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Head and neck squamous cell carcinoma (HNSCC) is
an aggressive malignancy that may involve the oral
cavity, pharynx, larynx, and paranasal sinuses. The
mechanisms of tumor progression underlying the
clinical behavior of HNSCC remain unclear. CD44
comprises a family of transmembrane receptors that
can give rise to multiple CD44 variant isoforms. Hya-
luronan (HA), a major extracellular matrix compo-
nent is the primary ligand for CD44 receptors. HA and
CD44 signaling play an important role in HNSCC pro-
gression. Several CD44 variant isoforms (including
v3-, v6-, and v10-containing isoforms) are associated
with advanced disease, possibly through unique
growth factor interactions with binding domains in
the inserted variant regions of the cytoplasmic do-
main of CD44. In HNSCC, HA mediates the formation
of a complex including CD44 and the epidermal
growth factor receptor (EGFR) which is overex-
pressed in a large proportion of HNSCCs. Downstream
effectors under EGFR regulation are activated, pro-
moting promote cell growth and tumor survival. The
leukemia-associated Rho-guanine nucleotide ex-
change factor (LARG) also associates with CD44 and
EGFR to promote several Ras and RhoA pathway ef-
fectors, leading to cell migration, growth, and tumor
survival. The secretion of matrix metalloproteinases,
necessary for tumor cell invasion, is also regulated by
these HA/CD44-mediated pathways. Finally, EGFR-me-
diated pathways play major roles in the HA/CD44 pro-
motion of chemoresistance in HNSCC. Understanding
HA/CD44-mediated signaling pathways may lead to
improved treatment of HNSCC. (4Am J Pathol 2011, 178:
956-963; DOI: 10.1016/j.ajpath.2010.11.077)
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Head and neck squamous cell carcinoma (HNSCC) is a
malignancy that may involve the oral cavity, pharynx, larynx,
and paranasal sinuses. It is the sixth most common cancer
worldwide." Advanced HNSCC is an aggressive disease,
associated with major morbidity and mortality. The 3-year
survival rate for patients with advanced-stage HNSCC
treated with standard therapy is only 30%-50%." Resis-
tance to standard therapy continues to be a limiting factor
in the treatment of HNSCC. Nearly 40% to 60% of HNSCC
patients subsequently develop locoregional recurrences
or distant metastases.There is a great need to clarify the
mechanisms of tumor progression underlying the clinical
behavior of HNSCC.

CD44 comprises a family of transmembrane receptors
found on many different benign and malignant cells. The
human gene (CD44) contains 19 exons.? Up to 10 exons
(primarily exons 6 through 14) may be alternatively
spliced to give rise to multiple variant CD44 isoforms (eg,
CD44 v3, CD44 v6, CD44 v10, etc) that, along with stan-
dard CD44 (CD44s; ~85-kDa isoform with no variable
exons), make up the CD44 class of receptors. Alternative
splicing and post-translational modifications are tightly
regulated and permit expression of multiple different
CD44 isoforms. The many splicing possibilities of the
variable exons of CD44 could in theory give rise to a vast
number of CD44 variants, although relatively few have
been described to date. Various CD44 variant isoforms
are differentially expressed in normal and malignant
cells, and confirmation of CD44 isoform expression in
HNSCC is well documented, in both tissue specimens
and established cell lines.®©
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All isoforms of the CD44 membrane receptor share a
common ligand-binding region for hyaluronan (HA), a
glycosaminoglycan component of the extracellular matrix
(ECM).Z Recently, HA has been studied with regard to its
ability to promote various CD44-mediated signaling path-
ways.>” HA/CD44 signaling has been linked to solid tu-
mor progression, including invasion, metastasis, and
chemoresistance.”® In cancer cells, HA interaction with
CD44 promotes multiple signaling pathways that influ-
ence tumor cell progression behaviors in a variety of solid
tumors. Because all CD44 isoforms are capable of HA
interaction, HA-mediated signaling may involve CD44s or
variant isoforms.

An accumulating body of evidence indicates that HA
and CD44 signaling play an important role in HNSCC
tumor progression and chemoresistance. Here we review
the recent scientific literature regarding the role of HA-
mediated CD44 signaling in HNSCC.

CD44 Variant Isoform Expression Is
Associated with HNSCC Progression

All CD44 isoforms contain a conserved extracellular bind-
ing domain for HA, along with common cytoplasmic do-
mains capable of interacting with cytoskeleton proteins to
activate cell signaling pathways.® The ability of CD44
receptors to provide a direct link between the ECM and
the cytoskeleton, coupled with their ability to interact with
a multitude of signaling kinases, explains how one family
of molecules is able to mediate diverse cellular functions.

CD44 isoforms are expressed to varying degrees in
both normal and tumor cells, suggesting a normal cellular
function for many of the different CD44 receptor isoforms.
How the same CD44-mediated signaling pathways can
promote both normal and malignant cellular behaviors
could be explained by several different mechanisms. For
example, the regulation of CD44 signaling includes vari-
able N- or O-linked glycosylation of the CD44 extracellu-
lar domain that differentially modulates the interaction of
cytoskeletal proteins such as ankyrin with the cytoplas-
mic domain.™® It is thought, however, that the most im-
portant mechanism regulating CD44 signaling is through
alternative exon splicing leading to expression of CD44
variant isoforms. In cancer cells, the exon-splicing mech-
anism can result in overexpression or novel expression of
certain CD44 variant isoforms.'"'? The insertion of vari-
ant exons into the extracellular component of the CD44
receptor has been shown to alter the signaling properties
of the CD44 receptor by providing additional binding
domains for molecules other than HA."" The insertion of
variant exons may also result in changes to the HA-
binding affinity of the CD44 isoform, further altering its
signaling behavior.

Overexpression of several CD44 variant isoforms has
been associated with tumor progression, suggesting that
these CD44 isoforms may have unique signaling proper-
ties. In colon cancer, CD44 v3 has been shown to pro-
mote invasion and resistance to apoptosis, and CD44 v6
has been associated with metastasis and shorter dis-
ease-free survival."®' In lung cancer, there is preferen-
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tial CD44 variant expression in squamous cell carcinoma
and bronchioalveolar carcinoma, in which the v5 and v6
variants appear to promote metastasis.'®'® Numerous
reports have shown that CD44 variants promote breast
cancer progression, including the association of CD44
v3-containing isoforms and breast cancer metastasis.’”

Because of evidence linking CD44 variant isoform ex-
pression with tumor progression in a variety of solid ma-
lignancies, multiple groups have studied the role of CD44
variant isoforms in HNSCC. Nonetheless, the role of
CD44 variant isoforms in HNSCC remains controversial.
The literature is conflicting regarding the significance of
the under- or overexpression of CD44 variant isoforms in
HNSCC.

Whereas some studies have found a correlation be-
tween increased CD44 variant expression and HNSCC
progression, other studies have reported no correlation
or negative correlation. Reategui et al'® described a
novel CD44 v3 isoform in both tissue and soluble form
that correlated with HNSCC status. Wang et al'®2° re-
ported that CD44 v3-containing isoforms were associ-
ated with HNSCC lymph node metastasis and advanced
T status, CD44 v6-containing isoforms were associated
with perineural invasion and shorter survival, and CD44
v10-containing isoforms were associated with distant me-
tastasis and failure of radiotherapy. Kawano et al® found
correlations between CD44 v6 expression in HNSCC and
tumor volume, lymph node metastasis, and shorter sur-
vival. Others, however, have reported that down-regula-
tion of various CD44 variant isoforms correlated with a
worse prognosis. Kanke et al* reported that down-regu-
lation of CD44 v2 correlated with poorer differentiation
and shorter overall survival, whereas down-regulation of
CD44 v6 correlated with a higher rate of cervical metas-
tasis. Other groups, including Van Hal et al® and Herold-
Mende et al,® found no correlation between CD44 splice
variants and any clinicopathologic variables, and these
authors concluded that CD44 variant isoforms do not play
a role in HNSCC progression.

There are several possible explanations for these
discrepant results. First, different studies have used
different antibodies, making comparisons across re-
ports from different research groups difficult. Certain
CD44 variant domain epitopes may become hidden and
not recognized by some antibodies because of post-
translational changes (eg, glycosylation) that alter the
three-dimensional conformation of the protein. In addi-
tion, assessment of immunostaining positivity is depen-
dent on what region of the tumor is examined, and it has
been reported that there are often large areas within the
tumor that do not stain for many CD44 isoforms.2'23
Tissue heterogeneity appears to be another important
factor in the conflicting results, with the specific region of
the tumor that is examined apparently having high impor-
tance in the determination of CD44 expression levels.
CD44s and CD44 variant receptors appear to be con-
centrated at invasive fronts of HNSCC tumors, but have
decreased expression in other parts of the tumor.?" It has
been hypothesized that the major CD44 ligand HA,
which is present at high levels in the ECM surrounding
HNSCCs, is responsible for the stimulation of CD44 to
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promote migration, invasion, and metastasis. Hyaluronan
has been reported to stimulate both CD44 and lymphatic
vessel endothelial hyaluronan receptor (LYVE-1) to pro-
mote nodal metastasis in HNSCC.??

Although we acknowledge that the recent scientific
literature is without broad consensus, support for a link
between CD44 variant expression and HNSCC progres-
sion is bolstered by the recent description of three CD44
variants associated with HNSCC progression in both clin-
ical specimens and in in vitro studies.?® Furthermore, the
identification of CD44 as a putative cancer stem cell
marker, as well as a marker for chemoresistance, is also
consistent with the notion that certain CD44 variant iso-
forms may be contributory to HNSCC progression.®2*

CD44 v3

The mechanism of action for most CD44 variant isoforms
in solid malignancies is not well understood. Several
CD44 variant exons are known to contain binding do-
mains for various growth factor ligands. The v3 exon is
known to contain important glycosaminoglycan (GAG)
attachment sites, and it has been postulated that tumor
cells with CD44 receptors exhibiting these GAG se-
quences are involved with heparin binding growth factors
such as basic fibroblast growth factor, vascular endothe-
lial growth factor (VEGF), and heparin binding epidermal
growth factor.”” Thus, CD44 v3-containing isoforms ap-
pear to be capable of promoting tumor cell proliferation in
an HA-independent manner, through the presence of
additional growth factor binding sites. The CD44 v3 iso-
form is expressed in the metastatic breast tumor cell line
Met-1, in which it has been shown to bind VEGF, sug-
gesting that this isoform may promote breast tumor-as-
sociated angiogenesis.'”?®> CD44 v3 also appears to be
linked to several other tumorigenic molecules, promoting
tumor cell migration and the invasive tumor cell pheno-
type. In particular, CD44 v3 colocalizes with the active
form of matrix metalloproteinase-9 (MMP-9) in Met-1
cells, promoting degradation of the ECM to facilitate tu-
mor cell invasion.?® This isoform also up-regulates cyto-
skeleton function, through ankyrin, to activate the mem-
brane-associated actomyosin contractile system and
mediate tumor cell migration.?®

The role of CD44 v3 isoforms in HNSCC progression is
highlighted by studies showing an association of v3-con-
taining isoforms with HNSCC growth, migration, and
MMP expression.'" 1920 Transfection of a CD44 v3 iso-
form into a nonexpressing HNSCC cell line also resulted
in significantly increased tumor cell migration, but not
proliferation.'® Treatment of a CD44 v3 isoform express-
ing HNSCC cell line with anti-CD44 v3 antibody de-
creased in vitro proliferation and increased cisplatin sen-
sitivity.?° Using the same anti-CD44 v3 antibody,
immunohistochemical tissue analysis revealed that CD44
v3 isoforms were preferentially expressed in metastatic
lymph nodes. Additionally, strong CD44 v3 isoform ex-
pression in primary tumors was significantly associated
with advanced T status and positive lymph nodes, but did
not correlate with disease-free interval.?® In summary,
there are several in vitro and histopathological studies

suggesting that CD44 v3 isoforms are involved in HNSCC
progression behaviors. To verify these findings, further
research is needed to elucidate the mechanisms of CD44
v3 signaling.

CD44 v6

CD44 v6-containing isoforms also appear to promote tu-
mor progression. Transfection of CD44 v6 converted non-
metastatic rat carcinoma cells into metastatic cells, and
co-injection of anti-CD44 v6 antibody into these same
cells suppressed their metastatic behavior.'®2® The
CD44 v6 splice variant was also found to stimulate sus-
tained increased mitogen activated protein kinase
(MAPK) levels and subsequent downstream Ras signal-
ing, resulting in increased tumor cell proliferation.’

Because of evidence linking CD44 v6 as a marker for
HNSCC tumor proliferation and metastasis, a phase |
clinical trial was conducted to evaluate anti-CD44 v6
antibody therapy for the treatment of incurable HNSCC,
with a 10% response rate reported.?® Administration of
anti-CD44 v6 antibody to a CD44 v6 isoform-express-
ing HNSCC cell line resulted in decreased cell prolif-
eration and increased cisplatin sensitivity.?° Using the
same anti-CD44 v6 antibody, immunohistochemical anal-
ysis of HNSCC tissue specimens indicated that CD44 v6
isoforms were preferentially expressed in metastatic
lymph nodes, and strong expression of CD44 v6 in pri-
mary tumors was significantly associated with advanced
T status, perineural invasion, and shorter disease-free
survival.?® Although these studies are small, the associa-
tion of CD44 v6 isoforms with clinically advanced HNSCC
and the intriguing results of anti-CD44 v6 therapy in a
phase | clinical trial suggest a need for further study of
the role of this CD44 variant isoform in HNSCC.

CD44 v10

Although all CD44 isoforms share HA binding domains,
certain CD44 variant isoforms, such as CD44 v10, exhibit
significantly reduced affinity for HA binding.?® It is
thought that the reduction in HA-mediated cell adhesion
in tumor cells expressing CD44 v10 may be the earliest
event in the onset of tumor migration and invasion. The
unique structure of CD44 v10 may also cause constitutive
activation of CD44-cytoskeleton interactions that induce
tumor cell migration and invasion. CD44 v10-containing
isoforms have been reported to promote tumor progres-
sion in breast and renal cell carcinoma.?>2” Studies have
revealed that CD44 v10-transfected breast tumor cells
display higher migration/invasion potential, produce
higher levels of basic fibroblast growth factor and inter-
leukin-8, and exhibit more potent tumor growth potential
than parental control cells.?® Treatment of a CD44 v10
isoform-expressing HNSCC cell line with anti-CD44 v10
antibody resulted in decreased tumor cell proliferation
and increased cisplatin sensitivity.?° The same anti-CD44
v10 antibody was used in the analysis of HNSCC clinical
tissue specimens, demonstrating that CD44 v10 isoforms
were preferentially expressed in metastatic lymph nodes.
In addition, strong expression of CD44 v10 in primary



tumors was significantly associated with distant metasta-
sis, failure of radiotherapy, and shorter disease-free sur-
vival.2° Further studies to establish the interaction of the
ligands involved in CD44 v10 signaling in HNSCC are
needed to determine its role in HNSCC metastasis and
treatment resistance.

CD44 Variant Isoforms in Head and Neck
Dysplastic Lesions

Because there is evidence to support an association of
CD44 and CD44 variant isoforms with HNSCC progres-
sion, it is natural to consider a putative role for CD44
receptors in head and neck dysplastic lesions. Increased
CD44 and CD44 variant isoform expression is observed
in most dysplastic lesions of the head and neck.?"28-3"
Nonetheless, there are conflicting reports regarding
CD44 status as a predictor of clinical outcomes in laryn-
geal and oral dysplasia. Osteopontin (a ligand with re-
ported specificity for the CD44 v6 isoform) and CD44v6
are both overexpressed in laryngeal dysplasia and laryn-
geal SCC, and their levels correlate with degree of dys-
plasia, disease-free survival, and recurrence.®' Plasma
osteopontin levels also correlate clinically with a worse
response to chemoradiation treatment.®®> CD44v6 ex-
pression was reported to correlate with developing both
dysplastic and malignant oral epithelia.?® In contrast, loss
of CD44 expression has been observed in adjacent non-
tumor epithelium in tongue cancer.?® Loss of CD44v7-8
was associated with worse prognosis in oral cavity dys-
plasias associated with betel quid chewing.®° Thus, re-
garding the role of CD44 variant isoforms in head and
neck dysplasia, a few studies point to the importance of
CD44 v6 and its ligand osteopontin in the development of
dysplastic lesions and progression to HNSCC, but the
role of other CD44 variant isoforms is uncertain.

Interaction of HA and CD44 Promotes EGFR-
Mediated Pathways to Increase HNSCC
Growth, Survival, and Chemoresistance

The epidermal growth factor receptor (EGFR) is ex-
pressed in nearly all HNSCCs, and its overexpression is
associated with poor prognosis and diminished survival.
Pharmaceutical agents targeting EGFR and EGFR signal-
ing pathways have recently been introduced for the treat-
ment of advanced HNSCC.33 The concept that EGFR and
EGFR signaling might be linked to CD44 was first sug-
gested for cervical carcinoma cell lines, and subse-
quently was demonstrated for breast cancer and glio-
blastoma cell lines.®*3¢ CD44 colocalized with EGFR in
both cervical carcinoma clinical specimens and cell
lines, and increased CD44 expression resulted in en-
hanced EGFR activity.3* CD44 also colocalized with both
EGFR and ERBB2 in metastasizing breast cancer cells.®®
CD44 and EGFR interact in glioblastoma cells, and this
interaction resulted in enhanced HA-mediated phosphor-
ylation of extracellular signal regulated kinases 1 and 2
(ERK1 and ERK2).%¢ Additionally, co-expression of CD44
and EGFR in glioma cell lines differentially up-regulated
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the HA-induced expression of a number of genes asso-
ciated with cellular invasion and proliferation, including
TIMP metallopeptidase inhibitor 1 (TIMP7) and MYC
(alias c-Myc). Because of the apparent importance of the
EGFR pathway in HNSCC, our group investigated and
reported a novel linkbetween HA-CD44 interaction and
EGFR signaling in HNSCC %738

CD44-EGFR-Mediated Oncogenic Signaling

Analysis of anti-CD44-mediated immunoprecipitates from
HNSCC cell lysates indicates that HA/CD44 interaction
leads to CD44-EGFR complex formation.3”-3® HA treat-
ment was shown to promote phosphorylation of EGFR,
activating the EGFR tyrosine kinase (TK) and promoting
downstream EGFR-mediated pathways including Ras,
RhoA, Rho kinase, and phosphatidylinositol-3 (PI-3) ki-
nase signaling.®” The CD44-EGFR complex also associ-
ates with leukemia-associated Rho-guanine (LARG) nu-
cleotide exchange factor to effect downstream signaling
through ras and RhoA. Ras activation by HA-mediated
CD44-LARG-EGFR complex formation promotes Raf-1
phosphorylation and MAPK activation. The stimulation of
EGFR and downstream EGFR signaling activity by HA
treatment was similar to epidermal growth factor stimula-
tion. Wang et al®® reported that HA/CD44-mediated
activation of EGFR signaling leads to MAPK phosphor-
ylation/activation that results in increased HNSCC tu-
mor cell growth; however, the HA-mediated increased
cell growth was blocked by treatment with inhibitors of
EGFR and MAPK.

One of the key downstream molecular effectors in
EGFR-mediated cell survival is PI-3 kinase. PI-3 kinase is
capable of catalyzing the conversion of phosphatidylino-
sitol-3,4-bisphosphate  (PIP,) to phosphatidylinositol
3,4,5-trisphosphate (PIP3), which subsequently results in
the activation of AKT. AKT has 3 subtypes: AKT-1, AKT-2,
and AKT-3. HA/CD44 signaling in HNSCC activates all
three AKT subtypes. Activated AKT down-regulates the
cell’s apoptotic potential, thus promoting increased pro-
liferation and tumor cell survival. Torre et al®*® reported
that HA/CD44 interaction increased PI-3 kinase activity in
HNSCC cells; HA also promoted PI-3 kinase-mediated
AKT phosphorylation, resulting in increased tumor cell
survival.

CD44-EGFR Signaling and Chemoresistance

HA/CD44 signaling not only appears to promote EGFR-
mediated prosurvival effects, but also leads to increased
chemoresistance in HNSCC through EGFR signaling
pathways. Cisplatin is the most common anticancer drug
used today for the treatment of HNSCC. Wang et al®4°
reported that HA can promote cisplatin resistance in sev-
eral HNSCC cell lines; however, the HA-mediated cispla-
tin resistance could be abolished with inhibitors of EGFR
and MAPK.38 The mechanism of action of cisplatin is
thought to involve apoptosis-induced cell death. Be-
cause AKT suppresses apoptosis, its activation by PI-3
kinase has been suggested to play a key role in cisplatin
resistance. Torre et al®® demonstrated that LY-294002,
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an inhibitor of PI-3 kinase, was capable of blocking HA-
mediated cisplatin resistance. Taken together, these re-
ports suggest that HA/CD44 can promote cisplatin resis-
tance in HNSCC through EGFR signaling pathways.

Interaction of HA and CD44 Promotes
Cytoskeleton Activation, Migration, Invasion,
and Chemoresistance Pathways in HNSCC

A hallmark of all solid malignancies is the ability to invade
and/or metastasize to distant sites. Tumor cells possess
altered signaling pathwaysthat lead to cytoskeleton acti-
vation and migration. Additionally, tumor cells secrete
extracellular factors, such as matrix metalloproteinases,
to allow breakdown and invasion of the surrounding ECM.
Both HA, which is a major component of the ECM, and its
major ligand receptor, CD44, have been studied for their
role in promoting tumor progression properties, including
migration and invasion. The mechanisms of how HA and
CD44 interact to promote cytoskeleton activation, migra-
tion, and invasion were initially elucidated in several can-
cer and noncancer models.®10:41-44

RhoA signaling appears to be a critical pathway
through which HA/CD44 interaction mediates cytoskele-
ton activation. One of several important mechanisms
used by RhoA in the regulation of cellular functions is
through alteration of intracellular Ca®* levels. Phospho-
lipase C (PLC) is a key mediator in intracellular Ca®*
mobilization. When activated by RhoA, PLCs first hydro-
lyze PIP, into inositol trisphosphate (IP3), resulting in
Ca®" release from intracellular stores. This Ca®* release
promotes various cell functions, including cytoskeleton
activation, cell cycle progression, and proliferation. An-
other key RhoA pathway effector is Rho kinase (ROK),
which has been shown to regulate several cytoskeletal
proteins (such as myosin light chain phosphatase) that
are highly involved in tumor migration and to promote the
secretion of MMPs, which degrade the ECM during tumor
invasion.® 109

HA/CD44 interaction has been shown to be tightly cou-
pled with intracellular Ca®* mobilization pathways and
with RhoA pathways in many different cells.®'°3° CD44
and RhoA are physically associated in metastatic breast
cancer cells, and ROK was found to play a key role in
CD44-ankyrin interaction and in RhoA-mediated breast
cancer oncogenic signaling.*' In endothelial cells, HA
treatment promoted CD44 interaction with ROK, leading
to 1P, receptor-mediated Ca®* mobilization and migra-
tion.® In keratinocytes, HA-mediated Ca®* mobilization
promoted cortactin-cytoskeleton function, leading to ad-
hesion and differentiation.** CD44 is linked to ankyrin
and has been shown to activate MMP-9 during active
migration processes in metastatic breast cancer cells.™

HA/CD44 Interaction with Cytoskeletal Proteins,
Ankyrin, and ERM
Ankyrin is a membrane-associated cytoskeletal protein

that directly binds CD44."° This CD44-ankyrin interaction
causes cytoskeleton activation. Hyaluronan binding to

CD44 promotes colocalization of CD44 and ankyrin in
cholesterol-containing lipid rafts, and this colocalization
appears to be a key mechanism in regulating HA-medi-
ated cytoskeleton function and tumor cell-specific behav-
iors (eg, cell survival, growth, and migration). Ankyrin-
and CD44-containing lipid rafts have been documented
in three different tumor cell lines (breast cancer, ovarian
cancer, and HNSCC)."®

Up-regulated expression of the ezrin-radixin-moesin
(ERM) family of cytoskeletal proteins is seen in HNSCC
and is associated with poor prognosis.*® ERM proteins
are linkers between membrane molecules such as CD44
and the cytoskeleton.*>4 Ezrin is a key regulator of tu-
mor metastasis. CD44 interacts with ERM proteins and
with merlin, a related protein. Loss of merlin results in
increased HA/CD44-mediated tumorigenesis, and over-
expression of merlin diminishes tumor cell growth.*” In
HNSCC, moesin appears to interact with CD44 to de-
grade the ECM at the invasive front of oral cancers.*®
Both the level of expression and the subcellular localiza-
tion (cytoplasmic) of ERM proteins are indicators of clin-
ical outcome in HNSCC. Higher expression and cytoplas-
mic localization of ERM proteins are indicators of poorer
survival in HNSCC.*® Osteopontin, a ligand for CD44,
colocalizes with CD44 and ezrin in fibroblasts, metastatic
breast cancer cells, and HNSCC.*®

RhoA-Regulated PLC, ROK, and Ca®™
Signaling and Cytoskeleton Activation

Similar mechanisms for CD44-mediated Ca®* mobiliza-
tion pathways to promote tumor migration appear to exist
in HNSCC. In HNSCC, Bourguignon et al®” reported that
CD44 physically associates in a multimolecular com-
plex with LARG and EGFR. HA/CD44 interaction in-
duces LARG-specific RhoA signaling. LARG molecules
isolated from HNSCC cells were found to function as a
GDP/GTP exchange factor for RhoGTPases, and the
basal rate of bound GTP increased at least 2.4-fold
with the addition of HA.

To establish a linkage between HA/CD44-mediated
LARG-RnhoA signaling and intracellular Ca®* regulation,
one member of the PLC family, PLCe, was isolated from
HNSCC cells with GDP- or GTP-loaded forms of RhoA-
GST-conjugated beads. PLCe-RhoA interaction was
found to be GTP-dependent. LARG-activated RhoA was
shown to stimulate both the PLCe-mediated IP; produc-
tion and the IP5 receptor-triggered intracellular Ca®* mo-
bilization in HNSCC cells. HNSCC cells incubated with
Fura-2/AM were treated with HA with or without pretreat-
ment with inhibitors of PLC and IP; receptor; fluores-
cence spectrophotometry demonstrated a rise in intra-
cellular Ca®* with HA treatment, but not in the presence
of pretreatment with various inhibitors.*° These findings
suggest that Ca®* signaling in HNSCC cells involves
both HA/CD44-dependent and RhoA/PLC/IP; receptor-
regulated processes.

Hyaluronan-stimulated intracellular Ca®* mobilization
mediates important components of the CD44 signaling
pathways.®*34* Some of these Ca®*-mediated pathways
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head and neck squamous cell carcinoma cell line SCC4 was grown in
serum-free medium containing either lowor 1.2 mmol/L Ca** and was
treated with increasing concentrations of methotrexate in the presence or
absence of hyaluronan (HA) (50 pwg/ml). An MTT assay was performed. Error
bars represent calculated standard deviation.

may be mediated by the Ca®* binding protein calmodu-
lin. It is known that calmodulin is involved in the activation
of several important enzymes, including calcium/calmod-
ulin-dependent protein kinase type Il (CaMKIl), a ubiqui-
tous serine/threonine protein kinase. In HNSCC cells,
CaMKII activation by HA/CD44-mediated Ca®* mobiliza-
tion results in the phosphorylation of diverse substrates
that promote various cell functions, including motility, cell
cycle progression, and proliferation.®” CaMKIl phospho-
rylates the cytoskeletal protein, filamin. These HA/CD44-
mediated effects on CaMKII and filamin lead to cytoskel-
eton reorganization and promote tumor cell migration.
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Wang et al*® linked HA/CD44-dependent CaMKII activity
to topoisomerase Il regulation in HNSCC cells. Topoisom-
erase |l is a critical regulator of DNA topology and func-
tion. Hyaluronan treatment promoted CaMKIlI-dependent
topoisomerase Il phosphorylation, resulting in enhance-
ment of topoisomerase |l activity and decreased cytotox-
icity of etoposide (a topoisomerase Il poison).These HA/
CD44-mediated effects on CaMKII and topoisomerase |l
activity enhanced tumor cell survival.

Another important effector of RhoA pathway signaling is
Rho kinase (ROK). Activated ROK is known to phosphory-
late a number of cytoskeletal proteins, such as myosin
phosphatase and adducin, that are highly involved in tumor
migration and to promote the secretion of MMPs involved in
tumor invasion. Torre et al®® recently showed that HA/CD44
interaction increased ROK activity in HNSCC cells. Hya-
luronan also promoted Rho kinase-mediated myosin
phosphatase phosphorylation, resulting in enhanced tu-
mor cell migration, and it increased activated MMP-2 and
MMP-9 secretion.

RhoA/Ca?* Signaling-Regulated Chemoresistance

HA/CDA44 interaction has been shown to promote resis-
tance to multiple chemotherapeutic agents in HNSCC,
including cisplatin, methotrexate, doxorubicin (Adriamy-
cin), and etoposide.3®4049 Several cell signaling mech-
anisms appear to promote CD44-mediated chemoresis-
tance in HNSCC, including EGFR-related signaling
pathways (as already described here).®® Recent work by
our groupsuggests that regulation of Ca?* may also af-
fect chemoresistance (unpublished data). The median
inhibitory concentration IC4, for the chemotherapy agent
methotrexate in the HNSCC cell line SCC4 is dependent

EGFR
Plasma Membrane
PI (4,5)P,
Figure 2. Our proposed model of hyaluronan
— (HA)-mediated CD44 signaling as promoting
~_Ras - ﬂ/ progression and chemoresistance in head and
P neck squamous cell carcinoma. In the trans-
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on both the Ca®* level and the presence of HA (Figure 1).
SCC4 cells grown in 1.2 mmol/L Ca®* medium had
greater resistance to methotrexate than cells grown in
low-Ca®* medium, and the IC, was increased in the
presence of HA at both Ca®* concentrations.

Phospholipase C and RhoA signaling, which mediate
intracellular Ca®* levels, has been shown to play roles in
mediating chemoresistance in HNSCC. Wang et al®®4°
demonstrated that HA-mediated cisplatin, methotrexate,
and doxorubicin resistance could be eliminated with inhibi-
tion of PLC. Torre et al®® found that combined ROK and PI-3
kinase inhibition resulted in a synergistic prosurvival effect
in the presence of cisplatin. Thus, HA-mediated chemore-
sistance in HNSCC may involve multiple pathways, includ-
ing RhoA-mediated Ca®™ signaling.

In Vivo Modeling of HA/CD44 Signaling in
HNSCC

Thorough review of the recent literature yields very little
in terms of in vivo validation of mechanisms of CD44
signaling in HNSCC. This represents a deficiency in the
current state of scientific knowledge. Most work to date
related to CD44 signaling in HNSCC has involved analy-
sis of in vitro data from HNSCC cell lines or relies on
inferences from immunohistochemical analysis of patient
tissue specimens. For breast cancer, there are in vivo
data on CD44 signaling. Co-expression of CD44 vi10 and
CD44s through transfection of nonmalignant human
breast epithelial cells was shown to promote tumorigen-
esis in athymic nude mice, but not for nontransfected or
vector-only transfected parental cells.®° Furthermore, we
can infer the importance of CD44 on HNSCC progression
in vivo from studies of CD44 as a cancer stem cell marker
in HNSCC, in which CD44-positive enriched HNSCC cells
had greater tumorigenicity in nude mice, compared with
CD44-negative HNSCC cells.?* Nonetheless, studies of
CD44-mediated migration, metastasis, and chemoresis-
tance or radiation resistance in an in vivo model of HNSCC
are currently lacking in the literature.

Conclusion

In summary, an accumulating body of evidence high-
lights the important role of HA and CD44 signaling in
HNSCC progression. In Figure 2 we present a model
summarizing our current understanding of the role of HA
and CD44 interaction with oncogenic signaling pathways
to promote tumor progression and chemoresistance in
HNSCC. Subsequent to the HA/CD44 interaction that re-
cruits and forms a CD44-EGFR-LARG multimolecular
complex, multiple downstream signaling pathways are
activated, and cross-talk among Ras, RhoA, ROK, and
PI-3 kinase can occur, further promoting diverse tumor
progression behaviors. Understanding HA/CD44-medi-
ated signaling pathways may lead to improved treatment,
early detection, and prevention for this deadly disease.
Research to date suggests that targeted inhibition of
HA/CD44-mediated signaling combined with conven-
tional chemotherapy agents may be an efficacious strat-

egy, one that should be pursued to improve the future
treatment of advanced HNSCC.
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