9p21 and inactivation of the p16 tumor suppressor
gene. This highlights the importance of distinguishing PSC-associated CCA from CCA of other etiologies,

[77]

particularly when considering therapeutic interventions and targeted therapies””.

Chromosomal abnormalities are closely linked to disease etiology and have significant implications for
targeted therapy, potentially serving as predictive markers in treatment planning. For instance, in a cohort
of 194 CCA patients, chromosomal aberrations such as gains of chromosomes 3 and 7, polysomy of
chromosomes 3, 7, and 17, and heterozygous loss of 9p21 were identified. Patients with polysomy of
chromosomes 3 + 7 exhibited significantly shorter overall survival, and those with polysomy of
chromosomes 3, 7, and 17, along with heterozygous 9p21 loss, had even poorer survival outcomes. Notably,
these alterations were not associated with the anatomical subtypes of CCA (iCCA vs. eCCA)"". These
findings suggest that genetic alterations may serve as prognostic markers for poor outcomes in CCA
patients. Moreover, distinct chromosomal patterns have been observed between gemcitabine-responsive
and non-responsive CCA patients, indicating that chromosomal signatures may predict chemotherapy
responses. This knowledge could enhance personalized treatment strategies and guide chemotherapy
selection™. The association between chemotherapy resistance and CSC characteristics suggests that
chromosomal abnormalities may contribute to therapeutic resistance by promoting stemness-related
phenotypes. Although the roles of chromosomal aberrations in CCA are well recognized, the precise origins
of CCA and CCA-CSCs remain unclear. Several hypotheses propose that increased chromosomal
instability, arising from cell transformation, cell-cell fusion, and horizontal gene transfer in normal stem
cells, progenitor cells, or even differentiated cells, may represent important sources of CSCs and key drivers
of cancer progression”"*.. Supporting this, previous studies have demonstrated that circulating HSCs can
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alterations, as well as influences from the microenvironment. CSC: Cancer stem cell; CCA: cholangiocarcinoma; HCC: hepatocellular
carcinoma.

fuse with resident cells in various tissues, potentially contributing to the generation of CSCs and

81]

tumorigenesis in organs such as the intestine!

Collectively, genomic alterations at both the gene and chromosomal levels play crucial roles in tumor
initiation and progression, as well as in the generation of CSCs. Therefore, a comprehensive understanding
of both chromosomal and genetic aberrations, along with their resulting protein products, is essential for
developing more effective targeted therapies and improving clinical outcomes for CCA patients.

CCA stem cell markers

CSC populations have been identified in CCA tissues for over a decade. Numerous CSC markers have been
characterized in CCA-CSCs and these stem cell markers play vital roles in CCA progression. High
expression levels of CSC markers such as CD44, CD44ve, CD44v8-10, and EpCAM in CCA tissues are
associated with poor clinical outcomes and a higher likelihood of postoperative recurrence”. Moreover,
CDa44v9, when highly expressed, significantly contributes to stem-like phenotypes and promotes CCA
progression through modulation of the Wnt-p-catenin signaling pathway"”. In addition, ALDH-"" CCA
cells exhibit significantly enhanced migratory capacity and resistance to gemcitabine™. The ALDH family
comprises intracellular enzymes involved in detoxification, differentiation, and resistance to
chemotherapeutic drugs, and ALDH enzymes are commonly used as stem cell markers in various
cancers”. However, the specific CCA subtypes related to these markers remain under investigation.
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Several challenges complicate the identification of CCA-CSCs. For instance, iCCA and HCC share certain
features. Some iCCA populations are enriched with liver-specific stem cells and molecular signatures linked
to poor prognosis in HCC, suggesting a possible shared origin and similar expression of stem cell markers
such as EpCAM, SALL4, CK19, and CD44". While HCC shows greater heterogeneity with a smaller CSC
fraction, CCA is highly invasive and tends to have a larger CSC proportion"”. To date, the differences in
CSC biology between HCC and CCA have not been fully clarified, and precise stem cell markers for each
CCA subtype remain unidentified. Oishi et al. performed transcriptomic profiling on 23 iCCA and cHCC-
CCA tumor samples and found that several hepatic stem/progenitor cell-specific genes, including POU5F1
(Oct4), NANOG, MYC, TGFB1, NCAM1, and PROM1, were more abundantly expressed in stem-like
iCCA cells than in mature hepatocytes™.. Their results also showed that miR-200c contributes to the EMT
pathway and maintains stem-like features in iCCA; its expression is associated with poor prognosis®.

Separately, Lin et al. used small RNA sequencing to identify microRNA (miRNA) expression patterns in
CCA. The let-7¢c/miR-99a/miR-125b cluster plays an important role in regulating stem-like properties by
downregulating CD133 and CD44. This evidence highlights the potential of miRNA as therapeutic targets
and supports the development of miRNA-based therapies for CCA*,

Accumulating evidence suggests that CCA is a stem cell-driven disease. Therefore, further investigation is
necessary to elucidate the role of CSCs in CCA development and progression. In 2023, Panawan et al.

established and characterized CCA-CSC clones as long-term, sphere-forming stem cells that may serve as
representative CSC models for further in vitro and in vivo studies”. These CCA-CSCs exhibited stem cell
phenotypes, including high expression of stem cell markers, multi-lineage differentiation potential, and
strong tumorigenic capacity in mouse xenograft models. To explore the molecular mechanisms regulating
CSCs, proteomic analyses were performed by comparing CCA-CSCs with their differentiated progenitor
cells and parental CCA cells. Approximately 6,000 proteins were quantitatively identified, with 1,123
proteins significantly upregulated in CCA-CSCs. These included stem cell markers such as CD44, CD3s,
EpCAM, Klf4, ALDH3A1, ALDH1A1, and ABCB1, as well as chemoresistance-related proteins including
ALDH3A1, ALDH1A1, and ATP-binding cassette (ABC) transporters. Further clustering and network
analyses revealed that HMGA1 is selectively highly expressed and plays an important role in CCA-CSC
biology, representing a novel stem cell marker in CCA™. HMGA proteins (HMGA1 and HMGA?2) interact
with the transcriptional machinery to regulate gene expression, playing key roles in stem cell self-renewal
and differentiation***!. Suppression of HMGA1 induced differentiation of CCA-CSCs, increasing their
sensitivity to chemotherapeutic agents. This effect was particularly pronounced when HMGA1 suppression
was coupled with chemotherapy”. Additionally, aurora kinase A (Aurora-A) was enriched in the CCA
stem cell model and is also considered a novel CSC marker. Aurora-A, a serine/threonine kinase, plays a
crucial role during meiosis®™”. In glioma stem cells, Aurora-A supports self-renewal and tumorigenicity by
interacting with AXIN and inhibiting the AXIN/GSK3p/p-catenin complex, leading to Wnt pathway
activation™”. Aurora-A can also translocate to the nucleus to activate the MYC promoter, enhancing CSC
traits in breast CSCs"*. Inhibition of Aurora-A reduces the viability of both CCA stem cells and parental
CCA cells. v, simultaneous suppression of HMGA1 and Aurora-A has a synergistic effect on specifically
targeting CCA-CSCs, emphasizing their roles in CCA-CSC biology"?. Although the exact mechanism by
which HMGA1 influences AURKA transcription remains unclear, strong correlations in mRNA levels of
HMGA1 and AURKA have been observed in CCA patient tissues. Based on current evidence, HMGA1 and
Aurora-A are proposed as potential therapeutic targets in CCA, with a focus on eradicating CSC
populations. Recent studies have also indicated that the upregulation of STAT3 modulates HMGA1 and
AURKA expression, which may control the stem-like cell phenotypes of CCA [Figure 4]". Further research
is needed to understand the mechanisms regulating CCA-CSCs. Several important CSC markers in CCA are
summarized in Table 2.



Panawan et al. Hepatoma Res. 2025;11:18 | https://dx.doi.org/10.20517/2394-5079.2025.05 Page 11 of 20

o2

e
ABCB1 77 CDh44 CD38 EpCAM
0000000000000000000 cccofuficococcccccoe eccooe eoc0e 00000000000
oooouoooooooo.oo.o.o. soccoe I IEYYY YT Y]

Cytoplasm AKG g JAK Fo ro 2 o s

D Vv
(CsTAT N

T O e e e e e e e e e e e R e R e o rfdrﬁfrfrfrfrfrﬁfrfrfdrfrfrfrfrfrfrfrfrfrfrfrfﬁrf&ffﬁ &g"ngmmwmw

£8223324400000000000002204000000400000000002424400000000400032200033304000000000824400000000000833AAA0EANA00AARANNNANAARAAARY
Nucleus CCA-CSC characteristics
@BRaD (octa ) (sox2 ) (AuroraA) ((cmyc ) ((HMGAL ) maintenance

o CSC marker expression
o CSC sphere formation
o CSC proliferation

} L] (Ce0mD( EpcAm))
- - o CSC-associated therapy resistance

Upreguiated ALDH3AL)(ALDH1AL o CSC-associated cycle arrest
FASN
CCA-CSC associated metabolism

® Mitochondrial oxidative

phosphorylation metabolism
e Fatty acid biosynthesis

Figure 4. Schematic signaling pathways controlling CCA-CSCs. The STAT3-HMGAT-Aurora A network is highly enriched in CCA-CSCs,
regulating their stem-like characteristics and metabolism. All proteins depicted are upregulated in CCA-CSCs. CSC: Cancer stem cell;
CCA: cholangiocarcinoma; JAK: janus Kinase; STAT: signal transducer and activator of transcription; ABC: ATP-binding cassette
transporter; CD: cluster of differentiation; EpCAM: epithelial cell adhesion molecule; BRG: brahma-related gene; SWI/SNF:
SWitch/sucrose non-fermentable; OCT4: octamer-binding transcription factor 4; NANOG: homeobox protein NANOG; FASN: fatty acid
synthase.

Microenvironment for CCA-CSC

The TME refers to the ecosystem surrounding a tumor. This ecosystem comprises various cell types,
including immune cells, fibroblasts, blood vessels (particularly vascular endothelial cells), as well as the
ECM and soluble factors. The TME plays a crucial role in cancer progression and has been proposed as a
potential target for cancer treatment"". Similar to its role in other cancers, the TME also critically
modulates CSC behavior, forming what is referred to as the “CSC niche”. The CSC niche represents the
specific microenvironment surrounding CSCs, which includes tumor-associated macrophages (TAMs),
cancer-associated fibroblasts (CAFs), and various small molecules such as soluble factors, cytokines, and
growth factors. This specialized microenvironment controls CSC self-renewal, regulates stemness and
differentiation, and enhances drug resistance””. Consequently, eliminating CSCs by targeting a single
molecular marker or signaling pathway remains challenging due to the complex crosstalk between CSCs
and different cells within the TME. When CCA-CSCs were cocultured with macrophages, both M1 (CDso
and HLA-DR) and M2 (CD163) markers were induced, indicating polarization toward a tumor-associated
macrophage phenotype. This polarization promotes the self-renewal ability of CCA-CSCs"**. CSCs require
a specific microenvironment to maintain their stemness properties. This was self-renewal ability in studies
using 3D culture conditions to generate spheres mimicking the CCA-CSC environment, where secreted
molecules such as IL13, osteoactivin (OA), and IL34 were shown to recruit infiltrating monocytes and prime
macrophage activation. These findings suggest that CCA-CSCs are closely associated with macrophages,
providing a rationale for developing combination therapies targeting both CCAs and their niche in CCA.
Moreover, the CSC niche not only modulates CSC behavior but also plays an important role in regulating
other surrounding cell populations within the tumor.
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Table 2. Cancer stem cell markers in cholangiocarcinoma

Markers Functional roles in CCA

CD44/CD44v9 Play important roles in cell migration, differentiation, and survival. Suppression of CD44v9 induces apoptosis and cell cycle
arrest, and inhibits migration/invasion and tumor growth in mouse xenografts
[15]

CD38 Highly expressed in CCA stem cell models compared to parental CCA cells

CcD147 Promotes metastasis in CCA by modulating EMT™, Highly expressed in CCA stem cell models compared to parental cells™

CD133 High expression correlates with increased metastasis and invasiveness®® and with shorter overall and disease-free survival
compared to CD133" patients[gw' 2

CD24 Overexpression predicts poor survival and is associated with resistance to chemotherapy and radiotherapym]

EpCAM Highly expressed in CCA, associated with poor prognosis and high recurrence rates'®70%%

ALDH Responsible for aldehyde detoxification™. ALDH1AT and ALDH3AT are highly expressed in CCA stem cell models'™.
ALDH"E" CS(SZA cells show enhanced migration and gemcitabine resistance. High ALDH1A3 expression is linked to poor
prognosis

ABC transporter Play roles in drug efflux and resistance™*’, ABC transporters (ABCB1, ABCG2, ABCA3) are upregulated in 5-FU-resistant cells
at the mRNA level™!, and ABCB1 s upregulated at the protein level in CCA stem cell models’"™

SOX2 Important for pluripotency and self-renewal®. Overe><7pression is associated with aggressive behavior, poor survival, and
recurrence . Suppression reduces aggressiveness[9 . Upregulated at both mRNA and protein levels in CCA-CsCs™

c-myc Regulates growth and proliferation. Inhibition induces GO/G1 cell cycle arrest™®, Upregulated at the mRNA level in CCA-
cscs™

Oct3/4 Key for pluripotency and regrogramming[ggl. Upregulation is associated with gemcitabine resistance!’*%. Upregulated at the

(POUSF1) mRNA level in CCA-CSCs™

HMGA1 Highly expressed in CCA, linked to poor prognosis. Promotes radioresistance via DNA repair gene activation. Suppression

reduces viability, induces differentiation, and sensitizes cells to chemotherapy fs101

AURKA Controls mitosis and centrosome function™®®. Suppression reduces the viability of both CSCs and parental cells, with
synergistic effects when combined with HMGAT1 inhibition™

CCA: Cholangiocarcinoma; EMT: epithelial-mesenchymal transition; ALDH: aldehyde dehydrogenase; ABC: ATP-binding cassette; CSC: cancer
stem cell; HMGAT1: high mobility group A 1; CD: cluster of differentiation; EpCAM: epithelial cell adhesion molecule; 5-FU: 5-fluorouracil; SOX:
SRY-related HMG-box; c-myc: cellular myelocytomatosis oncogene; oct-3/4: octamer-binding transcription factor 3/4; POU5F1: POU class 5
homeobox 1; AURKA: aurora kinase A.

Metabolism of CCA-CSCs

The metabolic phenotype of CSCs has been extensively studied for decades and appears to vary depending
on tumor type. For instance, stem-like cells from breast cancer, nasopharyngeal carcinoma, and HCC
preferentially rely on glycolysis for their energy metabolism"*”. Ragg et al. showed that mitochondrial
oxidative metabolism contributes to the CSC phenotype in CCA, as evidenced by high mitochondrial
membrane potential, increased mitochondrial mass, and overexpression of the master regulator of
mitochondrial biogenesis (PGC-1a). Conversely, glucose uptake and lactate production - both metabolic
hallmarks of glycolysis - were reduced in cells exhibiting a stem-like phenotype, suggesting that CCA stem
cells primarily depend on mitochondrial oxidative phosphorylation"”. Another study revealed that iCCA
stem cells produce high levels of free fatty acids (FAs) and unsaturated triglycerides (TAGs), supported by
the upregulation of fatty acid synthase (FASN), a key enzyme in de novo fatty acid biosynthesis. Elevated
FASN expression correlated with poor prognosis in iCCA patients. Inhibition of FASN reduced stem-like
properties and suppressed tumor growth in both in vitro and in vivo models. These results suggest that
alterations in fatty acid metabolism are crucial for maintaining the stem-like characteristics of iCCA and
that targeting FASN could represent a potential therapeutic approach for CCA"*. Moreover, many CSCs
exhibit enhanced lipid metabolism, which supports their energy needs and provides essential components
for cell membranes and signaling molecules””. Therefore, targeting lipid metabolism may offer an effective
therapeutic approach. Overall, metabolism plays a crucial role in regulating both cancer cells and CSCs.
CSCs exhibit high metabolic plasticity, enabling them to adapt to diverse microenvironments by switching
between glycolysis and OXPHOS to generate ATP. A deeper understanding of CSC metabolism could pave
the way for more effective strategies to target these cells and improve cancer treatment outcomes.
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THERAPEUTIC IMPLICATIONS OF CSCS

The growing recognition of CSCs as a crucial component in carcinogenesis has led to increasing efforts to
eliminate these cells to prevent tumor recurrence and metastasis, as well as to overcome chemo- and
radioresistance'"?. Several strategies have been proposed to specifically target and eliminate CSCs, thereby
enhancing the effectiveness of cancer treatments and reducing the risk of relapse. These strategies include
inhibiting key CSC signaling pathways, disrupting pathways that regulate CSC maintenance and
differentiation, altering the pro-tumorigenic microenvironment, and targeting CSCs through specific
markers. Currently, many CSC-targeted therapeutic strategies are under evaluation in clinical trials for
various tumor types, including oral squamous cell carcinoma, breast cancer, lung cancer, pancreatic cancer,
head and neck cancer, ovarian cancer, esophageal squamous cell carcinoma, and glioblastoma®. However,
information on stem-like cells in CCA remains limited. Since several studies have reported that CSCs
contribute to cancer progression, metastasis, and chemoresistance, there are ongoing clinical trials exploring
potential CSC-targeted therapies. Targeting CSC differentiation pathways is considered a promising
approach. This strategy aims to either induce CSC quiescence or promote their differentiation into more
mature, less tumorigenic cell types. Suppression of HMGA1, for example, can induce differentiation in
CCA-CSCs, as demonstrated by increased cell proliferation and reduced expression of CSC markers.
Differentiated CCA-CSC show decreased tumor-initiating potential, reduced drug resistance (including to
5-FU, cisplatin, and gemcitabine), and a diminished ability to cause recurrence'”. Several targeted
therapeutic approaches are shown in Table 3. However, to date, clinical trials specifically targeting CCA-
CSCs have not yet been conducted.

Despite the promise of these strategies, the mechanisms regulating CSC maintenance and differentiation
remain poorly understood. Ongoing research is essential to clarify these pathways and refine therapeutic
approaches. Zhang et al. analyzed RNA-seq data from three public CCA cohorts and proposed treatment
guidelines for iCCA patients based on eight CSC-associated genes. Their findings suggest that patients with
low-risk scores may benefit more from immunotherapy, while those with high-risk scores are more suitable
candidates for anti-tumor drug therapies. These strategies highlight the significant potential of CSCs in
personalized risk assessment, chemotherapy, and immunotherapy for individuals with iCCA""". Overall, the
data demonstrate that CSCs influence CCA progression and prognosis through complex mechanisms and
may serve as an important risk factor for evaluating the clinical prognosis of iCCA patients.

CHALLENGES AND FUTURE DIRECTIONS

CCA is a highly heterogeneous tumor composed of diverse cell populations. This heterogeneity likely arises
from the varied origins of CCA cells, including hepatic stem or progenitor cells, hepatocytes,
cholangiocytes, and peribiliary gland stem cells. Advanced sequencing techniques, particularly single-cell
sequencing, have been used to identify distinct cellular subgroups within CCA"*. Bian et al. analyzed
scRNA-seq data from public databases of 24 CCA patients, identifying 11,993 cells and revealing substantial
differences in stemness and differentiation among malignant cells. Notably, high-stemness malignant CCA
cells expressed cytokines such as CCL2, CCL20, CXCL1, CXCL2, CXCLs, CXCL8, TNFRSF12A, and IL6ST,
indicating interactions with surrounding immune cells. These interactions may facilitate the escape of CSCs
from immune surveillance"”. Additionally, Song et al. performed scRNA-seq on 144,878 cells from 14
paired iCCA tumors and non-tumor liver tissues, identifying 13 clusters with distinct marker expression
profiles. These included stem cell markers such as EpCAM and various CD family markers, indicating the
presence of CSCs within CCA heterogeneity'"'*. Targeting specific subpopulations within tumors and
accurately identifying CCA subtypes remain major challenges. In recent years, CSCs have been shown to
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Table 3. Therapeutic strategies targeting CCA-CSCs

Therapeutic

. Target Mechanism
strategies
Targeting unique CD44v9 Inhibition of CD44v9 induces apoptosis and cell cycle arrest in CCA, and also reduces migration,
stem cell markers invasion, and tumor growth in mouse xenograft models

CD147 CD147 enhances metastatic potential in CCA by regulating the EMT pathwaym]

CD133 Elevated CD133 expression in CCA tissues is associated with highly metastatic and invasive
forms of the disease™". In another study, engineered anti-CD133-CAR4 T cells demonstrated
strong effectiveness against CD133—E)ositive CCA cells, showing potential for future in vivo
research and clinical applications[108

ALDH1A3 ALDH"" CCA cells display enhanced migratory ability and increased resistance tos%emcitabine.
Elevated ALDHTA3 expression in patient tissues is associated with poor prognosis[ !

HMGA1 HMGAT1 knockdown promotes stem cell differentiation and enhances sensitivity to

Targeting metabolic
reprogramming

Inhibition of key CSC
signaling pathways

Lipid metabolism

chemotherapeutic drugs >

Inhibition of FASN reduces stem-like characteristics and suppresses tumor growthmé]

Oxidative CCA stem cells rely on mitochondrial oxidative phosphorylation. Inhibition of PGC-1a and related
phosphorylation OXPHOS genes impairs tumor-initiating capacity, decreases stem cell marker expression, and
metabolism induces EMT™”?

IGF-1R/PI3K/AKT
axis

The IGF-1R/PI3K/AKT pathway sugpports the survival of iCCA stem-like cells; IGF-1R inhibition
disrupts tumorsphere formation™*”!

Combined therapies HMGA1 HMGAT knockdown combined with Cisplatin, Gemcitabine, or 5-FU enhances the sensitivity of
CCA cells to these chemotherapiesm]
Targeting of c-myc c-myc regulates cell growth and proliferation; inhibition induces cell cycle arrest at the GO/G1
quiescent CSCs phase in CCA cell lines®®
AURKA AURKA suppression reduces the viability of both CCA stem-like and parental cells and enhances
the synergistic effect of HMGA1 knockdown"
CDK4/6 Inhibition of CDK4/6 activ[ﬁg]by palbociclib or abemaciclib reduces the CCA-CSC population and

slows disease progression

CCA: Cholangiocarcinoma; EMT: epithelial-mesenchymal transition; ALDH: aldehyde dehydrogenase; HMGAT1: high mobility group A 1, AURKA:
aurora kinase A; CSC: cancer stem cell; CD: cluster of differentiation; CAR: chimeric antigen receptor; FASN: fatty acid synthase; PGC: peroxisome
proliferator-activated receptor gamma coactivator; OXPHOS: oxidative phosphorylation; IGF-1R: insulin-like growth factor 1 receptor; PI3K:
phosphoinositide 3-kinase; AKT: protein kinase B; iCCA: intrahepatic cholangiocarcinoma; 5-FU: 5-fluorouracil; c-myc: cellular myelocytomatosis
oncogene; AURKA: aurora kinase A; CDK: cyclin-dependent kinase.

influence CCA progression and prognosis significantly. However, the biology of CCA-CSCs remains poorly
understood. One major obstacle is the lack of established CSC models for CCA, compounded by the
heterogeneity among CSC populations, with different clones exhibiting varying degrees of stemness,
phenotypes, and aggressiveness. The CSC population typically constitutes only 0.01%-2% of the total tumor
mass, making their isolation and identification in heterogeneous tumor tissues difficult. Nevertheless, CSCs
can be isolated from many solid tumors and their derived cell lines. Isolating CSCs directly from solid
tumors might uncover novel subtypes not present in established cell lines. However, there are
disadvantages, such as the need for careful and rapid processing of fresh biopsy specimens to maintain cell
viability and integrity""”, as well as the necessity of efficient separation techniques to prevent contamination
with non-cancerous cells""”. Due to their low abundance, isolating and enriching CSC populations remains
challenging"'**. CSCs are often cultured as free-floating spheres in serum-free conditions supplemented with
specific growth factors that mimic the stem cell niche""”. This is the most widely used method for isolating
and enriching CSCs from mixed populations and for assessing their stemness potential”*¥. More recently,
this method has been adapted to enrich CSCs from primary cell lines. These established protocols are
generally easier to implement in vitro, allowing expansion and manipulation in various cancer cell lines. Cell
lines provide a relatively homogeneous cancer cell population, which can simplify CSC studies within a
given cancer type. In comparison, the parental adherent monolayer cells can be used as a conventional
cancer cell model alongside CSC models">"*). However, the process of establishing cell lines may select
certain subpopulations that do not fully represent the original tumor heterogeneity or the CSC
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population. Both primary tumor tissue and cell lines serve as valuable sources for isolating and studying
CSCs, each with unique advantages and limitations. Authentication of CSC models requires confirmation of
the CSC phenotype using multiple features, including sphere formation assays, expression of specific cell
surface markers, tumor initiation and metastatic potential, differentiation ability, and drug resistance. To
deepen our understanding of CSCs and develop effective therapeutic strategies for CCA, it is essential to
isolate and study more CSC-like clones with diverse phenotypes and levels of stemness. The lack of accurate
models contributes to the gap between promising laboratory results and clinical success. Future research
should focus on establishing precise CSC models for better identification and characterization, offering
insights into tumor heterogeneity and the TME, and facilitating the development of new approaches to
target CSCs beyond traditional chemotherapy. Furthermore, the development of precise biomarkers could
help predict patient responses to CSC-targeted therapies. Ultimately, personalized drug screens designed to
identify the most effective treatments against both cancer cells and CSCs hold promise for improving
patient outcomes and advancing therapeutic innovations in CCA.

CONCLUSION

CCA is a complex and aggressive malignancy characterized by significant heterogeneity. Advancements in
single-cell sequencing have enhanced our understanding of its cellular diversity, revealing distinct
subpopulations with varying degrees of stemness and differentiation. The identification of CSCs within
CCA has been linked to tumor progression, metastasis, recurrence, and resistance to conventional therapies.
However, isolating and characterizing CSCs remains challenging due to their low abundance and the lack of
reliable markers. Future research on CCA-CSCs should focus on developing robust CSC models to clarify
their roles in CCA progression and to identify novel therapeutic targets directed at both CSCs and bulk
tumor cells. Additionally, establishing reliable biomarkers for CSCs could facilitate the prediction of patient
responses, leading to more personalized and effective treatment strategies. Ultimately, a deeper
understanding of CSC biology holds the potential to improve patient outcomes and advance the
development of innovative therapeutic approaches for CCA.
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