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Abstract

Kolliopoulos, C. 2021. Role of TGFB-induced hyaluronan-CD44 signaling in cancer
progression. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1768. 60 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1279-8.

Hyaluronan, a prevalent glycosaminoglycan of the extracellular space often accumulates in
pathological conditions, such as chronic inflammation, infection, and cancer. Hyaluronan
synthase HAS2 has been responsible for the synthesis and deposition of hyaluronan in a variety
of tumors. We have shown that HAS2 was required for efficient transforming growth factor 8
(TGFp)-induced epithelial to mesenchymal transition (EMT), a developmental program which
is commandeered by cancer cells to increase their migratory and invasive capacity. In study I,
our findings show that long non-coding RNA Has2as has a key role in TGFp- and Has2-induced
breast cancer EMT, migration and acquisition of stemness.

Hyaluronan conveys its signaling properties via binding to its cell surface receptor CD44,
a well-established stem cell marker in a plethora of tumors. CD44 exerts its signaling
properties by interacting with components of the actin cytoskeleton machinery, and by acting
as a co-receptor for other receptor tyrosine or threonine kinases impacting their signaling
properties. Furthermore, CD44 is subjected to proteolytic cleavage, which eventually liberates
the cytoplasmic tail (CD44-ICD). CD44-ICD translocates to the nucleus and alters gene
expression. In study II, our findings support that TRAF4/6 mediates pro-tumorigenic effects of
CD44, and suggests that inhibitors of CD44 signaling via TRAF4/6 and RAC1 may be beneficial
in the treatment of tumor patients.

Glioblastoma (GBM) multiforme remains one of the most aggressive and lethal types of brain
tumors worldwide with a poor prognosis. In study III, we have initiated studies to elucidate the
CD44-dependent molecular mechanisms in GBM progression by knocking out (KO) CD44 by
employing CRISPR/Cas9 gene editing in glioma U251MG cells.

Aberrant hyaluronan levels are also found during infectious diseases. In study V, we show
that in a cohort study of dengue patients, high levels of circulating Dengue Nonstructural Protein
1 (NS1) correlate with high levels of serum hyaluronan. Moreover, we propose that hyaluronan
can serve as a prognostic marker for the onset of warning signs during the course of dengue
viral infection. Mechanistically, NS1 treatment-induced hyaluronan production contributing to
increased vascular permeability.

In study IV, we have identified a bifurcating loop during TGFp signaling, whereby
transcriptional induction of NUAKI serves as a negative checkpoint and NUAK2 induction
positively contributes to signaling and terminal differentiation responses to TGFp activity.

In summary, the current thesis provides mechanistic insights into the roles of TGFf-induced
hyaluronan-CD44 interactions in cancer progression.
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Introduction

Tumor microenvironment

The tumor microenvironment (TME), or niche, is of pivotal importance
throughout cancer progression and metastasis. In addition to tumor cells, it is
composed of neighboring stroma cells, such as fibroblasts, immune and endo-
thelial cells and extracellular matrix (ECM) (Hanahan and Coussens, 2012).
ECM is a highly heterogeneous supramolecular entity produced by the adja-
cent cells with distinct biochemical, biomechanical and architectural proper-
ties. It mainly consists of collagens, glycoproteins, highly charged proteogly-
cans (PGs) and glycosaminoglycans (GAGs), whose differential synthesis
and/or degradation lead to diverse cellular responses. In addition, ECM acts
as areservoir for inorganic molecules and signaling molecules, such as growth
factors (GFs), chemokines and cytokines, including transforming growth fac-
tor B (TGFp), fibroblast growth factor (FGF), platelet-derived growth factor
(PDGF) and others, which are deposited in the extracellular milieu; ECM can-
not be defined exclusively by its composition; post-translational modifications
of its constituents, such as hydroxylation, transglutamination, sulfation, gly-
cosylation and proteolytic cleavage add to the complexity and to the three-
dimensional characteristics of the matrix (Winkler et al., 2020).

The matrix components are used as building blocks for structures like base-
ment membrane, which separates epithelia or endothelia from the surrounding
interstitial tissue, which additionally forms another kind of matrix, less com-
pact and with higher porosity, referred to as interstitial matrix. These ECM
structures with their unique hydrodynamic features act as scaffolds, support-
ing the integrity of the aforementioned tissues. Because of this, ECM was for
a long time considered to serve by providing mechanical support for tissue
organization; however, apart from this inert space-filling role, a large body of
evidence has accumulated over the last decades, which suggests that the ECM
directly regulates cellular fates, such as proliferation, differentiation and mi-
gration. Thus, a reciprocal interaction between adjacent cells and matrix ex-
ists, since cells are responsible for its deposition and turnover, nonetheless,
matrix itself affects cell behavior, a phenomenon annotated as dynamic reci-
procity (Cox, 2021).
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Matrix and cancer

During cancer development, mimicking embryonic progression, the ECM
turnover is deregulated having a more profound role in proliferative, migra-
tory and invasive capacities of tumor cells, than previously anticipated (Lu et
al., 2012). Aberrant protein matrix degradation and turnover is mediated by a
plethora of calcium- or zing-dependent peptidases belonging to a vast super-
family, including matrix metalloproteinases (MMPs), a disintegrin and metal-
loproteinase proteins (ADAMs) and ADAMs with thrombospondin motifs
(ADAMTSSs). Their expression is often deregulated at both transcriptional and
post-translational level in cancer, altering their temporal and spatial distribu-
tion, eventually generating ‘tumor matrices’ (Karamanos et al., 2019).

Increased matrix density is frequently identified in tumors, a phenomenon
called desmoplasia. Desmoplasia is caused by excessive deposition of ECM
molecules. Cancer-associated fibroblasts (CAFs) are considered to be the pre-
dominant source of aberrant ECM production and secretion in solid tumors.
Although the precise origin of CAFs remains elusive, it is considered that part
of them stem from adjacent endothelial or epithelial cells, which have under-
gone endothelial to mesenchymal transition (endoMT) or epithelial to mesen-
chymal transition (EMT) respectively. Alternatively, they may derive from
mesenchymal stem cells of the bone marrow, which may be recruited in the
TME. Furthermore, they may represent a subpopulation of fibroblasts, which
have been ‘educated’ by the tumor parenchyma, exit their quiescent state and
become activated into myofibroblasts. Apart from their dominant secretory
role in ECM synthesis, CAFs are characterized by enhanced contractility
properties, elevated metabolic activity and their contribution to rapid ECM
remodeling (Kalluri, 2016). Tumor niche stiffening induces switch towards
glycolysis not only in tumor cells, but also in CAFs, which results in a recip-
rocal amino acid exchange between CAFs and tumor cells, sustaining tumor
growth and facilitating metastasis (Becker et al., 2020). Moreover, it has been
proposed that they comprise key components at the leading edge of collec-
tively moving tumor cells, facilitating their invasion and intravasation pro-
cesses (Winkler et al., 2020), even in a ‘non-invasive’ way (Glentis et al.,
2017). These pleiotropic actions of CAFs render them as major contributors
in the TME.

Extensive collagen cross-linking, mediated by lysyl oxidase family mem-
bers (LOX) for instance, significantly contributes to desmoplastic tumors, el-
evating intratumoral fluid pressure, perturbing drug penetration and efficacy.
In parallel, total tension and matrix stiffness are also increased, leading to the
transmission of mechanosensing cues. This process, known as mechanotrans-
duction, elicits signals affecting cell-cell and cell-matrix adhesion (Cox,
2021). Integrins are major mediators of such signals intracellularly, by binding
to their ECM ligands such as fibronectin (Johansson et al., 1997) and their
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expression is dysregulated in both tumor and stromal cells (Hamidi and
Ivaska, 2018).

Apart from the primary tumor, matrix remodeling occurs also at the meta-
static niche. Alterations at the ECM of distant organs are evident, even before
the stage of colonization, probably due to the secretion of extracellular vesi-
cles stemming from the primary tumor or from circulating tumor cells (CTCs).
Eventually, such alterations in organ-specific pre-metastatic niches foster a
hospitable environment for the attachment and the colonization of CTCs (Kai
et al., 2019). Interestingly, proteomic profiling of the ECM in metastatic sites
at different tissues, revealed distinct matrisome composition (Hebert et al.,
2020), exemplifying the ‘seed and soil” hypothesis (Paget, 1889). For instance,
myeloid cell-derived versican was found to mediate mesenchymal to epithelial
transition (MET) of breast CTCs at lung metastatic niches upon their arrival,
promoting their proliferation, eventually giving rise to overt metastases (Gao
etal., 2012). Finally, modulation of ECM has been implicated also in the con-
text of dormancy. Upon their arrival at the metastatic sites, disseminated CTCs
may enter a quiescent state of dormancy, preserving them without being able
to proliferate for several years, even decades. Sustained lung inflammation
caused awakening of dormant CTCs via neutrophil extracellular traps (NETs)
(Albrengues et al., 2018). NETs, which consist of externalized chromatin and
secreted proteases, have been implicated in cancer-related organ failures
(Olsson and Cedervall, 2016). NET formation at metastatic sites leads to
cleavage of ECM glycoprotein laminin, revealing an epitope, which activates
integrin signaling and proliferation in previously dormant cancer cells
(Albrengues et al., 2018).

In summary, ECM deposition and remodeling is prevalent in solid tumors
and tightly connected to multiple steps during cancer progression, providing
opportunities for novel therapeutic targets or markers with diagnostic or prog-
nostic value.

13



Hyaluronan-CD44 axis in cancer progression

Karl Meyer first isolated a polysaccharide, which was abundant in the vitreous
body of the eye in 1934 and named it hyaluronic acid, later renamed hyalu-
ronan, stemming from the greek word vaAog, which means glass (Meyer and
Palmer, 1934). Apart from the vitreous body, hyaluronan constitutes a preva-
lent component of the ECM in the cartilage, skin, brain, umbilical cord and
synovial fluid and plays a major role in cellular behavior both at physiological
and pathological conditions, such as chronic inflammation and cancer (Toole,
2004). Hyaluronan, which falls into the molecular class of GAGs, is a large
linear unbranched molecule, which consists of repeating dissacharide units of
D-glucuronic acid and N-acetyl-D-glucosamine linked by alternating $1-3 and
B1-4 linkages (Fig. 1). As a result, it bears carboxyl groups, that at neutral pH
are negatively charged, which renders it ideal for retaining large volumes of
water and thus acts as lubricant, supporting tissue architecture (Laurent et al.,
1995). Hyaluronan possesses signaling properties mainly executed after inter-
acting with its cell surface receptors, such as cluster of differentiation 44
(CD44), a known homing receptor for lymphocytes (Aruffo et al., 1990;
Goldstein et al., 1989; Stamenkovic et al., 1989) and hyaluronan mediated
motility receptor (RHAMM) (Cheung et al., 1999).

OH OH

J:o

L 0 o n

Figure 1. Hayworth representation of tetrasaccharide hyaluronic acid unit.

CD44 has been adequately characterized and physiologically has been in-
volved in hematopoiesis and lymphocyte homing. CD44 is ubiquitous, being
expressed in most cells and is encoded by a single and well-conserved gene
containing twenty exons; exons 1-5 and 16-20 are always transcribed and are
present in all isoforms, generating the standard isoform of CD44 (CD44s)
(Fig. 2). CD44s is often annotated also as CD44H, since it was first purified
from hematopoietic cells (Goldstein et al., 1989). The core protein comprises
a 37 kDa polypeptide, nonetheless, CD44 is extensively subjected to both O-
and N-glycosylation, eventually generating a 85-90 kDa glycoprotein
(Lokeshwar and Bourguignon, 1991). Exons 6-15 can be alternatively spliced
resulting in multiple variants of CD44, usually referred to as CD44v (variant]-
variant10) (Goldstein et al., 1989) (Fig. 2). The first five exons of the standard
isoform encode the amino-terminal globular protein domain, part of which
share homology with the cartilage proteoglycan core and link proteins. This
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part is referred to as ‘Link’ domain, which is stabilized by three disulfide
bonds and is responsible for binding to hyaluronan (Naor et al., 1997). Nev-
ertheless, a second site for binding of hyaluronan was identified outside the
link region (Teriete et al., 2004). The extracellular domain (ECD) of CD44 is
completed by exons 16 and 17 and together with part of exon 5 form the ‘stem’
region, which lies at the membrane proximal region, the juxtamembrane part
of'the ECD. The stem region comprises the inclusion site for the incorporation
of variant exons, generating CD44v isoforms. Furthermore, the stem region
contains putative sites for proteolytic cleavage performed by members of the
MMP and ADAM family. Exon 18 encodes the hydrophobic transmembrane
part of the glycoprotein, whereas exons 19 and 20 encode the cytoplasmic tail
of CD44 (CD44-ICD) (Fig. 2). Exon 19 is spliced out, since its incorporation
gives rise to a short cytoplasmic tail (Goldstein et al., 1989). CD44s is mostly
expressed in cells of mesenchymal origin, or hematopoietic cells, whereas
CD44v is widely expressed in cells of epithelial origin. For example, CD44v8-
10 is also referred to CD44E representing the epithelial isoform, while the
longest CD44 isoform CD44v2-10 is expressed in keratinocytes (Ponta et al.,
2003).

Figure 2: Genomic structure of CD44 and corresponding coding regions. Exons depicted with
blue color comprise the constant isoform CD44s. Inclusion of variant exons generate the dif-
ferent CD44v isoforms. ECD, extracellular domain; TM, Transmembrane domain; ICD, Intra-
cellular domain (Heldin et al., 2020).

CD44 acts as a cell adhesion molecule binding to a variety of ECM compo-
nents. Apart from being the primary receptor for hyaluronan as already de-
scribed, CD44 can also bind to collagen, fibronectin, laminin, serglycin and
osteopontin (Orian-Rousseau and Sleeman, 2014) (Fig. 3). Inclusion of exons
v6 and v7 expands the repertoire for CD44 binding to other GAGs, such as
chondroitin sulfate and heparin (Sleeman et al., 1997). Interestingly, CD44
does not possess any intrinsic kinase activity, nonetheless, is able to exert sig-
naling via interactions of intracellular domain of CD44 and actin cytoskele-
ton-related proteins, mainly ankyrin (Lokeshwar et al., 1994), IQGAP1
(Bourguignon et al., 2005; Kozlova et al., 2012; Skandalis et al., 2010) and
ezrin-radixin-moesin family (ERM) (Tsukita et al., 1994). Interestingly, the
tumor suppressor protein merlin, encoded by the gene NF2 keeps at bay these
interactions and this partially accounts for its well-established tumor-sup-
pressing role (Hartmann et al., 2015a). Related to the aforementioned tumor-
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suppressing axis of hyaluronan/CD44/merlin, it was demonstrated, that hya-
luronan synthase 2 (HAS2)-mediated exceptionally high molecular weight
(VHMW) hyaluronan promoted contact inhibition, even in sparse cultures of
naked-mole rat (NMR) skin fibroblasts. This effect was abrogated when
HAS2 was knocked down, or upon treatment with hyaluronidase or an anti-
body blocking binding of CD44 to hyaluronan. NMRs are well known for their
longevity and cancer resistance and noteworthy, when xenograft experiments
with NMR cells were carried out in mice, those which were knocked down for
HAS2 or overexpressing hyaluronidase-2 (HYAL?2), readily formed tumors
compared to the control cells (Tian et al., 2013). In contrast to HMW hyalu-
ronan, vHMW hyaluronan protects not only NMR, but also mouse and human
cells from stress-induced cell cycle arrest and cell death. vHMW hyaluronan
binds to CD44, perturbing its protein-protein interactions and altering gene
expression, eventually conferring these cytoprotective properties (Takasugi et
al., 2020). These results clearly pinpoint the significance of hyaluronan size
in tumor progression.

Hyaluronan
Laminin CD44slv Fibronectin
S-S,
S-S
S5 Osteopontin
MMPs bFGF CD44-ECD
_ HGF
MT1-MMP chaz o VECE
ADAM10M7 o Serglycin
7 AR —=y-sccretase/PST | CD44TM
CD44ICD
Cytoplasm
_ Gene

Nucleus (Fs/CDa4ICDp300]| "egulaion

Figure 3: Protein structure of CD44. CD44s (blue) or CD44v with the optional inclusion of
coding variants at the stem region (yellow) is shown. Three disulfide bonds stabilize the glob-
ular region. Various ligands, such as ECM glycoproteins, growth factors and proteases are also
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demonstrated. In a context-dependent manner, CD44-ICD binds to tumor suppressor merlin or
actin filaments-linking proteins such as members of the ERM family and ankyrin. Succeeding
proteolytic cleavage events are catalyzed by members of the MMP and ADAM families and
intramembranously by y-secretase. The released CD44-ICD translocates to the nucleus, where
it affects gene transcription (Heldin et al., 2020).

Except for its role in anchoring ECM constituents, CD44 has been character-
ized as a signaling hub, acting as a co-receptor for receptor tyrosine kinases
(RTKSs) or serine/threonine kinase receptors, modulating their signaling out-
comes (Fig. 4). In particular, it has been reported that CD44 binds to hepato-
cyte growth factor (HGF) receptor Met (Orian-Rousseau et al., 2002) and vas-
cular endothelial growth factor (VEGF) receptor VEGFR-2 (Tremmel et al.,
2009), enhancing their signaling capacity upon their cognate ligand binding.
The CD44v3 isoform is required for heparin sulfate binding, acting as a re-
cruitment platform for MMP-7; MMP-7 cleaves heparin-binding epidermal
growth factor (HB-EGF) and subsequently activates downstream receptor
ErbB4 (Yu et al., 2002). The CD44v3 isoform is also required for HB-EGF-
induced EGFR signaling and CD44v6 acts as a co-receptor for EGF-induced
ErbB1 and NRG1-induced ERbB3 and ErbB4 activation in breast cancer cells
(Morath et al., 2018). Noteworthy in glioma cells, it was reported that inter-
nalized CD44s in the endosomal compartment inhibited GTPase Rab7A-me-
diated EGFR trafficking to lysosomes and subsequent degradation (Wang et
al., 2017). This exemplifies how CD44 can augment RTK signaling, without
necessarily binding them directly. Interestingly, in a hyaluronan-dependent
manner, CD44 acts as a co-receptor for CXCR4 signaling affecting angiogen-
esis (Fuchs et al., 2013). On the contrary, in a hyaluronan-independent man-
ner, CD44 positively regulated WNT signaling by forming a complex with
LRP6 (Schmitt et al., 2015). Moreover, CD44 potentiates TGFf signaling in
breast cancer cells, by directly binding to transforming growth factor 3 recep-
tor type I (TPRI) (Bourguignon et al., 2002). Interestingly, in a yeast two-
hybrid screen, CD44-1CD was found to interact with bone morphogenetic pro-
tein (BMP) downstream mediator Smadl, promoting Smadl nuclear translo-
cation and transcriptional activation, which was suppressed upon CD44 si-
lencing (Peterson et al., 2004). Moreover, it has been illustrated that CD44 is
able to immobilize and activate matrix MMP-9 at the cell surface, an event
which leads to proteolytic cleavage and activation of latent TGFB (Yu and
Stamenkovic, 2000). On the contrary, in a hyaluronan-dependent manner,
CD44 can act by attenuating PDGF B-receptor (PDGFRp) signaling in human
dermal fibroblasts (Li et al., 2006). In the same cells, CD44 interacted with
both PDGFRP and TPBRI, and silencing of CD44 led to stabilization of both
receptors and sustainment of their signals (Porsch et al., 2014).
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Signaling via individual receptors Co-Receptor-mediated signaling

Hyaluronan Hyaluronan
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Src Src

Figure 4: CD44 acts as a signaling hub, modulating RTK and Ser/Thr kinase receptor signaling
outputs as in the case of HGF/Met and TGFB/TBRI respectively. CD44s acts as a co-receptor
by interacting with ligands and/or their cognate receptors. These interactions become more ev-

ident in the context of tumors, where signal transduction is sustained (Heldin et al., 2020).

Finally, it was recently reported that hyaluronan acts as a fence, forming a
pericellular coat by binding to CD44, which act as a picket, tethering actin
cytoskeleton to the membrane. This leads to perturbation of diffusion of phag-
ocytic receptors in macrophages, obstructing access to their targets. Force ap-
plication was sufficient to overcome this physical barrier, so that the receptors
could diffuse efficiently to engage their targets (Freeman et al., 2018). All
these studies outline the importance of CD44 in both hyaluronan-dependent
and —independent signal transduction.

CDA44 cleavage in cancer biology

CD44 cleavage occurs with high incidence in cancer. CD44 can be subjected
to two sequential proteolytic cleavage events. Members of the MMP and
ADAM family and in particular the membrane-bound MT1-MMP, also
known as MMP-14, ADAMI10 and ADAMI17, also known as TACE
(Nakamura et al., 2004) mediate the ectodomain (ECD) shedding of CD44 by
recognizing putative sites at the stem region at the membrane-proximal region
of the extracellular part of CD44. The resulting cleavage product, which con-
sists of a short remnant of the ECD, the transmembrane region and the cyto-
plasmic tail is further processed by the catalytic subunit of protease y-secretase
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presenilin-1, at the intramembranous domain, eventually liberating the cyto-
plasmic tail CD44-1CD (Lammich et al., 2002; Murakami et al., 2003). From
functional perspective, CD44 cleavage contributes to cell migration on a hya-
luronan substratum (Okamoto et al., 1999). Noteworthy, following its release,
CD44-ICD translocates to the nucleus, where it can modulate gene expression
by activating the 12-O-tetradecanoylphorbol 13-acetate (TPA)-responsive el-
ement. Nuclear CD44-ICD forms a complex with the transcriptional activator
CBP/p300, regulating the transcription of target genes, with CD44 being a
target gene itself. Thus, a positive feedback loop mechanism is established, in
order to replenish CD44 levels constantly at the plasma membrane (Okamoto
etal., 2001).

A plethora of external stimuli triggers CD44 cleavage, such as EGF (Murai
et al., 2006), PDGF, HGF (Hartmann et al., 2015a) and TGFB (Kuo et al.,
2009), resulting in ectodomain shedding of CD44. As far the mechanism is
concerned, signaling transduced by Ras oncoprotein (Kawano et al., 2000),
Rho family of small GTPases members, mainly Racl, protein kinase C (PKC),
or influx of extracellular Ca*" drives CD44 ectodomain shedding (Okamoto et
al., 1999). Notably, both cleavage events are promoted also by hyaluronan
oligosaccharides in various tumors (Sugahara et al., 2003, 2006). Interest-
ingly, oligomerization of CD44 was a prerequisite for induced cleavage
(Hartmann et al., 2015b). In addition, post-translational modifications of
CD44-ICD affect its transcriptional activity, since dephosporylation at serine
291 was reported to be indispensable for its TPA-mediated cleavage (Parra et
al., 2015). Interestingly, binding partners also exhibit a crucial role in the pro-
cess, since interaction of CD44-ICD with merlin suppresses, whereas binding
to ERM family members promotes its ectodomain cleavage, respectively
(Hartmann et al., 2015a).

The proliferation of thyroid cancer cells is sustained by CD44 cleavage.
CD44-ICD interacted with TF CREB, enhancing its activity. Subsequently
CREB bound to the cyclin D1 promoter, inducing its expression and hence
driving cell proliferation (Falco et al., 2012). More recently, CD44 cleavage
was demonstrated to drive glioblastoma mutiforme (GBM) progression and
was correlated with poor survival, by endowing the cancer cells with stem cell
properties and rendering them radiation-resistant (Pietras et al., 2014). In par-
ticular, in perinecrotic and perivascular areas in gliomas, the ubiquitously ex-
pressed CD44 ligand osteopontin induces proteolytic cleavage of CD44, con-
tributing to stabilization of HIF-2aq, facilitating the prevalence of hypoxia-in-
duced gene signature (Johansson et al., 2017). In line with these studies, it was
shown that upon its translocation to the nucleus, CD44-ICD interacted with
stem cells factors such as Nanog, Oct4 and Sox2, potentiating their transcrip-
tional activity enhancing stemness capacity in breast cancer cells (Cho et al.,
2015). Moreover, a CD44-ICD consensus binding element was identified at
the promoter of the PD-L1 gene, inducing PD-L1 expression, conferring im-
munosuppressive properties in breast and lung cancer cells (Kong et al., 2020).
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Intriguingly, in a recent study, soluble CD44 extracellular domain derived
from breast cancer cells promoted tumor progression, by triggering expression
and secretion of IL1f in macrophages, outlining that soluble CD44 also pos-
sesses functional properties (Jang et al., 2020).

From a clinical perspective, the shed N-terminal CD44 circulated in the
serum of patients with malignant tumors (Guo et al., 1994) or in arthritic syn-
ovial fluid (Haynes et al., 1991). In conjuction with these observations, CD44
cleavage products have been detected in extracts from human tumor tissues of
brain, breast, lung and ovarian origin (Okamoto et al., 2002), and were also
seen in articular chondrocytes of Rheumatoid arthritis (RA) patients
(Takahashi et al., 2010).

In summary, it is plausible, that suppressing one of the two, or both, CD44
cleavage events would counteract aggressive phenotypes, and thereby inva-
sion and aberrant gene regulation. In line with this notion, y-secretase inhibi-
tors significantly obstructed the pro-tumorigenic effects, which were mani-
fested in the aforementioned studies in this section, suggesting that inhibition
of CD44 cleavage is a possible therapeutic approach.

CD44 in EMT and stemness

A wide range of studies have established the impact of EMT in inflammation,
cancer invasiveness and chemoresistance. During this process, mammary ep-
ithelial cells remodel their ECM, shed their junctions with the ECM and neigh-
boring cells, undergo polarity and cytoskeletal reorganization and acquire a
fibroblastic migratory phenotype (Derynck and Weinberg, 2019; Nieto et al.,
2016; Thiery, 2002). CD44 has also been studied in this context. Dynamic
formation of CD44-high expressing cells at the leading edge, assists collective
invasion in luminal breast cancer cells (Yang et al., 2019). Notably, CD44 is
expressed at much higher levels in invasive breast cancer cells compared to
non-invasive ones (Heldin et al., 1996) and is a marker for cancer stem cells
(CSCs) (Al-Hajj et al., 2003). CSCs represent a minor population of the tumor
exhibiting self-renewing capacity, as well as multidrug resistance.

In the EMT-related context, it has been shown that, when mammary epi-
thelial cells undergo EMT, a switch from variant isoforms (CD44v) to stand-
ard isoforms (CD44s) is evident, and is a prerequisite for this process. From a
mechanistic perspective, the splicing factor epithelial splicing regulatory pro-
tein 1 (ESRP1) mediates the CD44 isoform switch and therefore is instrumen-
tal for regulating the EMT phenotype. The effect of this switch was activation
of PI3K/AKT signaling, which is known to mediate EMT (Brown et al., 2011).
Interestingly, nuclear ribonucleoprotein M (hnRNPM) was identified as a piv-
otal splicing regulator in CD44-dependent TGFpB-mediated EMT, since inhi-
bition of ESRP1 led to hnRNPM-mediated CD44-exon skipping. This event
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was found to be essential for breast cancer metastasis (Xu et al., 2014). An-
other study consolidated the aforementioned findings by identifying a gain of
function mutation in the chromatin modulator MORC?2, which enhanced its
binding to hnRNPM driving CD44v to CD44s splicing switch and EMT in
triple negative breast cancer (TNBC) (Zhang et al., 2018). Moreover, it was
reported that CD44s was positively associated with the CSC gene signature
and activated PDGFRp/Stat3 cascade to promote stemness (Zhang et al.,
2019). However, in another study the opposite trend was reported, with the
switch from CD44s to CD44v, being required for efficient colonization of
TNBC cells 4T1 to the lung. In the same study, it was shown that ESRP1
silencing led to abrogation of lung metastasis due to diminished levels of cys-
teine transporter xCT at the plasma membrane (Yae et al., 2012). CD44v was
shown to be required for stabilizing xCT at the plasma membrane in gastroin-
testinal cancer cells, positively regulating redox homeostasis and protecting
the cells from reactive oxygen species (ROS)-induced cell death (Ishimoto et
al., 2011). Therefore, more studies are required to understand the mechanistic
implications of CD44 isoform switching for the metastatic process. The ob-
served ambiguities may be partially explained by cell-context dependence and
the plasticity of EMT states in acquisition of stemness (Pastushenko and
Blanpain, 2019).

Interestingly, interaction between mesenchymal stem cells (MSCs) and
breast cancer cells led to CD44 translocation to the nucleus in a hyaluronan-
dependent manner, increased transcription of LOX and subsequent induction
of Twist leading to enhanced EMT in the cancer cells (El-Haibi et al., 2012).
Noteworthy, hyaluronan induced, in a CD44v3-dependent manner, formation
of complexes between Oct4, Nanog and Sox2, which are well established mas-
ter transcription factors (TFs) of stemness, in head and neck squamus cell car-
cinoma (HNSCC) cells leading to enhanced self-renewal and clonal formation
(Bourguignon et al., 2012). Additionally, CD44 interaction with Nanog in a
hyaluronan-dependent context, resulted in increased expression of pluripo-
tency-inducing TFs Rexl and Sox2 in breast and ovarian tumor cells
(Bourguignon et al., 2008).

Finally, a novel role of CD44 in modulating the epigenome was unveiled;
it was reported that CD44 mediates iron endocytosis in a hyaluronan-depend-
ent manner in several tumor cells. This resulted in enhanced activity of iron-
dependent demethylases, removal of repressive histone marks at the promot-
ers of mesenchymal genes, and thus promotion of EMT (Miiller et al., 2020).

Regulation and function of HAS2 in cancer

There are three members of hyaluronan synthases, i.e. HAS1, HAS2, HAS3,
which are multi-transmembrane proteins and catalyze hyaluronan synthesis in
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their cytoplasmic parts. Hyaluronan synthesis takes place in almost all verte-
brate cells and is stimulated by GFs and cytokines, including PDGF-BB,
TGFp (Heldin et al., 2009; Li et al., 2007a) and tumor necrosis factor alpha
(TNFa) (Vigetti et al., 2010). HAS activity is dependent on many factors, in-
cluding the availability of the substrates UDP-GIcNAc and UDP-GIcA (Jokela
et al., 2011), and post-translational modifications, such as ubiquitination and
phosphorylation. It has been reported that mono-ubiquitination of HAS2 and
its dimerization are required for hyaluronan synthesizing capacity (Karousou
et al., 2010). Interestingly, the deubiquitinating enzyme USP4 preferentially
removes HAS2 mono-ubiquitination, whereas USP17 removes HAS2
polyubiquitination stabilizing its levels (Mehi¢ et al., 2017). Hyaluronan bio-
synthesis and deposition are elevated in pathological conditions (Heldin et al.,
2019). Obviously, anabolic reactions require energy and therefore activity of
enzymes participating in these processes need to be tightly regulated. To this
end, another study demonstrated that adenosine monophosphate-activated
protein kinase (AMPK), which acts as an energy sensor of the cells, since it is
activated when the ratio of AMP/ATP is high, was able to phosphorylate
HAS?2, an event which led to inhibition of hyaluronan synthesis in human aor-
tic smooth muscle cells (Vigetti et al., 2011).

As far as cancer progression is concerned, HAS? is crucial for the invasion
of breast cancer cells (Li et al., 2007b; Udabage et al., 2005), and interestingly
it exerts this function by negatively regulating tissue inhibitor of metallopro-
teinases-1 (TIMP-1) expression (Bernert et al., 2011). Notably, CD44s pro-
moted activation of PI3K/AKT inducing HAS2 expression, with the elevated
hyaluronan sustaining AKT activation, cementing a positive feedback circuit
in breast cancer cells (Liu and Cheng, 2017). Importantly, the interaction be-
tween HAS2-synthesized hyaluronan and its cell surface receptor CD44, ac-
counts for the adhesion of these cells to microvascular endothelium (Olofsson
et al., 2014). HAS2 was found to be overexpressed in highly metastatic breast
CSCs and was indispensable for crosstalk of these cells with tumor associated
macrophages (TAMs). The consequence of this interaction was the secretion
of PDGF-BB from TAMs which led to activation of the surrounding stroma
and secretion of GFs and cytokines, like FGF7, FGF9, alongside BMP7,
which enhanced the self-renewal properties of the metastatic cells (Okuda et
al., 2012). In coherence with this study, FGF receptor activation in mammary
tumor cells induced accumulation of HAS2-synthesized hyaluronan within the
ECM and abrogation of its synthesis led to decreased proliferation, migration
and therapeutic resistance in vivo (Bohrer et al., 2014). Similarly, sustained
p38/MAPK signaling, driven by KRAS mutation in lung cancer, created a
CAF-mediated hyaluronan-enriched TME, driving lung tumorigenesis
(Brichkina et al., 2016).

HAS?2 has been shown to play an indispensable physiological role in EMT;
mice deficient in HAS2 are embryonically lethal, because of failure of execut-
ing EMT in the developing heart, which leads to abrogation of endocardial
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cushion formation (Camenisch et al., 2000). Further highlighting the role of
HAS?2 in heart development, it was found that zebrafish dicer mutant embryos,
which are depleted from their mature miRNAs, form excessive endocardial
cushions. miR-23 was identified as a crucial factor in restricting the number
of endocardial cells, which differentiate into endocardial cushion cells. HAS2
was identified as one of the primary targets of miR-23 (Lagendijk et al., 2011).
Another study performed in zebrafish also, illustrated that knockdown of
HAS? leads to loss of hyaluronan coating and severe defects in migratory ca-
pacity of ventrolateral cells during gastrulation. As a result, these cells fail to
develop lamellipodia and migrate dorsally. Mechanistically, this event is me-
diated by hyaluronan-induced activation of Racl (Bakkers et al., 2004). It is
worth mentioning, that a study performed by utilizing conditional transgenic
mice overexpressing HAS2 in spontaneous mammary tumors, revealed in-
creased intratumoral stroma enriched in hyaluronan-versican aggregates and
enhanced neovascularization. Concurrently, tumor cells exhibited mesenchy-
mal traits, low E-cadherin expression and increased nuclear B-catenin locali-
zation, both hallmarks of EMT (Koyama et al., 2007). Importantly, expression
of HAS?2 switches the epithelial phenotype of mesothelioma cells to a mesen-
chymal migratory one (Li and Heldin, 2001) and plays an indispensable role
in TGFB-mediated EMT (Porsch et al., 2012).

Cells which have undergone EMT are endowed with stem cell (SC) prop-
erties (Mani et al., 2008), which prompts a deeper investigation of the role of
HAS2/hyaluronan in the maintenance and expansion of CSCs (Skandalis et
al., 2019). Under physiological conditions in normal stem cell niches, MSCs
produced elevated amounts of hyaluronan coats, which are important for
maintaining SC properties (Qu et al., 2014). In a recent study, it was demon-
strated that cancer mammary epithelial cells overproducing hyaluronan, me-
diated by HAS2, underwent EMT in vivo and acquired SC traits through up-
regulation of TGF and subsequent activation of specific TFs, such as Snail
and Twist, which are known to act as master inducers of the EMT process
(Chanmee et al., 2014). To sum up, the HAS2/hyaluronan/CD44 axis acts on
many different levels, which converge to the propagation and maintenance of
CSCs, shedding more light on the molecular events driving this process.

From early on, it was widely considered that hyaluronan-CD44 interactions
are implicated in the induced glycolytic phenotype in cancer cells, a phenom-
enon known as the Warburg effect. CD44 was shown to form complexes with
the multifunctional glycoprotein EMMPRIN and monocarboxylate transport-
ers at the plasma membrane, stabilizing their levels and supporting efflux of
endogenously produced lactate due to enhanced glycolysis in breast carci-
noma cells (Slomiany et al., 2009). Metabolic rewiring is an established hall-
mark of cancer and correlates with the metastatic process (Bergers and Fendt,
2021). Importantly, elevated HAS2-mediated synthesis of hyaluronan resulted
in accelerated metabolic flux in the hexosamine biosynthetic pathway (HBP),
a biosynthetic branch derived from the glycolytic pathway. Concomitantly a
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shift to glycolysis resulted in accumulation of the TF HIF-10 and maintenance
of a stem-like state (Chanmee et al., 2016). UDP-GIcNAc is synthesized via
the HBP and acts as a donor substrate for protein O-GlcNacylation. Increased
overall protein O-GlcNAcyaltion and hyaluronan synthesis are highly corre-
lated with poor prognosis in advanced breast cancer (Chokchaitaweesuk et al.,
2019). These studies highlight metabolic reprogramming in hyaluronan-over-
producing breast cancer cells, as a novel potential mechanism for maintaining
cancer stem-like properties. Furthermore, inhibition of fatty acid synthase
(FASN) diminished CD44 protein levels, attenuating RTK signaling and re-
ducing metastatic potential in colorectal cancer (Zaytseva et al., 2012). Thus,
a reciprocal dependence of hyaluronan-CD44 signaling and metabolic repro-
gramming drive cancer progression.

Hyaluronan catabolism is aberrantly regulated in cancer
development

Apart from its synthesis, hyaluronan catabolism is of equal importance for
homeostasis. Thus, it is plausible that hyaluronan metabolism is deregulated
during chronic inflammatory conditions and in several carcinomas (Heldin et
al., 2014). In particular, hyaluronan size seems to be the crucial cue, eventu-
ally leading to distinct biological activities. For instance, there is a wide line
of evidence, that HMW hyaluronan suppresses inflammatory responses. On
the contrary, when hyaluronan is degraded, generating low molecular weight
constructs (LMW) HA, its lubricant abilities are abolished, e.g. in synovial
fluid of rheumatoid arthritis (RA) or osteoarthritis (OA) patients, leading to
chronic inflammation (Vuorio et al., 1982). Hyaluronan catabolism is medi-
ated by ROS, in a non-enzymatic manner, and therefore it has a protective role
by acting as a scavenger (Zhao et al., 2008), or enzymatically by hyaluroni-
dases encoded by six genes in total. They are separated into two clusters at
distant chromosomal loci, i.e. 3p21.3 (HYALI, HYAL2 and HYAL3) and
7Q31.3 (HYAL4, SPAM1 and PHYAL1). PHYALI is a pseudogene and there-
fore it doesn’t give rise to protein, whereas HY AL4 and PH-20/SPAMI1 are
tissue specific, and HY AL3 acts mainly as a chondroitinase; thus HY AL1 and
HYAL?2 are the most well characterized enzymes in hyaluronan catabolism
(Stern and Jedrzejas, 2006). Intriguingly, HY AL2 translocates to the nucleus,
where it regulates splicing of CD44 pre-mRNA, mediating inclusion of variant
exons 10 and 11, generating the antifibrotic CD44v7/8 isoform (Midgley et
al., 2017).

Interestingly, recently two novel hyaluronidases have been identified. Si-
lencing of HYAL1, HYAL2 and CD44 failed to account for the loss of hyalu-
ronan in human skin fibroblasts, which led to the discovery of a new enzyme
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possessing hyaluronan degrading capacity termed as hyaluronan binding pro-
tein involved in hyaluronan depolymerization (HYBID) or CEMIP, encoded
by KIAA1199 (Yoshida et al., 2013). Since then, CEMIP has been implicated
in breast and colorectal cancer progression (Fink et al., 2015; Zhang et al.,
2014) and cytokines and GFs, like TGFB, PDGF-BB, EGF and bFGF, can
modulate its expression levels (Nagaoka et al., 2015). Interestingly, in breast
cancer cells, CEMIP was elevated in exosomes from brain but not lung or
bone metastatic tumors, highlighting its role in connecting metastasis to organ
tropism (Rodrigues et al., 2019). In addition, CEMIP-homologous protein
transmembrane protein 2 (TMEM2) or CEMIP2 was also found to degrade
hyaluronan at the cell surface (Yamamoto et al., 2017). Via using a whole-
genome CRISPR knockout screen, TMEM2 was identified as a prevalent
modulator of ER-stress resistance. Mechanistically, TMEM2-mediated hyalu-
ronan fragments activate ERK- and p38-MAPK pro-survival signaling down-
stream of CD44, providing viability under stress (Schinzel et al., 2019). These
studies outline the importance of hyaluronan catabolism in homeostasis and
cancer.

Targeting hyaluronan-CD44 axis as therapeutic
approach

It becomes apparent from the aforementioned sections, that targeting hyalu-
ronan-CD44 signaling could pose a prudent therapeutic approach, worth in-
terrogating further. Thus, targeting of hyaluronan synthesis and deposition,
and interference of hyaluronan-CD44 interactions or interactions between
CD44 and co-receptors and ligands have been investigated. Hyaluronan-me-
diated drug delivery or application of anti-CD44 antibodies have been pro-
posed and tested, however, despite encouraging early results, many of these
treatments exerted severe off-target effects and had to be discontinued (Platt
and Francis C. Szoka, 2008).

Since its discovery as a potent inhibitor of hyaluronan synthesis a coumarin
derivative, 4-methylumbelliferone (4-MU), has been used to abrogate hyalu-
ronan synthesis in several tumors both in vitro and in vivo (Nagy et al., 2015).
Mechanistically, 4-MU suppresses hyaluronan synthesis by depleting the sub-
strate donor UDP-GIcA (Kakizaki et al., 2004). For example, 4-MU sup-
pressed migration, adhesion and invasion in ERa-negative breast cancer cells
(Karalis et al., 2019), highlighting the impact of hyaluronan inhibition in
breast cancer progression. Nonetheless, due to its non-specific nature, reser-
vations have risen, regarding its use for specifically targeting hyaluronan in
solid tumors.

Chemotherapy treatments and surgical resection of tumors often leads to
the formation of a pro-fibrotic environment, yielding desmoplasia. Tumor
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stiffness affects response to chemotherapy; as exemplified in the case of breast
cancer, softer tumors are more sensitive to therapeutic agents compared to
stiffer tumors (Falou et al., 2013). Hyaluronan and chondroitin sulfate, as large
anionic GAGs, retain high levels of water; augmented hydration leads to an
increase in hydrostatic pressure, potentially perturbing perfusion and diffusion
of therapeutic agents. To this end, hyaluronan degradation has been proposed
to compromise this effect and allow chemotherapeutic agents to reach their
targets, by decreasing interstitial fluid pressure. Intratumoral injections of
pegylated hyaluronidase PEGPH20 in combination with chemotherapies have
been used in clinical trials against pancreatic tumors, with mixed outcomes
(Cutsem et al., 2020; Hingorani et al., 2017; Ramanathan et al., 2019).

TGFP acts as a potent pro-fibrotic factor, highly contributing to
desmoplasia (Caja et al., 2018). To this end, pirfenidone, which was originally
developed as pulmonary anti-fibrotic agent, has been shown to act by impair-
ing TGFB-mediated increased synthesis and deposition of ECM components
collagen type I and hyaluronan by CAFs, decreasing desmoplasia. Notewor-
thy, pirfenidone has been reported to suppress the growth of demoplastic
breast tumors and metastasis to the lung (Takai et al., 2016). Similar effects
were observed in highly fibrotic pancreatic tumors (Kozono et al., 2013).
Therefore, targeting hyaluronan in desmoplastic PDAC would be a promising
therapeutic approach (Koltai et al., 2021). In parallel, perturbation of CD44v6
interactions with its ECM ligands, such as hyaluronan and osteopontin, or
RTK receptors Met and VEGFR-2 by the use of anti-CD44v6 soluble peptide
or monoclonal antibody has been proposed in PDAC and colorectal cancer
(Ma et al., 2019).

Targeting cancer-specific glycoconjugates also gain momentum, due to re-
cent advancements in studying glycomics (Pinho and Reis, 2015). Interest-
ingly, CD44 has been identified to be highly sialylated in hepatocellular car-
cinoma (HCC). Treatment with the sialidase NEU4 cleaved the sialic acid
chains in CD44, increasing its adhesion to hyaluronan, possibly to an extent
inhibiting motility of HCC cells (Zhang et al., 2021). It will be interested to
examine the cancer-specific sialylated form of CD44 further as potential ther-
apeutic target.

To sum up, the role of both hyaluronan and CD44 in cancer biology has
been increasingly appreciated during the recent decades. Thus, further inves-
tigation of targeting hyaluronan, CD44 or both in a combinational treatment,
may prove fruitful, mainly in desmoplastic tumors with high hyaluronan con-
tent, in order to combat cancer progression and metastasis.
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TGFp family and signal transduction

The TGFp family encompasses pleiotropic cytokines encoded by 33 genes in
mammals, giving rise to three TGFf isoforms TGFB1, TGFB2 and TGF3, as
well as several bone morphogenic proteins (BMPs), growth and differentia-
tion factors (GDFs) and inhibins, and the anti-Miillerian factor (AMF). TGF
is secreted as a latent polypeptide sequestered in the ECM, having limiting
access to its cognate receptors. Upon activation by proteolysis or conforma-
tional changes, the mature dimeric polypeptide ligand binds to a heterocom-
plex of TGFp receptors formed by two type I (TBRI) and two type II (TBRII)
receptor proteins, which possess dual specificity Ser/Thr and Tyr kinase ac-
tivity, albeit their Tyr kinase activity is weak (Tzavlaki and Moustakas, 2020).
Seven TPRI and five TPRII receptors have been identified in mammals. Upon
ligand binding, TBRII trans-phosphorylates and activates TBRI which conse-
quently phosphorylates the receptor-activated mothers against decapentaple-
gic homolog (R-SMAD:s) in their C-terminals (SMAD2 and SMAD?3 in the
case of TGFpB, and SMADI, SMADS5 and SMADS in the case of BMPs).
When R-SMADs are phosphorylated they assemble heterocomplexes with a
common mediator SMAD4 (co-SMAD) which translocate into the nucleus,
where they regulate gene expression, by acting as TFs (Heldin and Moustakas,
2016).

In addition, apart from the SMAD pathway, TGFBRI can recruit and acti-
vate the ubiquitin ligase tumor necrosis factor a receptor associated factor 4
(TRAF4) and 6 (TRAF6) which play a key role in mediating the non-SMAD
pathways. TRAF4 and TRAF6 are able to ubiquitinate and activate TGFj-
activated kinase 1 (TAK1) which subsequently phosphorylates and activates
mitogen-associated protein (MAP) kinase p38 and c-Jun N-terminal kinase
(JNK). The Phosphatidylinositol 3’-kinase (PI3K)/ Protein kinase B
(PKB)/AKT pathway is also activated. The tyrosine-protein kinase Src and
extracellular signal-regulated kinases 1/2 (ERK1/2) have been reported to be
activated as well downstream of the TGFf receptors (Mu et al., 2011; Zhang
et al., 2013). Moreover, TRAF6 promotes activation of proteases, like TACE
and Presenilin 1 (PS1), which sequentially cleave the TBRI first at the trans-
membrane domain and thereafter at the intracellular part generating a cyto-
solic fragment (TPRI-ICD). Upon release, the TBRI-ICD translocates to the
nucleus altering transcription of various target genes by acting as a TF (Gudey
et al., 2014). Furthermore, TPRII can phosphorylate the polarity complex pro-
tein PAR6, which recruits another ubiquitin ligase, called SMAD Specific E3
Ubiquitin Protein Ligase 1 SMURF1, which polyubiquitinates and signals
degradation of the small GTPase Ras homolog gene family, member A
(RhoA). As a consequence, actin microfilaments depolymerize leading to the
collapse of tight junctions, which is a necessary event for the EMT process
(Moustakas and Heldin, 2016).
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Dual role of TGFp in cancer progression

The action of TGFp is well studied in epithelial cells, and arguably exerts dual
roles in carcinoma development acting, as tumor suppressor at the onset of the
disease and as a tumor promoter at later stages, a phenomenon known as the
TGFP paradox. Its tumor suppressive role is predominantly attributed to its
potent growth arresting effect on pre-malignant cells primarily at the G1 phase
of the cell cycle, abrogating their ability to proliferate, which protects from
uncontrolled tumor growth. In particular, TGFf induces cyclin-dependent ki-
nase inhibitor (CDKi genes) like CDKN2B and CDKIA, encoding p15 and
p21, respectively, whereas at the same time it directly represses the transcrip-
tion of established genes for mitogenic factors, like c-Myc and inhibitor of
differentiation (ID) family members (ID1, ID2, ID3). Apoptosis is also in-
duced by TGFp in a panel of epithelial cells and is mediated by transcriptional
activation of TGFp Inducible Early Gene-1 (TIEG1). Death-associated protein
kinase 1 (DAPK) and Signaling Inositol Polyphosphate Phosphatase (SHIP)
are also direct target genes of TGFp in hepatoma and haematopoietic cells,
respectively, driving apoptosis (Pardali and Moustakas, 2007).

Nevertheless, when epithelial tumor cells succeed in overriding the anti-
mitogenic effects of TGFp, by undergoing EMT, they acquire migratory and
invasive properties important for intravasation to the bloodstream
(Tsubakihara and Moustakas, 2018). Moreover, it was reported that SMADs
collaborate with other TFs, including members of the AP-1 family, to promote
breast cancer invasiveness (Sundqvist et al., 2012). Interestingly, RAS and
TGFp signaling co-operate, by activating ANp63 transcriptional activity, to
enhance cancer progression (Vasilaki et al., 2016). Furthermore, TGF con-
verge with other signaling pathways, such as EGF signaling, in the case of
HER2+ and/or EGFR+ breast cancer cells, to promote invasiveness
(Sundgqyvist et al., 2020). TGFp also exerts tumor promoting effects, by acting
on non-tumor cells, e.g., by inhibiting growth and activation of T lympho-
cytes. Additionally, TGF[} promotes angiogenesis, by driving the transcription
of VEGF and connective tissue growth factor (CTGF) in both epithelial and
endothelial cells. Last but not least, TGFP also participates actively in meta-
static niches to create an environment fostering tumor growth. It has been re-
ported for instance that upregulation of CTGF and the osteoclastic differenti-
ation factor interleukin-11 (IL11) at the transcriptional level, as well as sus-
taining increased protein levels of another osteoclast-differentation factor,
parathyroid-hormone-related peptide (PTHrP), are indispensable events for
bone colonization of breast cancer cells. Noteworthy, consequent osteolysis
leads to increased release of ECM-deposited TGFp from the remodeled bone,
generating a vicious cycle, which eventually results in formation of macrome-
tastases (Siegel and Massagué, 2003).
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Gene regulation by chromatin modifying factors

Transcription of the genome requires a concerted action of TFs and co-factors,
which eventually recruit and activate the RNA polymerase II. Chromatin is
highly organized and tightly regulated and can be divided into two categories
based on its status, i.e. hetero- and euchromatin. Heterochromatin represents
a highly condensed form of chromatin, being inaccessible to TFs and other
required components of the transcriptional machinery and hence, transcription
is repressed. On the other hand, when chromatin adopts a more loosened con-
formation, a state referred to as euchromatin, TFs gain access to their respec-
tive DNA binding elements and thus transcription can be initiated. Accord-
ingly, chromatin architectural regulators mediate the tight balance between the
two states, which is deregulated during cancer development. Non-histone high
mobility group (HMG) proteins fall into this category of modulators.

HMGA family members HMGA1 and HMGA?2 directly bind to DNA and
alter its structure, leading to either activation or repression of gene expression.
They utilize three DNA binding regions known as ‘AT hooks’, recognizing
AT-rich sequences in the minor groove of DNA (Fusco and Fedele, 2007).
HMGA protein levels are induced during embryogenesis, however, they are
barely expressed in adult tissues. Particularly, HMGA? is predominantly ex-
pressed in the mesenchyme, but is also upregulated in tumors of epithelial
origin (Fedele and Fusco, 2010). HMGAZ2 has been found to play a crucial
role in heart development, since knockdown of HMGA?2 abrogated cardiomy-
ocyte differentitation, both in vitro and in vivo (Monzen et al., 2008). TGFp
induces HMGAZ2, which is required to elicit EMT in mammary epithelial cells,
by upregulating the master EMT-TFs Snail and Twist (Tan et al., 2012;
Thuault et al., 2008). Of notice, HMGA?2 exerts also an epigenetic transcrip-
tionally repressing role in the promoter of CDH1I gene which encodes for E-
cadherin. The outcome of this event is silencing of CDH1, loss of E-cadherin
expression and increase in cell invasion (Tan et al., 2015). In vivo, HMGA2
was identified at the invasive front of human and mouse tumors. In the same
study, overexpression of HMGA?2 in non-metastatic breast cancer cells con-
verted them to metastatic ones which created lesions in the liver, highlighting
the role of HMGAZ2 in metastasis (Morishita et al., 2013).

Another chromatin remodeling mechanism involves a relatively novel class
of biomolecules in this category, the long non-coding RNAs (IncRNAs).
LncRNAs are defined as the non-coding RNAs with size longer than 200 nu-
cleotides, whereas microRNAs (miRNAs) are shorter than 20 nucleotides.
LncRNAs also serve as precursor to miRNAs. LncRNAs are transcribed by
RNA polymerase Il and can be capped, spliced and poly-adenylated like
mRNAs. However, they are devoid of long or functional open reading frame,
and therefore they cannot give rise to proteins (Statello et al., 2020). Some
years ago, IncRNAs were deemed as ‘transcriptional noise’, since they are
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poorly conserved and their transcriptional levels are low. It was only very re-
cently that the functional roles of IncRNAs have started to be appreciated in
physiological conditions and in the context of cancer and inflammation (Ling
etal., 2015).

One group of IncRNAs is transcribed from the opposite strand of the tran-
scriptional units and are annotated as antisense IncRNAs. Antisense IncRNAs
may act either in cis or trans manner, relative to the gene locus that encodes
them affecting gene transcription. If they act on genes in the close vicinity of
their own gene, then they belong to the first category (cis); the latter (trans)
includes the antisense IncRNAs which exert their actions on genes at distant
loci (Villegas and Zaphiropoulos, 2015). Usually the IncRNAs, which act in
cis fashion and interact with the chromatin, tend to act as enhancer-associated
RNAs (eRNAs) by forming chromatin loops, or recruiting protein factors,
which change the histone code or the DNA methylation status locally. In the
context of cancer, a wide body of evidence implicates IncRNAs in both TGFf3
signaling and the EMT process (Papoutsoglou and Moustakas, 2020). Follow-
ing transcriptomic analysis, it was reported that TGFB-induced IncRNAs
TGFB2-AS1 (Papoutsoglou et al., 2019) and MIR100HG (Papoutsoglou et
al., 2021), which in feedback circuits, affect TGFf signaling in a negative and
positive way respectively. TGFp also induced the expression of a specific
IncRNA, called Hotair, which triggered the EMT program. Interestingly, ab-
lation of Hotair expression prevented the EMT program and also the colony-
forming capacity of colon and breast cancer cells (Alves et al., 2013). Another
IncRNA, MALATI, was found to be overexpressed in oral squamous cell car-
cinoma tissues and was shown to be required for sustaining EMT, migration
and invasion (Zhou et al., 2015).

Interestingly, from the HAS family, HAS2 is the only member, whose gene
locus encodes a natural antisense RNA (HAS2-AS1), which is transcribed at
the opposite strand of the DNA relative to the protein coding mRNA. Im-
portantly, among promoters of the HAS family genes, it has been shown that
the HAS2 promoter is the least active under normal conditions, nonetheless, it
becomes readily inducible upon external stimuli by e.g. GFs and cytokines.
The HAS2 promoter contains conserved binding elements for multiple TFs,
including CREB (Makkonen et al., 2009), NF-kB (Saavalainen et al., 2007),
STAT3, RAR (Saavalainen et al., 2005), YY1 (Jokela et al., 2011), ZEBI1
(Preca et al., 2017), E2F-myc (Monslow et al., 2003), and SP1/3 (Monslow et
al., 2006) (Fig. 5). It has been proposed that due to complementarity between
exon 2 of HAS2-AS1 with exon 1 of HAS2 mRNA, the HAS2:HAS2-AS1 RNA
duplex formation leads to enhanced stability of the coding mRNA of HAS?2
(Michael et al., 2011). Moreover, upon N-acetyl-D-glucosamine treatment,
p65, one of the subunits of nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB) was O-GlcNAcylated and bound to the HAS2-AS1 pro-
moter. This event drove transcription of H4S2-AS1, which altered the acces-
sibility for the HAS2 gene, by acting in cis manner, inducing HAS2 expression
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(Vigetti et al., 2014). Apart from its role in the nucleus, HAS2-AS1 exerts its
functions in the cytoplasmic compartment also, by acting as a competing en-
dogenous RNA (ceRNA), sponging miR-137 and promoting invasion and pro-
liferation of glioma cells (Lu et al., 2021; Wang et al., 2020). Noteworthy,
HAS2-AS1 has been identified as a hypoxia-inducible IncRNA in oral squa-
mous cell carcinoma (OSCC), bearing a hypoxia-related element (HRE) at its
promoter (Fig. 5). In a HIFla-dependent induction, HAS2-4AS! promoted
EMT of OSCC cells, by stabilizing HAS2 (Zhu et al., 2017). Finally, HAS2-
ASI has been correlated with poor prognosis in papillary thyroid cancer (Ma
et al., 2016). Contradictory to these findings, inducible overexpression of
HAS2-AS1 in osteosarcoma cells decreased H4S2 mRNA levels and secretion
of hyaluronan was diminished, leading to a reduction in their proliferation rate
(Chao and Spicer, 2005) and indicating cell context-dependent regulation of
HAS2 by HAS2-AS1.
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Figure 5. Transcription factor binding elements in the promoters of HAS2-AS! (A) and HAS2
(B), which have been characterized (Heldin et al., 2019).
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Hyaluronan and vascular integrity in viral infections

Hyaluronan comprises a prevalent component of the glycocalyx, a glycocon-
jugate-based ensemble covering the cell surface. Hyaluronan-CD44 interac-
tions have been highlighted in leukocyte homing during inflammatory pro-
cesses (DeGrendele et al., 1997). Both hyaluronan and CD44 have been im-
plicated in the pathogenesis of viral infections (Heldin et al., 2020). In vascu-
lar tissues, hyaluronan has a major role in supporting vascular integrity, and
its removal from the glycocalyx perturbs the well-organized endothelial cell-
cell junctions (Jackson, 2019). Intruding pathogens, such as viruses, often
dysregulate the glycocalyx, impairing endothelial barrier function and causing
leakage. For instance, flavivirus-derived protein component nonstructural pro-
tein 1 (NS1) impairs vasculature, by disrupting endothelial glycocalyx com-
ponents causing hyperpermeability in tissue-specific manner (Puerta-Guardo
et al., 2016, 2019). Increased serum hyaluronan levels have been reported in
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the case of Dengue virus infection, which associated with disease severity
(Tang et al., 2017), indicating that circulating hyaluronan may be exploited as
prognostic marker. Interestingly, hyaluronan-CD44 interactions have been
implicated in the pandemic severe acute respiratory syndrome (SARS) coro-
navirus disease (COVID-19), being caused by the novel severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2). Recently, it was shown that cir-
culating hyaluronan was elevated in plasma of COVID-19 patients, and treat-
ment of endothelial cells with these isolated hyaluronan fragments induced
vascular hyperpermeability, in a ROCK- and CD44-dependent manner, com-
pared to treatment with plasma from healthy donors (Queisser et al., 2021).
These studies outline the important role of hyaluronan-CD44 biology in sup-
porting vascular integrity upon virus-triggered challenges.
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AMPK -related protein kinases superfamily

The AMPK-related kinase family (ARKSs) consists of 13 serine/threonine pro-
tein kinases (BRSK1, BRSK2, Nuakl, Nuak2, SNRK, QIK, QSK, SIK,
MARKI1, MARK?2, MARK3, MARK4 and MELK), which share sequence
similarity with the catalytic subunit of the AMP-activated protein kinase
(AMPK). AMPK is mainly activated by AMP, which accumulates upon low
ATP levels, and is related to whole body energy homeostasis. All ARKs can
be activated by the master upstream kinases, like LKB1, TAK1 and CaMKK§,
which phosphorylate Thr172 in the activation loop of their catalytic domain
(Bright et al., 2009). Although the role of AMPK in homeostasis and cancer
progression has been studied, the involvement of the ARKSs in these processes
is poorly understood.

The novel (nua) kinase (Nuak) subfamily consists of two members, Nuak1
(also called AMPK-related kinase 5;ARKS5) and Nuak2 ( also called sucrose
non-fermenting AMPK-related kinase; SNARK). Nuak2 was initially discov-
ered as an ultraviolet-induced gene in human keratinocytes (Lefebvre et al.,
2001) and can be activated under various types of stresses, DNA damage, ox-
idative stress, glucose or glutamine deprivation and low AMP:ATP ratio, to
name just a few (Lefebvre and Rosen, 2005). It was also reported that Nuak2
levels were increased with muscle cell differentiation protecting myocytes
from undergoing apoptosis (Lessard et al., 2016). Stress fibers play an im-
portant role in cellular contractility, regulating processes, such as cell adhe-
sion and motility. Nuak?2 has been found to modulate the function of the my-
osin regulatory light chain (MLC) phosphatase, by physically interacting with
the myosin-phosphatase Rho-interacting protein (MRIP). This event leads to
suppression of MYPT1, the regulatory subunit of the MLC phosphatase. Fol-
lowing this inhibition, formation of actin stress fibers is prolonged, controlling
contraction of smooth muscle cells (Vallenius et al., 2011). Notably, MYPT1
is the only known substrate of Nuak?2 to date (Yamamoto et al., 2008). In an-
other interesting note, Nuak2 was found to be important in WIPI4-mediated
autophagy (Bakula et al., 2017).

In pathological conditions, Nuak2 was found to regulate hepatitis C virus
replication via enhancing TGF signaling eventually leading to hepatic fibro-
sis (Goto et al., 2013). Noteworthy, salt-inducible kinase (SIK) is a direct
TGFp target gene (Lonn et al., 2012) and was shown to negatively affect
TGFP signaling by downregulating the protein levels of TPRI (Kowanetz et
al., 2008). These studies clearly establish a link between ARK family and
TGFP signaling. Nuak?2 has also been implicated in cancer progression, being
extensively studied in melanomas, where it affects cell cycle progression and
cell migration (Namiki et al., 2011). The combination of genetically amplified
SNARK and deletion of PTEN led to increased phospho-AKT levels, increased
CDK2 expression and elevated growth of melanoma tumors (Namiki et al.,
2015). Importantly, Nuak?2 was identified as a critical mediator of Y AP-driven
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tumorigenesis in liver cancer (Yuan et al., 2018). In a feed forward mecha-
nism, Nuak2 activates the Hippo pathway, by inhibiting LATS-mediated
phosphorylation of YAP/TAZ in several cancer cells and in mammary tumors
in vivo (Gill et al., 2018).

Nuak1 was demonstrated to interact with various myosin phosphatases and
as in the case of Nuak?2, it can physically interact with and phosphorylate
MYPT]I, and thus inhibit phosphatase activity, enhancing phosphorylation of
MLC2 (Zagorska et al., 2010). Nuak1 contains a putative AKT phosphoryla-
tion motif which, when it is phosphorylated, activates AKT, resulting in ele-
vated phosphorylation of ataxia-telangiectasia protein (ATM) and p53, medi-
ating survival signaling (Suzuki et al., 2003a). In coherence with these find-
ings, Nuak1 was shown to suppress cell death induced by nutrient starvation
and death receptors in human hepatoma cells (Suzuki et al., 2003b).

Of interest, Nuak1 was found to be required for modulating AMPK activity
and therefore ATP levels, in Myc-driven tumors by limiting protein synthesis
mediated by mTORCI protein kinase. Nuak1 depletion led to an induction of
a plethora of pro-apoptotic signals both in vitro and in vivo in hepatocellular
carcinoma, establishing it as a key factor for survival of tumor cells (Liu et al.,
2012). Recently, Nuak1 was reported to be indispensable in mediating spliceo-
some activity in Myc-driven transcription, by inhibiting protein phosphatase
1 (PP1) (Cossa etal., 2020). Furthermore, Nuak1 was demonstrated to activate
the polo kinase-1, indirectly via inhibition of the protein phosphatase 13
(PP1p), stimulating progression through the S phase (Banerjee et al., 2014).
Moreover, elevated Nuakl levels drove MMP-dependent invasion of cancer
pancreatic cells (Suzuki et al., 2004), exerted tumor promoting effects in
breast cancer cells (Chang et al., 2011), and Nuak1 levels were also upregu-
lated in a panel of colorectal cancer cells (Kusakai et al., 2004). Opposite to
the conclusions of these studies, Nuak1 was found to exert anti-tumorigenic
actions as well, since it directly binds and phosphorylates p53 in a LKB1 ac-
tivation-dependent manner leading to cell cycle arrest at the G1/S phase, by
inducing expression of the CKi p21 (Hou et al., 2011). Loss of function
screening in normal human diploid fibroblasts revealed Nuak1 as an inducible
kinase mediating senescence upon ageing (Humbert et al., 2010), further sup-
porting a tumor suppressing role for Nuakl1.

34



Present Investigation

Aim and main findings of the studies

Hyaluronan synthesis is deregulated during cancer progression in various tu-
mors. HAS2 has been responsible for the synthesis and deposition of hyalu-
ronan in a plethora of tumors and adjacent stroma. The primary goal of study
I was to delineate the molecular events, regulating the induction of HAS2 in
TGFp-induced EMT, migration and stemness in breast cancer.

Hyaluronan conveys its signaling properties via binding to its cell surface
hyaladherin receptors, such as CD44. Aberrant expression of CD44 isoforms
occurs during cancer progression. CD44 doesn’t possess any intrinsic kinase
activity, therefore the way it exerts its signaling properties mainly depends on
interacting molecules. As already discussed, full length CD44 can act as a co-
receptor, while its tail associates with actin cytoskeleton components. Apart
from that, upon CD44 cleavage, the released product CD44-1CD can translo-
cate to the nucleus, altering transcription of target genes. The aim of study II
was to elucidate the mechanism by which TGFB-induced CD44 cleavage oc-
curs in tumor progression.

Glioblastoma (GBM) multiforme remains one of the most aggressive and
lethal types of brain tumors worldwide with a poor prognosis. The main at-
tributes of GBM include high heterogeneity, increased invasive and prolifer-
ative capacity, chemoresistance, and a high rate of recurrence (Putavet and
Keizer, 2021). In study III, we sought to investigate deeper the role of CD44
in GBM progression.

Aberrant hyaluronan levels are also found during infectious diseases. Hya-
luronan has been shown to play a pivotal role in sustaining vascular integrity.
Dengue is a vector-borne virus and infected patients during critical phase
show severe bleeding. High levels of the Dengue Nonstructural Protein 1
(NS1) are found in the circulation and correlated to excessive cytokine pro-
duction leading to vascular leakage. In study V, we examined the role of hya-
luronan in dengue viral infection and how it may be involved in vascular leak-
age.

TGFp signaling, via the downstream effectors of the SMAD family and
protein kinase pathways, up- or down-regulates the expression of many genes,
and thus affects physiological processes, such as differentiation, migration,
cell cycle arrest, and apoptosis during developmental or adult tissue homeo-
stasis. During cancer progression, TGFp signaling is differentially modulated
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to enhance its pro-tumorigenic properties. Earlier microarray screening in hu-
man breast cancer cells identified salt-inducible kinase (SIK), a member of the
AMP-activated protein kinase (AMPK) superfamily, as a gene that was tran-
scriptionally induced in response to TGF. SIK was found to negatively reg-
ulate TGFp receptor signaling, by promoting TGFBRI turnover. Influenced by
the impact of SIK on TGFp signaling, in study IV, we performed a screen of
all AMPK family members in established cell models, to examin their roles as
regulators of TGFp signaling.

Main findings:

Paper I: Has2 natural antisense RNA and Hmga2 promote Has2 expression
during TGFf-induced EMT in breast cancer

In paper I, we report a negative correlation between the expression of HAS2,
its natural antisense transcript HAS2-AS, the chromatin architectural tool
HMGA?2 and TGFp, and survival of patients with invasive breast carcinomas.
In mammary epithelial cells, TGFp induced transcription of Has2, Has2as,
and Hmga2, as well as EMT-TFs, such as Snail. Importantly, Has2as silencing
inhibited the TGFp induction of EMT markers and the mesenchymal pheno-
type. TGFB mediated hyaluronan synthesis was accompanied by activation of
Akt and Erk1/2 MAP-kinases, which were necessary for breast cancer cell
motility. Noteworthy, Cd44 facilitated TGFp-mediated EMT. Interestingly,
Has2as was found to contribute to the expression of stem cell factors, when
breast cancer cells were grown in stem cell-like mammospheres. Our findings
show that Has2as has a key role in TGFB- and HAS2-induced breast cancer
EMT, migration and acquisition of stemness.

Paper 11: TRAF4/6 is needed for CD44 cleavage and migration via RACI ac-
tivation

In study II, we report that CD44 cleavage is promoted by TGFp in lung cancer
cells in a manner dependent on the ubiquitin ligases TRAF4- and/or TRAF6.
Lung cancer cells grown in stem cell-like spheres showed elevated TRAF4-
dependent expression of CD44 variant isoforms, CD44 cleavage, and hyalu-
ronan synthesis. Mechanistically, TRAF4 activated the small GTPase RACI.
CD44-dependent motility of lung cancer cells was suppressed upon TRAF4
silencing, which was rescued by the transfection of a constitutively active
RACI1 mutant. We propose that TRAF4/6 mediates pro-tumorigenic effects of
CD44, and that inhibition of CD44 signaling via TRAF4/6 and RACI1 may be
beneficial in the treatment of tumor patients.

Study II: Effect of CD44 on glioma cell progression, invasion and senescence
In study III, we sought to elucidate the CD44-dependent molecular mecha-
nisms in GBM progression by knocking out (KO) CD44 in glioma cells. Pro-
liferation rate was decreased and cell cycle inhibitor pl6 was increased in

36



CD44-depleted cells. Importantly, the CD44 KO cells acquired a pro-senes-
cence state. Interestingly, CD44 KO cells showed enhanced migratory and in-
vasive properties, which may be partially attributed to the acquisition of a se-
nescence-associated secretory phenotype (SASP). Transcriptomic analysis of
stem-like U251MG cells, grown in spheres, unveiled a CD44-dependency for
expression of molecules involved in hyaluronan synthesis and degradation,
and of members of the PDGF and PDGF receptor families. These observations
highlight the importance of CD44 on GBM progression.

Study 1V: Transforming growth factor f (TGFp) induces NUAK kinase expres-
sion to fine-tune its signaling output

In study IV, we identified AMPK family members NUAK1 and NUAK?2 as
two TGFp target genes. We found that TGFB-mediated transcriptional induc-
tion of NUAK1 and NUAK2 was dependent on both SMADs and MAPK
pathways. Importantly, NUAK?2 associated with SMAD3 and the TGFBRI.
From a functional perspective, NUAKI1 inhibited and NUAK2 enhanced
TGFB-mediated epithelial cell cycle arrest, mesenchymal differentiation, and
myofibroblast contractility. In summary, we have identified a bifurcating loop
during TGF signaling. Transcriptional induction of NUAKI serves as a neg-
ative modulator, whereas NUAK?2 induction positively contributes to TGFf
signaling and mediated responses.

Study V: High levels of serum hyaluronan is an early predictor of dengue
warning signs and perturbs vascular integrity

In study V, we show that in a large cohort group of dengue patients, high levels
of circulating viral NS1 protein correlate with high levels of serum hyalu-
ronan, which can be used as a prognostic marker for the onset of warning
signs, during the course of dengue viral infection. Importantly, treatment with
NS1 decreased the expression of CD44 in differentiating endothelial cells,
perturbing the organization of vessel-like structures. Mechanistically, NS1
stimulated the synthesis of hyaluronan in dermal fibroblasts and endothelial
cells and intercellular hualuronan deposition recruited CD44-expressing mac-
rophage-like cells, potentially contributing to inflammation. In endothelial
cells, impaired hyaluronan-CD44 interactions led to increased permeability,
via aberrant endothelial intercellular junctions.
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Future Perspectives

The primary aim of the current thesis was to delineate the molecular events
driving hyaluronan-CD44 tumorigenic signaling and thus, identifying poten-
tial targets for therapeutic interventions (papers I-1II). In parallel, hyaluronan-
CD44 interactions were explored in the context of Dengue virus-mediated im-
pairment of vascular integrity (paper V). Finally, the role of two novel TGFj3-
inducible kinases NUAK 1 and NUAK2 was characterized in TGFp-dependent
outputs.

In study I, we explored and characterized the role of Has2as in TGFf-in-
duced Has?2 transcription. We demonstrated that Has2 acts in a concerted way
with other TFs and chromatin modulators, such as Hmga2 and Smads to pro-
mote Has2 expression, by acting locally, in cis. We hypothesized that Has2as
acts in close proximity to the Has2 gene locus, specifically affecting Has2
expression. Nonetheless, whether Has2as also acts in frans, affecting tran-
scription of other genes, remains to be elucidated. An interesting approach to
investigate this further, would be to perform transcriptomic analysis in mam-
mary epithelial cells, upon silencing of either Has2as or Has2 after TGFj
treatment and examine the non-overlapping genes that are differentially regu-
lated by Has2as alone. Interestingly though, IncRNAs exert pleiotropic func-
tions in the cytoplasmic compartment as well (Statello et al., 2020). Intri-
guingly, we found that a significant proportion of Has2as was localized in the
cytoplasm. According to recent reports, Has2as acts as a ceRNA, titrating
away well-established tumor-suppressor miRNAs (Lu et al., 2021; Wang et
al., 2020). It would be of interest to interrogate the interactome of Has2as, by
performing RNA pull-down assay. This approach could uncover important
roles of the Has2as in the cytosol.

In study II, we identified the ubiquitin ligases TRAF4/6 to be important for
CD44 cleavage, by activating RAC1 in lung cancer cells, highly responsive to
TGFB. However, whether CD44 can be a substrate for TRAF4/6 remains an
open question. In would be of importance to perform co-immunoprecipitation
or proximity-ligation assay to explore the possibility of a direct association
between CD44 and TRAF4 or TRAF®6. In case of direct binding, interrogation
of ubiquitination status of CD44 upon loss and gain of function studies of ei-
ther TRAF4 or TRAF®6, or both, in the absence and presence of TGFf, would
be of interest. It has been reported previously, that the released CD44-1CD
upon its translocation to the nucleus binds to the CD44 promoter, driving its
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own transcription and replenishing CD44 levels at the plasma membrane
(Okamoto et al., 2001). Whether CD44 can regulate TRAF4 or TRAF6 levels
is not known and would be worth examining further. Noteworthy, CD44
cleavage occurs with high incidence in many solid tumors (Okamoto et al.,
2002). It would be of interest to investigate whether this mechanism is univer-
sal and reproducible in other types of cancers as well.

In study III, we have initiated experiments to characterize in depth the role
of CD44 in GBM. Transcriptomic analysis revealed that CD44 depletion led
to diminished HAS2 mRNA levels and decreased hyaluronan synthesis, when
U251MG cells grew in stem-cell spheres. The molecular mechanism driving
these events has not been characterized yet. It is of importance to seek whether
this is a direct effect of CD44 on hyaluronan family members or an indirect
one. Intriguingly, HAS2-AS1 levels were also down-regulated in CD44 KO
cells. It would be worth exploring, whether CD44-ICD directly binds to the
HAS?2 gene locus, affecting its transcription. One of the main findings of the
study was that CD44 loss led to acquisition of a senescence state, which was
manifested readily in conditioned medium with decreased serum concentra-
tion. Intriguingly, CD44 KO cells displayed increased motility and invasion,
probably due to SASP. This needs to be investigated further to understand
better the impact of CD44 on GBM progression.

In study V, we provided evidence that hyaluronan-CD44 interactions were
required for vascular integrity, and perturbations provoked by soluble Dengue
fever viral protein NS1 impaired them. Notably, we showed that CD44 levels
were down-regulated in differentiating endothelial cells upon NS1 treatment.
Shed CD44 has been identified in circulation of inflammatory diseases
(Takahashi et al., 2010). It would be of interest to examine whether CD44
cleavage occurs in this context and if CD44-ICD contributes to the sustain-
ment of the pro-inflammatory environment by modulating transcription.
Moreover, it would be of importance to expand this study by using secreted
NS1 derived from other flaviviruses, including Zika, West Nile, Japanese
Enchephalitis and yellow fever viruses, which have also been reported to in-
duce hyperpermeability in a tissue-specific manner (Puerta-Guardo et al.,
2016).

In study IV, we have identified AMPK-related kinases Nuak1 and Nuak?2
to be induced by TGFp and to exert opposite roles in regulating TGFf signal-
ing and its functional outputs. We provided evidence that Nuak?2 directly as-
sociates with TBRI and Smad3. Nonetheless, the exact outcome of these inter-
actions remains to be elucidated. The fact that Nuak2 forms a complex with
both the receptor and its immediate effector, implies that Nuak2 may recruit
Smad3 to its cognate receptor, in order to be phosphorylated and activated.
Thus, it would be plausible to speculate that Nuak?2 kinase activity would be
important for this event. We failed to show direct phosphorylation of TBRI or
Smad3 by Nuak2 (data not shown), suggesting that Nuak?2 exerts its actions
on other molecules that are recruited in the same complex, tightly fine-tuning
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TGFP signaling. Therefore, the significance of these interactions remain an
open question, worth exploring further. In contrast, we were not able to ob-
serve any association between Nuak1 and either TBRI or Smad3, Suggesting
that Nuak1 affects TGFp signaling in another level than Nuak2, which needs
to be characterized more adequately.
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