
Citation: Vukovic Ðerfi, K.; Vasiljevic,

T.; Matijevic Glavan, T. Recent

Advances in the Targeting of Head

and Neck Cancer Stem Cells. Appl.

Sci. 2023, 13, 13293. https://doi.org/

10.3390/app132413293

Academic Editor: Maria

Filomena Botelho

Received: 24 November 2023

Revised: 12 December 2023

Accepted: 15 December 2023

Published: 15 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Review

Recent Advances in the Targeting of Head and Neck Cancer
Stem Cells
Kristina Vukovic Ðerfi, Tea Vasiljevic and Tanja Matijevic Glavan *

Laboratory for Personalized Medicine, Division of Molecular Medicine, Rud̄er Boskovic Institute, Bijenicka 54,
10000 Zagreb, Croatia
* Correspondence: tmatijev@irb.hr

Abstract: Head and neck squamous cell carcinoma (HNSCC) is a very heterogeneous cancer with a
poor overall response to therapy. One of the reasons for this therapy resistance could be cancer stem
cells (CSCs), a small population of cancer cells with self-renewal and tumor-initiating abilities. Tumor
cell heterogeneity represents hurdles for therapeutic elimination of CSCs. Different signaling pathway
activations, such as Wnt, Notch, and Sonic-Hedgehog (SHh) pathways, lead to the expression of
several cancer stem factors that enable the maintenance of CSC features. Identification and isolation
of CSCs are based either on markers (CD133, CD44, and aldehyde dehydrogenase (ALDH)), side
populations, or their sphere-forming ability. A key challenge in cancer therapy targeting CSCs
is overcoming chemotherapy and radiotherapy resistance. However, in novel therapies, various
approaches are being employed to address this hurdle such as targeting cell surface markers, other
stem cell markers, and different signaling or metabolic pathways, but also, introducing checkpoint
inhibitors and natural compounds into the therapy can be beneficial.
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1. Introduction

Head and neck cancer is an incredibly heterogeneous cancer and the sixth most
common type of cancer in the world. It typically includes tissues of the larynx, pharynx,
lips, mouth, nose, and salivary glands. Head and neck squamous cell carcinoma (HNSCC)
arises from the epithelia of these tissues and is well known for its ability to metastasize
more often than other types of cancers: 50% of cancers have already spread to the lymph
nodes by the time of diagnosis. Therapy of HNSCC includes surgery with adjuvant
radiotherapy and chemotherapy. However, other therapies such as checkpoint inhibitors
are also being developed and tested in clinics with notable results [1]. Nevertheless, even
with the novel developing therapies, tumor molecular and cellular heterogeneity and cancer
stem cells (CSCs) are two main factors that can contribute to metastatic dissemination,
poor response to treatment, and worse outcomes in HNSCC patients. CSCs represent
a challenge in therapy as they are a small population of cancer cells with self-renewal
capacity and incredible plasticity that allows them to adapt to any environmental change.
This results in their ability to contribute to tumor progression and therapy resistance. They
are mostly responsible for relapse as they are resistant to most conventional therapies.
As tumors can regrow from a single CSC, these cells should be one of the most crucial
therapy targets in cancer treatment strategy determination. CSCs may originate from adult
tissue-specific stem cells or progenitor cells; however, it is also important to emphasize
that they can also initiate from differentiated cells due to genomic instability or hypoxia
resulting in their dedifferentiation [2,3]. Moreover, a variety of evidence suggests that
CSCs do not only remain in the steady-state but that the plasticity of CSCs is critical and
that there is an alteration of phenotypic status through differentiation/dedifferentiation
and reprogramming.
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2. Cancer Stem Cells
2.1. Evolution Model

There are two models of tumorigenesis, known as the stochastic or clonal evolution
model and the hierarchy or cancer stem cell (CSC) model, that currently predominate in
describing the initiation, growth, progression, and heterogeneity of tumors [4,5]. The clonal
evolution model holds that a tumor consists of a heterogeneous population of cells, each
possessing the equal probability to initiate, sustain, and promote tumor growth. In this
model, a stochastic acquisition of various genetic and epigenetic changes through time
confers a selective advantage to the fittest clones of tumor cells, allowing them to become
more aggressive and expand while outcompeting clones with less fitness. However, clonal
fitness tends to change spatially and temporally as requirements and conditions vary in
different tumor regions over the course of the disease. For instance, hypoxic regions may
select for more aggressive and resistant clones, while nutrient-rich regions may boost the
rapid-growing clones [6,7]. Furthermore, it was recently shown that mutations in certain
genes such as DNA damage response genes may be preferentially selected upon exposure
to radiation therapy [8].

Contrary to this, the CSC model proposes that only a minority of cells within a tumor
can drive tumor growth by differentiating into phenotypically diverse cells that comprise
the bulk of cells in a tumor. This model assumes that tumor growth and progression follow
a hierarchical structure reliant on differentiation capacity, where highly tumorigenic CSCs
sustain the long-term maintenance of intermediate and terminally differentiated progeni-
tors. Similar to normal stem cells, CSCs exhibit an unlimited self-renewal and regenerative
capacity, allowing them to generate more stem cells (symmetric division) as well as give
rise to functionally heterogeneous cancer cell lineages with a limited proliferative and
tumorigenic capacity (asymmetric division). The hierarchy model was first recognized in
hematopoietic malignancies [9,10], and later on, a broad spectrum of specific cell surface
markers allowed its identification in solid tumors [11].

However, in the last decade, it became evident that the hierarchy model is more dynamic
and complex than originally imagined. Thus, accumulating evidence suggests an alternative
model of cellular plasticity which has partly reconciled both the CSC and clonal model by
postulating that cancer cells possess a dynamic capacity for bidirectional interconversion
between a stem cell and non-self-renewing/non-stem-like states. It is assumed that stemness
and CSC plasticity are influenced by diverse microenvironmental stimuli and/or genetic
tumor cell alterations that work simultaneously over time, allowing differentiated tumor
cells to reacquire stem cell characteristics [12]. Moreover, the newest model of CSC-induced
tumorigenesis (monophyletic model of cancer), which has been proposed very recently by
Luo and colleagues, suggests that CSCs are stem cells that evade control of differentiation
whose primary purpose was to restore damaged tissues [13] (Figure 1). However, as this is a
very recent model, it still needs more experimental evidence.

2.2. Stemness-Associated Signaling Pathways
2.2.1. Wnt Signaling Pathway

Numerous signaling pathways are involved in the onset and development of HNSCC,
and each one is essential in controlling the proliferation, differentiation, and survival of
cells. The Wnt signaling pathway is a highly conserved pathway that plays a key role in em-
bryonic development, cell proliferation, differentiation, and adult tissue homeostasis [14].
β-Catenin is one of the central players in the Wnt signaling pathway, and its stability and
nuclear translocations lead to the activation of downstream target genes through T-cell fac-
tor/lymphoid enhancer-binding factor (TCF/LEF) transcription factors, thereby promoting
cell survival and proliferation [15]. In HNSCC, abnormal activation of the Wnt signaling
pathway most probably occurs not like in other cancers due to mutations in Adenoma-
tous polyposis coli (APC) or beta-catenin [16] but probably due to the mutations in other
pathways that interact with Wnt pathway (FAT1 and AJUBA) or by EGFR stabilization of



Appl. Sci. 2023, 13, 13293 3 of 23

β-catenin [17]. According to recent developments, Wnt/β-catenin signaling also has a role
in the differentiation, growth, and drug resistance of CSCs in HNSCC [17].
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Figure 1. Current models of CSC-induced tumorigenesis. Classical model presumes the self-renewal
of the cancer stem cells by symmetrical division, and heterogeneity is introduced by asymmetrical
division. In the plasticity model, CSCs are interchanged from differentiated or transient cancer cells
to CSCs in response to niche. Monophyletic model presumes the effect of inflammation and wound
healing factors in CSC dynamics and heterogeneity. Nevertheless, all these models postulate the
same result: a heterogeneous tumor.

2.2.2. Notch Signaling Pathway

The Wnt signaling pathway crosses paths with other signaling pathways to further
enhance its impact on HNSCC progression. Another important element in the pathophys-
iology of HNSCC is the Notch signaling system. Notch receptors (Notch 1–4) and their
ligands (Jagged and Delta-like) have been shown to play crucial roles in the differentiation,
proliferation, and determination of cell fate. Targeted gene expression is regulated by the
Notch intracellular domain (NICD) which translocates to the nucleus after the cleavage
during the activation of Notch signaling [18]. Dysregulation of the Notch signaling path-
way is common in HNSCC, and mutations in Notch receptors and ligands are frequently
observed. NOTCH1 is one of the most frequently altered genes in squamous cell carcinoma,
with inactivating mutations detected in about 10% of all cases, including those involving
the oral cavity [19]. Aberrant Notch signaling can promote tumor cell survival, epithelial–
mesenchymal transition (EMT), and immune evasion [19]. Furthermore, Notch signaling
interacts with other signaling pathways such as Wnt and Sonic-Hedgehog (SHh) to form a
complex network of molecular events that drive HNSCC progression.

2.2.3. Sonic-Hedgehog (SHh) Signaling Pathway

Although the SHh signaling system is critical for tissue homeostasis and embryonic
development, cancer cells, especially those in HNSCC, have found a way to utilize it. In the
absence of Hh ligands, the signaling is inactivated because Smoothened (Smo) is inhibited
by Patched (Ptch). In the presence of Shh ligands, Ptch suppression of Smo is abolished,
resulting in the nuclear accumulation of Gli1 and activation of target genes [20]. Excessive
SHh signaling in HNSCC is typically brought on by mutations in PTCH1, SMO, GLI1, and
GLI2 or increased SHh ligand expression. Angiogenesis, EMT, and tumor development are
all aided by abnormal SHh signaling, which makes HNSCC more aggressive [21]. Previous
research indicates that SHh is essential for the maintenance and function of cancer stem
cells. It has also been linked with chemotherapy and radiotherapy resistance [22–24]. The
Notch, SHh, and Wnt pathway interactions further increase the intricacy of HNSCC [25].
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2.2.4. EGFR Signaling Pathway

The epidermal growth factor receptor (EGFR) signaling pathway is another relevant
player in HNSCC. EGFR is a receptor tyrosine kinase that supervises cell proliferation,
survival, and angiogenesis. Overexpression and overactivation of EGFR are prevalent
in the majority of HNSCCs and are related to poor prognosis [26]. Therapies that focus
on the inhibition of EGFR, such as cetuximab, have been successfully employed to treat
HNSCC, especially in combination with radiotherapy [27]. However, resistance mech-
anisms, including EGFR mutations, the activation of different signaling pathways, and
tumor heterogeneity, often restrain the effectiveness of the therapy [28].

2.2.5. PI3K/AKT/mTOR Signaling Pathway

The phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target
of the rapamycin (mTOR) signaling pathway is often dysregulated in HNSCC, where
it is active in over 80% of HNSCCs. This happens due to activation of previously men-
tioned EGFR, but also PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha), PI3K (phosphatidylinositol 3-kinase), and PTEN (phosphatase and tensin
homolog) mutations [29], as well as the overexpression of mTOR [30]. Dysregulation of
the PI3K/AKT/mTOR signaling pathway adds to HNSCC progression and drug resis-
tance [29].

2.2.6. Hippo Pathway

The Hippo pathway plays an important role in tissue homeostasis and is highly
conserved. When Hippo-stimulating signals are not present, Hippo kinase cascade is not
active, and YAP/TAZ translocate into the nucleus to induce the transcription in association
with transcriptional enhanced associate domain (TEAD) family DNA binding proteins.
In the presence of Hippo-stimulating signals, after a series of phosphorylation events,
YAP/TAZ are also phosphorylated which leads to its cytoplasmic retention or proteolytic
degradation [31]. YAP/TAZ are important for cell proliferation and stemness, and therefore,
it also has an important role in CSCs maintenance [32]. Genes from the Hippo pathway
are often mutated in HNSCC by inactivating mutation and deletion or amplification,
depending on the gene/protein function [31]. Additionally, HNSCC is one of the cancers in
which YAP and TAZ amplification is most frequently observed [33]. YAP/TAZ activation in
HNSCC frequently leads to cancer stemness, progression, poor prognosis, and therapeutic
resistance [34–37].

2.3. Stem Cell Factors

Stemness, embryonic development, and tissue homeostasis are all critically regulated
by SRY (Sex-Determining Region Y)-Box (SOX) transcription factors. Different members of
the SOX family have been linked to the promotion of CSC characteristics in HNSCC. For
example, Sox2 is frequently overexpressed and linked to aggressive behavior in HNSCC
tumors [38]. The role of Sox2 in preserving HNSCC CSC pluripotency and self-renewal
has also been established [39]. Because Sox2 encourages tumor initiation [40] and therapy
resistance [41], it is a desirable target for therapeutic intervention [42]. Moreover, Sox9 has
been connected to chemotherapy resistance and CSC characteristics in HNSCC, underlining
the significance of Sox family members in these cells [43].

An important modulator of pluripotency in embryonic stem cells is Nanog, a home-
obox transcription factor. Nanog has a critical role in HNSCC in enhancing CSC features.
Increased tumor growth, metastasis, and tumor-initiating capacity have all been linked to
elevated Nanog expression [44]. Nanog controls genes related to stemness and proliferation,
CSC pluripotency maintenance, self-renewal, and therapy resistance [45,46].

Furthermore, Octamer-binding transcription factors (OCTs), such as Oct3/4, Oct1,
Oct6, and others, are essential for preserving stemness and controlling cellular differentia-
tion [47,48]. Oct3/4 is critical for HNSCC progression due to its role in tumor growth and
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CSC maintenance. In HNSCC, Oct3/4 expression is frequently increased, especially in CSC
populations [49].

B cell-specific Moloney murine leukemia virus Integration site 1 (Bmi-1) has also been
studied extensively in relation to HNSCC. It has been discovered that HNSCC has an
aberrant expression of Bmi-1, which may be related to the CSCs’ proliferative behavior
within the tumor. For instance, by upregulating Bmi-1, growth factors produced from
endothelial cells potently support the survival and self-renewal of cancer stem cells in
HNSCC [50]. Additionally, cisplatin treatment of HNSCC can induce Bmi-1 expression
and augment CSC populations [51]. Twist1 and Bmi-1 work together in human HNSCC to
promote EMT and stemness, suggesting an active function for Bmi-1 in HNSCC metastasis.
According to Chen and colleagues, these results led them to speculate that Bmi-1+ tumor
cells may be CSCs in HNSCC and could be linked to therapeutic resistance in vivo [52,53].

The transcription factor Klf4 (Kruppel-like factor 4) has recently drawn interest in
relation to HNSCC [54]. Klf4 has been shown in several studies to function as a tumor
suppressor [55], preventing the growth of cancer cells and promoting differentiation, but it
has also been reported that Klf4 acts as an oncogene [56]. The recent study by Tsompana and
colleagues corroborates the oncogenic role of Klf4 in HNSCC, demonstrating that Klf4 binds
to super-enhancers and directs the transcriptional upregulation of cancer genes promoting
cancer progression and global transcriptional changes [54]. Moreover, a worse disease-
specific survival was connected with the persistence of Klf4 expression [57]. However,
studies analyzing Klf4 expression in HNSCC cases compared to normal tissue showed both
decreased and elevated Klf4 expression [57,58].

3. Identification of CSC

Since CSCs may play an important role in the prognosis of cancer and therapeutic
strategy, the precise identification of CSC subpopulations is considered essential for a
more accurate characterization of patient subtypes and ultimately more personalized and
efficient therapeutic approaches. The first proof for the existence of CSCs comes from the
study by Bonnet and Dick, who identified a small subpopulation of leukemic cells in the
bone marrow samples of AML patients, displaying the immature CD34+ CD38− phenotype
and the functional capacity to recapitulate the tumor of origin upon serial transplantation
in immunocompromised mice [10]. Since then, the possibility of CSC identification based
on the expression of specific stem cell-related markers has paved the way for their detection
in multiple types of solid tumors, including HNSCC [11].

In HNSCC, several different markers such as CD44 and CD133, side populations, and
aldehyde dehydrogenase (ALDH) activity have been used to identify and isolate highly
tumorigenic cells with reduced sensitivity to chemo- and radiotherapy. However, despite
significant efforts made to identify a unique marker for CSCs in HNSCC, the specificity of
markers as well as their restriction to CSCs still remains the major challenge [59,60].

3.1. Marker-Based Isolation of CSCs
3.1.1. CD44

High expression of the hyaluronic acid receptor CD44 is one of the most common
markers for the isolation and enrichment of CSCs in solid cancers, including HNSCC
(Figure 2) [61]. The CD44 receptor is a type I transmembrane glycoprotein with a critical
role in cell adhesion, migration, proliferation, and angiogenesis [62]. The extracellular
segment of CD44 contains a ligand-binding site that primarily binds hyaluronic acid (HA),
but it can engage with various other constituents of the extracellular matrix such as os-
teopontin, integrin, fibronectin, matrix metalloproteinases, and laminin. By working as
a signaling platform, CD44 facilitates the activation of multiple cancer-related signaling
pathways involved in cell proliferation and survival, such as the epidermal growth fac-
tor receptor (EGFR), Src/focal adhesion kinase (FAK), and the hepatocyte growth factor
receptor (MET) [62].
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in HNSCC.

Increasing evidence suggests that overexpression of CD44 is associated with vari-
ous aspects of HNSCC tumorigenesis, including proliferation, migration, angiogenesis,
epithelial-mesenchymal transition (EMT), and therapy resistance [63–66]. In addition,
several studies demonstrated that CD44 expression is associated with poorly differen-
tiated tumors, regional lymph node metastasis, local recurrence, and a reduced overall
survival rate in oral squamous cell carcinoma (OSCC), emphasizing its crucial role in tumor
recurrence and metastasis in HNSCC tumors [67].

Accumulating data indicate that CD44 has a key role in the regulation of CSC features
such as tumor initiation, self-renewal, and resistance to chemo- and radiotherapy [68].
Biddle and colleagues showed that in OSCC, CSC subpopulations expressing high levels of
CD44 exhibit increased phenotypic plasticity that allows a sequential shift between EMT
and mesenchymal–epithelial transition (MET) activities and ultimately underlies enhanced
therapeutic resistance [69,70]. However, the CD44 gene is regularly subjected to alternative
splicing which produces both the standard isoform (CD44s) and several variant isoforms
(CD44v), which might play a distinct biological role [71]. For instance, the CD44v3 isoform
is highly expressed in CSCs and correlates with HNSCC progression [72,73]. Furthermore,
Huang et al. demonstrated that CD44 plays a pivotal role in promoting stemness and the
development of HNSCC CSCs. By using HNSCC cell lines, a xenograft model, and patient
tumor samples, they showed that the ERK1/2-Nanog signaling pathway is critical for the
maintenance of CSC stemness and tumorigenic capacity by upregulating CD44 expression,
and therefore, targeting this pathway may prevent or reverse CSC phenotypes that drive
tumor progression and metastasis in HNSCC [46].

3.1.2. CD133

CD133 (prominin-1) is a penta-transmembrane glycoprotein that was originally recog-
nized as a hematopoietic stem cell marker (Figure 2). First reported as a CSC marker in
CRC [74], CD133 has become the most extensively used cell surface marker for the isolation
of putative CSCs from a variety of solid tumors [75]. In HNSCC, a subpopulation of CD133+

CSCs displayed greater cell viability, migratory, and invasive capability as well as chemore-
sistance when compared with CD133− cells [76–78]. Nevertheless, the CD133-mediated
molecular processes in regulating stemness properties of HNSCC CSCs are still unclear.
Chen et al. demonstrated the importance of CD133/Src signaling in modifying stemness,
EMT, and tumorigenicity of HNSCC CSCs by showing that the downregulation of CD133
resulted in a reduced self-renewal ability and downregulated expression of stemness genes
while promoting differentiation and apoptosis in CSCs [79].
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Nevertheless, although at first, it seemed that CD133 would be a useful marker for
HNSCC CSCs, the development of CSC research revealed certain discrepancies even in this
type of cancer. For instance, clinical reports demonstrated that the upregulation of CD133
in HNSCC tumor tissue negatively correlates with the survival of HNSCC patients [80].
However, a study by de Moraes et al. reported no CD133 expression in tumor samples
from HNSCC patients and no correlation between CD133 expression and prognosis or
survival [81].

3.1.3. ALDH1

ALDH1 is a useful putative marker in identifying CSCs of different origins (Figure 2).
ALDH1 is a superfamily of cytosolic enzymes that metabolize aldehydes to their corre-
sponding carboxylic acids. Among 19 enzyme isoforms that may be localized to different
cellular compartments, such as the cytoplasm, mitochondria, and nucleus, the cytoplasmic
isoforms involved in the retinoic acid biosynthesis have proven to be critical in regulating
stemness in normal stem cells as well as CSCs [82].

Elevated activity of ALDH1 has also been identified in HNSCC CSCs in several
studies, and associated with increased invasiveness, stemness, and self-renewal properties
of CSCs [83,84]. While the prognostic relevance of ALDH1 expression in HNSCCs is
still debatable [85–87], current evidence indicates the potential significance of this CSC
marker in the prediction of lymph node metastasis in some types of HNSCCs [88]. For
example, it has been demonstrated that ALDH1+ cells are present in both, primary tumors
and lymph node metastases from OSCC patients. The association of ALDH1 with tumor
progression is further supported by studies showing that ALDH1+ cells from HNSCC
patients preferentially co-localize in the tumor-invasive front with other CSC markers
including CD44 and CD14, and they endogenously co-express several EMT-related markers
such as Snail and MMP-9 [83,85,89].

3.2. Side Population

Another distinguishing characteristic of CSCs is their capability to actively expel
chemotherapeutic drugs from within the cell, in a process mediated by drug-efflux pro-
teins of the ATP-binding cassette (ABC) family. The term “side population” (SP) refers
to the fraction of cells that eliminate the Hoechst 33342 dye (DNA binding dye) via the
ABC transporter and therefore appears as a distinct tail or side branch in flow cytometry
analysis [90]. Compared to the main non-SP population, the SP subset is characterized
by tumor-initiating capacity, expression of stem cell-related markers, and resistance to
chemotherapeutics. For all these reasons, this method is commonly used to identify and iso-
late CSCs [91]. The side population subset of HNSCC cells was found to be characterized by
increased in vitro clonogenic potential, invasiveness, and resistance to chemotherapeutics,
as well as enhanced tumorigenicity in vivo [92–94].

Among ABC transporters, ABCG2 has been considered a universal marker of CSCs,
and its high expression has been observed in different types of malignant tumors, including
HNSCC [43,95]. Shen et al. have reported that ABCG2 levels vary among the different
HNSCC cell lines as well as the tissues from different types of HNSCC carcinoma, including
laryngeal, hypopharyngeal, and nasopharyngeal cancers [95]. Furthermore, ABCG2 expres-
sion strongly correlated with the multidrug resistance against various chemotherapeutics
in HNSCC cell lines, while a high positivity of ABCG2 was significantly associated with the
TNM stage and lymph node metastasis in laryngeal, nasopharyngeal, and hypopharyngeal
cancers, suggesting that ABCG2 expression may be a clinically important mechanism of
drug resistance [43,95].

3.3. Sphere-Forming Ability

Since epithelial cells typically rely on substrate attachment for their survival, the capac-
ity to grow under anchorage-independent conditions, avoiding anoikis and differentiation,
is considered to be a hallmark of stem cells. Therefore, one of the methods for CSC char-
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acterization and enrichment relies on their functional property to form non-adherent 3D
structures called tumor spheres when grown in ultra-low attachment plates in a serum-free
medium or 3D matrices such as soft agar or dishes coated with fibronectin or matrigel.
Such sphere-forming cells retain their stem cell characteristics over several generations and
the formation of secondary spheres following the dissociation of primary spheres can serve
as evidence of their self-renewal ability. Additionally, phenotypic markers are employed
for their characterization.

Several studies showed that a sphere-forming assay might be useful in the enrichment
of CSCs from HNSCC cell lines or primary tumor samples [96–98]. Furthermore, CSCs
enriched through the sphere-forming assay from cell lines and HNSCC primary cultures
display an increased expression of CSC markers such as CD133, CD44, Sox2, Nanog, and
Nestin in comparison to the parental counterparts, as well as enhanced tumorigenic ability
in vivo [97–99]. However, spheroid-forming capacity does not always reflect tumorigenic
ability in vivo [100], which indicates the need for in vitro assays that closely replicate the
physiological microenvironment (niche) of CSCs, allowing for the more accurate observa-
tion of their functional properties.

Besides being useful in evaluating CSCs’ function, the sphere-forming assay represents
an attractive and reliable model for the evaluation of treatment response in CSCs [86]. For
example, a study by Lim and colleagues showed that HNSCC tumorspheres, besides the
expression of common CSC markers, exhibit increased levels of ABCG2 transporter and
were resistant to several chemotherapeutics such as cisplatin, 5-fluorouracil (FU), paclitaxel,
and docetaxel [97].

4. Chemotherapy Resistance

Autophagy, epithelial–mesenchymal transition (EMT), drug efflux, CSCs, and metabolic
reprogramming are biological processes and phenotypes implicated in cisplatin resistance
in HNSCC. In this type of cancer, stemness properties are augmented by the increased
expression of stemness-related markers, including Sox2, Bmi-1, CD44, Nanog, CD133, and
ALDH, resulting in a cell population that is more likely to be resistant to cisplatin [51,101,102].
Most HNSCC cell lines cultured as spheroids (3D) are more resistant to cetuximab and
cisplatin treatment than the same cells growing in 2D monolayers [103]. Elevated expression
of a stress-inducible factor Nrf2 mediates multidrug resistance in CD133+ HNSCC CSCs [104],
indicating another mechanism of CSC resilience. Also, Fibroblast growth factor receptor
(FGFR) signaling regulates the resistance of HNSCC CSCs to cisplatin [105].

Some of the novel mechanisms of cisplatin resistance in CSCs include ABCG2, CD44,
and Sox9 as main players since they are upregulated with the acquisition of drug resistance
and involved in cancer stem cell features [43]. Another Sox family member, Sox18, facil-
itates the resistance of Bmi-1-expressing cells to cetuximab in HNSCC via the oxidative
phosphorylation pathway [106]. Another novel player involved in cisplatin resistance in
oral cancer is the SHh pathway through the regulation of CD10-positive cells [22].

As for the role of the tumor microenvironment in chemotherapy resistance, cancer-
associated fibroblasts (CAFs) play an important part. It has been recently shown that
CAFs increase the proliferation of HNSCC spheroids originating from the same tumor,
and during their co-culture, CAFs increase EGFR expression which affects their treatment
response [107]. Additionally, Guan et al. showed that overproduction of Interleukin 4
(IL-4) is also a critical event in cell death resistance for CSCs. Namely, CD133+ cells show
increased expression of IL-4 leading to enhanced multidrug resistance [108].

5. Radiotherapy Resistance

CSCs may escape death from radiotherapy exposures through different mechanisms:
the control of the cell cycle, elevated free-radical scavenging, more efficient DNA repair, the
activation of autophagy, and protection by the microenvironmental niche [109–113]. Differ-
ent biological factors may also enhance the radioresistance in HNSCC: tumor size, high
density of CSCs, negative HPV status, and other parameters such as tumor hypoxia [114].
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CD44 is a well-known CSC marker, and it has been suggested that it is responsible for
radiotherapy resistance and poor overall survival [115]. It was reported previously that
the CD44high/EGFRlow phenotype is associated with therapy resistance [116,117]. Other
well-known proteins that have been associated with radioresistance in HNSCC are integrin
β1 [118], Oct4 [119], and ALDH [120].

We will focus here on the recent studies reporting novel mechanisms of radiotherapy
resistance. Suzuki et al. recently reported that CD98 expression might be a predictive
marker of resistance to radiotherapy in HNSCC as the response to chemoradiotherapy or
bioradiotherapy was lower in the high CD98 expression group [121]. Also, CD98 heavy
chain has been shown to be a regulator of HNSCC radiosensitivity as its high expression
levels increase radioresistance in vitro and in vivo [122].

Another interesting study on the radioresistant SQ20B cell line highlighted CSCs
characteristics: low EGFR expression, cetuximab-resistant, and highly migratory. However,
carbon irradiation in combination with cetuximab strongly inhibited the invasion of SQ20B
CSCs signifying that carbon ion irradiation is a better potential choice of therapy for CSCs
than photon irradiation [123]. Another study involving the same cell line revealed that the
combination of irradiation, cetuximab, and Bcl-2 inhibitor can be a prosperous, novel CSC-
targeted therapy. This drug combination inhibits cell proliferation, invasion/migration,
and resistance to apoptosis in both 2D and 3D models. Also, this combination therapy
effectively delayed tumor growth and improved in vivo lifespan in a nude mouse model
with a heterotopic tumor xenograft [124].

Recently, Glycoprotein nonmetastatic melanoma protein B (GPNMB)-positive cells in
HNSCC have been shown to enhance sphere formation, invasion, and migration and were
more resistant to chemoradiation and bio-radiotherapy, indicating that this protein might
be involved in radiation resistance acquisition [125]. Also, a high expression of GPNMB in
patients was associated with poor prognosis.

6. Therapeutic Targeting of CSCs

Despite recent advances in HNSCC therapy through the introduction of checkpoint
inhibitors, the response to the therapy in HNSCC patients is still limited. Targeting CSCs
is a logical option, especially since even one CSC can regrow a tumor, so it is crucial to
eradicate all CSCs in order for patients to remain disease-free. There are different ways to
aim at CSCs: by targeting their specific markers, signaling pathways, particular receptors
important for their maintenance, and PD-1 blockade but also by pursuing different plants
or mushrooms as an excellent source of natural compounds that might have CSCs-specific
effects (Figure 3).

6.1. Targeting Cell Surface Markers

One of the possible strategies for HNSCC stem cell eradication is targeting cell-surface
markers. As we already mentioned, several cell-surface markers have been found to be
specific for HNSCC stem cells: CD10, CD24, CD29, CD44, CD44/CD27, CD133 [126], CD90,
CD98 [127], and CD147 [128]. However, not all of these markers have been demonstrated as
good targets for therapy. Nevertheless, CD133 is one of the most studied markers for HN-
SCC CSCs. CD133+ OSCC cells show enhanced resistance to chemotherapeutic drugs [77],
indicating that CD133 is a good target for cancer stem cell suppression. Waldron et al.
developed 10 years ago a biological drug targeting EpCam and CD133 which was effective
in inhibiting multiple carcinoma lines in vitro and caused regression in HNSCC tumors
in vivo [129]. Lai et al. showed that the treatment of HNSCC cells with a newly synthe-
sized flavonoid derivative, 2-(3-hydroxyphenyl)-5-methylnaphthyridin-4-one (CSC-3436),
upregulated E-cadherin and downregulated N-cadherin, vimentin, and CD133 while also
reducing EMT and stemness [130]. Yu et al. showed that targeting CD133 by shRNA
reduces side population (SP) cells and in vivo tumorigenicity [131].
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Figure 3. Strategies for CSC eradication. The importance of CSC-targeted therapy is shown in
(A). Classical chemotherapy only reduces tumor bulk but does not destroy CSCs, resulting in can-
cer relapse. CSC-targeted therapy specifically targets these cells resulting in cancer regression.
(B) Aiming specifically at CSCs is feasible by targeting their specific markers, signaling pathways,
and particular receptors important for their maintenance, by using PD-1 blockade or by using natural
compounds in therapy.

6.2. Targeting Other Stem Cell Markers

Bmi-1 is an important factor in HNSCC CSCs self-renewal and maintenance, and
HNSCC progression is associated with this protein [85,132]. Therefore, it has been rec-
ognized as a potential therapeutic target for CSC eradication [133,134]. For example, the
combination treatment of anti-PD1 and cisplatin, enriched Bmi-1+ CSCs but also inhibited
HNSCC growth. Additionally, the inhibition of Bmi-1 in combination with anti-PD1 elimi-
nates CSCs and inhibits HNSCC progression [135]. Also, targeting Bmi-1+ CSCs decreases
chemoresistance to cisplatin and eliminates metastases in HNSCC [52].

As ALDH is an important CSC marker, its inhibition has also been investigated in
terms of CSC therapy. Disulfiram, an ALDH inhibitor, has been shown to increase radio-
and chemo-sensitization in HNSCC CSCs while also inhibiting spheroid formation [136].

Oncofetal antigen 5T4 has been demonstrated as a cancer stem cell marker and two
studies have been performed to explore the effect of its inhibition on HNSCC CSCs. The
first study explored the strategy of 5T4 inhibition through an innovative antibody–drug
conjugate targeted to 5T4 and carrying a DNA-damaging “payload” (pyrrolobenzodi-
azepine). The authors showed that this inhibition decreases the fraction of HNSCC CSCs
in vitro and in vivo and prevents local recurrence in a patient-derived xenograft (PDX)
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model [137]. Another study aimed at nasopharyngeal carcinoma (NPC) explored chimeric
antigen receptor (CAR)-engineered cytokine-induced killer (CIK) cell therapy against NPC.
CIK cells are created ex vivo by stimulating peripheral blood mononuclear cells (PBMCs)
with IFNγ, anti-human CD3 antibody, and IL-2. This chimeric CAR construct was specific
to 5T4, and the co-culture of CIK cells generated using this construct with NPC spheroids
successfully eliminated the spheroids [138].

Targeting histone deacetylases has been proposed as a reasonable strategy for CSC
suppression. Consequently, pharmacological inhibition of histone deacetylase 6 (HDAC6)
decreases cisplatin resistance and inhibits oral CSCs [139]. Another HDAC inhibitor,
entinostat, also reduced the number of oral CSCs [140].

Other well-known proteins that have been connected with CSC features and mainte-
nance have also been studied as potential targets for CSC suppression. The importance
of integrin β1 in the regulation of stemness and radioresistance has been demonstrated
in a recent study [118], suggesting this protein could be the next candidate for CSC ther-
apy. Another recent study by Khedkar et al. identified that higher expressions of MET,
STAT3, and AKT were connected with poor overall survival in HNSCC patients, so they
synthesized a small molecule HNC018 that targets these molecules. HNC018 decreased
sphere formation and also increased the response to cisplatin and suppressed tumor growth
in vivo [141]. Another study investigating MET as a CSC therapeutic target showed that
MET inhibition induces the radiosensitization of HNSCC [142]. Milan et al. demonstrated
recently that β-catenin and histone methyltransferase Enhancer of Zest Homolog 2 (EZH2)
were accumulated in cisplatin-resistant and CSC populations and proposed that their inhi-
bition could be a strategy for CSC suppression [143]. The high mobility group AT-hook 2
(HMGA2)-Snai2 axis was shown to be important in tumorigenicity and stemness of HNSCC
CSCs, so targeting these two proteins might also be a suitable approach [144]. Moon et al.
demonstrated that the inhibition of Slug may represent a new therapeutic target for HNSCC
stem-like cells [145].

Dong et al. recently published a very interesting study showing that super-enhancers
(SE) are extremely important for CSCs. In order to maintain cell identity and status, master
transcription factors assemble SEs at cell-type-determining genes. So, for HNSCC CSCs,
these factors are bromodomain-containing protein 4 (BRD4) which employs mediators and
NF-κB p65 to create SEs at cancer stemness genes such as TP63, MET, and FOSL1. The
disruption of SEs leads to the inhibition of CSC renewal and their elimination [146].

There are also not-that-well-known targets but with a good potential for the CSCs
suppression that have been studied lately. Qin et al. discovered a long noncoding RNA
(lncRNA), named PVT1, which was highly expressed in CSCs. This lncRNA was correlated
with HNSCC lymph node metastasis. PVT1 inhibition removed CSCs and prevented
metastasis, whilst also activating anti-tumor immunity [147]. Garcia-Mayea et al. identified
tetraspanin-1 (TSPAN1) as a novel target protein for HNSCC chemoresistance [148]. Tumor
necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) controls tumor spreading
through EMT and CSC phenotypes in HNSCC [149]. Furthermore, Heat shock protein 90
(HSP90) inhibitors (KU711 and Ku757) are also efficient in targeting HNSCC CSCs [150].

6.3. Targeting Signaling Pathways

Among signaling pathways that are important for HNSCC stemness, already explored
in terms of therapy (Hippo (YAP/TAZ), Wnt, and Notch) [151–155], the SHh signaling
pathway has recently been recognized as significant for CSC maintenance and could serve
as a possible target for their removal. For example, Gli3 knockdown diminishes stemness,
cell proliferation, and invasion in oral squamous cell carcinoma [156]. Furthermore, an
SHh pathway inhibitor Vismodegib, a drug currently used for the treatment of basal-cell
carcinoma that is also undergoing clinical trials for therapy of different types of cancer,
effectively reduced the expression of CSC-related genes in the HNSCC cell line [157].
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6.4. Targeting Receptors

A drug approved by the FDA, also used for targeting CSC markers, is cetuximab
which targets the EGFR. EGFR enhances the stemness and advancement of oral cancer
through the inhibition of autophagic degradation of Sox2 [158].

Several studies are reporting the antitumor activity of cetuximab on HNSCC and
other cancers [159–161]. Fu et al. recently demonstrated that combined therapy with
EGFR/Notch bispecific antibodies and PARP inhibitor decreases the subpopulation of
stem-like cells, reduces the frequency of tumor-initiating cells, and delays tumor recurrence
after irradiation in a lung cancer model [162]. However, as a recent review article pointed
out that Notch signaling pathway is critical in HNSCC, this strategy could be tested in this
type of cancer as well [155]. One recent study tested the therapeutic combination of cisplatin,
cetuximab, and valproic acid (an antiepileptic drug and a histone deacetylase inhibitor)
and showed synergistic antiproliferative and pro-apoptotic effects on four different 3D-self-
assembled spheroid models. Also, the combined treatment completely obstructed HNSCC
xenograft tumor growth in nude mice [163]. Another study was focused on determining
how EGFR inhibition affects different subtypes of cancer stem cells, i.e., cancer stem cells
shifting from epithelial to mesenchymal states. They discovered that the inhibition of
EGFR reduces cell proliferation but without significant cell death induction. Additionally,
cetuximab and erlotinib induced cellular differentiation, which typically means that the
cells should be more susceptible to chemotherapy or irradiation therapy [160]. Guy et al.
showed that dual monoclonal antibody HER family blockade (cetuximab and pertuzumab)
combined with photon irradiation is highly effective in the inhibition of growth of HNSCC
CSCs through the blocking of downstream AKT-mTOR and Ras-MAPK signaling [164].

Another receptor tyrosine kinase pan-inhibitor, ponatinib, has been shown to eliminate
HNSCC CSCs [165]. Also, an interesting study by Alvarez-Teijeiro et al. showed there is
a difference in factors secreted by CAFs and normal fibroblasts, and these factors were
connected with EGFR, Insulin-like growth factor (IGFR), and Platelet-derived growth factor
receptor (PDGFR). So, when the authors applied different inhibitors of these receptors,
they showed reduced sphere formation and anchorage-independent growth [166]. Also,
afatinib, a pan-EGFR inhibitor, reduced tumorigenicity and radiosentisized HNSCC cells
by specifically targeting CSCs [167].

6.5. Targeting Metabolism

CSC metabolism is often reprogrammed to meet their needs. CSCs preferentially
utilize glycolysis for survival, but studies have shown that CSCs may also rely on OXPHOS.
Previous research demonstrated that lipid metabolism plays an important role in main-
taining the stemness of CSCs and their energy needs [168]. Therefore, targeting either of
these pathways should be a good strategy in CSCs therapy. Metformin has been studied
frequently as a potential drug for CSC therapy because it may impede glycolysis. There are
numbers of studies on the metformin anticancer effect in oral cancer (for a detailed and
recent review see [169]), and some of them also show an inhibitory effect in CSCs [170]. In
addition, therapy by HIF inhibitors might also be a promising approach for CSC elimination
considering the importance of reactive oxygen species (ROS) in CSCs preservation [171].

6.6. Targeting by Checkpoint Inhibitors

In 2016, Anti-PD1 antibodies (Pembrolizumab and Nivolumab) were approved by the
FDA for the treatment of HNSCC. However, the response of HNSCC to therapy remained
low, probably because of the heterogeneous nature of this cancer. Maybe the combination
of treatments comprising checkpoint inhibitors with other inhibitors, such as one from a
recent study that combined an inhibitor of Lysine-specific demethylase 1 (LSD1), which is
important for CSC maintenance, and a PD-1 blockade for the treatment of HNSCC, will
be exploited in future strategies [172]. Or maybe promising therapeutic strategies for CSC
therapy will be targeting not PD-L1 directly but indirectly, like in a study by Chen et al. who
demonstrated that targeting CKLF Like MARVEL Transmembrane Domain Containing 6
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(CMTM6), which is a regulator of PD-L1 expression, represses stem cell-like properties and
increases antitumor immunity in HNSCC [173].

6.7. Targeting by Natural Compounds

Curcumin, epigallocatechin-3-gallate (EGCG), sulforaphane, resveratrol, and genis-
tein are the most studied naturally occurring agents with anti-cancer stem cell proper-
ties [174–176]. For example, resveratrol and oxyresveratrol inhibit the expression of cancer
stem-cell markers and could possibly target cancer stem cells in a hypoxia-associated
tumor [177]. Even though many compounds that could be exploited in CSC-specific ther-
apy are emerging and being tested every day, there are not many naturally occurring
compounds identified and evaluated for HNSCC yet.

Different Chinese herbs have been used in cancer medicine for years, and some of the
active ingredients have been shown to be effective in CSC suppression as well. For example,
the bioactive macrocyclic diterpenoid compound ovatodiolide, purified from the herb
Anisomeles indica (L.) Kuntze, used in Chinese traditional herbal medicine, decreased the
tumor-initiating potential of orospheres in a mouse xenograft model [178]. Polysaccharides
from Ganoderma lucidum, an oriental fungus that has been used for promoting health and
longevity in China, Japan, and other Asian countries, have also shown such an effect in
OSCC. These specific polysaccharides decreased colony formation and impaired sphere
formation, as well as downregulated EMT and ABC markers of chemoresistance [179].
Butylidenephthalide, a bioactive phthalide compound from Angelica sinensis, which is
also an herb used in Chinese medicine, diminishes CSC properties in an oral carcinoma
model [180].

Few novel natural compounds have been found in a recent study aimed at finding the
inhibitors of the SHh pathway in oral cancer: Butein, Biochanin-A, and Curcumin [181]. It
remains to test these compounds in CSC models to see if they are effective, considering
the importance of the SHh pathway in CSC. Honokiol, a lignan (low molecular weight
polyphenol) isolated from different parts of trees belonging to the genus Magnolia, has
shown an inhibitory effect on cell survival and self-renewal of oral carcinoma stem cells. It
can suppress CSC markers ALDH1 and CD44, decrease migration and invasion, reduce
secretion of IL-6, and decrease phosphorylation of STAT3. This lignan can also synergize
with cisplatin in inhibiting cell survival [182]. Interestingly, another compound from
Magnolia, magnolol, also suppresses the oral cancer stemness properties [183]. The most
abundant diterpene lactone from the leaves and stem of Andrographis paniculata (Burm.
f ) Ness, an herbal plant generally cultivated in India, Thailand, and China and used as
a traditional medicine, is called andrographolide. This substance is effective in therapy
against CSCs in oral carcinomas. It can reduce oncogenicity and increase the radiosensitivity
of oral CSCs via the increased expression of miR-218 resulting in the downregulation of
Bmi-1, a protein important for self-renewal of CSC [184]. Mycelium from the fungus
Antrodia cinnamomea and its ethyl acetate extracts have antiproliferative effects against all
types of CSCs, including HNSCC CSCs. Additionally, CSC treatment with A. cinnamomea
increased the effect of chemo- and radiotherapy [185]. Gallotannin extract from Bouea
macrophylla seed, a plant that has a fruit similar to a mango, showed an antiproliferative
effect in HNSCC CSCs, while it also enhanced radiosensitivity [186]. Furthermore, propolis
has been shown to reduce stemness in HNSCC [187]. Paris saponin II from the plant Paris
polyphylla Smith var. yunnanensis, which is used as an anticancer drug in traditional Chinese
medicine, causes reduced sphere formation [188]. As for the well-known vegetables, radish
(Raphanus sativus L.) seed extracts induce apoptosis and downregulate β-catenin in oral
CSCs [189], while broccoli extract (sulforaphane) increases the cytotoxicity of cisplatin and
5-FU and inhibits sphere formation and tumor progression [190].
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7. Conclusions and Future Perspectives

CSCs are a small proportion of cells in the tumor tissue; however, as they have the
ability to regrow cancer from a single cell, they should represent a major focus in the
development of anti-cancer therapies. A combination of drugs might be an appropriate
strategy as they usually aim at different targets at the same time which makes them more
effective than a single drug. It would be ideal to have a combination of a chemotherapeutic
that targets the tumor bulk and reduces its growth and mass and another drug targeting
CSCs specifically. However, we are not there yet, and by now, there have only been a
few clinical studies conducted on the matter of head and neck cancer stem cell therapy in
the last decade (Table 1). More experimental studies directed at the deciphering of CSC
regulation and the acquiring of their resistance to chemo- and radiotherapy are required
in the future, as well as the consequential clinical studies testing novel drugs or their
combination with the already existing ones. Moreover, the emerging number of naturally
occurring substances successful at targeting CSCs should also be further tested.

Table 1. Clinical studies involving the research of head and neck cancer stem cells.

Name of the Study Type of Tumor Status Brief Summary Clinical Trial ID References

Gold Nanoparticles as
Novel Biomarkers for
Cancer Stem Cells in

Salivary Gland Tumors:
A Diagnostic and

Prognostic Accuracy
Study

Salivary glands Completed in 2021.

The current work aimed to
introduce a novel

diagnostic and prognostic
approach in early

detection of cancer stem
cells in salivary gland

tumors using gold
nanoparticles conjugated

to CD24 (CD24-Gold
Nanocomposite).

NCT04907422 [191]

The Immunotherapy of
Nasopharyngeal Cancer

Using Cancer Stem
Cells Vaccine

Nasopharyngeal Cancer Completed in 2015.

To assess the feasibility of
generating CSC-loaded
DC vaccines for clinical

use, the investigators will
harvest peripheral blood

and tumor specimen from
patients with

Nasopharyngeal Cancer.

NCT02115958 [192]

Biopsy of Human
Tumors for Cancer Stem
Cell Characterization: a

Feasibility Study

Head and Neck Completed in 2012.

To see if a limited
sampling of tumor tissue
from human subjects is a

feasible way to gather
adequate tissue for cancer
stem cell quantification.

NCT00610415 No publications found.

Pilot Study of
Cetuximab and the
Hedgehog Inhibitor
IPI-926 in Recurrent

Head and Neck Cancer

Recurrent Head and
Neck Cancer Completed in 2013.

This study will evaluate
the clinical activity of

ipilimumab (IPI)-926 in
combination with

cetuximab in patients with
advanced head and neck

cancer.

NCT01255800 [193]

Single Dose Escalation
Study of Bivatuzumab
Mertansine in Patients

With Advanced
Squamous Cell

Carcinoma of the Head
and Neck

Head and Neck
Neoplasms Completed in 2005.

To determine maximum
tolerated dose (MTD),
safety, and efficacy of

bivatuzumab mertansine
in patients with HNSCC

(immunoconjugate
bivatuzumab mertansine

(BIWI 1) consists of a
highly potent

antimicrotubule agent
coupled to a monoclonal

antibody against CD44v6).

NCT02254018 [194]
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