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Keywords: The prominent role of CD44 in tumor cell signaling together with its establishment as a cancer stem cell (CSC)
Hyaluronan marker for various tumor entities imply a key role for CD44 in CSC functional properties. Hyaluronan, the main
CD44 ligand of CD44, is a major constituent of CSC niche and, therefore, the hyaluronan-CD44 signaling axis is of
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functional importance in this special microenvironment. This review aims to provide recent advances in the
importance of hyaluronan-CD44 interactions in the acquisition and maintenance of a CSC phenotype.
Hyaluronan-CD44 axis has a substantial impact on stemness properties of CSCs and drug resistance through
induction of EMT program, oxidative stress resistance, secretion of extracellular vesicles/exosomes and epige-

netic control. Potential therapeutic approaches targeting CSCs based on the hyaluronan-CD44 axis are also

presented.

1. Introduction

Stem cells are embedded within dynamic specialized environments,
the niches, that are composed of specific cellular and molecular con-
stituents. The composition of the niches is tissue-dependent giving rise
to defined signals that regulate stem cell fate [1]. The specific cellular
composition of the niches orchestrates the secretion of factors (such as
growth factors, chemokines, cytokines, Wnts, Hedgehog, hormones and
exosomes) that are important for the maintenance of the balance be-
tween quiescence, self-renewal and differentiation of stem cells. These
factors collectively regulate stemness through modulation of self-re-
newal pathways, including Notch, Hedgehog and Wnt/f-catenin path-
ways or by interference with key transcriptional regulators, such as
Oct4, Sox2 and NANOG, which are essential for the reprogramming of
differentiated cells into an embryonic stem cell phenotype [2-4].

The maintenance of stem cell properties is critically regulated by the
tight interaction of stem cells with their surrounding extracellular
matrices (ECMs) through a number of cell surface receptors, including
integrins and membrane-bound glycoproteins and proteoglycans [5].
The relevance of ECMs in regulating stem cell properties is evidenced
by studies where decellularized tissues that maintained their ECM were
able to drive stem cell differentiation into cell types that originally
resided in these tissues [6-8].

Integrins, which are heterodimeric transmembrane receptors, con-
nect cellular cytoskeleton to the extracellular milieu thus regulating
stem cell proliferation, migration, differentiation, adhesion, anchorage
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and homing. Although integrins do not possess any endogenous enzy-
matic activity, they regulate multiple downstream signaling pathways
in numerous stem cell types — depending on the specific composition of
their niches — thus modulating their stemness properties [5,9]. Several
studies have shown that specific integrins are essential in regulating the
properties of certain stem cell types. For example, 31 integrins regulate
the proliferation, self-renewal and differentiation of intestinal, mam-
mary and neural stem cells via modulation of the activity of Notch,
EGFR and Hedgehog signaling [10-12]. Moreover, a6fB1 integrin is
required for the adhesion and homing of spermatogonial and neural
stem cells in their niches [13,14], while the interaction of a8f31 integrin
with nephronectin maintains the proper position and function of hair
follicle stem cells [15]. Recent findings support a model in which stem
cells remodel their microenvironment to maintain integrin a6 expres-
sion, inhibit f1/FAK activation and preserve the expression of Oct4 and
Sox2 transcription factors which are both associated with self-renewal
and pluripotency [16]. Notably, integrin a6 links stem cells to laminin
which is a common ECM protein in multiple niches produced by both
non-stem and stem cells promoting their self-renewal. Integrins may
also direct stem cell fate via mechanical stimuli, termed mechan-
otransduction. Recent mechanistic studies demonstrated that integrin
a5 controls the fate of pancreatic progenitors via F-actin-YAP1-Notch
mechanosignaling axis [17].

Apart from integrins, stem cell surface glycoproteins and pro-
teoglycans are able to avidly bind extracellular messenger molecules,
such as growth factors, cytokines/chemokines and other ligands,
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regulating their local concentration, distribution and activation in a cell
context-dependent manner. Transmembrane syndecans and the GPI-
anchored glypicans capture basic growth factors and morphogens from
the extracellular milieu through their negatively charged hetero-
polysaccharide side chains and present them to their cognate cellular
receptors, generating long range maintenance of gradients during em-
bryogenesis and regeneration processes like tissue remodeling in in-
flammation and cancer [18]. Their involvement in the maintenance of
stem cells has been shown in several stem cell types. For example, the
expression of specific members of the syndecan and glypican families as
well as their biosynthetic enzymes (exostoses, N-deacetylase, N-/2-O/6-
O-sulfotransferases, C5-epimerase) mediate human neural stem cells
maintenance and lineage potential [19].

Among stem cell surface receptors, CD44 proteins comprise a major
class of single-pass transmembrane glycoproteins that, similarly to in-
tegrins, do not possess endogenous enzymatic activity while they con-
nect the extracellular matrix to the cellular cytoskeleton and organize
receptor platforms on cell surfaces coordinating multiple downstream
signaling pathways [20-23]. CD44 proteins arise from a single gene
which in humans contains 19 exons. The alternative splicing of exons 6
to 15 (designated as variant exons v1-v10) produce multiple CD44
isoforms (CD44v), while their exclusion results in the formation of the
standard form of CD44 (CD44s). The heterogeneity of CD44 proteins is
further promoted by multiple post-translational modifications, such as
glycosylation (N- and O-linked oligosaccharides) and, under particular
developmental or pathological conditions, the covalent attachment of a
glycosaminoglycan (chondroitin or heparan sulfate) side chain that
classifies CD44 as a part-time proteoglycan [21]. Importantly, CD44 is a
prominent marker for both normal and cancer stem cells (CSCs) in
combination with other cell surface molecules, such as the detoxifying
aldehyde dehydrogenase 1 (ALDH1) enzyme, CD133 and others [24].
The prominent role of CD44 in cell signaling together with its utiliza-
tion as a stem cell marker imply also a functional role for CD44 in stem
cells [21,25].

As mentioned above, stem cells fate is critically determined by their
cross-talk with the cellular and non-cellular constituents of their niches.
Hyaluronan, a non-sulfated glycosaminoglycan, is a major component
of stem cell niches and the main ligand for the stem cell receptor/
marker CD44. Despite its simple structure composed of a repeating
disaccharide unit (4-p-glucuronic acid-f1-3-N-acetyl-p-glucosamine-
B1-2),, hyaluronan is synthesized by three synthase isoforms (HAS1-3)
and degraded by five hyaluronidases (HYAL1-4, PH-20) suggesting
complex metabolic regulation and biological functions. The relative
expression levels of hyaluronan metabolic enzymes and, thus, hyalur-
onan concentration and size are tissue-dependent and highly related to
specific physiological and pathological conditions [21,26]. In cancer,
most studies suggest a strong correlation between high hyaluronan
concentration, especially in the tumor stroma, and pro-tumorigenic and
pro-metastatic mechanisms and tumor progression [27]. Notably, in
addition to extracellular hyaluronan-rich matrices, hyaluronan can be
also present in intracellular compartments in normal and pathological
processes with potentially important regulatory roles in cellular func-
tions [28]. Moreover, different hyaluronan polymers have different
roles in controlling the hallmarks of cancer cells. Small fragments show
pro-inflammatory, pro-angiogenic and tumorigenic functions by al-
tering selective signaling pathways, while high molecular weight hya-
luronan possess anti-inflammatory and anti-angiogenic properties
[27,29].

Since hyaluronan is the major ligand of stem cell marker CD44, their
specific interactions are important for the maintenance of the proper
stem cell niche. Hyaluronan matrices produced by HAS2 and HAS3 in
Xenopus laevis are essential for the development of intestinal stem cells
through a positive feedback loop and for the formation of the niche
during metamorphosis [30]. In humans, bone marrow-derived me-
senchymal stem cells (hMSCs) have the potential for autocrine main-
tenance of the hyaluronan niche which is important for their stemness
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properties. It has been shown that hMSCs form extensive pericellular
CD44-bound hyaluronan coats produced by all three HASs which are
highly expressed in these cells [31]. Another study demonstrated that
hyaluronan and CD44 cooperate with stromal cell-derived factor-1
(SDF-1) for the transendothelial migration of human CD34+ stem/
progenitor cells and their final anchorage within bone marrow niches
[32]. Furthermore, hyaluronan-CD44 interactions have been shown to
modulate neural stem cell differentiation and quiescence [33]. Notably,
hyaluronan has been successfully used as 3D scaffolds for the chon-
drogenic and osteogenic differentiation of stem cells [34]. Therefore,
hyaluronan and CD44 are primary functional ECM components in
normal stem cell niche.

2. Hyaluronan-CD44 interactions promote tumor malignancy by
regulating CSC functions

Cancer stem cells (CSCs) differ from the normal stem cells in their
ability to alter their pluripotency and lineage-dependent differentia-
tion, while they have been shown to be resistant to radiation and
chemotherapy making them capable of repopulating a tumor after
treatment resulting in cancer relapse [35,36]. Similarly to normal stem
cell niches, hyaluronan matrices create the ideal microenvironment for
self-renewal and maintenance of CSCs. Hyaluronan interactions with its
main receptor CD44 have been shown to regulate various aspects of
tumorigenesis and cancer progression. Specifically, hyaluronan binding
to CD44 modulates oncogenic signaling pathways through activation of
multiple cell surface receptors, such as c-MET, EGFR, ErbB2 and TGF-
BRI by direct or indirect interactions. Hyaluronan through CD44 acti-
vates ERM, Vav2, Grb2, Gab-1, Src and Rac GTPase families to regulate
cell migration. Moreover, hyaluronan-CD44 interactions drive drug
resistance through activation and stabilization of multidrug and meta-
bolic transporters [20,22]. Given the multitude of cellular functions in
which CD44 and its ligand hyaluronan participate, it is not surprising
that they have been linked with regulation of CSC properties such as
self-renewal, survival, tumor initiation, anchorage-independent growth,
chemoresistance and anti-apoptotic signaling. CD44 serves as a widely
accepted cancer stem cell marker for various cancer types such as
breast, pancreatic, colorectal, hepatocellular, lung, and head and neck
cancer. Therefore, CD44 is frequently used for isolation of CSCs from
the respective tumors [37]. Albeit hyaluronan and CD44 have been
identified as main components of CSC niche, their functional im-
portance for the pathobiology of CSCs remains largely obscure, owing
to the multifaceted involvement of CD44 in the regulation of a large
variety of signaling pathways.

In breast cancer, hyaluronan production induces aggressive prop-
erties of breast cancer cells in vitro [38] and negatively correlates with
patient outcome [39]. Moreover, the presence of CD44 correlates with
decreased overall survival of breast cancer patients. Importantly,
CD4418"CD24L°% populations have been isolated from breast tumors
and exert stem-like properties, such as self-renewal, tumor-initiating
and metastatic capacities [40-42]. Mechanistically, ANp63 transcrip-
tional program induces the expression of HAS3, HYAL-1 and CD44 to
drive the formation of a hyaluronan-rich microenvironment, which in
turn promotes proliferation and stemness of breast cancer cells [43].
Hyaluronan promotes acquisition of stemness as shown by experiments
with niche mimetic hyaluronan-based multilayer nanofilms. In parti-
cular, when pancreatic carcinoma cells were placed in hyaluronan-
containing niche mimetics, the expressions of Oct4, CXCR4 and CD44v6
were upregulated in the formed colonies. Moreover, E-cadherin, HIF1a
and vimentin levels were also increased suggesting the existence of a
hybrid and metastable epithelial/mesenchymal phenotype [44]. In
pancreatic cancer, CD44 promotes stem-like properties and metastatic
behavior. KLF4 - a tumor suppressor gene with low expression in
pancreatic cancer - binds to CD44 promoter inhibiting its expression
and subsequently inhibiting the acquisition of pancreatic cancer stem-
ness and metastasis [45]. In hepatocellular carcinoma, hyaluronan
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Fig. 1. Hyaluronan-CD44 axis regulates CSC stemness properties through induction of EMT program, oxidative stress resistance, epigenetic control and secretion of

extracellular vesicles. For details, refer to text.

synthesis inhibition by 4-MU in CD133* CD90 " EpCAM " CD44 " CD13 ™
CSCs, reduced CD47 expression to promote phagocytosis by antigen
presenting cells [46]. In the clinic, CD44 overexpression in lung cancer
patients correlates with higher metastatic probability. CD44 has been
shown to activate Wnt/p-catenin signaling to upregulate FoxM1 and its
transcriptional target Twist, promoting acquisition of stemness and
metastatic activity of CD1337CD44* lung adenocarcinoma cells
(Fig. 1) [47]. B-catenin can be also activated by serglycin-induced
MAPK signaling to drive the expression of CD44 to promote stemness in
nasopharygeal carcinoma [48]. In malignant mesothelioma (MM) stem
cells, inhibition of hyaluronan synthesis or CD44 with gene knockdown
or specific antibodies abolished sphere-forming capacity and main-
tenance of CSCs highlighting the central role of hyaluronan-CD44 axis
in MM onset and progression [49]. In oral squamous cell carcinoma,
CD44™" circulating tumor cells have the ability to form spheres and
display intrinsic chemoresistance and self-renewal properties [50].
These tumors exhibited increased expression of CD44v3, CD44v6,
Nanog and Bmil and significant downregulation of PTEN and ATM.
Pathway analysis of these markers demonstrated a CSC regulatory

mechanism by miRNA and cytokine network. The authors showed that
the CD44v6-Nanog-PTEN axis is targeted by miR542-3p and miR34a,
while cytokine profiling revealed increased levels of IL-6 and IL-8,
which were strongly associated with CD44v6 [51]. Adding to the
complexity of the biological role of CD44, it has been observed to
compensate for ICAM1, which regulates PTTG1IP-p53-DNMT1 pathway
to maintain stemness of esophageal squamous cell carcinoma [52].
Collectively, hyaluronan/CD44 play critical roles in the maintenance of
CSC biology and the promotion of the metastatic potential of multiple

carcinoma types.

2.1. Acquisition of CSC signatures by hyaluronan/CD44-driven EMT

Epithelial-to-mesenchymal transition (EMT) has been shown to co-
incide with acquisition of CSC properties [53] and increased metastatic
incidents in breast cancer [54]. Hyaluronan molecular system exerts an
important role in the regulation of the EMT process. Specifically, HAS2
protein is required for proper TGF-B-induced EMT in mammary epi-
thelial cells [55]. Recently, it was discovered that TGF-f induces HAS2-
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AS1 to drive the expression of HAS2, HMGA2 and FN1 [56]. HAS2-AS1
is a natural antisense transcript that is a long non coding RNA syn-
thesized by the opposite genomic DNA strand at the HAS2 locus. Nu-
clear HAS2-AS1 regulates HAS2 transcription by altering chromatin
organization around HAS2 promoter, while cytoplasmic HAS2-AS1 may
influence several processes such as HAS2 mRNA stabilization, RNA
editing and interactions with microRNAs suggesting important roles in
tumor biology [27,57]. The subsequent production of hyaluronan by
HAS2 leads to the activation of Akt and Erk1/2 and ultimately EMT and
acquisition of stem cell characteristics. Of note, CD44 was found to be
important for EMT induction by TGF-f (Fig. 1) [56]. In another study,
hyaluronan overproduction by HAS2 accelerated breast cancer pro-
gression by promoting the enrichment of a CD44"€"/CD24'°% CSC-like
subpopulation through the induction of EMT and the EMT-related
factors Snail and Twist, and the activation of TGF[3-Snail signaling axis
[58]. Okuda and colleagues showed that upregulation of HAS2 oc-
curred in highly metastatic CD44+ /CD24-/ESA+ breast CSCs and
massive hyaluronan accumulation was critical for the interaction of
CSCs with their niche leading to enhanced secretion of PDGF-BB from
tumor associated macrophages which subsequently activated stromal
cells to promote CSC self-renewal [59]. The critical involvement of
hyaluronan in this process was demonstrated by the finding that hya-
luronan synthesis inhibition by 4-MU resulted in drastic reduction of
metastatic lesions in vivo [59]. Recently, Nguyen and colleagues
showed that intracellular hyaluronan produced by HAS1 induced EMT,
increased centrosomal abnormalities and micronucleation allowing for
the creation of a suitable niche of CSCs [60]. During EMT process, CD44
expression switches from CD44v to CD44s and this shift is important for
the regulation of stemness during cancer progression. ESRP1 -which
controls CD44 alternative splicing- levels are reduced during EMT,
leading to the expression of the standard isoform (Fig. 1). CD44s is
essential for cells to undergo EMT probably through activation of Akt
signaling. When transplanted in mice, cells expressing CD44s lead to
the formation of tumors with mesenchymal characteristics [61]. In
CSCs, ESRP1 expression is inhibited by ZEBI -a crucial transcriptional
factor required for the EMT process- to control the switch from CD44v
to CD44s. CD44s in turn induces ZEBI expression to provide a self-
sustaining loop that further promotes EMT, allowing cancer cells to
acquire stemness independently of external stimuli (Fig. 1) [62]. The
relevance of CD44 in the maintenance of stemness and mammosphere
formation as a readout of CSC activity was evident in head and neck
squamous cell carcinoma cells in vivo where CD44 ectodomain clea-
vage by ADAM17 protease resulted in enhanced sphere-forming capa-
city and tumorigenesis of these cells [63]. Furthermore, cleavage of
CD44 intracellular domain (ICD) by y-secretase leads to its nuclear
translocation together with Nanog/Sox2/Oct4 transcription factors to
induce breast cancer tumorigenesis and sphere-forming capacity
(Fig. 1) [64]. In glioma, CD44 ICD binds to HIF2a (but not HIF1a) to
modulate pseudo-hypoxic phenotype of stem-like glioma cells in-
dependently of oxygen. Moreover, CD44 ICD enhances HIFla-target
gene expression irrespective of HIFla and is required for hypoxia-in-
duced stemness [65,66].

2.2. Hyaluronan/CD44 confers CSCs with resistance to oxidative stress

Reactive oxygen species (ROS) accumulation induces apoptosis in
both normal and cancer cells [67,68]. CSCs are able to limit ROS pro-
duction at low level, which is critical in preserving stem cell properties,
quiescence induction and enhanced drug resistance [69,70]. A major
transcription factor that regulates ROS levels is Nrf2. High Nrf2 ex-
pression was observed in CD44"%€"CD24" cell populations isolated
from a drug-resistant breast cancer cell line. Mechanistically, hyalur-
onan through CD44, upregulates p62, which deactivates KEAP1 to
promote Nrf2 activation and subsequent transcription of antioxidant
response genes to inhibit ROS accumulation and induce drug resistance
in breast cancer cells (Fig. 1) [71]. The synthesis of reduced glutathione
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(GSH), a major intracellular antioxidant, is enhanced by several
downstream target genes of Nrf2 (Fig. 1) [72]. GSH levels are also
modulated by CD44 since the expression of CD44v8-10 regulates the
glutamate-cystine xCT transporter, which promotes cystine uptake, to
modulate glutathione synthesis and inhibit ROS accumulation, leading
to drug resistance in urothelial and triple-negative breast cancer (Fig. 1)
[73,74]. CD44v9 has been also correlated with Nrf2 activation and poor
overall survival of patients with hepatocellular carcinoma [75].

A protective role of CD44 against the ROS damaging actions in CSCs
is also probably mediated by the modulation of glucose metabolism by
CD44. A proteomic screen of CD44 intracellular binding proteins re-
vealed that pyruvate kinase M2 binds to the C-terminal tail of CD44
[76]. This interaction promoted the metabolic flux from mitochondrial
respiration to glycolysis in cancer cells that were either deficient in p53
or hypoxic resulting in reduced ROS production (Fig. 1) [77]. Notably,
elevated hyaluronan production enhanced HIFla signaling via hex-
osamine biosynthetic pathway, which could constitute a feed-forward
signaling mechanism driving metabolic reprogramming towards gly-
colysis and the expression of CSC-like properties [78]. Overall, these
data suggest that CSCs might develop multiple hyaluronan/CD44-
mediated defensive mechanisms in order to gain a survival and oxida-
tive stress-resistant advantage.

ROS regulation is important for the maintenance of drug resistance
of CSCs by enhancing DNA repair. Importantly, hyaluronan was shown
to exert important anti-oxidant roles to protect cells from DNA damage
[79]. The mechanism of this protective effect may either involve en-
trapment of iron ions to inhibit the Fenton's reaction that produces
secondary oxidative species and/or directly scavenging of primary and
secondary ROS, as an antioxidant, resulting in hyaluronan degradation
[80]. Activation of CD44 by hyaluronan facilitates DNA repair in T-cell
lymphoma after treatment with chemotherapeutic agents and ionizing
radiation [81]. CD44 is also implicated in modulation of the DNA repair
process through activation of Chkl/2 and ATM pathways in prostate
[82] and breast [83] cancer, respectively. Taken together, these data
support a role of hyaluronan/CD44 in DNA repair after treatment with
DNA-damaging anti-cancer drugs to maintain CSCs and drive che-
moresistance.

2.3. Hyaluronan-CD44 interactions regulate epigenetic alterations in CSCs

HAS2-synthesized hyaluronan through CD44 contributes to silen-
cing of ERa-driven genes by modulating the activity of nuclear histone
deacetylases (HDACs) and histone acetyl-transferase EP300 [84]. Ex-
periments performed in CD44"CD24~ breast CSCs showed that pro-
moter CpG island methylation was different in relation to breast cancer
subtype and stem cell phenotype of tumor, suggesting an underlying
role of CD44 in DNA methylation to drive tumor stemness [85]. Inter-
estingly, CD44 has been shown to modulate cytokine gene methylation
in encephalitogenic T cells [86] and a similar model could be envi-
sioned in maintenance of CD44* CSCs through autocrine cytokine
signaling. Importantly, CD44 itself as well as several other hyaluronan-
related genes (HYAL-1, HAS2) expressions are controlled by epigenetic
modifications such as histone deacetylation and CpG island methylation
[87-92]. Hyaluronan through CD44 regulates histone modification
(H3K79 methylation) through DOTIL to upregulate miR-10b expres-
sion, which activates downstream Rho GTPases to promote head and
neck squamous cancer cell survival and resistance.

A wide panel of other miRNAs (miR-27b, miR-373, miR-181, miR-
34a, miR145) have been identified to be induced by treatment with
200 kDa hyaluronan [93]. Hyaluronan/CD44 interactions also mod-
ulate c-Jun signaling to induce miR-21 expression leading to Bcl-2 ex-
pression and chemoresistance in breast cancer cells [94]. In colon
cancer, hyaluronan binds to CD44 and activates c-Src to induce Snail
nuclear translocation. Subsequently, nuclear Snail binds to E-box miR-
203 (a stemness inhibitor) promoter to inhibit its expression and pro-
mote stemness marker expression, self-renewal, anchorage-independent
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growth and tumor growth in animal xenografts (Fig. 1) [95]. The
proposed mechanism of miR-203 is further supported by the findings of
Chamnee and colleagues, which showed that high hyaluronan synthesis
and accumulation promotes breast CSCs stemness by regulating the
EMT-related transcriptional factors Snail and Twist [58]. Another study
that shows the regulation of CSCs functions by hyaluronan-CD44 in-
teractions in a miRNA-dependent manner was performed by Bour-
guignon and colleagues in a human oral squamous carcinoma cell line
with high metastatic potential [96]. The authors demonstrated the
presence of a CSC subpopulation expressing high levels of CD44v3 and,
importantly, the interaction of hyaluronan with CD44v3 induced the
formation and nuclear translocation of the Oct4-Sox2-Nanog tripartite
complex, which is essential for CSC properties and controls the ex-
pression of miR-302 (Fig. 1). In contrast, the expression of miR-143 (a
tumor suppressor) is down-regulated in CD44 " breast cancer cells and
breast tumors compared to CD44~ cells and normal tissues, respec-
tively (Fig. 1). The tumor-suppressive function of miR-143 depends on
its ability to bind the 3’-untranslated region of CD44 inhibiting its ex-
pression and subsequently the stem cell properties of breast cancer cells
[97]. For a comprehensive review of hyaluronan/CD44 role on epige-
netic modifications and CSC biology, the reader is referred to an ex-
cellent review by Bourguignon and colleagues [93]. Therefore, the
existence of an autocrine mechanism of hyaluronan to induce hyalur-
onan-related genes to promote a positive feedback loop for stemness
acquisition through regulation of the epigenome is possible and remains
to be experimentally proven.

2.4. Hyaluronan/CD44 drive CSC-derived extracellular vesicles/exosomes

CSC-derived extracellular vesicles (i.e. exosomes, microvesicles and
apoptotic bodies) are important regulators of the communication be-
tween CSCs and their niche. They contain membrane trafficking reg-
ulators, cytoskeletal proteins, functional mRNAs and miRNAs, various
angiogenic and immunosuppressive factors, as well as ECM effectors
such as proteinases, glycosidases and hyaluronan/HAS/CD44
[98-100]. Hyaluronan is an important component of these entities as
evidenced by its increased production and secretion by human me-
senchymal stem cells, which are characterized by the massive shedding
of hyaluronan-coated extracellular vesicles [31,101]. Although extra-
cellular vesicles contain HAS proteins on their surface as well as func-
tional HAS mRNAs, it is not known if they can actually produce hya-
luronan [102,103]. As part of the communication of CSCs with their
niche, it is likely that CSCs exchange HAS proteins with target cells that
reside in the niche thereby promoting their hyaluronan-synthesizing
capacity, while it is also possible that target cells receive the functional
HAS mRNAs to translate them into newly synthesized HAS protein
(Fig. 1).

Extracellular vesicles contain also CD44, which may either help to
retain hyaluronan on the vesicles synergistically to HASs or transferred
to the target cells. The latter was demonstrated by a recent study of
Nakamura and colleagues, which indicated that ovarian cancer-derived
exosomes transfer CD44 to human peritoneal mesothelial cells (HPMC)
facilitating cancer invasion [104]. Mechanistically, CD44 was found to
be enriched in the cancer cell-derived exosomes, transferred, and in-
ternalized to HPMCs, leading to high levels of CD44 in HPMCs. This
increased CD44 expression in HPMCs promoted cancer invasion by
inducing the secretion of MMP9 and by cleaving the mesothelial barrier
for improved cancer cell invasion [104]. Moreover, the interaction of
hyaluronan-coated CSC-derived extracellular vesicles with the cellular
constituents of the niche could be facilitated and promoted by their
specific binding to CD44 on the membranes of target cells resulting in
the fusion and release of their cargo within the recipient cells of the
niche thus contributing to niche remodeling and stemness promotion
(Fig. 1). In pancreatic and colorectal cancers, cancer-initiating cells
(CICs)-derived exosomes bearing CD44v6 were shown to transfer the
migratory and invasive capacity to non-CICs and to regulate the
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expression of integrins and proteases to promote cancer cell migration
and invasiveness. Notably, CD44v6 knockdown altered the composition
of the secreted tumor exosomes, which lost their ability to promote the
malignant phenotype [105]. The finding that the induction of the pre-
metastatic niche by exosomes is dependent on CD44v6 further supports
the importance of hyaluronan-CD44 interactions on the role of extra-
cellular vesicles in the promotion of tumor malignancy [106].

In various types of cancer, hyaluronan is also produced by stromal
cells to support tumor growth [107-109]. Importantly, CD44™ cancer-
associated fibroblasts (CAFs) are present in hypoxic and avascular areas
of tumors. Kinugasa and colleagues were able to identify a positive role
of CD44-expressing CAFs in the maintenance of drug resistance and
stemness characteristics of cancer stem/initiating cells by utilizing co-
culture systems and sphere formation assays [110]. Although further
experiments are needed to identify the underlying molecular mechan-
isms responsible for this phenomenon, which could possibly involve
extracellular vesicles, this study highlights the important role of niches'
specific constituents in the acquisition of CSC stemness.

3. Relevance of CD44 isoform expression for the malignant CSC
phenotype

CD44 has been identified as a potent CSC marker as discussed
above, albeit important information is lacking regarding the specific
isoforms expressed in each type of CSCs. Several CD44v have been re-
cently identified as significant markers for the isolation of CSCs from
various types of cancer. Importantly, specific CD44 isoforms appear to
have significant roles in CSC functional properties, regulating several
CSC features, such as self-renewal, high proliferative potential, apop-
tosis-resistance and chemoresistance [111]. During the last years, sig-
nificant progress has been made for the identification of CD44v as CIC/
CSC markers and the elucidation of their biological significance in
CSCs.

In gastric cancer, CD44v8-10 was identified as the most frequent
CD44v [112]. Subsequently, CD44v8-10 expression was correlated with
advanced tumor initiation incidents of gastric cancer. Importantly, the
expression of this CD44 isoform, but not CD44s, increased the fre-
quency of tumor initiation in immunocompromised mice possibly
through enhancing oxidative stress defense. These data demonstrated
that CD44v8-10 could serve as a potent specific marker for gastric CSCs
[112]. Furthermore, it was shown that IL-6/STAT3 can also induce
CD44v6 expression to regulate tumor differentiation and lymph node
metastasis in gastric cancer. Importantly, CD44v6 expression correlates
with poor prognosis of gastric carcinoma patients [113]. Collectively,
CD44v6 and CD44v8-10 could serve as potent CSCs markers in gastric
carcinoma to predict metastasis and tumor recurrence.

CD44v3 and CD44v6 have been identified as CSC markers in oral
squamous cell carcinomas and their functional importance in the reg-
ulation of IL-6 and IL-8 cytokine network through Nanog/PTEN axis has
been recently proposed [51]. Moreover, in CD44v3*ALDH1* CSCs,
CD44v3 activates Oct4/Sox2/Nanog signaling to drive self-renewal/
clonal formation and generate heterogenous cancer cell populations in
head and neck squamous cell carcinoma [96]. CD44v6 expression has
been also identified in CICs/CSCs from pancreatic and colorectal cancer
and loading of CD44v6 on CIC-derived exosomes could transfer the
migratory and invasive capacity to non-CIC cells residing within the
niche thus regulating angiogenesis, invasion, migration and metastasis
[105]. CD44v6 was found to be expressed by clonogenic colorectal
CSCs and was required for their effective migration and formation of
metastasis [114]. This study showed that secretion of HGF, osteopontin
and SDF-1 from tumor associated cells induced the expression of
CD44v6, which was low in primary tumors, by activating Wnt/fB-ca-
tenin pathway in CSCs promoting their metastatic potential. Therefore,
the authors suggested that CD44v6 could serve as a marker of con-
stitutive and reprogrammed CSCs driving colon cancer metastasis.
CD44v6 has been also identified together with integrin f4 and CD47 as
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potent CSC markers to correlate with poor relapse-free survival in pa-
tients with posterior wall bladder cancer [115]. In urothelial cancer,
CD44v9 upregulation was identified in tumor specimens and CD44v9
positivity was an independent risk factor of cancer-specific survival in
patients that had received cisplatin and displayed recurrence and/or
metastasis. It was proposed that CD44v9 inhibits intracellular ROS ac-
cumulation probably through the xCT transporter stabilization, which
adjusts glutathione levels, thereby regulating chemoresistance to cis-
platin [73]. A similar functional role was attributed to CD44v9-xCT
system in hepatocellular carcinoma where its expression was found to
be upregulated in patients treated with hepatic arterial infusion che-
moembolization with cisplatin and could serve as an indicator of re-
sistance to applied therapeutics [116]. Moreover, in hepatitis C virus-
positive patients with resected hepatocellular carcinoma, CD44v9 and
ALDH1 correlate with poor overall survival and recurrence-free sur-
vival as well as poor histological differentiation of the tumors [75].

Specific CD44 isoform expression can be considered a specific CSC
signature in several tumor tissues and can be correlated with advanced
recurrence and metastasis. Although further studies need to be con-
ducted, the obtained data indicate a role of CD44v in the antioxidant
responses of CSCs. Alternatively, CD44v, i.e. CD44v3/v6, could reg-
ulate CSCs functions through presentation of growth factors to their
cognate receptors via their glycosaminoglycan side chains, thereby
modulating various downstream signaling pathways.

Collectively, differential CD44v expression can be utilized as a
strategy to detect CSC signatures in tumors that would enable the de-
velopment of early detection tools and, therefore, effective early in-
tervention and therapy.

4. Onco-suppressive approaches targeting hyaluronan-CD44 axis
in CSCs

Hyaluronan, a major “poly-messenger” macromolecule of CSC
niche, interacts with CD44 receptor on CSCs and the generated signals
credit CSCs with unique functional properties that individuate them
from the bulk of cancer cells within the tumor (Fig. 1). These specia-
lized signals result in the development of drug resistance programs in
CSCs that are responsible for their reconstitution after therapy and
disease relapse. As described above, hyaluronan-CD44 axis affects
major mechanisms of drug resistance in CSCs [117], including induc-
tion of EMT, overexpression of cell membrane transporters, hypoxia,
regulation of ROS, shedding of extracellular vesicles/exosomes loaded
with tumor-promoting effectors, and regulation of epigenetic factors.
Hence, targeting hyaluronan-CD44 axis could constitute a valid and
efficient approach to decline stemness properties of CSCs and important
aspects of resistance to cancer therapies.

Resistance to HER2-targeted therapies - a major obstacle in the
clinical management of HER2-positive breast cancer - is mediated
mainly by CD44, independently of its role as a breast CSC marker,
which is partly regulated by microRNAs. Knockdown of CD44 led to an
increased response to trastuzumab while it blocked the invasiveness
and anchorage-independent growth of trastuzumab-resistant cells
[118]. Nrf2, a key regulator of antioxidant genes, has been linked to
drug resistance in CD44"#" breast CSCs while hyaluronan/CD44-
mediated Nrf2 activation resulted in aggressive phenotype and tumor
growth. Therefore, it was suggested that CD44-Nrf2 axis could be a
candidate therapeutic target for the control of stress resistance and
stemness properties of CD44"8® CSC subpopulations within the bulk of
breast tumor cells [71]. Moreover, since nuclear localization of cleaved
CD44ICD is important for transcriptional activation of stemness factors
(i.e. Nanog, Sox2, Oct4) and treatment with y-secretase inhibitor
blocked sphere formation, the utilization of this specific enzyme could
effectively target CSC phenotype in breast cancer [64]. In patients with
advanced HNSCC, concurrent chemoradiotherapy induced CD44v9
expression [119]. Therefore, targeting CD44v9 might enhance che-
moradioselection efficacy of this carcinoma type as well as organ
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preservation and survival. Bourguignon and colleagues were able to
demonstrate that hyaluronan-CD44v3 promoted miR-302 expression
leading to cisplatin resistance in HNSCC. Therefore, anti-miR-302 in-
hibition could abrogate hyaluronan-CD44v3-mediated CSC functions
making it a promising therapeutic approach against HNSCC CSC phe-
notype [96]. In another study, inhibition of PI3K selectively eliminated
colorectal CSCs expressing CD44v6 that confers colorectal cancer cells
with their high metastatic potential [114]. Interestingly, CD44 ex-
pressed on CAFs in CSC niche of melanoma is also of functional im-
portance supporting stemness and drug resistance [110]. The authors of
this study highlighted the possibility that drugs delivered specifically to
CD44-positive CAFs could be a new promising candidate therapeutic
approach for melanoma.

Rodriquez and colleagues suggested that a combined strategy in-
volving hyaluronan biosynthesis inhibition by 4-MU with an adenovirus
encoding IL-12 could represent a potent anti-tumor modality since it
efficiently reduced hepatocellular carcinoma aggressiveness through
induction of anticancer immunity and CSC targeting [46]. In particular,
4-MU when combined with adenovirus-encoding IL-12 gene induced
potent cytotoxic-specific T cell responses. Moreover, hepatocellular
carcinoma cells pretreated with 4-MU, when injected to animals dis-
played increased overall survival compared to non-treated. Targeting
CSCs through specific receptor (CD44) — ligand (hyaluronan) interac-
tions might also be an effective CSC-targeted therapeutic approach.
Marengo and colleagues found that the use of hyaluronan decorated
liposomal formulations containing diethyldithiocarbamate copper
against pancreatic CSCs strongly reduced their proliferation and sphere
formation through a ROS-mediated mechanism [120]. Since hyalur-
onan-modified nanoparticles exhibit good biocompatibility and aqu-
eous solubility, their conjugation with chemotherapeutics constitute
promising and effective drug delivery systems. In gastric cancer, hya-
luronan-modified nanoparticles delivering rMETase suppressed tumor
growth and tumorsphere formation damaging the mitochondrial func-
tion of CD44+ gastric CSCs [121]. In another study, nanovesicle-
mediated miR-34a delivery attenuated proliferation and migration of
gastric cells by repressing CD44 expression as well as Bcl-2, Oct4 and
Nanog genes [122].

In malignant mesothelioma (MM), a novel therapeutic option was
suggested involving targeting of CD44 and ALK4 signaling pathways
that down-regulated sphere formation and maintenance of CIC com-
partment within MM cells [49]. In another line of research, as CD44v9-
xCT system is involved in the resistance of hepatocellular carcinoma to
hepatic arterial infusion chemoembolization with cisplatin, a combi-
nation treatment with sulfasalazine (SASP), a xCT inhibitor, has been
suggested to overcome such drug resistance in this type of cancer [116].
In a similar fashion, knockdown of CD44v8-10 could offer an efficient
therapeutic approach in urothelial cancer where this CD44 isoform
contributes to ROS modulation through xCT [73]. This could be also
potentiated by the combined application of SASP. In another line of
research, the findings by Chu and colleagues that extracellular serglycin
up-regulated CD44 to maintain nasopharyngeal carcinoma stemness
and to promote chemoresistance suggest that manipulation of serglycin-
CD44 axis could represent a promising therapeutic approach to target
CSCs in nasopharyngeal carcinoma [48].

Hyaluronan, HAS and CD44 are major constituents of CSC-derived
extracellular microvesicles and, thus, they may represent potential
biomarkers of the pre-metastatic niche for the prediction of early me-
tastasis or recurrence. The microvesicles have the potential to deliver
the HAS machinery to target cells influencing niche remodeling and
malignant properties of CSCs [102]. Since hyaluronan synthesis en-
hances shedding of plasma membrane-derived microvesicles [102], a
promising therapeutic approach could be the blockade of their secretion
through hyaluronan suppression using specific hyaluronan biosynthesis
inhibitors (i.e. 4-MU [123-126]), HAS gene knockdown or hyalur-
onidases (i.e. PEGPH20 [127-129]). Similar approaches, which in-
volved drugs that blocked H*/Na* and Na*/Ca®* channels (e.g.



S.S. Skandalis, et al.

dimethyl amiloride) or prevented biogenesis of exosomes (e.g. sphin-
gomyelinase inhibitors), showed beneficial effects in metastatic tumors
[130,131].

5. Conclusions

The use of CD44 as a main CSC marker for a large number of tumors
combined with its key role in tumor cell signaling clearly suggests a
functional link between them. Many studies, although initially solely
focused on CD44 as a CSC marker, have now demonstrated the re-
levance of specific CD44v and hyaluronan-CD44 interactions in the
maintenance of CSC properties. The observations of a switch from
CD44v to CD44s during EMT, which is important for the acquisition of a
CSC phenotype, possibly characterize CD44 ™ CSC subpopulations with
different features within a tumor. Importantly, recent studies propose
that CSCs constitute the main source of drug resistance, which is a
leading cause of tumor recurrence and metastasis and, eventually,
treatment failure. Hyaluronan-CD44 axis has nodal roles in key cell
signaling pathways that underlie important aspects of resistance to
tumor therapy in various cancers. Overall, the current literature sug-
gests that hyaluronan-CD44standard/variant axis is a very attractive
target for the design and development of novel therapeutic strategies
against metastatic tumors being in nascent stage.
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