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Abstract

Hyaluronan (HA), a major component of the extracellular matrix (ECM), is enriched in
many types of tumors. There is good evidence linking high levels of HA production
in human carcinomas to an aggressive phenotype and tumormetastasis. HA is generally
bound to CD44 isoforms (so-called CD44s and CD44v3) which are ubiquitous, abundant,
and functionally important cell surface receptors. This chapter describes the evidence
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for HA/CD44v3-mediated activation of the cytoskeleton (e.g., ankyrin and GTPases) and
matrix metalloproteinase (MMP) signaling during tumor progression.

A special focus is placed on the role of HA–CD44v3 interaction in cancer stem cells
(CSCs). Matrix HA is known to be present in CSC niches. Since CD44v3 serves as a CSC
marker, it provides an important physical linkage between matrix HA and various tran-
scription factors that regulate tumor cell functions through distinct signaling pathways.
CSCs are known to be chemoresistant and/or radiation resistant and to cause cancer
relapse. The purpose of this chapter is to review the most current research on the cel-
lular andmolecular biology of CSCs. The emphasis will be placed on both CSC niche and
matrix HA-induced microRNA signaling plus various CSC functions (e.g., self-renewal,
differentiation, and chemoresistance) during cancer progression. Understanding the
regulation of CSCs is critically important for designing CSC-specific therapeutic targets
to prevent cancer development and progression.

1. INTRODUCTION

1.1. Hyaluronan in tumor progression
Myriad studies attempt to identify specific adhesion molecule(s) expressed in

solid tumor cancer (e.g., breast cancer (BC), ovarian cancer, and head and

neck squamous cell carcinoma (HNSCC)) that correlate with tumor cell

invasive behavior(s). Among such candidate molecules is matrix hyaluronan

(HA), a nonsulfated, unbranched glycosaminoglycan consisting of repeating

disaccharide units, D-glucuronic acid and N-acetyl-D-glucosamine (Lee &

Spicer, 2000) which is found in the extracellular matrix (ECM) of most

mammalian tissues (Laurent & Fraser, 1992; Toole, 2001). In cancer

patients, HA concentrations are usually higher in malignant tumors than

in corresponding benign or normal tissues, and in some tumor types, the

level of HA is predictive of malignancy. HA is often overexpressed at tumor

cell attachment sites and appears to play an important role in promoting

tumor cell-specific behaviors (Lee & Spicer, 2000; Toole, 2001; Turley,

Nobel, & Bourguignon, 2002). The biosynthesis of HA is regulated by three

mammalian HA synthase isozymes: HA synthase1 (HAS1), HA synthase 2

(HAS2), and HA synthase 3 (HAS3) (Itano & Kimata, 1996; Spicer &

Nguyen, 1999; Weige, Hascall, & Tammi, 1997; Yamada et al., 1998).

1.2. CD44 in tumor progression
CD44 denotes a family of cell surface glycoproteins which are expressed in a

variety of cells and tissues including tumor cells and carcinoma tissues

(Auvinen, Tammi, Tammi, Johansson, & Kosma, 2005; Bourguignon,
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2001; Bourguignon, Gilad, Brightman, Diedrich, & Singleton, 2006;

Bourguignon, Gunja-Smith, et al., 1998; Bourguignon, Peyrollier,

Gilad, & Brightman, 2007; Bourguignon, Singleton, Diedrich, Stern, &

Gilad, 2004; Bourguignon, Singleton, Zhu, & Diedrich, 2003;

Bourguignon, Singleton, Zhu, & Zhou, 2002; Bourguignon et al., 1997;

Bourguignon, Zhu, Shao, & Chen, 2000; Bourguignon, Zhu, Shao, &

Chen, 2001; Bourguignon, Zhu, Shao, Zhu, & Chen, 1999; Bourguignon,

Zhu, Zhou, et al., 2001; Bourguignon, Zhu, & Zhu, 1998; Gunthert

et al., 1991; Iida & Bourguignon, 1995, 1997; Turley et al., 2002; Zhu &

Bourguignon, 1998). Nucleotide sequence analyses reveal that many CD44

isoforms (derived by alternative splicing mechanisms) are variants of the stan-

dard form, CD44s isoforms (Screaton et al., 1992). The presence of high levels

of CD44 variant (e.g., CD44v3) isoforms is emerging as an important meta-

static tumor marker in a number of cancers (Auvinen et al., 2005;

Bourguignon, Gunja-Smith, et al., 1998; Bourguignon, Zhu, Shao, et al.,

2001; Bourguignon, Zhu, Zhou, et al., 2001; Bourguignon, Zhu, et al.,

1998; Bourguignon et al., 1997, 1999, 2000, 2002, 2003; Franzmann,

Weed, Civantos, Goodwin, & Bourguignon, 2001; Iida & Bourguignon,

1997; Iida & Bourguignon, 1995; Gunthert et al., 1991; Turley et al.,

2002; Zhu & Bourguignon, 1998). Recent studies have shown that CD44

is also expressed in tumor stem cells which have the unique ability to initiate

tumor cell-specific properties (Al-Hajj, Wicha, Benito-Hernandez,

Morrison, &Clarke, 2003). In fact, CD44 is proposed to be one of the impor-

tant surface markers for cancer stem cells (CSCs) (Al-Hajj et al., 2003). All

CD44 isoforms contain a HA-binding site in their extracellular domain and

thereby serve as a major cell surface receptor for HA (Underhill, 1992). Both

CD44 isoforms and HA are overexpressed at sites of tumor attachment

(Toole & Hascall, 2002). As the histologic grade of each tumor progresses,

the percentage of lesions expressing an associated CD44 isoform increases.

In particular, the CD44 isoforms are expressed preferentially on highly malig-

nant cancer tissue samples such as BC (Fig. 10.1). In fact, there is a direct cor-

relation between CD44 isoform expression and increased histologic grade of

themalignancy in head and neck cancer (Wang&Bourguignon, 2011;Wang,

Wong, de Heer, Xia, & Bourguignon, 2009). Several studies indicate that

tumor expression of the CD44 isoform may be used as an accurate predictor

of overall survival (e.g., nodal status, tumor size, and grade) (Wang &

Bourguignon, 2011; Wang, Wong, et al., 2009). It is likely that some of

these CD44 isoforms on epithelial cells may act as surface modulators to

facilitate unwanted growth factor receptor–growth factor interactions
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(Bourguignon et al., 2006; Wang & Bourguignon, 2006) and subsequent

tumor formation. It is also possible that these CD44 isoforms may interact

with ECM materials (e.g., HA) such that epithelial cells undergo abnormal

mitogenesis and migration. This could be one of the critical steps in tumor

invasion and metastasis.

2. REGULATION OF TUMOR PROGRESSION BY HA/CD44

The invasive phenotype of tumor cells is linked to cytoskeletal func-

tion. Dissection of the transmembrane pathways controlling these cellular

processes should aid in understanding the regulatory mechanisms underlying

tumor invasion and metastases.

2.1. Ankyrin function
CD44 interacts with a number of membrane-associated cytoskeletal pro-

teins, such as ankyrin, which are expressed in a variety of biological systems,

including epithelial cells and tissues (Bourguignon, 2001; Bourguignon,

Gunja-Smith, et al., 1998; Bourguignon, Zhu, et al., 1998; Turley et al.,

CD44 overexpression in breast tumor tissues

Primary breast tumor
(high magnification)

Primary breast tumor
(low magnification)

Lymph node metastasis

Figure 10.1 Immunoperoxidase staining of CD44 in human primary breast tumor and
lymph node metastasis samples.
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2002; Zhu & Bourguignon, 1998). At the present time, three ankyrin genes

have been identified as follows: ankyrin 1 (Ank 1 or ankyrin R), ankyrin 2

(Ank2 or ankyrin B), and ankyrin 3 (Ank3 or ankyrin G), all of which

code for ankyrin monomers composed of highly conserved domains and

one variable domain (Bennett & Baines, 2001; Lambert et al., 1990). The

conserved domain contains a membrane-binding site (�89–95 kDa), also

called the ankyrin repeat domain (ARD) in the N-terminal region, and a

spectrin-binding domain (�62 kDa). The striking feature shared by all

ankyrin N-terminal domain is a repeating 33-amino acid motif present in

24 contiguous copies (Lambert et al., 1990; Lux, John, & Bennett, 1990).

The 24 ankyrin repeats within the ARD are known to form binding

sites for several distinct membrane protein families, including CD44

(Zhu & Bourguignon, 1998). Overexpression of ARD in cells transfected

with ARDcDNA not only interferes with CD44–ankyrin binding but also

impairs HA-dependent and CD44-specific biological activities (Lokeshwar,

Fregien, & Bourguignon, 1994; Zhu & Bourguignon, 1998). CD44–

ankyrin interaction causes cytoskeleton activation and results in several

important HA-mediated functions such as cell adhesion, proliferation,

and migration (Bourguignon et al., 2007). These observations support the

notion that HA-induced CD44–ankyrin interaction is very important for

most HA-mediated CD44 functions and tumor-specific behaviors.

2.2. RhoGTPase signaling
RhoGTPases (e.g., RhoA, Rac1, and Cdc42) are members of the Rho sub-

class of the Ras superfamily (Hall, 1998) and are known to cycle between an

active GTP-bound state and an inactive GDP-bound state to transmit

diverse signals from cell surface receptors to intracellular targets. They func-

tion as molecular switches that, in response to external stimuli, regulate key

signaling pathways and control a variety of cellular activities (Fig. 10.2)

including cytoskeleton reorganization, tumor cell migration, and invasion

(Hall, 1998; Li & Lim, 2003). The high incidence of RhoGTPase over-

expression in human cancers suggests that these proteins are involved in

both cancer onset and progression (Li & Lim, 2003). In fact, overexpression

of certain RhoGTPases in human tumors often correlates with a poor

prognosis (Fritz, Just, & Kaina, 1999; Suwa et al., 1998). Coordinated

RhoGTPase signaling is considered to be a possible mechanism underlying

cell proliferation, migration, and invasion, an obvious prerequisite for

metastasis (Li & Lim, 2003). HA/CD44-mediated tumor cell-specific
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phenotypes are closely linked to the small GTP-binding proteins such as

RhoA, Rac1, and Cdc42. Activation of RhoGTPases has been shown to

produce specific structural changes in actin assembly, cytoskeleton reorga-

nization, transcriptional activation, tumor cell growth, survival, migration,

and invasion (Bourguignon, 2008).

2.3. Matrix metalloproteinases activities
It has been suggested that a number of different matrix metalloproteinases

(MMPs) (including the 72 kDa gelatinase (gelatinase A, type IV collagenase,

MMP-2), the 92 kDa gelatinase (gelatinase B, type V collagenase, MMP-9),

the stromelysins (MMP-3, MMP-11), and the interstitial fibroblast-type

collagenase (MMP-1)) are thought to play an important role in degrading

ECM materials during tumor invasion and metastases (Chen, 1996; Gum

et al., 1996). A membrane-type matrix metalloproteinase (MT-MMP, a

transmembrane MMP) together with TIMP-2, a tissue inhibitor of

metalloproteinase-2 (MMP-2), has been reported to be involved in the

RhoA Rac1 Cdc42

HA–CD44 signaling

PP

MLCMLC-PP

Actin polymerization & 
filament bundling  

Cytoskeleton reorganization, 
tumor cell migration, and Invasion

Figure 10.2 A proposed model for HA/CD44-mediated RhoGTPase signaling and
cytoskeleton-mediated functions.
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activation of MMP-2 on the cell surface (Polette et al., 1996). Brooks et al.

(1996) determined that MMP-2 is localized in a proteolytically active form

on the surface of invasive cells based on its ability to bind directly to integrin

αvβ3. CD44 isoform (e.g., CD44v3) also found to be closely associated with

MMP-9 (gelatinase B) in the plasma membrane of breast tumor cells (Met-1

cell line) (Bourguignon, Gunja-Smith, et al., 1998; Bourguignon, Zhu,

et al., 1998). Furthermore, CD44v3-associated MMP-9 appears to be pre-

sent in a proteolytically active form and preferentially localized at the

“invadopodia” structure of the Met-1 cells (Bourguignon, Gunja-Smith,

et al., 1998; Bourguignon, Zhu, et al., 1998). Previous findings showed that

certain protease(s) is(are) localized on “invadopodia” of human malignant

melanoma cells (Chen, 1996). The close interaction between CD44v3

and the active form of MMP-9 in the “invadopodia” structure of Met-1

tumor cells may be required for the degradation of ECM for tumor cell inva-

sion and metastasis. Therefore, we believe that CD44v3 plays an important

role in linking ankyrin to the membrane-associated actomyosin contractile

system required for upregulating metastatic tumor cell behavior (e.g.,

invadopodia formation andmatrix degradation) and promoting angiogenesis

during BC progression.

3. ACTIVATION OF CSCS BY HA/CD44

The inexorable progression and therapy-resistant phenotype of cancer

cells are driven by uncontrolled growth regulation and adaptive signaling

pathways. Despite a trend toward overall improvement in early detection

and therapy outcomes, the mortality of solid tumors such as breast cancer

(BC) and head and neck cancer (HNSCCs) remains unacceptably high,

especially for patients with recurrent or metastatic tumors.

Multidrug resistance is a challenging clinical problem in the treatment of

a variety of cancers (Harnett, Kirsten, & Tattersall, 1986). The most com-

monly used antitumor agents in the treatment of disseminated breast or ovar-

ian cancers include doxorubicin and paclitaxel (taxol) (Gewirtz, 1999). The

ability of doxorubicin to bind DNA and/or produce free radicals is thought

to be a possible mechanism to induce cytotoxic effects on tumor cells

(Gewirtz, 1999). Paclitaxel is known to bind a subunit of the tubulin

heterodimers that form cellular microtubules (Bhalla, 2003). The pacli-

taxel–cytoskeleton interaction accelerates tubulin polymerization and

inhibits the depolymerization of microtubules resulting in an inactivation

of the mitotic checkpoint and tumor cell killing (Bhalla, 2003). Resistance
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to chemotherapeutic drugs used in breast and ovarian cancer treatments

(e.g., doxorubicin and paclitaxel) is often associated with overexpression

of the multidrug resistance gene 1 (MDR1 or P-glycoprotein (P-gp)).

P-gp, the product of the MDR1 (ABCB1) gene, is a transmembrane

ATP-dependent transporter molecule known to play a critical role in drug

fluxes and chemotherapeutic resistance in a variety of cancers (Baker &

El-Osta, 2004; Higgins, 1992). TheMDR1 gene product functions as a drug

efflux pump actively reducing intracellular drug concentrations in resistant

tumor cells (Baker & El-Osta, 2004; Higgins, 1992). Interestingly, recent

studies indicate that both HA and CD44 are also involved in chemothera-

peutic drug resistance in many cancer types (Bourguignon, Peyrollier,

Xia, & Gilad, 2008; Bourguignon et al., 2002; Wang & Bourguignon,

2011). Specifically, HA binding promotes MDR1 expression, cytoskeletal

protein (ankyrin)-induced drug fluxes, and chemoresistance in tumor cells

(Bourguignon et al., 2008). Furthermore, HA/CD44-mediated ErbB2 sig-

naling and PI3 kinase/AKT-related survival pathways are also involved in

chemotherapeutic drug resistance in tumor cells (Misra, Ghatak, Zoltan-

Jones, & Toole, 2003).

Accumulating evidence suggests that tumors contain CSCs which con-

tribute at least a part in tumor aggressiveness and resistance to anticancer

chemo- and radiotherapy. Accumulating evidence has indicated that most

tumors contain a small population of cells which persistently initiate tumor

growth and promote tumor progression. These “CSCs” (also called tumor-

initiating cells (TICs)) share several hallmarks of normal stem cells (Al-Hajj

et al., 2003; Bonnet & Dick, 1997). CSCs are known to undergo self-

renewal, maintain quiescence, display multipotency, and express survival

protein/antiapoptosis proteins (Al-Hajj et al., 2003; Bonnet & Dick,

1997; Bourguignon, Earle, Wong, Spevak, & Krueger, 2012;

Bourguignon, Wong, Earle, & Chen, 2012). Another well-known property

of CSCs is their ability to expand the stem cell population by undergoing cell

proliferation/survival and/or clone formation and differentiation (Al-Hajj

et al., 2003; Bonnet & Dick, 1997; Bourguignon, Earle, et al., 2012;

Bourguignon, Wong, et al., 2012). These CSCs have been shown both

experimentally and clinically to be resistant to radiation and chemotherapy

potentially resulting in residual disease that leads to recurrence. A number of

studies have identified specific molecules expressed in CSCs that correlate

with both stem cell properties and tumor cell behaviors. CD44 is expressed

in both normal stem cells and CSCs and serves as an important stem cell

marker (Al-Hajj et al., 2003). A number of studies now indicate that tumor
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cells with high levels of CD44 expression appear to exhibit CSC properties

in many cancers (Bourguignon, Earle, et al., 2012; Bourguignon, Wong,

et al., 2012).

3.1. CD44v3, a newly identified CSC marker
All stem cells are thought to exist in specialized microenvironments known as

niches (Astachov, Vago, Aviv, & Nevo, 2011; Haylock & Nilsson, 2006).

Components present in the niches can regulate stem cell behavior through

direct binding to stem cell surface receptors or via indirect activation of para-

crine signaling (Astachov et al., 2011; Haylock & Nilsson, 2006). ECM com-

ponents including HA are known to be present in one of the stem cell niches

(Astachov et al., 2011; Haylock & Nilsson, 2006). HA–CD44 interaction

enhances sphere formation (cell–cell adhesion) (Fig. 10.3A), self-renewal/

growth, and clonal formation in highly tumorigenic CD44v3highALDH1high

tumor cell population (Bourguignon, Wong, et al.,, 2012). These observa-

tions support the contention that HA signaling is directly involved in the reg-

ulation of CSC-like properties in CD44v3highALDH1high cells.

CD44 is commonly expressed in various isoforms generated by alterna-

tive mRNA splicing of variant exons inserted into an extracellular

membrane-proximal site (Screaton et al., 1992). CD44 is expressed in both

1- HSC3 unsorted cells 
2- HSC3 sorted  attached cells  
3- HSC3 sorted  1st gen spheres 
4- HSC3 sorted  3rd gen spheres
5- HSC3 sorted  6th gen spheres

1 2 3 4 5

Cell lysate

Immunoblot

Anti-Oct4

Anti-Klf-4

Anti-actin

A

B

Figure 10.3 HA/CD44-mediated sphere formation (A) and stem cell marker expression
in sphere cells with multiple generations of passages (B).
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normal and CSCs and serves as an important stem cell marker (Al-Hajj et al.,

2003). It is now known that neither CD44s nor CD44v6 distinguishes nor-

mal from benign or malignant epithelia of head and neck (Mack & Gires,

2008). Consequently, the identification of other specific CD44 isoform-

related CSC markers is needed. In this regard, the role of CD44v3 isoform

in head and neck cancer progression has been highlighted in studies that have

identified an association of the v3-containing isoform with head and neck

cancer growth, migration, and MMP expression (Wang & Bourguignon,

2011; Wang, Peyrollier, & Bourguignon, 2007; Wang, Wreesmann, &

Bourguignon, 2007). Transfection of the CD44v3 isoform into a non-

expressing head and neck cancer cell line results in significantly increased

tumor cell migration (Wang, Peyrollier, et al., 2007; Wang, Wreesmann,

et al., 2007). In addition, treatment of a CD44v3 isoform-expressing head

and neck cancer cell line with anti-CD44v3 isoform antibody decreased

in vitro proliferation and increased cisplatin sensitivity (Wang, Peyrollier,

et al., 2007; Wang, Wreesmann, et al., 2007). Using the same anti-

CD44v3 isoform antibody, immunohistochemical tissue analysis revealed

that the CD44v3 isoform is preferentially expressed in metastatic lymph

nodes. Furthermore, CD44v3 isoform expression in primary tumors is sig-

nificantly associated with advanced T status and positive lymph nodes

(Wang & Bourguignon, 2011; Wang, Peyrollier, et al., 2007; Wang,

Wong, et al., 2009; Wang, Wreesmann, et al., 2007). These findings suggest

that the CD44v3 isoform is closely associated with head and neck cancer

development and progression and may serve as a new CSC marker.

Recently, anelevated levelof aldehydedehydrogenenase1 (ALDH1)activ-

ity was also shown to identify CSCs in head and neck cancer (Bourguignon,

Wong, et al., 2012). The subpopulation of CD44v3highALDH1high cells

expressing stem cell markers such as Oct4 and Klf4 (isolated from head and

neck tumor cells) appears to undergo cell growth and self-renewing after

multiple passages from spheres (demonstrated by serial passage of sphere-

forming ability and long-term tumor cell growth) (Fig. 10.3B). Importantly,

these CD44v3highALDH1high cells exhibit CSC-like phenotypes and are

highly tumorigenic for generating tumors starting with as few as 50 cells. In

breast cancer, a CD44highCD24low tumor population has also been shown to

be highly tumorigenic (Bourguignon, Earle, et al., 2012; Bourguignon,

Wong, et al., 2012).

One of the characteristics of CSCs is overexpression of stem cell-specific

transcription factors such as Oct4, Sox2, and Nanog (Boyer et al., 2005;
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Kashyap et al., 2009). Previous studies indicate that Oct4, Sox2, and Nanog

often function in combinatorial complexes to regulate the expression of

gene loci which are involved in self-renewal, proliferation, and differentia-

tion (Boyer et al., 2005; Kashyap et al., 2009). These three molecules are also

closely associated with higher histological grades and poorer clinical survival

in head and neck cancer (Bourguignon, Earle, et al., 2012; Dong,

Wilhelm, & Koopman, 2004; Wang, Wong, et al., 2009). One of the char-

acteristics of CSCs is overexpression of stem cell-specific transcription fac-

tors such as Oct4, Sox2, and Nanog (Boyer et al., 2005). These three

molecules are also closely associated with higher histological grades and

poorer clinical survival in head and neck cancer (Bourguignon, Earle,

et al., 2012; Dong et al., 2004;Wang,Wong, et al., 2009). Moreover, a high

level of Oct4, Sox2, and Nanog expression is detected in

CD44v3highALDH1high cell-induced mouse tumors and in human head

and neck cancer patient specimens (Bourguignon, Wong, et al., 2012).

These findings indicate that CD44v3highALDH1high cells are likely to be

generating tumors through the stem cell processes of self-renewal, growth,

and differentiation. These cells can persist in tumors as a distinct population,

possibly causing chemotherapy resistance and tumor recurrence at a later

time. The mechanism by which the regulatory network consisting of

Oct4, Sox2, and Nanog contributes to the establishment of CSC-specific

phenotypes in human cancer is described below.

3.2. Nanog/Oct4/Sox2 & miR-302-regulated CSC functions
Previous genetic studies using mouse models revealed that transcription

factors such as Oct4, Sox2, and Nanog have distinct roles but could

use similar signaling pathways to maintain “stemness” functions during

development (Boyer et al., 2005; Kashyap et al., 2009). Some studies have

also indicated that Oct4, Sox2, and Nanog cooccupy the promoter of

miR-302 which has been shown to target genes required for development

and oncogenesis (Card et al., 2008; Liu et al., 2011). At the transcriptional

level, Oct4, Sox2, and Nanog form a positive autoregulatory loop that is

important for the maintenance of the undifferentiated state. At the post-

translational level, miR-302 family is emerging as a key player in the con-

trol of cell proliferation and cell fate determination during differentiation

(Card et al., 2008; Liu et al., 2011). Recently, new evidence indicates that

the HA–CD44v3 interaction activates Oct4, Sox2, and Nanog complex
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formation in CD44v3-expressing CSCs. Furthermore, our results indicate

that the miR-302 cluster is controlled by a promoter containing Oct4/

Sox2/Nanog-binding sites in these cells. The production of miR-302 is

Oct4/Sox2/Nanog dependent in CSCs. Overexpression of miR-302a

and miR-302b in both mouse tumors induced by CD44v3-expressing

CSC cells can be detected in human head and neck cancer patient samples

(Bourguignon, Wong, et al., 2012). These findings clearly established the

existence of a close association between miR-302 clusters (e.g., miR-302a

and miR-302b) and head and neck cancer development.

Inhibitors of the apoptosis family of proteins (IAPs, e.g., cIAP-1, cIAP-2,

and XIAP) are also frequently overexpressed by CSCs. Importantly,

upregulation of IAPs increases cell survival by the binding of IAPs to

caspases and suppressing apoptosis (Hunter, LaCasse, & Korneluk, 2007).

A recent study indicated that HA enhances antiapoptotic effects and

decreases the ability of cisplatin to induce apoptosis and cell death of

these CD44v3highALDH1high cells leading to the enhancement of

chemoresistance (Bourguignon, Wong, et al., 2012). These findings suggest

that HA-mediated cell survival contributes to both a decrease in apoptosis/

cell death and an increase in cisplatin resistance in these CSC-like

CD44v3highALDH1high cells. Furthermore, downregulation of miR-

302a or miR-302b by transfecting CD44v3highALDH1high cells with

either anti-miR-302a or miR-302b inhibitor effectively reduces

HA-mediated IAP protein (e.g., cIAP-1, cIAP-2, and XIAP) expression in

CD44v3highALDH1high cells. Consequently, the level of cisplatin-induced

apoptosis and cell death of these cells is also significantly elevated. Taken

together, we believe that the miR-302 cluster (e.g., miR-302a and miR-

302b) plays a critical role in regulating HA/CD44-mediated chemotherapy

resistance in these tumorigenic and CSC-like CD44v3highALDH1high cell

populations from head and neck cancer. Several years ago, a small

molecule IAP protein inhibitor (bivalent SM-164) was shown to concurrently

target cIAP-1/cIAP-2 for degradation and antagonize XIAP leading

to an enhancement of tumor cell apoptosis and tumor regression

(Lu et al., 2008). Recently, we reported that chemosensitivity in CSC-like

CD44v3highALDH1high cells increased with the newly developed IAP protein

inhibitor, SM164 (Bourguignon, Wong, et al., 2012). These findings suggest

that the use of a combination of IAP protein inhibitor (SM164) and cisplatin

may significantly improve the efficacy of chemotherapeutic drug treatment by

targeting CSCs in head and neck cancer.
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3.3. Nanog & miR-21-regulated CSC functions
Cisplatin is one of the most common antihead and neck cancer chemother-

apy drugs used today. Various mechanisms of cisplatin resistance in head and

neck cancer have been proposed with potential molecular effectors of resis-

tance, including p53, glutathione S-transferase, and ErbB2 (Bradford et al.,

2003; Kato et al., 2000; Shiga et al., 2000). The ability of this drug to induce

tumor cell death is also counteracted by the presence of antiapoptotic reg-

ulators leading to chemoresistance (Wang & Bourguignon, 2011). Activa-

tion of several other HA–CD44-mediated oncogenic signaling pathways

(e.g., intracellular Ca2+ mobilization (Wang & Bourguignon, 2006;

Bourguignon et al., 2006), epidermal growth factor receptor-mediated

ERK signaling (Bourguignon et al., 2006; Wang & Bourguignon, 2006),

and topoisomerase activation (Wang, Peyrollier, et al., 2007; Wang,

Wreesmann, et al., 2007)) leads tomultidrug resistance in a number of tumor

cells. However, the mechanism by which HA/CD44 activates oncogenesis

and drug resistance in HNSCC has not been fully elucidated.

The functional significance of miR-21 has been elucidated in several

recent studies following the discovery of its specific targets (Asangani

et al., 2008), making miR-21 one of the most-studied miRNAs due to

its involvement in cancer progression. Importantly, miR-21 plays a role

in the inhibition of tumor suppressor proteins such as program cell death

4 (PDCD4), via a conserved site within the 30-UTR (30-untranslated
region) of the mRNA (Asangani et al., 2008; Bourguignon, Spevak,

Wong, Xia, & Gilad, 2009). Downregulation of PDCD4 expression by

miR-21 leads to tumor cell growth, survival, chemoresistance, invasion,

and metastasis (Bourguignon et al., 2009). Thus, miR-21 is currently con-

sidered to be an oncogenic miRNA. In previous studies, a new matrix HA/

CD44-mediated Nanog/Stat-3 signaling mechanism was reported to be

involved in miR-21 production and chemotherapy chemoresistance in

breast tumor cells and HNSCC cells (Bourguignon, Earle, et al., 2012). Spe-

cifically, these results indicated that HA/CD44 activates Nanog–Stat-3 sig-

naling which, in turn, stimulates miR-21 expression and function. These

events lead to the reduction of the tumor suppressor protein, PDCD4,

upregulation of survival proteins, IAP family (e.g., cIAP-1, cIAP-2 and

XIAP), and cisplatin chemoresistance in HNSCC cells (Bourguignon,

Earle, et al., 2012). Inhibition of either Nanog/Stat-3 signaling or silencing

miR-21 expression/function results in PDCD4 upregulation and causes a

reduction of survival protein expression and an enhancement of
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chemosensitivity to cisplatin (Bourguignon, Earle, et al., 2012). Thus, these

findings strongly support the contention that Nanog, Stat-3, and miR-21

form a functional signaling axis that regulates tumor cell survival and cis-

platin chemoresistance in tumor cells.

3.4. ErbB2, p53, and CD44 signaling in CSCs
The p53 tumor suppressor is a key mediator of cellular responses to various

stresses. A previous study showed that p53 inhibits CD44 expression via

binding to a noncanonical p53-binding sequence in the CD44 promoter

(Godar et al., 2008). This interaction enables an untransformed cell to

respond to stress-induced, p53-dependent cytostatic and apoptotic signals

that would otherwise be blocked by the actions of CD44. In the absence

of p53 function, the resulting derepressed CD44 expression is essential for

the growth and tumor-initiating ability of highly tumorigenic mammary

epithelial cells. Thus, CD44 appears to function as a key tumor-promoting

agent in transformed tumor cells lacking p53 function.

CSCs from breast cancer cells are able to form colonies or new tumors

(Al-Hajj et al., 2003; Bonnet & Dick, 1997). Specific cell surface markers

such as CD44high/CD24�/low in breast CSCs (Al-Hajj et al., 2003) are

shown to have increased expression of proinvasive genes required for metas-

tasis such as IL-1α, IL-6, IL-8, and urokinase plasminogen activator

(Sheridan et al., 2006). Additionally, CSCs appear to exhibit notable

chemo- and radioresistance. For example, in tumor cells, under genotoxic

stress conditions (such as ionizing radiation), activation of prosurvival path-

ways and inhibition of proapoptotic pathways are responsible for tumor

radioresistance. The molecules involved in these pathways are potential tar-

gets to enhance tumor radiosensitivity. Clinical data suggest that breast can-

cer patients with tumors overexpressing ErbB2/HER2/neu, a member of

ErbB family of receptor tyrosine kinases, show a poor prognosis compared

to ErbB2/HER2/neu-negative tumors, and the ErbB2/HER2 gene

enhancement is correlated with the time to relapse of the disease (Slamon

et al., 1987). The poorer prognosis of women with ErbB2/HER2/Neu-

amplified tumors is entirely abrogated if they are treated with anti-ErbB2/

HER2 therapy. Upon irradiation, cells overexpressing ErbB2/HER2 are

able to activate NFκB, a key transcription factor in stress response that reg-

ulates a prosurvival network (Guo et al., 2004). Importantly, the NFκB-
binding motif in the ErbB2/HER2 gene promoter region is found to be

responsible for radiation-induced HER2 expression (Cao et al., 2009),
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and a recent study indicated that HER2-positive CSCs are present in

“ErbB2/HER2-negative” breast cancer cells and the HER2-positive CSCs

are increased in the recurrent/metastatic tumors (Duru et al., 2012), indicat-

ing that ErbB2/HER2 is a dynamic feature of CSCs in breast cancer. Defin-

ing the central role of ErbB2/HER2-positive CSCs may offer effective

targets for breast cancer treatment. These findings suggest that the existence

of different subpopulations of CSCs with varied sets of mutations and geno-

mic alterations may be likely since heterogeneous tumors consist of unstable

genomes and different responses to anticancer therapy. During chemo-

and/or radiotherapy, the most resistant CSCs would be selected and con-

tinue to sustain the tumor under treatments. These findings shed light onto

a new conceptual paradigm of how CSCs or TICs contribute to the radia-

tion response. Identification of CSC-associated radioresistance needs to be

further evaluated in clinical studies.

4. CONCLUSION

HA/CD44-mediated tumor cell-specific phenotype is closely linked

to cytoskeletal functions which involve membrane-associated cytoskeletal

proteins (e.g., ankyrin and GTPases) and MMPs. Activation of ankyrin,

GTPases, and MMPs produces specific structural changes in actin assembly,

cytoskeleton reorganization, transcriptional activation, tumor cell growth,

survival, migration, and invasion. These events generate coordinated

“cross talk” among multiple signaling pathways required for oncogenesis.

Accumulating evidence also indicates that Oct4/Sox2/Nanog signaling

and microRNA (e.g., miR-302 and miR-21) expression occur in HA/

CD44-activated CSCs. Furthermore, CD44-expressing CSCs require

downregulation of p53 and upregulation of ErbB2. All these events contrib-

ute to CSC self-renewal, clonal formation, antiapoptosis/survival, radiation

resistance, and chemoresistance leading to tumor progression. A current

model illustrating HA-dependent and CD44-specific signaling pathways

is described in Fig. 10.4.
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