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ABSTRACT 

Metastasis is the leading cause of death in patients with cancer, and the 

extracellular matrix is critical to cancer dissemination.  The adhesion receptor, CD44, 

mediates cellular communication with the extracellular matrix by binding to the 

glycosaminoglycan, hyaluronan (HA).  CD44 and HA play critical roles in cancer 

progression and development.  HA is deposited in extracellular and pericellular matrices 

where it directs intracellular signaling through interactions with cell-surface CD44.  

CD44-HA interactions, in turn, direct signaling that is relevant to cancer progression.  

Importantly, these molecules can both promote and inhibit the oncogenic cascade, 

although the mechanism by which they promote dual and contrasting functions is 

unknown.   

Here we show that HA can both activate and suppress EGFR, a critical regulator 

of oncogenic signaling, in a context-dependent fashion.  Using a 3D collagen system in 

which HA is either polymerized in collagen matrix or provided soluble in the media 

(sHA) we report that collagen-embedded HA (eHA) inhibits EGFR activation, filopodia 

formation, and cell spreading on a collagen matrix.   

Additionally, we show that CD44 is subject to cell-type changes during cancer 

progression.  We have found that CD44 is expressed in the myoepithelium of the 

developing mammary gland and regulates the normal function of this cell type.  The 

myoepithelial function of CD44 is also relevant to its role in cancer progression as CD44 

is expressed in the basal cells of early-stage breast and prostate cancer but undergoes a 
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basal to luminal epithelial switch with increasing tumorigenicity and is strongly 

expressed by tumor epithelium.   

These findings demonstrate a novel role for eHA as a protective molecule when 

encountered in the collagen matrix during cancer progression and highlight the 

importance of understanding cell-type specific contributions during cancer progression.  

Taken together, the findings reported in this dissertation point to a mechanism by which 

CD44 and HA can function in tumor suppression and promotion, depending on cell-type 

specific expression and modulation of the extracellular matrix. 
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I. INTRODUCTION 

 

Breast Cancer 

Breast cancer is the most frequently diagnosed cancer and the leading cause of 

cancer deaths in females worldwide, accounting for more than 400,000 cancer deaths in 

2008 (1) and more than 40,000 deaths in the United States in 2009.  In the United States, 

it is the second most common cancer in women, and an estimated 207,090 new cases of 

invasive breast cancer were diagnosed in 2010, in addition to more than 90,000 new cases 

of non-invasive breast cancer.  Metastasis is the leading cause of death in women with 

breast cancer, and strikingly, survival rates drop from approximately 98% to 27% if a 

cancer has metastasized.  Women who do not respond to treatment have a 30-50% rate of 

recurrence in the first ten years, and recurrence is highly dependent on the stage and 

subtype of the primary tumor, and therefore, whether or not the tumor has metastasized 

(2).  The goal of current research is to understand how cancer cells accomplish metastasis 

and recurrence and to target it therapeutically without harming non-cancerous cells. 

The molecular events leading to tumorigenesis have been defined by Hanahan and 

Weinberg in their landmark review, the Hallmarks of Cancer (3).   The hallmarks of 

cancer describe a succession of capabilities acquired by tumor cells that enable tumor 

growth and metastasis and provide a framework and clarifying principle for rationalizing 

the complexities of cancer.  Six hallmarks of cancer were originally identified that 

describe the multi-step process required for cells to survive, proliferate and disseminate.  

Research over the past decade has expanded our view of cancer progression to 
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encompass additional 

characteristics that enable the six 

hallmarks previously described and 

that are functionally important for 

cancer progression and, therefore, 

represent hallmarks of cancer.  

They are depicted in Figure 1.1.   

The hallmarks of cancer 

depict the multi-step process 

required to achieve malignancy and 

are applicable to cancers of multiple originating tissues.  A major advancement in 

elucidating the molecular nature of breast cancer specifically has come from the 

recognition that the breast encompasses a heterogeneous subset of diseases.  Breast 

cancer can be categorized into distinct subtypes based on their genetic and proteomic 

signatures (4, 5).  Subtypes are largely distinguished by the expression or lack of the 

estrogen receptor.  Those expressing estrogen receptor have been categorized as luminal 

and fall into two subcategories, luminal A or B, based on expression of the progesterone 

receptor.  Those tumors lacking estrogen receptor are categorized as either basal, Her2+, 

or normal breast-like based on the expression of basal cell-markers, the ErbB2/Her2 

receptor, or adipose markers respectively.  While incidence of luminal subtypes is greater 

than the basal subtypes, basal subtypes are associated with less favorable prognosis and 

significantly shorter 5-year survival rate.  Of the five subtypes, those categorized as basal, 

Figure 1.1 The Hallmarks of Cancer.  Taken from 

(3). 
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often categoriezed as triple-negative breast cancers (TNBCs), are the most difficult to 

treat and have the highest rate of recurrence (6).  A hierarchy describing the subtypes of 

breast cancer and their key characteristics are shown in Figure 1.2. 
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Figure 1.2 The subtypes of breast cancer.  Breast cancer is categorized into five major 

classifications based on the expression estrogen receptor (Era).  Major markers, rate of p53 mutation, 

and prognostic significance is described in (5).  Figure adapted from (80). 
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The Mammary Gland 

Mammary glands are epidermal appendages, hypothesized to have evolved from 

ancient aprocrine glands associated with the skin (7).  The primary function of the 

mammary gland is to provide nutrition to offspring in the form of milk proteins and fat, 

but also to provide immune factors that protect from infection, in addition to numerous 

other health and developmental benefits (8).  The mammary gland is a tubuloalveolar 

gland embedded in heterogenous mesenchyma that encompasses a mammary fat pad 

constructed primarily of adipocytes with resident stromal cells, immune cells, vascular 

endothelial cells and a network of glandular epithelium.  The mammary epithelium is 

organized into a bilayer containing two types of differentiated epithelial cells: secretory 

luminal epithelial cells that line the mammary ducts and alveoli and contractile 

myoepithelial cells positioned between the luminal cells and basement membrane, which 

in turn is surrounded by an outer ring of fibrous interstitial ECM and loose connective 

tissue (9) (Figure 1.3). 
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Figure 1.3  Organization of mammary duct.  Luminal epithelial cells (orange) are apical to 

myoepithelial cells (red) which juxtapose the basement membrane, which is in turn, 

surrounded by extracellular matrix. 

 

 

The myoepithelium is a natural tumor suppressor 

Luminal and myoepithelial cells play distinct rolls in mammary function and, 

thus, have distinct properties.  Luminal cells are glandular epithelia specialized for milk 

production.  Importantly, most breast cancers are thought to arise from the luminal cells.  

The surrounding myoepithelial cells possess properties of smooth muscle cells and thus 

contract in response to suckling-induced oxytocin production to force milk ejection 

through the duct.  In addition, however, the myoepithelium plays an important role in 

normal mammary gland development by directing luminal cell polarity, branching and 

differentiation (10).  In cancer, the myoepithelium is thought to protect against cancer 

progression.  Evidence for the tumor suppressive quality of myoepithelial cells (MECs) 

comes from their ability to induce growth arrest and apoptosis in breast cancer cell lines 

and to secrete ECM proteins, anti-angiogenic factors and protease inhibitors.  When co-
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cultured with breast cancer cells, MECs inhibit expression of MMPs (matrix 

metalloproteinases), and direct polarization and branching morphogenesis during 

mammary gland development (11, 12).  During tumor progression, however, MECs loose 

their tumor suppressive abilities and the cell population is eventually lost or displaced, 

although the mechanism for this is unknown. 

    

Life cycle of the mammary gland 

The mammary gland undergoes three main cycles of development: embryonic, 

pubertal, and adult which are regulated by local and systemic hormones and growth 

factors (Figure 1.4).  Embryonic development is characterized by the formation of 

mammary placodes which mature into the nipple bud (anlage).  After birth, growth 

arrests until puberty, at which time the nipple anlage undergoes extensive growth and 

branching morphogenesis to form the ductal network.  In adulthood, and in the event of 

pregnancy, luminal epithelium proliferates and expands dramatically to form alveolar 

buds that accommodate milk production and secretion, and a lactogenic switch initiates 

expression of milk proteins.  Finally, following lactation, the gland undergoes post-

lactational involution characterized by massive apoptosis during which approximately 

80% of the epithelium is removed within a few days (13).  Importantly, the life cycle of 

the mammary gland, and the hormones and growth factors that regulate its function, are 

intimately associated with breast cancer.  Many of the hormonal and molecular pathways 

that regulate the life cycle of the mammary gland are conserved, albeit aberrantly, in 
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cancer.  The mammary gland therefore, has served as an important model system for 

understanding mechanisms of cancer progression. 

Figure 1.4 Life cycle of the mammary gland.  (A) A small tree of ductal epithelium 

known as the nipple bud is formed during embryonic development.  (B)  Pubertal 

development is characteristic by branching morphogenesis and extension of the ductal 

network.  (C-F) Pregnancy is characterized by expansion of milk-producing aveoli and 

(F) following pregnancy massive apoptosis occurs during involution. Figure taken from 

(13). 
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Pubertal mammary gland development 

Development of the mammary involves a complex and well-orchestrated interplay 

of extracellular and intracellular signals that result in the formation of an extensive ductal 

network.  Most of our knowledge comes from studies of rodent models, and here I will 

review mammary gland development of the mouse which largely resembles human breast 

development (14), although there are some notable differences (15). 

Mammary gland development initiates late in embryonic development at 

approximately day 10.5 (E10.5) when milk lines extend from two ridges of multilayered 

ectoderm that arise from embryonic skin and run anteroposterior along the ventral surface 

of the embryo.  At E11.5, five pairs of five mammary placodes, the mammary anlage, 

form along the two milk lines.  The placodes mature into epithelial buds which, by 

approximately E15.5, elongate slightly and invade the underlying mammary fat pad to 

form the nipple bud (13).  After birth, the mammary fat pad grows isometrically with 

body growth.  

At the onset of puberty, at approximately 3 to 4 weeks, systemic hormones and 

growth factors initiate a massive expansion of the mammary epithelium, growing at rates 

up to 0.5mm per day (16).  The ductal network expands until it has filled the fat pad and 

then ceases at approximately 8-10 weeks.  Ductal growth during this period is mediated 

by a specialized structure known as a terminal end bud (TEB), a bulbous structure that is 

a site of active cell growth that drives ductal elongation and invasion into the mammary 

fat pad (Figure 1.5 A-C).  The TEB consists of a single layer of undifferentiated cap cells 

and thick inner lumen of body cells (Figure 1.5 C).  As the duct grows, cap cells nearest 
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the trailing edge of the TEB are hypothesized to differentiate into myoepithelial cells 

while the proliferative cells near the tip of the TEB differentiate into the luminal cells.  

The thick layer of body cells furthest from the cap cells undergo apoptosis to give rise to 

the hollow lumen of the duct.  The TEB bifurcates to create a system of branches.  

Lateral buds develop along mature ducts and expand until limited by space.  When the 

ducts reach the other limits of the fat pad, the TEB regresses, and development ceases at 

approximately 10 weeks. 

Figure 1.5. Mammary gland development and the terminal end bud. (A) Whole-

mounted mammary gland at 6 weeks shows growth mediated by TEBs (enlarged in lower 

left corner). (B) H&E stain of a TEB. (C) Schematic of TEB diagramming comments of 

this structure.  (C) taken and modified from (17). 
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Hormonal and growth factor regulation of mammary gland development 

Multiple systemic and local signals regulate mammary gland development during 

puberty.  Puberty is initiated by the hypothalamopituitary-gonadal axis, which upon 

maturation, regulations ovarian secretion of estrogen and progesterone (17).  Estrogen is 

the primary mammogen that triggers ductal outgrowth, although progesterone, 

glucocorticoid, growth hormone and prolactin also play critical roles in this process (18).  

In addition, the ErbB family of receptor tyrosine kinases play key roles in pubertal 

mammary gland development.  EGFR, a member of the ErbB family, mRNA and protein 

are abundant in periepithelial mammary stroma (19), where it is thought that the stromal, 

not epithelial contribution of EGFR is important to mammary gland development (20).  

The EGFR ligand, amphiregulin is strongly upregulated during puberty and then 

downregulated during and after pregnancy (19) and is though to be the primary EGFR 

ligand during pubertal development.  In addition to EGFR, loss of both ErbB2 and ErbB3 

delays ductal outgrowth and impair normal terminal end bud morphology (21, 22).  

Notably, the ErbB receptors play roles in breast cancer progression and have been shown 

to regulate virtually every aspect of the hallmarks of cancer. 

 

The ECM during mammary gland development 

The basal lamina and ECM play critical roles during pubertal mammary gland 

development by harboring growth factors, cytokines, and hormonal stimulants as well as 

providing structural support.  Importantly, the ECM and basal lamina are dynamic during 

mammary gland development and undergo changes in protein composition and structures 
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that accommodate ductal outgrowth.  The basement membrane surrounding the terminal 

end bud attenuates at the tip of the elongating duct and then thickens along the flank, 

presumably accommodating invasion of the growing duct (9).  The area surrounding the 

terminal end bud is also enriched in hyaluronan, which may mediate morphogenesis and 

motility (23). The basement membrane surrounding ducts is rich in collagen type IV, 

laminin 1, laminin 5, fibronectin and numerous glycosaminoglycans that play an essential 

role in development as either inhibition of augmentation of collagen or 

glycosaminoglycan deposition inhibits normal branching of the ducts (23).  Regulation of 

branching, therefore, is reliant on the quantity of ECM, the components present, and 

where they are situated within the fat pad. 

Myoepithelial cells attach to and mediate communication with the basement 

membrane.  These cells express basally located integrins and nonintegrin adhesion 

receptors including CD44.  The 64 integrin pair are components of hemidesmosomes, 

used for myoepithelial cell attachment to the basement membrane, which interestingly is 

required for branching of immortalized breast cells in culture but not in vivo, whereas the 

2 integrin subunit or the 1 subunit are required in vivo for normal branching (9).  

Nevertheless, integrins, in many instances have been shown to regulate branching 

morphogenesis of the breast, are critical for epithelial stromal communication.  Integrins 

are the most extensively studied adhesion receptors in mammary gland development.  In 

addition, however, the collagen receptor discoidin domain receptor 1 (DDR1) has been 

shown to mediate collagen deposition, TEB morphology and ductal outgrowth (24).  Our 

laboratory has shown that the HA receptor, CD44, is expressed by the myoepithelium 
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where it regulates bilayered epithelial organization, myoepithelial-to-luminal epithelial 

cell adhesion, and mediates ductal outgrowth.   

 

Adult mammary gland development 

After development ceases the breast undergoes cyclical phases of alveolar 

differention/regression under the influence of the estrous cycle.  During pregnancy, the 

mammary undergoes further developmental and morphological changes to prepare for 

lactation.  The hormone progesterone induces side-branching and aveologenesis along 

with increased growth of adipose tissue and richer blood flow to the mammary gland 

(25).  After parturition, a rise in prolactin and concomitant drop in progesterone stimulate 

milk production.  Suckling from the nursing infant stimulates oxytocin in the mother’s 

hypothalamus, which then stimulates the myoepithelial cells to contract and force milk 

ejection.  Post-lactational involution, characterized by massive cell death, removes the 

now surplus of alveolar cells.   

 

Breast cancer progression  

Under normal physiological conditions, a careful balance of cell regeneration, cell 

death, and the processes that maintain mammary gland function are harmoniously 

orchestrated.  When the system of checks and balances is lost and cancer occurs, it most 

typically occurs in the ducts of the breast, and less frequently in the lobules of the breast 

(26, 27) (Figure 1.6).  Breast cancer is typically thought to initiate from luminal epithelial 

cells.   Breast cancer then progresses through clinical and pathological stages in which 
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abnormal cell proliferation advances to ductal carcinoma in situ (DCIS) or lobular 

carcinoma in situ (LCIS), then to invasive carcinoma and culminating in metastatic 

disease (28).  Carcinoma in situ encompasses disease in which tumor cells proliferate to 

form a mass, but have not invaded into 

surrounding tissues.  Importantly, the 

myoepithelial cell layer is intact during 

carcinoma in situ, whereas the 

disappearance of the organized 

myoepithelium and basement membrane is 

a diagnostic criterion that distinguinshes in 

situ from invasive carcinoma (29).  In situ 

carcinoma is currently a relatively treatable 

disease, with an overall favorable 

prognosis and high survival rate.  Invasive carcinomas, on the other hand, particularly 

those classified as basal or triple negative, are quite deadly. 

 

Metastasis 

Metastasis is the process by which cancer cells degrade and invade their 

surrounding microenvironment and travel to distant sites in the body where they can 

regenerate into new secondary tumors.  This process encompasses a series of complicated 

events that enable distant colonization (Figure 1.7).  Cells must acquire the capability to 

dissolve cell-cell and cell-ECM adhesions, acquire motility and survive in the foreign 

Figure 1.6 Diagram of the human 

breast.  Magnified inset shows lobules 

and ducts. Figure taken from (27). 
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tumor microenvironment where they infiltrate regional lymphatic or blood vasculature, a 

process termed intravasation.  Once in the vasculature, they must survive immune 

surveillance, extremely high blood pressure, changes in acidity and nutrient available and 

must override cell death by anoikis.  To colonize a new tumor, cells must exit the 

vasculature (extravazation), survive, grow, and eventually colonize, a completely foreign 

environment (30).  Metastasis is a remarkable feat.  Colonization of a new site entails the 

growth of micrometastasis into macroscopic tumors, yet often micrometastasis have 

reached distant sites at the time of diagnosis and are not clinically apparent.  The 

secondary macroscopic tumor can then appear decades after treatment for the primary 

tumor, suggesting that the factors present in the secondary site may force tumor cells into 

a dormant state that can persist for years (31).  Recurrence, attributed to tumor dormancy, 

currently is a major barrier for the treatment of metastatic disease. 

Cancer cells rely on and communicate heavily with the tumor microenvironment 

during metastatic dissemination, and the microenvironment is paramount during 

metastasis (32-34).  The tumor stroma changes during progression, marked by increased 

deposition of matrix proteins and stromal cells (35).  The formation of what is known as a 

reactive stroma is largely mediated by fibroblasts and cells resident in the extracellular 

matrix.  Fibroblasts, for example, respond to secreted transforming growth factor  

(TGF-), monocyte chemotactic protein 1 (MCP-1) and proteases by increasing 

production of matrix components (33).  Such changes are thought to provide a favorable 

environment for cell motility and mediate invasion, but the response of tumor cells to the 
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microenvironment, and whether these changes favor or inhibit invasion depends on the 

composition of the matrix and their presentation to cells (36). 

 

 

Hyaluronan   

 Hyaluronan (HA) (also known as hyaluronic acid or hyaluronate) is an 

extracellular matrix glycosaminoglycan (GAG) made of repeating disaccharides of 

glucuronic acid and N-acetylglucosamine that compose large unbranched negatively 

charged polymers (Figure 1.8). It is unique among GAGs for being neither sulfated nor 

linked to a core protein, and unlike many GAGs, it is synthesized by hyaluronan 

synthases (HAS1, HAS2, AND HAS3), multipass transmembrane glycosyltransferases 

that assemble HA from monomer substrates intracellularly and secrete HA polymers 

Figure 1.7 The Metastatic Process.   Metastasis describes a series of events that includes 

intravasation into blood vessels or lymphatics, travel through the circulatory system, extravasation to 

a distant site, and finally, colonization and secondary tumor formation.  Metastasis is highly 

dependent on interactions in the ECM, and additionally, tumor cells may lay dormant in the 

secondary site for many years before colonizing a new tumor.  Figure taken from (30). 
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extracellularly as it is being synthesized (37).  HA is primarily synthesized by stromal 

fibroblasts, and is secreted as 

an extremely large, high 

molecular weight polymer 

approximately 10
6
-10

7
 MDa 

in weight that is capable of 

retaining many times its 

weight in water, and thus 

functions as a space-filling molecule in all ECMs.  In addition to its biomechanical and 

physical properties, HA also regulates cell behavior by providing a multivalent template 

for interactions with other ECM molecules (38).  As a signaling molecule, it interacts 

directly with the cell surface through a family of HA receptors, the hyaladherins, which 

contain a 100 amino acid conserved HA-binding module known as a link domain (39).  

Binding to receptors contributes to a diverse number of biological functions both in 

normal and pathological contexts, ranging from biomechanical support and wound 

healing to embryonic development and tumorigenesis (40).   

 

Hyaluronan in Cancer 

There are many reports that HA deposition is increased in various cancers 

including breast, ovarian, stomach, colon, bladder and cervical cancer.  In many cases, 

increased expression in cancer is associated with poor prognosis and is thought to 

promote metastasis (41-43). In clinical breast carcinoma samples, HA is upregulated by 

Figure 1.8 Chemical structure of hyaluronan. 

Figure adapted from (40). 
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both cancer cells and by surrounding stroma, although the majority of tumor-associated 

HA is found in the surrounding stroma, embedded in extracellular matrix proteins, not in 

the tumor epithelium, and is the product of fibroblasts and cells resident in the connective 

tissues (44, 45). Thus, while peritumoral HA is deposited heavily surrounding tumors, 

matrix-embedded HA (eHA) has been shown to inhibit invasion in breast cancer cells 

(46-48).  Experimentally, polymerizing HA with matrix proteins such as collagen can 

mimic this biology.  In contrast, many in vitro studies rely on the use of soluble HA 

(sHA), or HA that is added in soluble form to cell media, where it can promote invasion 

(49).   

Importantly, in clinical carcinoma samples, immunohistochemistry is primarily 

used to examine HA deposition surrounding tumors and can detect the presence of HA 

but not differentiate the size of HA.  While HA is synthesized as polymer chains of 2,000 

– 25,000 disaccharides ranging from 2-25 m in length, HA is subject to cleavage by 

catabolism and by hyaluronidases that result in a range of HA species that can exist as 

small as a few dissacharides (50).  The range of HA species differentially influences 

intracellular signaling processes (51).  High molecular weight HA (HMW HA), for 

example, has been shown to inhibit tumorigenic signals while smaller polymers are more 

varied and can both promote and inhibit tumorigenic signaling.  The biological role of 

HA is, therefore, extremely context dependent and peritumoral HA likely represents a 

range of species.  The effects of different size HA oligomers on tumor cells are 

summarized in table 1.1.  
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Table 1.1 Hyaluronan size variations in cancer signaling.  Modified from (51). 

Molecular size 

(saccharides) 

Function/Signal Reference 

HMW > 1000 Inhibits angiogenesis Deed 1997; Feinberg 

1983 (52, 53) 

 Anti-inflammatory and immune 

suppressive 

  

 Promotes cell cycle arrest Morrison 2001 (54) 

HA fragments   

~ 1000 Induction of inflammatory chemokines Noble 2002 (55) 

10-40 Promote tumor cell migration Sugahara 2003 (56) 

 Promote CD44 cleavage Sugahara 2003 (56) 

6-20 Stimulate angiogenesis West 1985; Sattar 1994; 

Slevin 1998, 2002 (57-

60) 

 Promote endothelial cell migration Sattar 1994; slevin 2002 

(57, 59) 

12 Up-regulate PTEN in tumor cells Ghatak 2002 (61) 

6-7 Inhibit anchorage-independent growth 

of tumor cells 

Ghatak 2002 (61) 

4-6 Increase transcription of MMPs Fieber 2004 (62) 

4 Suppress apoptosis Xu 2002 (63) 

 Up-regulate Fas expression Fujii 2001 (64) 
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Hyaluronan regulates ErbB receptors in cardiac morphogenesis 

 In addition to its role in cancer progression, HA plays an important role in 

development during fertilization, neural crest migration, vasculogenesis, and cardiac 

morphogenesis (65). It is synthesized early in embryogenesis in the primitive ectoderm 

and endoderm and is later ubiquitous in extracellular matrices but particularly abundant 

in the craniofacial mesenchym, cardiac endocardial cushions, and the smooth muscle 

surrounding the intestinal tract (66), which because of its viscoelastic properties, expands 

the extracellular space and accommodates cell migration.  Loss of the hyaluronan 

synthase gene, Has2, is embryonic lethal and results in lack of endocardial cushions, or 

cardiac jelly (67).  In the absense of HA, the 

cardiac endothelium fails to undergo epithelial to 

mesenchymal transition (EMT) and initiate tissue 

invasion, required for normal septation of the 

atrioventricular canal and heart valve formation, 

and interestingly, requires HA to promote 

activation of the ErbB receptor tyrosine kinases, 

ErbB2 and ErbB3, prerequisite for this process 

(68) (Figure 1.9).  Thus, HA not only serves as a 

space-filling molecule of the endocardial cushions 

but also activates intracellular signaling through ErbB receptors.  

 

 

Figure 1.9 Hyaluronan regulates ErbB-

mediated EMT during cardiac 

morphogenesis.  Hyaluronan regulates 

ErbB2/ErbB3 activation during cardiac 

morphogenesis. Taken from (68) 
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ErbB Receptor Tyrosine Kinases 

The ErbB family (ErbB1/EGFR, ErbB2/Her2/neu, ErbB3, ErbB4) of receptor 

tyrosine kinases are intricately involved in virtually every aspect of cancer progression.  

Their expression is associated with the most aggressive subtypes of breast cancer.  The 

Her2 subtype, so named for amplification of the ErbB2/Her2 oncogene, is an aggressive, 

invasive cancer with a five-year survival rate of only 30%.  Basal-like subtypes are often 

considered synonymous with triple-negative breast cancers, so named because they lack 

ER and PR expression and Her2 gene amplification.  While negative for Her2, these 

highly metastatic tumors have strongly aberrant EGFR activity and a 5-year survival rate 

of only 10%.  Thus, this family of receptors has been extensively studied for their role in 

breast cancer, in addition to other types of cancer, and remains the subject of active 

research.  ErbB receptors are currently the target of several therapies currently prescribed 

for cancer.  

The ErbB receptors are activated by ligand binding (Figure 1.10), and can bind to 

two families of structurally related ligands, the EGF and neuregulin family, which 

contain a conserved epidermal growth factor domain.  EGFR is activated by binding to 

epidermal growth factor (EGF), tumor growth factor alpha (TGFa), betacelluin (BTC), 

epiregulin (EPR), amphiregulin (AR), heparin binding EGF (HB-EGF) and epigen.    

ErbB2 has no known ligand, and instead relies on heterodimerization with other ErbBs.  

ErbB3 binds to the neuregulins (NRG1-4) and tomoregulin, while ErbB4 binds NRG1 

and NRG2. 
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Figure 1.10 ErbB receptor signaling network. (a) Ligands and the ten dimeric receptor combinations 

comprise the input layer. Numbers in each ligand block indicate the respective high-affinity ErbB receptors. 

For simplicity, specificities of receptor binding are shown only for epidermal growth factor (EGF) and 

neuregulin 4 (NRG4). ErbB2 binds no ligand with high affinity, and ErbB3 homodimers are catalytically 

inactive (crossed kinase domains). Trans-regulation by G-protein-coupled receptors (such as those 

for lysophosphatidic acid (LPA), thrombin and endothelin (ET)), and cytokine receptors is shown by wide 

arrows. (b) Signalling to the adaptor/enzyme layer is shown only for two receptor dimers: the weakly 

mitogenic ErbB1 homodimer, and the relatively potent ErbB2–ErbB3 heterodimer. Only some of the 

pathways and transcription factors are represented in this layer. (c) How they are translated to specific types 

of output is poorly understood at present. (Abl, a proto-oncogenic tyrosine kinase whose targets are poorly 

understood; Akt, a serine/threonine kinase that phosphorylates the anti-apoptotic protein Bad and the 

ribosomal S6 kinase (S6K); GAP, GTPase activating protein; HB-EGF, heparin-binding EGF; Jak, janus 

kinase; PKC, protein kinase C; PLCγ, phospholipase Cγ; Shp2, Src homology domain-2-containing protein 

tyrosine phosphatase 2; Stat, signal transducer and activator of transcription; RAF–MEK–MAPK and PAK–

JNKK–JNK, two cascades of serine/threonine kinases that regulate the activity of a number of transcription 

factors.) Figure and figure legend taken from (69). 
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Ligand binding induces homo- or heterodimerization with neighboring ErbB receptors.  

ErbB2’s native conformation is conducive for dimer formation, allowing activation in the 

absense of ligand.  Dimerization leads to trans-phosphorylation on tyrosine residues in 

the cytoplasmic tails, with the exception of ErbB3, which lacks a kinase domain, and 

instead is activated via dimerization.  Phosphorylation of the receptors serves as a 

docking site for numerous phosphotyrosine binding proteins and triggers a network of 

signaling cascades that are central in tumor progression and development including the 

Mitogen Activated Protein Kinase (MAPK), Akt/ Phosphoinositide 3-Kinases (PI3K), 

mammalian Target of Rapamycin (mTOR) and Janus Kinase/Signal transducers and 

activators of transcription (JAK/STAT) pathways (69).  Signaling outputs range from cell 

division and migration, adhesion, differentiation and apoptosis, but, additionally, through 

cross-talk with other pathways, can participate in pathways that promote all of the 

hallmarks of cancer.   

The ErbB networks possess enormous specificity and modularity, which depends 

on cellular context as well as ligand-specific and dimer-specifc interactions, and are 

capable of integrating a range of stimuli from both inside and outside the cell (70).   ErbB 

receptors integrate extracellular signaling inputs through interactions with adhesion 

receptors, including integrins and CD44.  The ECM additionally serves as a storehouse 

for ErbB ligands and interaction with ECM-binding adhesion receptors modulates ErbB-

mediated entry into cell cycle, adhesion-dependent growth, and tumor cell migration (71, 

72).  The beta4 integrin, for example, is necessary for ErbB2-initated mammary 

tumorigenesis and ErbB2-integrin interactions have been shown to regulate cell 
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proliferation and disrupt epithelial adhesion to promote invasion (73).   

Given their potent ability to promote growth, in normal tissues there are tight 

negative regulatory controls to dampen ErbB pathways.  EGFR activation is normally 

arrested by phosphatase activity and by endocytosis-induced receptor degradation.  The 

endocytic pathway, however, is disrupted in cancer when tumor cell polarity is lost and 

EGFR, whose localization is normally restricted to basolateral surfaces, is free to bind the 

normally apicolateral-restricted MUC1, a transmembrane mucin (74).  This aberrant 

interaction inhibits the normal degradation of EGFR and instead promotes its recycling to 

the cell-surface, enabling continuous EGFR signaling, and reroutes EGFR trafficking 

through the nucleus where it can promote transcription of oncogenes (75, 76).  This type 

of interaction is an example of how misregulation in cancer cells promotes disease but 

also represents opportunities for therapeutic intervention.  Cancer-specific interactions 

that do not occur in normal cells are opportunities for targeted therapies.   

 

CD44 

CD44 is a member of a large family of cell adhesion molecules (CAMs) that are 

responsible for mediating communication and adhesion between adjacent cells and 

between cells and the extracellular matrix (ECM).  CAM-mediated organization is a basic 

feature of normal breast histology and is essential for maintaining tissue integrity such 

that the disruption or misregulation of these adhesive relationships causes a loss of tissue 

architecture and is a feature of neoplastic transformation.  In addition to its role in cellular 

adhesion, CD44 can direct intracellular signaling for growth and motility and is thus 
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involved in many types of cancers including breast, lung, prostate, ovarian, cervical, 

neuroblastoma and colorectal (77).  In prostate cancer and neuroblastoma, CD44 has been 

dubbed a metastasis suppressor gene (31, 78) however, its role in breast cancer is unclear 

and controversial.  CD44 expression in breast cancer has been correlated with both poor 

and favorable outcomes, and it mediates both pro- and anti-tumoral signaling in vitro and 

can inhibit and promote metastatic progression in vivo.  While research often focuses on 

one or the other aspect of CD44-mediated biology, understanding its dualistic nature is 

important if it is to be used as a diagnostic and therapeutic tool.  Here we review the pro- 

and anti-tumoral signaling events mediated by CD44, discuss its expression in human 

breast cancer and its use as a therapeutic target.  While CD44 has been examined in many 

cancer types, we will focus primarily on evidence derived from breast cancer, and while 

CD44 is used as a stem cell marker in breast cancer (79), its role in this context is beyond 

the scope of this dissertation, and the reader is directed to the following excellent reviews 

for evaluation of this topic (2, 80, 81). 

 

CD44 gene structure 

CD44 is encoded by a single, highly conserved gene, spanning approximately 50 

kilobases, located on chromosome 11 in humans and chromosome 2 in mice that encodes 

a group of proteins ranging from 80-200 kDa in size, the heterogeneity of which is due to 

post-translational modifications and creation of variable isoforms by alternative splicing 

(82).  The CD44 gene contains 20 exons, which encode approximately 20 CD44 isoforms 

(83).  Exons 1-5 and 16-18 are constant while exons 6-15 and 19-20 are variants and 
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inserted by alternative splicing (84) (Figure 1.11A).  The non-variant standard isoform, 

denoted CD44s, is encoded by the constant exons, is the smallest and most widely 

expressed isoform and is present on the surface of most vertebrate cells (82).  Inclusion of 

the variant exons lengthens the extracellular membrane-proximal stem structure of CD44 

(85), creating larger isoforms and exposing binding sites for additional post-translational 

modifications and ligand binding sites.  Variant expression is regulated by tissue and 

environmental-specific factors, and oncogenic pathways such as the Ras-MAPK cascade 

can regulate alternative splicing during cancer progression (86, 87).  

 

CD44 protein family 

As depicted in Figure 1.11B, the first five N-terminal exons of CD44 encode the 

extracellular region, which is comprised of three globular domains, stabilized by disulfide 

bonding of six cysteine residues.  These form a structure that includes a conserved link-

module for hyaluronan binding (39, 88, 89), in addition to binding sites for other CD44 

ligands (discussed below) and sites for O- and N-linked glycosylation and chondroitin 

sulfate binding.  A span of 46 amino acids in the membrane-proximal region contains a 

putative proteolytic cleavage site (90, 91) and can be lengthened by insertion of variant 

exons which form a heavily glycosylated stalk-like structure which exposes binding 

domains for additional glycosaminoglycans and heparan sulphate binding (85, 92).  The 

transmembrane region contains 23 hydrophobic amino acids and one cysteine-residue and 

is though to be involved in CD44 oligomerization and association with lipid rafts (93, 

94).  
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Figure 1.11 CD44 gene and protein structure.  (A) The CD44 gene is encoded by 20 

exons, the first of which are constant to all CD44 isoforms, exons 6-15 are encoded by 

alternative splicing, and 16-18 are constant, while 19-20 are inserted by alternative 

splicing.  The first 17 exons comprise the extracellular region, while exon 18 encodes the 

transmembrane domain, and 19-20 encode the cytoplasmic tail.  (B)  The CD44 protein is 

made of a globular extracellular domain stabilized by disulphide bonding of six cysteine 

residues and contains binding sites for hyaluronan (a region known as the link domain) 

and other CD44 ligands.  Insertion of variant exons lengthens the stalk structure and 

exposes binding sites for additional glycosaminoglycans. (Rev in 167). 
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The cytoplasmic tail of CD44 spans 72 amino acids and contains motifs that 

direct CD44 basolateral localization or subdomain localization during cell migration and 

mediate CD44 interactions with intracellular binding partners.  While CD44 has no 

intrinsic kinase activity, the cytoplasmic tail interacts with a variety of signaling 

mediators, and contains binding sites for the actin-cytoskeleton adaptor proteins ankyrin 

and members of the band 4.1 family ERM (ezrin/radixin/moesin), which direct 

reorganization of the actin cytoskeleton and mediate cell adhesion and motility (95-98).  

Alternatively, CD44 can interact with Merlin, which does not link to actin but instead 

mediates contact inhibition and growth arrest (54).  The cytoplasmic tail contains six 

potential serine phosphorylation sites that are phosphorylated by protein kinase C and 

Rho kinase (82).  In a resting state, Ser325 is phosphorylated and is dephosphorylated 

upon PKC activation which then phosphorylates Ser291 (99).  The phosphate switch 

enhances intracellular association with ERM proteins.  Activation by Rho kinase is 

thought to promote ankyrin binding and cell motility (100). 

 

CD44 proteolytic cleavage 

CD44 is subject to proteolytic cleavage in the extracellular membrane-proximal 

region and in the intracellular cytoplasmic domain.  Extracellular cleavage is 

accomplished by proteases including members of the ADAM (a disintegrin and 

metalloprotease) family and by membrane type-I MMP (MTI-MMP) (91).  Extracellular 

CD44 cleavage triggers presenilin-dependent –secretase cleavage of the cytoplasmic tail 
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which can then be translocated to the nuclease where it can mediate gene transcription of 

genes containing a TPA-response element or act as a coactivator of CBP/P300 target 

genes, and even promote its own transcription (101-103).  Interestingly, CD44 cleavage 

increases in cancer in response to production of HA oligosaccharides, fluctuation of 

extracellular Ca
++

, and activation of PKC and Ras, resulting in enhanced cellular 

migration (56, 90, 104). 

 

CD44 ligands 

 CD44 mediates epithelial stromal interactions with the extracellular 

microenvironment to direct intracellular signaling as well as organization and 

modification of the ECM.  The CD44 extracellular domain can bind to numerous ECM 

components including collagen, laminin, fibronectin and hyaluronan (105-107).  In 

addition CD44 contains binding sites for a number of glycosaminoglycans (GAG) 

including osteopontin (OPN) (108). OPN selectively binds to CD44 variants v6 and v7 

triggering signaling that promotes survival, cell migration and invasion, and angiogenesis 

(109). 

Hyaluronan (HA) is the most-well characterized of the CD44 ligands and has an 

immense repertoire of biological functions (40, 51).  HA is a cell-surface associated GAG 

ubiquitious in extracellular and pericellular matrices that is synthesized and 

simultaneously secreted by transmembrane hyaluronan synthases (HAS) as an extremely 

high molecular mass polymer of approximately 10
6
 to 10

7
 MDa (110).  It is subject, 

however, to cleavage by hyaluronidases that results in HA species of varying sizes that 
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can exist as small as a few disaccharides (111).  HA influences intracellular signaling by 

binding to cell surface receptors, namely CD44 and RHAMM, but has context and size-

specific biological activities (51).  High molecular weight (HMW) HA, for example, can 

inhibit tumorigenesis by promoting cell cycle arrest under conditions of high cell density, 

inhibit CD44-mediated cell invasion in breast cancer cell lines, and has been shown to be 

anti-angiogenic and anti-inflammatory (46, 52-54, 112, 113).  In contrast, low molecular 

weight (LMW) HA oligomers can promote cell motility, CD44 cleavage, and 

angiogenesis (56, 60, 114).  Furthermore, context-dependent presentation of HA in 

soluble (sHA) or matrix-embedded (eHA) form can influence biological activity.  HMW 

HA solubilized in cell media, for example, differentially affects EGFR activation 

compared to HMW HA that has been embedded in a type I collagen matrix (115). 

 

CD44-mediated cell signaling 

Uncontrolled growth, evasion of apoptosis, angiogenesis and cell motility and 

invasion are hallmarks of cancer progression (3), and CD44 can promote these functions, 

either independently or in collaboration with other cell-surface receptors, but conversely, 

can also inhibit these functions (Figure 1.12). CD44 has been shown to activate a number 

of central signaling highways including Rho GTPases, the Ras-MAPK, and PI3K/AKT 

pathways, but has also been show to act as a growth/arrest sensor that, in response to cues 

from the microenvironment, can arrest growth, promote apoptosis, and inhibit 

angiogenesis and invasion.  While CD44 signaling initiates upon ligand binding to the 
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ECM, signaling induced by HA is the most extensively characterized, although some 

CD44-mediated signaling is thought to occur independently of ligand binding.   

CD44 has no intrinsic kinase activity, and thus induces signaling by recruitment 

of intracellular kinases and adaptor proteins that link CD44 cytoplasmic tail to the actin 

cytoskeleton and induce signaling cascades.  Alternatively, CD44 can act as co-receptor 

through interactions with other cell surface receptors.  As mentioned above, CD44 is 

subject to biological cleavage in both its extracellular domain and cytoplasmic tail, 

through which CD44 can influence paracrine signaling events and transcription.  

Additionally, CD44 can influence signaling by sequestering cell-surface associated 

growth factors, enzymes and cytokines (116). 

It should be noted that much of our knowledge about CD44’s role in cell signaling 

comes from in vitro studies of human cancer cell lines.  While providing valuable insight, 

cell culture studies of CD44 are particularly difficult as cultivation conditions have been 

shown to upregulate cell-surface CD44 and splice variants, resulting in expression of new 

isoforms in non-cancerous cell lines similar to their cancerous counterparts (82).  

Additionally, CD44-mediated signaling is heavily dependent on extracellular conditions 

and can vary significantly among various cell types or even in the same cell (77).  Most 

studied CD44 mediated signaling is activated upon binding to hyaluronan.  Hyaluronan is 

an extremely high molecular weight glycoprotein that can exist in species ranging from 

megadaltons to small fragments of only a few disaccharides and can be present in matrix-

embedded state or presented to cells in soluble form, the variability of which affects 

intracellular signaling (110, 115).  Such influences should be taken into consideration, 
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but despite such variability, research has amassed a considerable body of knowledge of 

CD44-mediated cell signaling.  

 

Direct signal transduction 

CD44 modulates many signaling activities through interactions in its cytoplasmic 

tail (Figure 1.12A).  Treatment with soluble LMW HA or soluble HMW HA has been 

shown to induce cell invasion and migration through CD44-mediated activation of the 

Rho family of GTPases.  HA-CD44 interactions initiate recruitment of Tiam1 (49) and 

p115 Rac1 and Rho Gefs, Rho associated protein kinase (117), and cSrc (118) to catalyze 

the activation of RhoA and Rac which in turn leads to activation of the PI3K pathway and 

a number of cellular outputs, namely survival and cell invasion.  CD44 has also been 

shown to interact with and activate RhoA independent of HA binding which enhances 

CD44 association with ankyrin and leads to formation of membrane projections and 

induces migration (100).  Conversely, HA oligomers have been shown to inhibit PI3K 

activation and AKT phosphorylation while stimulating apoptosis and upregulating 

expression of the tumor suppressor phosphatase PTEN in TA3/St murine mammary 

carcinoma cells (61).  Thus, CD44 activation of Rho GTPases and the PI3K pathway are 

highly dependent on microenvironmental cues. 

CD44 mediates actin cytoskeleton remodeling and invasion through interaction 

with ERM proteins, which link CD44 indirectly to the actin cytoskeleton and promote 

cytoskeletal remodeling and invasion.  ERM proteins, however, compete for binding sites 

on the cytoplasmic tail with Merlin, an ERM-related protein that functions as a tumor 
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suppressor.  ERM and Merlin may compete for CD44 binding to accomplish either 

growth or migration or inhibition of growth and migration.  In response to high cell 

density and high molecular weight hyaluronan (HMW HA), Merlin binds to CD44, 

displacing ERM, thereby inhibiting Ras-activated cell growth (54).  Conversely, 

activation of PI3K leads to the phosphorylation and deactivation of Merlin by p21 

associated kinase (Pak2) which inhibits its binding to CD44 leaving ankyrin and ERM 

proteins free to link CD44 cytoplasmic to the actin cytoskeleton, in turn promoting 

cytoskeletal reorganization and increasing celluar invasion (54, 119, 120).  

CD44 has more recently been shown to contribute to chemoresistance and can 

upregulate expression of multidrug resistance receptor by activation of the stem cell 

marker, Nanog, which in turn actives expression of miR-21, shown to increase expression 

of the multidrug resistance receptor (121).  Drug resistance can additionally be activated 

downstream of CD44 through the Stat3 pathway. 

 

CD44 as a co-receptor 

The role of CD44 in the metastatic cascade is tightly coupled to its interaction and 

collaboration with the other cell surface receptors (Figure 1.12A).  The extracellular 

domain of CD44 binds co-receptors, initiating recruitment and activation of signaling 

cascades.  Significant evidence supports its interaction and influence on the ErbB family 

of receptor tyrosine kinases.  EGFR/ErbB1 and ErbB2/Her2 are regulators of metastastic 

disease and their expression is associated with the most aggressive forms of breast cancer 

(4, 70).  CD44 colocalizes and coimmunoprecipates with EGFR and ErbB2 in numerous 
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breast cancer cell lines, and in cytology samples from patients with metastatic breast 

cancer, although research varies on this point as no correlation between CD44 with 

EGFR or ErbB2 expression has been reported (122, 123).  In addition, HA binding 

induces interactions with Grb2 and p185Her2, and promotes CD44 binding to N-Wasp, 

leading to activation of Ras and SOS mediated growth and invasion (124, 125).   

In addition to the ErbB receptors, CD44 mediates signaling through the oncogene 

c-Met.  Met, the receptor for the hepatocyte growth factor (HGF), is overexpressed in 20-

30% of breast cancers, is associated with poor clinical outcome (126, 127) and 

importantly, requires CD44v6 to become fully activated.  CD44v6-specific antibodies 

have been shown to block Met activation in many different cancer cell lines and primary 

cells, and loss of CD44 in mice correlates with c-Met haploinsufficiency (128, 129).  

Furthermore, CD44v6-ERM interaction is required for activation of c-Met and 

subsequent downstream activation of the Ras-SOS signaling cascade (130).  CD44v6 is 

thought to cooperate with Met both by binding to extracellular HGF and through 

recruitment of ERM proteins to the CD44 cytoplasmic tail, which in turn, catalyzes the 

activation of Ras (131).   

In addition to Met and ErbB receptors, CD44 has been shown to interact with the 

TGFb receptors 1 and 2, which promotes ankyrin-CD44 interactions and leads to Smad-

dependent invasion (132). CD44v6 has been shown to activate endothelial cell migration, 

sprouting and tubule formation through activation of c-Met and VEGFR-2 in response to 

HGF or VEGF-A (133).  This activation is thought to require CD44-intracellular 
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interactions with ERM proteins.  On the other hand, CD44 has been shown to inhibit 

angiogenesis through cooperation with a secreted angiogenic inhibitor FKBPL (134). 

CD44 forms a complex with the transmembrane sodium-hydrogen exchanger, 

NHE1, and the hyalurondiase, hyal2 (113).  NHE1 acidifies the microenvironment, 

activates Cathepsin B and promotes invasion while hyal-2 promotes cleavage and 

catabolism of HMW HA to small oligomerized HA dissacharides, also thought to 

promote invasion, and interestingly shown to preferentially stimulate angiogenesis (110).   

 

CD44 promotes cancer progression 

 CD44 is capable of promoting tumorigenic signals through a variety of major 

signaling networks including, activation of Rho GTPases, which promote cytoskeletal 

remodeling and invasion, as well as activation of the PI3K/AKT and MAPK-Ras 

pathways that promote growth, survival and invasion.  CD44 complexes with oncogenes 

to augment their activity and promote tumorigenesis and angiogenesis and can even 

modify the tumor microenvironment by promoting cleavage of hyaluronan to support 

tumor progression.  In addition, CD44 serves as a docking site for matrix 

metalloproteases (MMPs), matrix modifying enzymes that degrade basal lamina and 

promote cell migration.  Specifically, CD44 promotes docking of the collagen-specific 

MMP9 whose localization to the leading edge of migrating cells promotes collagen 

degradation and invasion and is also capable of TGF cleavage, which promotes 

angiogenesis and invasion (135, 136).  
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 Recent evidence demonstrating that CD44 is transcriptionally repressed by the 

tumor suppressor p53 suggest that it promotes survival; p53 binding to the CD44 

promoter enables cells to respond to stress-induced p53-dependent apoptotic signals that, 

in the absence of p53, enhances CD44 expression and evades apoptosis (137).   

In addition to the extensive in vitro research on CD44 in prometastatic signaling, 

several groups have assessed the role of CD44 in breast cancer progression in vivo using 

xenograft or transgenic mouse models.  One of the earliest implications of CD44 in 

metastasis came not from breast cancer but pancreatic cancer when transfection of CD44 

variants into a nonmetastatic rat pancreatic carcinoma cell line conferred metastatic 

potential in these cells when injected into syngeneic rats (138), which furthermore, could 

be blocked by treatment with anti-CD44v6 monoclonal antibody (139).  Studies in breast 

cancer have produced similar, albeit conflicting results.  Ouhtit et al., developed a 

tetracycline-inducible CD44s in the weakly metastatic MCF7 breast cancer cell line and 

found that induction of CD44s, in addition to promoting aggressive characteristics in 

vitro (140), promoted metastasis to the liver when injected into immuno-deficient mice 

although induction did not affect growth rate or local invasion (141).  In another study 

utilizing a xenograft tumor model in which aggressive primary tumors from human breast 

were transplanted into the mammary fat pad of mice, treatment with a CD44-blocking 

monoclonal antibody, P245, not only dramatically inhibited tumor growth but also 

prevented recurrence in a triple-negative xenograft after treatment with 

adriamycin/cyclophosphamide (142).   
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CD44 inhibits cancer progression 

 While the vast majority of in vitro research supports the role of CD44 in cancer 

progression, there are numerous reports demonstrating that CD44 can respond to cues 

from the microenvironment, often in response to HMW HA, to inhibit growth and 

invasion in cancer cells (Figure 1.12B).  Correspondingly the loss of CD44 is associated 

with transformation, particularly in Burkitt’s lymphomas, neuroblastomas, and prostate 

cancers (77), while associations with CD44 in breast cancer have been more varied 

(discussed below).  CD44 binding to Merlin acts as a growth/arrest sensor in response to 

cues from the microenvironment and plays a role in contact inhibition, a capability which 

tumor cells have overridden or lost (120).   In addition, we have found that type I 

collagen-embedded HMW HA can inhibit invasion of several metastatic breast cancer 

cell lines and blocking the CD44-HA interaction with a functional blocking antibody 

(KM201) releases the inhibition (46).  Similarly, collagen-embedded HMW HA can 

tamper the activation of EGFR and prevent filopodia formation on collagen in MDA-

MB-231 cells (115). 

Tumor inhibition by CD44 does not solely depend on HMW HA as oligomerized 

HA (3-10 dissacharide units) can promote apoptosis through activation of caspase-3, and 

similarly can inhibit PI3K activation and AKT phosphorylation in murine mammary 

carcinoma cells and in HCT116 colon cancer cells.  Similarly, treatment with HA oligos 

or CD44 blocking antibody stimulates production of the PTEN phophatase (61).   

In human cancers, both the loss and gain of CD44 has been correlated with 

invasive progression, and interestingly the SWI/SNF chromatin remodeling complex, the 
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loss of which is associated with malignant transformation and components of which 

function as tumor suppressors, have been shown to positively regulate CD44 expression.  

The SWI/SNF subunits BRG-1 and BRM promote expression of CD44 while inhibiting 

Cyclin A expression.  Concurrent with this, forced expression of cyclin E abrogates Brg-

1 activity, a component of the SWI/SNF complex, and down-regulates CD44 expression 

(143-145).  

CD44, particularly by HMW HA engagement, has been implicated in the 

inhibition of angiogenesis.  HMW HA can inhibit induction of the immediate early genes 

c-fos, c-jun and inhibit endothelial cell migration of cultured bovine aortic endothelial 

cells (52).  FKBPL, a member of the FK506 binding proteins, was recently identified as 

an endogenously secreted anti-angiogenic protein that depends on CD44 to inhibit 

angiogenesis in prostate cell human tumor xenografts and in human breast cancer cell 

lines (134), although the mechanism or under what conditions CD44 contributes to 

FKBPL-mediated inhibition of angiogenesis is unknown.  

CD44 has been shown to inhibit tumorigenesis during in vivo transformation.  

SV40-transformed CD44-null fibroblasts injected subcutaneously into nude BALB/C 

mice were highly tumorigenic, whereas introduction of CD44s into these fibroblasts 

resulted in a dramatic inhibition of tumor growth (146).  In our laboratory, we examined 

tumorigenesis and metastasis in CD44-null mice in the MMTV-PyV MT model, and 

found that the loss of CD44, in contrast to the tumorigencity of CD44-null fibroblasts, 

had no affect on tumor onset or growth but dramatically increased metastasis to the lung, 

suggesting CD44 inhibits metastasis without regulating transformation (46).  
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Interestingly, we found that MMTV-PyV MT mice, which develop multifocal and highly 

metastatic mammary tumors, show strong expression of CD44 throughout the tumor 

epithelium of large tumors, a dichotomy that, as of yet is not well understood, but could 

suggest that CD44 expression in these tumors may not signal to promote metastasis or 

that the loss of CD44 prior to transformation may differentially affect tumorigenesis. 

 

CD44 duality in cancer progression 

 Evidence reported herein demonstrates that CD44 supports signaling which both 

inhibits and promotes cancer progression. There are coherent themes, though, that 

suggest pro- or anti-tumoral signaling is dictated by stromal cues; HMW HA, for 

example, is shown in several instances to enhance the metastasis-suppressing activity of 

CD44 while LMW HA does the opposite.  Matrix-embedded HA suppresses EGFR 

activation while soluble HA promotes activation. Discrepancies stem, in part, from 

differences of cell line usage, antibody variability, culture conditions and other 

experimental variability, but ultimately, reflect the inherent duality of this molecule and 

its function as a matrix-sensing molecule. 
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Figure 1.12 CD44 signaling promotes and inhibits cancer progression.  (A) CD44 

promotes tumor progression.  CD44 directly mediates signal transduction through 

activation of low molecular weight hyaluronan (LMW HA), which upon binding, recruits 

signaling mediators to the CD44 cytoplasmic tail which activate signaling pathways that 

promote cell migration and invasion.  Alternatively, CD44 can promote signaling by 

acting as a co-receptor to oncogenes such as c-Met and ErbB receptors.  These 

interactions promote activation of signaling pathways that promote growth and cellular 

invasion. (B) CD44 inhibits tumor progression in response to extracellular cues, primarily 

binding to high molecular weight HA (HMW HA).  CD44-HMW HA interaction 

promotes CD44 interaction with hypophosphorylated Merlin, inhibits Ras activation, and 

inhibits CD44-ERM interactions.  Additionally, CD44-HMW HA suppresses EGFR 

activation EGFR.   
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Histopathological studies of CD44 in human cancer 

Many histopathological studies have attempted to correlate CD44 expression 

patterns with breast cancer progression and metastasis, ultimately with contradictory 

results.  The variability may be due to differences in histological technique and antibody 

usage, but more significantly, studies from one group to the next compared different 

types of mammary tumors; some graded invasive tumors while others correlated CD44 

expression to lymph node status.  Furthermore, patients received different treatments, 

which was not always reported and certain chemotherapeutics have been shown to alter 

the expression of CD44 (147).  Given the high variability in studies thus far, CD44 

expression may not be reliably used as a diagnostic tool, however, information garnered 

from these studies does provide valuable clues about the tumor promoting and 

suppressing activities of CD44.  

CD44 expression in tissues has primarily been detected by immunohistochemistry 

(IHC) and RT-PCR, IHC being less sensitive but allowing the identification and 

quantification of cells.  The mammary gland is composed of two distinct epithelial cell 

layers, the myoepithelium and luminal epithelium which, in addition to having distinct 

roles in mammary gland biology, are thought to play different roles in cancer 

progression.  Traditionally, cancer is thought to arise in luminal epithelial cells while the 

myoepithelium, particularly in normal breast, is protective against cancer and is totally 

absent in most types of invasive cancer.  CD44 in the normal breast has not been 

extensively studied, but its expression has been reported in the myoepithelium (148, 149). 
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 In neoplastic tissue, studies have correlated CD44 isoform expression to overall 

survival (OS), disease free survival (DFS) or tumor grades including non-invasive, 

invasive, invasive and node-negative, or node-positive, and occasionally based on 

histological grade.   These are summarized in Table 1 in which the tumor grade examined 

(benign, invasive, etc) and the CD44 isoforms examined are noted when that information 

was provided in the manuscript.  Interestingly, eight out of ten studies which examined 

mammary tumors classified as either non-invasive or lymph-node negative status report 

that CD44s, and in some cases CD44v6, expression correlates with favorable prognosis 

or cellular differentiation, indicative of anti-tumoral activity (122, 148, 150-157).  The 

exception to this is a 1995 study by Kaufmann et al which examined tumors graded as 

node-negative but did not report a correlation of the tumor grade with clinical outcome or 

cellular differentiation (122).  Several studies examining mammary tumors classified as 

invasive, malignant or with lymph node-positive status often found a correlation with 

unfavorable outcome, suggesting CD44 promotes tumor progression (148, 157-160), 

although three studies found no correlation between CD44 expression and clinical 

outcome (151, 154, 156).  Interestingly, CD44 is often highly expressed in invasive 

cancer although not correlated with clinical outcome, suggesting that CD44 expression in 

tumors may not be a potent mediator of metastasis. 
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Table 1.2 Histopathological Studies of CD44 in Breast Cancer 

AUTHOR, 

YEAR 

BENIGN OR 

NON-INVASIVE. 

INVASIVE AND 

NODE-

NEGATIVE 

INVASIVE AND 

NODE-POSITIVE 

ISOFORMS 

EXAMINED 

CORRELATIONS AND CONCLUSIONS CD44 

ASSOCIATION 

Joensuu et 

al., 1993 

(158) 

No non-

invasive tumors 

evaluated. 

Evaluated 106 

node-negative 

invasive 

carcinomas.   

Evaluated 75 

node-positive 

carcinomas. 

Examined 

CD44s 

expression. 

16% of tumors examined had greater than 90% 

positive expression for CD44s, and those tumors that 

were >90% CD44-positive were more often poorly 

differentiated, had higher mitotic counts, and were 

often ER negative. 

Unfavorable 

Kaufmann 

et al., 1995 

(122) 

3 tumors with 

low histological 

grade. 

33 lymph node 

negative 

tumors, local 

invasion not 

reported. 

Evaluated 100 

primary invasive 

tumors, 12 local 

recurrences and 

18 lymph-node 

metastasis. 

Examined 

CD44v3, v5, 

and v6. 

 

 

CD44v6 was expressed in 84% of primary tumors 

and 100% of metastasis and recurrences.  CD44v6 

expression correlated with poor OS.  There was no 

correlation between other variants and OS. 

Unfavorable 

Friedrichs 

et al., 1995 

(154) 

Evaluated 108 

node-negative 

samples by 

IHC. 

Not reported 119 node-

positive patients 

by IHC and 43 

high-risk cases 

by RT-PCR. 

Follow-up 7 

years. 

Examined 

CD44s, v4, 

v6, and v9. 

There were no significant correlations between 

CD44s and CD44v9 with DFS or OS but these were 

more often expressed in lower pathological grade 

tumors.  CD44v6 was associated with less aggressive 

tumors, but did not correlate with OS or DFS. 

Favorable 

Diaz et al., 

1995 

(152) 

NA Evaluated 230 

lymph-node 

negative 

invasive 

tumors.  Mean 

follow-up of 

15 years. 

NA Examined 

CD44s and 

CD44v6 

High CD44s expression correlated with increased 

DFS.  CD44v6 expression was not associated with 

clinical outcomes. 

Favorable 

 

 

 

 

Jansen et 

al.,1998 

(155) 

Evaluated 183 

lymph-node 

negative 

samples 

Evaluated 136 

node- positive 

samples. Mean 

follow-up of 

128 months. 

 Examined 

CD44v6. 

CD44v6 expression correlated with smaller tumor 

size and lymph-node negative status. 

Favorable 
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Tokue et 

al., 1998 

(157) 

Examined breast tumors from 95 

patients by RT-PCR and IHC.  

Tumor grade or invasive status 

was not mentioned. 

Examined CD44v6 and CD44v2. CD44v6 expressed was detected in 73% of tumors 

while CD44v2 was expressed in 35% of tumors.  

CD44v6 expression correlates with OS while v2 

expression correlates with reduced OS. 

Dependent on 

variant 

expression. 

Bankfalvi, 

et al., 1998 

(148) 

Evaluated 152 

breast 

carcinomas 

including 20 

DCIS and 19 

LCIS. 

Did not report 

lymph node 

status. 

Evaluated 152 

breast 

carcinomas 

including 56 IDC 

and 17 ILC.  

Mean follow-up 

was 72 months. 

Examined 

CD44v3, v4, 

v6, v7 and 

v9. 

The loss of CD44v6 expression correlated with 

poorly differentiated tumors (grade 3 and 4) and was 

associated with favorable overall survival.  

Expression of CD44v4 and v7 correlated with 

lymph-node positive status but not correlate with 

patient survival. 

Dependent on 

variant 

expression. 

Foekens, et 

al., 1999 

(153) 

Evaluated 72 

non-invasive 

tumors. 

Evaluated 165 

node-negative 

invasive cases. 

Evaluated 230 

node-positive 

primary cases 

Examined 

CD44v6, 

v7/9, v9 and 

v10. 

CD44v6 expression was associated with a favorable 

prognosis in node-negative patients.  The other 

variants were not significantly associated with 

relapse-free survival.  

Favorable 

Bankfalvi 

et al., 1999 

(150) 

 

Evaluated 142 

breast 

carcinomas 

including 19 

DCIS and 9 

LCIS. 

Did not report 

lymph node 

status. 

Evaluated 142 

breast 

carcinomas 

including 44 IDC 

and 17 ILC.  

Mean follow-up 

was 72 months. 

Examined 

CD44v4, v6 

and v7. 

Lack of CD44v6 expression correlated with poor 

survival. 

Favorable 

Berner et 

al., 2000 

(161) 

Evaluated 59 

pleural and 

peritoneal 

effusions 

including 

benign. 

NA Effusions 

including 

malignant or 

atypical cells 

Examined 

CD44s and 

CD44v3-10. 

CD44s expression was positive in 94% of benign 

cells, 23% of malignant cell or atypical cells.  

CD44v3-10 was positive in 6% of benign, and 55% 

of malignant or atypical cells.  Expression of variants 

is higher in breast cancer than in corresponding 

normal. 

Neutral 

Morris et 

al., 2001 

(156) 

Evaluated 109 patients with stage 2 cancer and a 

minimum 5-year follow-up, but did not differentiate 

between size and lymph-node status. 

Examined 

CD44s and 

CD44v6. 

CD44s was detected in 26% of tumors and v6 

detected in 80% of tumors, independent of lymph-

node status.  There were no associations between 

CD44s or v6 expression with DFS or OS. 

Neutral 

Berner et 

al., 2003 

(151) 

Evaluated 40 

node-negative 

tumors 

N/A Evaluted 68 

node-positive 

tumors.  Mean 

Examined 

CD44s, v5, 

v6, v7 and 

Increased CD44s mRNA correlated with lower 

pathological grade, DFS and OS.  CD44s and v6 

mRNA correlated with lower pathological grade.  

Favorable 
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including 

histological 

grades 1-3.   

follow-up time 

was 67 months. 

v3-10. The other variants did not correlate with histological 

subtype, OS, or DFS. 

Yu et al., 

2010 

(160) 

None evaluated Evaluated 60 

invasive node-

negative 

carcinomas. 

Evaluated 38 

node-positive 

invasive ductal 

carcinomas  

Examined 

CD44v6 and 

found 38.8% 

of samples 

positive for 

CD44v6 

expression 

CD44v6-positive cells correlated with shorter DFS 

and OS and was an independent biological marker 

for prognosis. 

Unfavorable 

DCIS = ductal carcinoma in situ, LCIS = lobular carcinoma in situ, IDC = invasive ductal carcinoma, LDC = lobular invasive 

carcinoma. DFS = disease free survival, OS = overall survival
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CD44 as a therapeutic target 

 Research demonstrating the association between CD44 and metastatic disease has 

prompted several groups to target it therapeutically with monoclonal antibodies, mimetic 

peptides, or more recently, through miRNA therapies that regulate CD44 expression.  

The Met receptor, for example, is potent mediator of metastasis whose activation depends 

on CD44v6.  The use of a CD44v6 exon-specific monoclonal antibody was extremely 

effective against metastasis in a rat model of pancreatic cancer (139).  Based on these 

findings and the association between CD44v6 expression and tumor progression in 

squamous cell carcinoma (162), a humanized monoclonal antibody targeting CD44v6, 

bivatuzumab, coupled to a cytotoxic drug mertansine, was used in phase I dose escalation 

studies in HNSCC patients in which 10% of patients experienced stabilization and 

regression of tumors with low toxicity, and one patient died from toxic epidermal 

necrolysis, upon which the trial was terminated (131).  A radio-labeled humanized 

CD44v6 antibody was also used in a pharmacodynamic study of patients with early stage 

breast cancer and was well tolerated but accumulation of the antibody was detected in 

non-tumor areas and did not affect CD44v6 expression or tumor burden and, therefore, 

did not progress further (131, 163). 

 Additionally, the CD44v6 amino acid motif required for c-Met activation was 

identified (164), and a small peptide scanning this sequence completely abrogated c-Met 

activation and resulting cell migration.  CD44v6-induced expression in non-metastatic 

BSp73AS cells induced lung metastasis when injected into syngeneic rats, yet treatment 

with the CD44v6 peptides completely abolished metastatic dissemination (131).  



 

 

60 

Similarly, the CD44v6 peptide was used to inhibit the cooperation of CD44v6 with Met 

and VEGFR2 in endothelial cells (133).  The v6 blocking peptide effectively inhibited 

migration and tubular network formation in human umbilical vein endothelial cells 

(HUVECs), and dramatically blocked vascularization of VEGF-stimulated HUVECs in 

matrigel plugs injected subcutaneously into nude mice.  The peptide was also effective 

against angiogenesis and metastasis of pancreatic carcinoma cells in xenograft tumors, 

but has not been used in clinical trials. 

 The miRNA miR34a was recently identified as a regulator of CD44.  miR34a 

expression results in the degradation of CD44 resulting in decreased tumor growth and 

metastasis in mouse models of prostate treatment.  Interestingly, treatment with miR34a 

was found to increase survival in these mice, showing promise as a potential therapeutic 

target against CD44-driven tumors (165).  The miRNA is thought to target the 3’UTR of 

CD44, which, interestingly is a mechanism by which CD44 increases its own translation 

but can also bind to and inactivate multiple miRNAs.  Conversely, however, the 3’-UTR 

of CD44 was recently found to inhibit tumorigenesis and angiogenesis and increase cell 

sensitivity to Decetaxel in MT-1 breast cancer cells (166).  

 

Discussion of CD44 in cancer 

CD44 regulates critical aspects of metastatic disease from transformation and 

growth to cell invasion and motility to chemoresistance and is a marker of breast cancer 

stem cells (79).  Understanding the complexities of this molecule are important given its 

ability to function at the center of multiple signaling highways and act as a tumor 
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microenvironment sensory tool.  CD44-mediated biology, however, is beyond the 

complexity of a molecule that either promotes or inhibits cancer; CD44 regulates cellular 

processes that can do both.  Decades of research have shown that CD44 participates in 

major oncogenic signaling networks and complexes with oncogenes that promote every 

aspect of tumor progression.  Conversely, CD44 signaling also mediates contact 

inhibition, inhibits cell invasion and angiogenesis.   CD44 is extremely sensitive to 

changes in the microenvironment and although a great deal is known about its biology, its 

reaction to changing extra- and intra-cellular conditions is still the subject of active 

research.  Several research efforts have demonstrated targeted CD44 therapeutically for 

the treatment of several cancer types, mostly through pre-clinical studies in animal 

models, any therapeutic target should account for the dualistic functions of this molecule 

that may deliver unpredictable outcomes. 

 While many of the contradictory findings may result from experimental and 

technical differences, a picture has emerged suggesting that CD44 may function 

differently at different stages of cancer progression.  Mice with germline disruptions of 

CD44, for example, display relatively mild phenotypes relative to mice that in which 

tissue-specific CD44 function is disrupted at later phases of development or in adulthood, 

suggesting that the loss of CD44 function late in development is tolerated differently than 

when it is absent from early development (167).  In breast cancer, CD44 often correlates 

with favorable prognosis in early non-invasive cancer, and indeed, CD44 may not 

function as a marker of tumor initiating cells at this phase in breast cancer progression 

(81).  CD44 is not a consistent cancer stem cell marker in luminal breast cancer subtypes, 
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but has been shown in several studies to be highly over-expressed and serve as a CSC 

marker in basal, particularly triple negative, subtypes (81, 168).  We have found evidence 

that CD44 undergoes a myoepithelial-luminal epithelial cell type switch in the transition 

from DCIS to invasive cancer (unpublished data).  Interestingly, myoepithelial cells 

isolated from salivary myoepitheliomas shed extracellular CD44 which contributes to the 

anti-invasive and anti-angiogenic properties of this cell type (169).  While it is not fully 

understood, the myoepithelium may serve a protective function in early stages of 

transformation (170).  Our current understanding of the hierarchy of cancer progression 

suggests that basal-subtypes arise from luminal progenitors (171), and while the 

intermediate steps of this transition are not defined, the dualistic nature of CD44 suggests 

that the cell-type specific expression of oncogenic mediators may regulate this transition 

or that luminal and basal breast cancers represent distinct diseases with unrelated cellular 

origins.  
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Statement of the Problem 

 

CD44 and hyaluronan have been identified as critical components of 

tumorigenesis and metastasis but play controversial roles in cancer progression.  

Research has shown they both promote and inhibit tumorigenic signaling.  We have 

shown that the loss of CD44 promotes metastasis in the MMTV-PyV MT transgenic 

mouse model of breast cancer suggesting CD44 inhibits metastasis.  Furthermore, CD44-

HA interactions inhibit breast cancer cell invasion in vitro.  Ironically, though, CD44 is 

highly expressed in the tumor epithelium of invasive carcinoma from these animals.  

Reports from scientific literature have dubbed CD44 a metastasis suppressor gene in 

prostate cancer, have demonstrated in separate instances that CD44 promotes and inhibits 

metastasis, and that its expression can be associated with favorable and unfavorable 

prognosis.  Similarly, hyaluronan has been shown to support both aspects of CD44 

function.   

Understanding the dual nature of CD44 and HA in cancer progression could not 

only lend valuable insight into their value as a diagnostic or therapeutic target, but could 

elucidate how the tumor microenvironment contributes to or inhibits metastasis.  We 

have therefore formulated the hypothesis that CD44 and HA regulate breast cancer 

progression and mammary gland development.  To address this hypothesis, we have 

proposed the following questions: 

I. How does matrix-embedded HMW HA affect tumor promotion? 

a. Does type I collagen-embedded HMW HA alter EGFR activation? 
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b. Does soluble HA alter EGFR activation? 

c. Do context-dependent changes to HA (matrix-embedded versus 

soluble) alter matrix-induced changes to membrane dynamics in a way 

that could promote or inhibit metastasis? 

II. How does CD44 affect mammary gland development? 

a. Is CD44 expressed in mammary gland development, and if so, where? 

b. Does the loss of CD44 impair ductal outgrowth in pubertal mouse 

mammary glands? 

c. Does the loss of CD44 affect TEB formation in the developing 

mammary gland? 

d. Does the loss of CD44 alter cellular architecture of the mammary 

gland? 

III. Does the role of CD44 in mammary gland development elucidate its 

function in human cancer? 

a. Is cell-type expression of CD44 conserved between development and 

cancer? 
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II.      MATERIALS AND METHODS 

 

Cell lines and Antibodies.  EGFR (1005), Vimentin antibody (V9), pTyr (PY99) and 

CD44 (Df1485) were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA).  

EGFR (1005), ErbB3 (C17), FAK (A17), CD44 (IM7) from Santa Cruz, actin (AC-75) 

from Sigma, and pFAK (Y397) from Cell Signaling.  CD44 (H300) and cytokeratin 18 

(H80) from Santa Cruz Biotechnology; sma (1A) from Sigma; Cytokeratin 5/14 (KA2) 

and HABP from US Biologicals, p63 (4A4) Abcam.MDA-MB-231 cells (ATCC) were 

grown in RPMI (Cell Gro) with 10% FBS and 1% Penicillin Streptomycin.  Cells were 

maintained in a humidified incubator at 37C at 5% C02.  

 

Protein lysates and immunoblotting.   

For collagen studies: 2x10
6
 cells were seeded onto a collagen matrix [0.9 mg/mL type I 

rat tail collagen (BD Biosciences, San Jose, CA), 83% (v/v) M199 medium (Sigma), 

0.18% NaHCO3], and incubated at 5% CO2 in a humidified chamber at 37ºC for 1 hour.  

For collagen embedded with hyaluronan, 0.175mg/ml high molecular weight HA (mean 

MW of 2.3 mDa)  (Kraeber GmbH & Co, Ellerbek, Germany) was reconstituted in water 

and boiled to inactivate contaminates and added to collagen gel before polymerization.  

For soluble HA, 0.175mg/ml HMW HA was added to cell media prior to seeding cells on 

collagen matrix.  Cells were then lysed in Triton X-100 buffer [20 mmol/L HEPES (pH 

8.0), 150 mmol/L NaCl, 1.0% Triton X-100, 2 mmol/L EDTA, 2 mmol/L sodium 



 

 

66 

orthovanadate, 50 mol/L ammonium molybdate, 10 mmol/L sodium fluoride, and 

Complete protease inhibitor (Sigma, St. Louis, MO)]. The protein concentrations were 

determined by bicinchoninic acid assay (Pierce). 

For mouse tissues: Protein lysates of mammary glands were prepared by harvesting and 

immediately homogenizing in Triton X-100 lysis buffer [20 mm HEPES, pH 8.0, 150 

mm NaCl, 1% Triton X-100, 2 mm EDTA, 2 mm sodium orthovanadate, 50 μm 

ammonium molybdate, 10 mm sodium fluoride, and Complete inhibitor mixture (Sigma)] 

followed by the removal of the insoluble fraction by centrifugation and stored at -80C 

until use.  The protein concentrations were determined by bicinchoninic acid assay 

(Pierce). 

For gel electrophoresis and western blot: 

Equal protein concentrations were loaded onto SDS-PAGE gels and separated by 

electrophoresis. Proteins were transferred to polyvinylidene difluoride membrane 

(Millipore, Billerica, MA).  The membrane was blocked with either 5% nonfat milk in 

PBS (0.1% Tween20) or 3% BSA in TBS (0.1% Tween20) and immunoblotted.  The 

membrane was then treated with Super Signal West Pico Chemiluminescent Substrate 

(Pierce), visualized on Imagetech-B film (American X-ray supply Inc., Louisville, TN, 

USA), and developed with a Konica SRX-101C.   

 

Immunofluorescence of cells in vitro.   

For collagen studies:  Cells were seeded in serum-free RPMI or serum-free RPMI with 

10ng/ml EGF (Invitrogen) on collagen embedded with HA, on collagen alone or on 
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collagen with soluble HA (as described above).  Cells were allowed to invade into the gel 

for 2 hours at 37ºC in 5% CO2 in a humidified chamber.  The cells were then fixed in 4% 

paraformaldehyde for 10 minutes, washed in PBS, and permeabilized in (0.5% Triton X-

100 in 10mM Pipes (pH 6.8), 50mM NaCl, 300 mM sucrose and 3mM MgCl2) for 10 

minutes at room temperature.  Following permeabilization, cells are blocked in 3% 

NGS/0.025% Tween in PBS for 30 minutes at room temperature.  The cells were 

incubated in primary antibody overnight at 4ºC, and then following antibody incubation 

were washed every 10 minutes for two hours in PBS at room temperature.  The cells were 

then incubated overnight at 4ºC in Alexa fluor-conjugated secondary antibodies and then 

washed for two hours in PBS.  Cells were then mounted with SlowFade Gold Antifade 

Reagent with DAPI (Invitrogen) and visualized using a Zeiss Confocal Microscope and 

LSM510 Software. 

 

Immunofluorescence/immunohistochemistry of tissues 

Tissues were dissected and fixed in 10% buffered formalin or 4% paraformaldehyde, 

embedded in paraffin and sectioned using the Tissue Acquisition and Cellular/Molecular 

Analysis Shared Service (TACMASS) of The Arizona Cancer Center.  Tissue 

deparaffinization and immunofluroescence performed as described in (74).  Antigen 

retrieval was performed in 1mM EDTA at 121C.  

 

Scanning Electron Microscopy.  Type I collagen gels were prepared as described above.  

Gels were fixed for 1 hour in 4% glutaraldehyde in 0.1M cacodylate buffer.  Gels were 
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postfixed in 1% osmium tetroxide for 1 hour, followed by 2% uranylacetate for 30 

minutes.  Samples were dehydrated through a standard ethanol series, critical point dried 

in CO2 (Polaron E31) and then mounted and coated with 10nm platinum (Hummer 6.1).    

Scanning electron microscopy was performed on a SEM Hitachi S4800. 

 

Video.  Cells were seeded in 20% FBS on a collagen gel matrix (described above) cast in 

the presence or absence of immobilized high molecular weight HA.  Immediately 

following seeding onto gels, the cells are placed on 37ºC on a warming stage and 

photographed every 20 seconds for 2 hours with a Q Imaging Retiga 2000R on a Leica 

DMIL inverted microscope.  Image stacks were converted to AVI files using Image J 

Software. 

 

Mice 

CD44 null mice were a kind gift from Tak Mak (University of Toronto) and maintained 

on a FVB/N background. MMTV-PyV mT mice were a gift from William Muller 

(McGill University).  F1 generation–outbred mice (C57Bl/6 X FVB/N) were analyzed for 

tumor and metastasis formation.  12 FVB mice from 5 litters and 19 CD44
-/-

 mice from 6 

litters were analyzed for mammary gland development.  Only mice with body weight 

between 15 and 19 grams, as determined by outlier test, were used.  

 

Whole mounts  
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The inguinal mammary glands were collected and fixed in a 1:3 solution of glacial acetic 

acid/100%, subsequently washed in series of ethanol washes, and defatted in acetone. 

The glands were rehydrated in series of ethanol washes, stained in 0.2% carmine/0.5% 

aluminum potassium sulfate solution and destained in ethanol. Images of the whole 

mounts were captured using a Leica MZFLIII dissection scope with an Optronics 

MagnaFire. 

 

Terminal End Bud (TEB) Area Measurements 

Whole mounts were analyzed with Image Pro Plus 5.1.  Blinded images were artificially 

colored in Adobe Photoshop CS2, and TEBs along the leading edge of growth were 

analyzed for area by pixel intensity and results were analyzed by a student t-test. 

 

Branch Length Measurements 

Measurements were made using Image Pro Plus 5.1 by calibrating images taken at 0.8x 

magnification against a photographed ruler.  From blinded files, four branches growing in 

the direction of the lymph node were chosen at random and measured in Image Pro Plus 

5.1, and analyzed by student t-test.  

 

Human breast and prostate tissue 

Human tissues were harvested, fixed in 10% neutral buffered formalin for 24hours by the 

University Medical Center (Tucson, AZ).  Tissue processing and sectioning was done 

using TACMASS. Routine hematoxylin and eosin (H&E) stains were performed on 
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three-micron sections of tissue.  All tissues were then de-identified and provided by 

TACMASS.  IF/IHC was performed as described above.
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III. MATRIX HYALURONAN ALTERS EPIDERMAL GROWTH FACTOR 

RECEPTOR-DEPENDENT CELL MORPHOLOGY 

 

Note: The contents of this chapter were previously published in (115) and the 

experiments in Figure 3.4 were performed by Jose Lopez. 

 

Introduction 

EGFR (also known as Her/ErbB1) is a member of the ErbB family of receptor 

tyrosine kinases responsible for regulating an intricate network of signaling pathways 

during cell growth, survival, adhesion and motility and is overexpressed in a variety of 

epithelial carcinomas, including neuronal, lung and breast (70).  In the basal-like breast 

cancers, a subtype of breast carcinoma strongly associated with metastatic disease, EGFR 

is highly overexpressed, and overexpression of EGFR ligands can induce breast cancer in 

transgenic mouse models (172).  In addition to cognate ligand binding, EGFR activity 

can be further modified by interactions and cross-talk with numerous cell-surface 

adhesion receptors, such as integrins and CD44, and in this way can integrate diverse 

signaling pathways initiated by components of the extracellular matrix (71, 72, 173).  As 

a result of this cross-talk and signal integration, EGFR is subject to extensive regulatory 

cues from the extracellular matrix (ECM) that may be crucial to EGFR-dependent 

metastasis.  ECM-mediated EGFR signaling has been shown to regulate such metastatic 

phenotypes as cell shape and motility through activation of the Rho-family of small 
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GTPases, which, in turn, can lead to filopodia formation, cell invasion and degradation of 

the ECM (174, 175).  

The composition of the ECM is also critical to metastasis as changes occur not 

only within epithelial cells but also in the surrounding stroma to accommodate invasion 

(176-178). Hyaluronan (HA, also known as hyaluronic acid or hyaluronate) is an 

extracellular and cell-surface-associated glycosaminoglycan that is a major component of 

extracellular and pericellular matrices (40).  HA is a high molecular mass polysaccharide 

that consists of repeating disaccharides of glucoronic acid and N-acetylglucosamine and 

is primarily synthesized by stromal fibroblasts (44, 45, 48).  Once synthesized, HA is 

deposited in the ECM where it interacts with numerous ECM components such as 

proteoglycans, versicans, and collagen (44, 179-181).  Associations between HA and 

components of the ECM define the structural qualities of a matrix, directly influencing 

ECM-mediated cell signaling during cancer progression (35).  Thus, HA provides 

biomechanical support to the ECM, but also regulates cellular activities at the cell surface 

through interactions with it’s receptors, CD44 and RHAMM (40).   

Importantly, HA has been shown to regulate EGFR activity both during 

embryonic development and during cancer progression (68, 182).  To date, however, 

research has relied on the use of soluble HA added directly to cell culture media or 

deposition of HA by increased Has2 activity in epithelial cells.  This is in contrast to the 

fibroblast-produced HA that is found intercalated with the collagen matrix of most ECM 

environments (179-181).  We have shown that the loss of CD44 in the MMTV-PyV MT 

mouse model of breast cancer significantly increases metastasis indicating that CD44-HA 
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interactions inhibit breast cancer metastasis (46).  Importantly, examination of HA 

synthesis in mammary tumors from MMTV-PyV MT mice showed that HA production 

was restricted to the stromal compartments surrounding tumors.  Distinct and separate 

HA-epithelial interactions recapitulated in vitro in a 3D collagen culture system 

demonstrated that HA embedded in a type I collagen matrix strongly inhibited invasion.  

This is a novel observation of HA function, as HA provided soluble in media promotes 

invasion (183).  As HA/CD44 can also modulate EGFR, we set out to determine if these 

opposing effects on invasive phenotypes could be accounted for by an effect on EGFR 

activation. 

 Here we present data that HA embedded in type I collagen can inhibit EGFR 

activation and consequently alter invasive cellular phenotypes.  Taken together, these 

data demonstrate a differential role for soluble versus embedded HA in EGFR-mediated 

breast cancer metastasis. 

Results 

Type I collagen-embedded Hyaluronan inhibits EGFR activation 

 To examine the effect of a hyaluronan-containing matrix on EGFR activity, 

MDA-MB-231 cells were grown a on type I collagen gel matrix either in the presence of 

A) HA embedded in the collagen gel matrix (eHA), B) HA provided in soluble form to 

the media (sHA), or C) on a collagen matrix in the absence of exogenously added HA 

(Figure 3.1A).  All HA was high molecular weight (HMW) (avg. 2 mDa).  Following 

overnight serum starvation, cells were stimulated with EGF and EGFR activation was 

analyzed.  
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We found that treatment with EGF stimulates tyrosine phosphorylation of EGFR 

in cells grown on collagen gels without HA and addition of sHA to cell media resulted in 

an increase in EGFR activity (Figure 3.1B, lanes 2-3). Conversely, EGFR activity was 

inhibited when cells were grown on eHA (Figure 3.1B, lane 1).  Note that cells not 

treated with EGF have no EGFR tyrosine phosphorylation (Figure 3.1B, lanes 3-6).  

These results demonstrate that eHA can suppress EGFR activation by EGF, indicating 

that ECM context may vastly alter EGFR function in cancer progression. 
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Figure 3.1 Type I collagen-embedded HA inhibits EGFR activation. (A).  Diagram 

for experimental 3D culture system.  Cells can either be grown on a collagen matrix that 

has been polymerized with HMW HA (eHA, left panel), on collagen alone with no 

exogenously added HA (middle panel), or in the presence of HMW HA added in soluble 

form to cell media (sHA, right panel).  (B) Serum starved MDA-MB-231 cells grown in 

the presence of either collagen-embedded HA (eHA), collagen only, or soluble HA (sHA) 

and were stimulated with EGF (10ng/ml) for 2 hours (lanes 1-3) or as a control were 

untreated (lanes 3-6).  Collagen gels were prepared as previously described (46) and 

0.125 mg/ml HMW HA was either polymerized into the collagen or added in soluble 

form to cell media.  All HA used was high molecular weight (average 2 mDa).  Protein 

lysates were collected and immunoprecipitated (IP) for EGFR and blotted (IB) for either 

EGFR (bottom panel) or phosphotyrosine (pTyr) (top panel).  Molecular weight standards 

are shown at right. 
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Collagen-embedded HA does not alter polymerization of a collagen matrix 

 We have shown that embedding collagen with HA results in the suppression of 

receptor activation.  We next investigated whether the addition of eHA altered the 

polymerization of collagen fibers and in this way was affecting receptor activity.  To do 

this, we used scanning electron microscopy (SEM) to visualize collagen fiber 

polymerization in the presence and absence of eHA.  We seeded MDA-MB-231 cells on 

collagen with or without eHA and then prepared the cells for SEM analysis.  We found 

that collagen samples polymerized without eHA display a roping and polymerization 

pattern that is unchanged in the presence of eHA (Figure 3.2, compare A to B and A’ to 

B’).  Collagen fibers in both cases display characteristic helical roping patterns visible at 

20Kx (Figure 3.2A’ and B’, arrowheads) regardless of the addition of HA.  Visible 

remnants of dehydrated HA are visible on collagen polymerized with HA as an artifact of 

critical point dehydration (Figure 3.2B’, arrow). 

We next examined the ability of cells to interact with collagen fibers in the 

presence or absence of eHA (Figure 3.2 C-D).  We found that eHA did not alter the cells’ 

interactions with the collagen fibers.  On a collagen matrix, cells make numerous contacts 

with collagen fibers and use membrane extensions to burrow in collagen fibers (Figure 

3.2C and C’).  On eHA, cells can also use membrane extensions for adherence and 

interactions with collagen fibers which is unaltered by the presence of eHA (Figure 3.2D 

and D’).  These data indicate that the addition of HA to collagen does not alter the 

structure of the matrix itself and thus changes to invasive phenotype are due to 

extracellular matrix-mediated signaling through the EGF receptor. 



 

 

77 

 

 

Figure 3.2 Collagen-embedded HA does not alter polymerization of a collagen 

matrix.  MDA-MB-231 cells were grown on type I collagen gels were prepared as 

described in Figure 1 for 2 hours and visualized by scanning electron microscopy.  (A-B) 

Collagen gels were visualized by SEM in the presence of eHA (B and B’) or collagen 

alone (A and A’).  Scale bars are 2m for A and B and 1m for A’ and B’.  (C-D) Cells 

growing on collagen alone (C and C’) or in the presence of eHA (D and D’) were 

visualized with SEM.  Scale bars are 20m for C and D and 4m for C’ and D’. 
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Hyaluronan-mediated inhibition of EGFR alters cell morphology  

To determine the outcome of EGFR activity on cellular phenotype, we next 

examined the affect of HA deposition on cell morphology. To determine if down-

regulation of EGFR activation by eHA alters filopodia formation, MDA-MB-231 cells 

were seeded on collagen with eHA or treated with sHA and then stimulated with EGF to 

activate the receptor.  To visualize filopodia formation, we examined vimentin expression 

by immunofluorescence (Figure 3.3).  Cells were seeded on collagen as described for 2 

hours and treated with EGF to induce filopodia formation (Figure 3.3 A-C) or serum 

starved to allow cell attachment without filopodia formation (Figure 3.3 D-F).  Notably, 

we found that EGF treatment of cells grown on eHA results in no visible filopodia 

formation although vimentin expression was still detected in these cells (Figure 3.3A, 

arrowheads).  Alternatively, EGF treatment of cells grown on collagen or sHA induced 

extensive filopodia formation (Figure 3.3B and C, arrows). 

CD44 is the predominant cell surface receptor for HA and we next examined the 

localization of this receptor by immunofluorescence (Figure 3.3 G-L).  In the absence of 

EGF, cells remain rounded without membrane extensions and CD44 is predominant on 

the cell surface and in distinct foci (Figure 3.3 J-L, arrowheads).  When treated with EGF 

on collagen alone, CD44 is found throughout the cell membrane, concentrated in foci 

along the cell membrane and extensively covering membrane extensions (Figure 3.3H). 

Similar CD44 staining is observed in the presence of sHA (Figure 3.3I).  When grown in 

eHA, however, EGF treatment does not stimulate extension of CD44-containing filopodia 

(Figure 3.3G).  These results demonstrate that not only is eHA capable of inhibiting 
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EGFR activation, but this inhibition correlates with a loss of EGF-mediated filopodia 

formation.  On eHA, cells that normally extend filopodia in response to EGF treatment 

instead retain a rounded epithelial morphology.  These alterations to cell morphology and 

membrane dynamics are characteristic of a less invasive cell phenotype, concurrent with 

impaired EGFR function and with previous findings that CD44 inhibits invasion in 

MDA-MB-231 cells when presented with eHA (46). 
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Figure 3.3 Type I collagen-embedded HA inhibits filopodia formation and alters 

membrane dynamics.  MDA-MB-231 cells were serum starved overnight and then 

seeded on collagen gels for 2 hours in the presence of 10ng/ml EGF or without EGF (-

EGF). The cells were then fixed and visualized by immunofluorescence using anti-

Vimetin and anti-CD44 antibodies.  (A-F) Cells were visualized for vimentin.  Cells were 

treated with EGF (A-C) or serum starved (D-F) and were grown on eHA (A and D), 

collagen alone (B and E) or sHA (C and F).  (G-L) Cells visualized for CD44.  Cells were 

treated with EGF (G-I) and grown on eHA (G and J), collagen alone (H and K) or sHA 

(I-L).  Scale bars indicate 25 m. 
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Collagen-embedded HA delays cell spreading and alters membrane dynamics 

We have found that eHA alters EGF-dependent changes to cell morphology and 

membrane dynamics.  Cell adhesion is a critical component of a cells ability to spread 

and utilize filopodia.  To determine if eHA is also affecting adhesion dynamics of cells 

adhering to a matrix, MDA-MB-231 breast cancer cells were observed over a three hour 

period in the presence or absence of eHA.  Cells were seeded on collagen and visually 

monitored for adhesion and spreading.  While cells were able to adhere to the surface of 

the collagen matrix equally in the presence or absence of eHA (data not shown), cells that 

encountered eHA demonstrated a significant delay in spreading onto the gels (Figure 

3.4A, right panel, black arrows).  In the absence of eHA, almost 75% of cells seeded onto 

the collagen matrix attached and spread by 45 minutes (Figure 3.4A, left panel, white 

arrows).  Alternatively, only 35% of cells spread on eHA collagen matrices (Figure 3.4A, 

right panel, black arrows).  Additionally, cells that did spread on eHA showed decreased 

levels of filopodia formation and were generally more rounded than cells seeded on gels 

cast without HA (Figure 3.4B, white arrows).  Note that eventually all cells spread on the 

collagen regardless of the presence of HA in the microenvironment.   

We next examined the dynamics of adhesion and migration for cells seeded on 

collagen I matrix in the presence or absence of HA.  Using time lapsed brightfield 

microscopy, we monitored cells over 1.5 hours to examine the dynamics of cells 

migrating across these different substrates.  When seeded on collagen alone, cells migrate 

using mainly filopodia and do not adhere to neighboring cells (Figure 3.4B, 1
st
 panel, 

white arrowheads and supplementary movie 2).  Alternatively, cells on eHA employed 
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the use of lamellipodia to migrate across the matrix and formed adhesions to neighboring 

cells (Figure 3.4B, 3
rd

 panel, white arrows and supplementary movie 1).  Thus, matrix 

associated HA can alter the formation of invasive cellular phenotypes, influence 

membrane dynamics and promote cell-cell attachments.   
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Figure 3.4 Cell morphology changes dependent on HA in collagen I gels.  (a)  MDA-

MB-231 cells (5x10
4
) were placed onto collagen matrix either immobilized with HMW 

HA or without HA in 20% FBS.  45 minutes after placement of cells on matrix, cells 

were imaged and spreading was quantified.  Cells were imaged at 60X magnification 

while all cells (>150) within a 10X field of view were enumerated.  Statistics were 

calculated using an unpaired student’s t-test.  The error bars represent s.d. from 3 separate 

experiments.  (b)  Time lapsed video microscopy was obtained from cells seeded as 

described in a over 1.5 hrs, revealing filopodia formation (1
st
 panel, white arrowheads) 

when on collagen and lamellipodia formation (3
rd

 panel, white arrow) when on collagen + 

eHA. Scale bar indicates 25 m. 
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Discussion 

We have demonstrated that eHA can inhibit EGFR activation and reduce the 

formation of filopodia.  Furthermore, cells growing on an eHA collagen matrix have a 

delay in cell adhesion to the matrix and migrate primarily using lamellipodia.  In contrast, 

cells growing on sHA adhere easily to the collagen matrix and migrate using filopodia.  

Previous research has found that HA can activate erbB receptors and downstream 

pathways (125, 184) but to date, research examining HA-mediated signaling has relied on 

the use of soluble HA, added exogenously to cell media.  We have demonstrated that 

polymerizing type I collagen with HA does not alter the polymerization of collagen 

suggesting that the effect of eHA on EGFR activity is due to cell-matrix interactions and 

demonstrates the significance of cell-matrix interactions on EGF-mediated signaling.   

Importantly, HA is found deposited in the stromal compartments surrounding 

tumor cells and this research highlights the importance of examining HA-mediated 

biology in a context which accurately recapitulates epithelial-stromal interactions.  

Concurrent with a role for CD44 as protective molecule in cancer progression, HA 

functions to inhibit EGFR activation when embedded in the ECM.  Research has shown, 

however, the HA catabolism increases with tumor progression and that epithelial cells 

upregulate Has2 expression (the primary hyaluronan synthase) thus increasing epithelial 

production of HA.  Changes to HA production and catabolism may represent an 

extracellular matrix switch that accommodates metastatic invasion, while HA present in 

the ECM can act as a suppressor to tumor progression. 
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Importantly, these data demonstrate that EGFR activation is not only HA-

dependent, but HA-context dependent, which suggests that therapeutic intervention with 

EGFR inhibitors may also be affected by the contextual presentation of extracellular 

matrix components.  The role of matrix-embedded hyaluronan on EGFR-dependent 

signaling pathways and EGFR-inhibitors will be the subject of future work. 
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IV. CD44 ALTERS EPITHELIAL MAMMARY GLAND DEVELOPMENT AND 

UNDERGOES A CELL-TYPE SWITCH DURING CANCER PROGRESSION. 

 

Note: The experiments in Figure 4.2 and 4.3 were performed in conjunction with Jessie 

A. Brown.  

 

Introduction 

The mammary gland is comprised of an adipose-rich parenchyma embedded with 

a branching network of epithelial ducts which are organized in two distinct cell layers, 

the basal myoepithelial and luminal epithelial layer. Bilayered myoepithelial-luminal 

epithelial organization is a critical aspect of not only normal mammary gland function, 

but also of the secretory acini of the prostate.  The myoepithelial cells of the breast and 

basal cells of the prostate share the properties of expressing basal-cell specific 

cytokeratins 5 and 14, contain hemidesmosome structures, and function to connect cells 

to the underlying basal lamina and surrounding stroma (185-187).  They differ in that 

myoepithelial cells function as contractile cells expressing breast secretions, whereas the 

basal cells of the prostate are not contractile, this function being carried out by the 

smooth muscle cells of the prostate interstitium (188).  Epithelial bilayers are established 

early during development and persist throughout adulthood, (186) but importantly, the 

basal/myoepithelium layer is lost in adenocarcinoma of the breast and prostate.  

There is significant evidence that the myoepithelium is a natural tumor suppressor 

(11, 12, 189, 190).  Myoepithelial cells (MEC) induce growth arrest and apoptosis in 
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breast cancer cell lines (191), secrete ECM proteins, anti-angiogenic factors and protease 

inhibitors (192, 193).  When co-cultured with breast cancer cells, MECs inhibit 

expression of MMPs (192), and direct polarization and branching morphogenesis during 

mammary gland development (194, 195).  Changes to the myoepithelial cell layer occur 

during the transition from ductal carcinoma in situ (DCIS) to invasive carcinoma, and in 

fact, the cell layer as an organized entity is lost during cancer progression (29). 

CD44 is a type I transmembrane adhesion receptor involved in mediating the 

response of cells to their extracellular microenvironment.  Research on CD44 in breast 

and prostate cancer has shown that it both promotes metastatic signaling and acts as a 

putative tumor suppressor (46, 78, 120, 196, 197).  In vitro studies using prostate cancer 

cell lines demonstrate that CD44 has been implicated in prostate cancer cell proliferation, 

migration and in vivo invasion and metastatic dissemination (198, 199).  

Correspondingly, purified CD44-positive prostate cancer cells from xenograft tumors and 

CD44-positive cells from primary breast tumors have characteristics associated with 

increased invasiveness and progenitor capacity (168, 200).  In breast cancer cell lines, 

CD44 activation has been shown to promote cytoskeletal remodeling and increased 

metastasis and invasion (183, 196).  Many histopathological studies, however, correlate 

the standard CD44 isoform (CD44s) with lower pathological grade and increased disease-

free and overall survival in human breast cancer (151, 152).  In prostate cancer, CD44 is 

reportedly decreased in primary neoplastic foci and metastasis and, correspondingly, 

CD44 overexpression has a tumor suppressive function (78).  In vivo studies of CD44 

suggest it inhibits cancer progression; SV40-transformed CD44-deficient fibroblasts were 
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found to be highly tumorigenic in nude mice, while reintroduction of CD44s expression 

inhibited tumor growth (146).  We have demonstrated that the loss of CD44 in MMTV-

PyV MT mouse model of breast cancer leads to a 6-fold increase in metastasis, 

supporting evidence that CD44 inhibits breast cancer progression, although 

paradoxically, CD44 is highly expressed in the tumor epithelium in this model (46).  

To better understand the role of CD44 in cancer, we began by examining its 

function during normal mammary gland development, as processes that occur in 

development mirror cancer progression and rely on conserved signaling pathways making 

it a powerful model system to understand cancer progression.  Here we report that CD44 

is expressed early during pubertal mammary gland development, and that it regulates 

ductal outgrowth and terminal end bud morphology.  We found that CD44 is expressed in 

the myoepithelial cell layer of the developing duct, and its loss impairs myoepithelial-to-

luminal epithelial cell-cell adhesion and bilayer organization.  This observation prompted 

us to assess the relevance of myoepithelial-specific CD44 expression in the MMTV-PyV 

MT transgenic mouse and in human breast and prostate cancer.  We found that CD44 is 

expressed in the myoepithelium/basal layer in prostatic intraepithelial neoplasia (PIN) 

and in DCIS but is re-expressed strongly in the epithelium of invasive carcinoma.  This 

basal-luminal switch observed in human breast and prostate cancer highlights the cell-

type specific contributions of basal and luminal cells during cancer progression. 

 

Results 
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CD44 is expressed during pubertal mammary gland development and localizes to the 

myoepithelial cell layer. 

Development in the mouse mammary gland occurs from approximately three to 

eight weeks of age.  During this period, epithelial tissue initiating in the mammary enlage 

undergoes extensive growth and branching to fill the mammary fat pad and form an 

extensive network of ductal epithelium.  To verify CD44 expression during development 

and phases of active ductal outgrowth, protein lysates were prepared from virgin 

mammary glands at three, four and six weeks of age and CD44 protein expression was 

examined by Western blot analysis using a pan CD44 antibody (IM7) which binds to the 

non-variant portion of murine CD44 (Figure 4.1A).  CD44 is strongly expressed at 4 

weeks and persists through 6 weeks. 

The mammary epithelial duct consists of a distinct bilayered cellular organization, 

containing a basal myoepithelial cell layer and an inner luminal epithelial layer.  To 

examine the localization of CD44, 6-week-old mammary glands were visualized by 

immunofluorescence. Notably, CD44 expression was detected predominantly in the 

myoepithelial layer of growing ducts with limited expression in the luminal epithelium 

(Figure 4.1B).  To verify myoepithelial-specific expression, we examined CD44 in 

conjunction with two myoepithelial markers, -smooth muscle actin (sma) and p63, in 

four (Figure 4.1C-E) and six week-old (Figure 4.1F-H) mammary glands, and found that 

is expressed by the same cells (Figure 4.1E and H and data not shown).  Thus, CD44 is 

highly expressed in the myoepithelium of the mammary gland during periods of growth 

and branching.
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Figure 4.1 CD44 is expressed in the myoepithelial cell layer during mammary gland 

development. (A) Protein lysates were made from 3, 4 and 6-week old FVB females and 

a 6-week old CD44-/-. Protein (25ug) was separated by SDS-PAGE and immunoblotted 

with anti-CD44 or anti-β-actin antibodies.  Molecular weight is shown at right. (B) 

Mammary gland from 6-week FVB female was fixed in 10% buffered formalin, 

sectioned and CD44 (green) localization was visualized using immunofluorescence. 

Nuclei were visualized with DAPI (blue).  LE; luminal epithelium and ME; 

myoepithelium.  (C-H) Mammary glands from four (C-E) and six-week old (F-H) FVB 

females were fluorescently labeled with anti-CD44 (green, C and F) and anti-sma (red, 

D and G).  Scale bar is 25 µm.   
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Loss of CD44 delays ductal outgrowth. 

We have found that CD44 is expressed during pubertal development, and next 

examined the role of CD44 in this process using a CD44 null mouse.  CD44
-/-

 mice are 

healthy and viable, and although genetic deletion of CD44 in DAB/1 mice has been 

reported to promote premature involution of the lactating mammary gland (201), mice on 

the FVB/N background lactate normally.  To assess whether CD44 plays a role in ductal 

outgrowth, mammary glands were collected from CD44
-/-

 and CD44
+/+

 mice at four and 

six weeks and the ductal tree was visualized by carmine alum staining of whole mounted 

glands (Figure 4.2A).  Absence of CD44 protein in CD44
-/-

 mice was confirmed by 

Western blot analysis (Figure 4.1A, lane 4). Duct length was measured in the fourth 

inguinal mammary gland, and we observed that at 4 weeks, ductal elongation is impaired 

in CD44
-/-

 mice and ducts were, on average, 23% shorter than CD44
+/+

 mice (Figure 

4.2B, p<0.0001).  By 6 weeks, however, CD44
-/-

 mice recovered ductal growth and there 

was no significant difference observed between branch length in CD44
-/-

 versus wild type 

mice (data not shown), suggesting that by 6 weeks, ductal outgrowth has compensated for 

the loss of CD44.  In addition, we examined branching morphogenesis and epithelial 

density by counting the number of branches stemming from primary ducts and by 

measuring the area occupied by epithelial tissue in discrete units in the mammary fat pad 

and found no significant differences between wild type and CD44
-/-

 mice (data not 

shown).  Thus, CD44 regulates ductal outgrowth during mammary gland development 

without regulating the density, or number of ducts, and without impairing branching 

morphogenesis.
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Figure 4.2 Loss of CD44 delays ductal outgrowth.  (A) Mammary glands from 4-week-

old FVB CD44
+/+

 (a) or CD44
-/- 

(b) were whole-mounted and (B) ductal outgrowth 

quantified, p<0.0001, student t-test. FVB mice, n=12 (from 5 different litters) and CD44 

null mice, n=19 (from 6 different litters). LN=lymph node. 
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Impaired ductal outgrowth is due to terminal end bud malformation. 

The terminal end bud (TEB) of the developing mammary gland is a specialized 

structure that mediates growth and invasion into the mammary fat pad during 

development.  To assess the mechanism of delayed ductal outgrowth in CD44
-/-

 mice, we 

examined the morphology and size of TEBs in CD44
-/-

 and FVB/N mice (Figure 4.3).  

TEBs were analyzed in whole-mounted glands in 4-week and 6-week-old mice by 

examining TEBs along the leading edge of ducts in the fourth inguinal mammary gland 

(Figure 4.3A and B).  Examination of CD44
-/-

 mice revealed TEBs that were significantly 

smaller than their wild-type counterparts (Figure 4.3C-F).  The size of TEBs was 

measured, and we found CD44-null mice had significantly smaller TEBs at both 4 and 6 

weeks (Figure 4.3G).  To assess TEB abnormalities on a cellular level, we examined 

TEBs in H&E-stained glands, and found that although the TEBs of CD44
-/-

 are 

morphologically smaller, no gross abnormalities to the TEB structure were observed 

(Figure 4.3E and F).  In addition, we examined TEB morphology by IHC examination of 

E-Cadherin and sma, and determined that these features of the TEBs appear normal in 

CD44
-/-

 mice (data not shown).  

The ErbB family of receptor tyrosine kinases is known to play important roles in 

mammary gland development (19, 202). Notably, the loss of ErbB3 delays ductal 

outgrowth and impairs TEB structure (21). Given the similarities between the CD44 and 

ErbB3 knockout mice, we assessed total protein levels of EGFR and Erbb3.  Protein 

lysate from CD44
-/-

 and CD44
+/+

 mammary glands was analyzed by western blot and a 

reduction in EGFR and ErbB3 relative to –actin was observed (Figure 4.4A and B).  To 
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verify that the reduction in EGFR and ErbB3 expression was due to changes in protein 

level and not to reduction in epithelial/myoepithelial cells, expression was examined by 

immunohistochemistry (Figure 4.4C) and no changes were observed in the localization of 

either receptor and comparable myoepithelial-to-luminal epithelial cells are present in 

both genotypes.   The downregulation of EGFR and ErbB3 observed at the protein level 

correlate with loss of CD44 expression, suggesting that CD44 may positively regulate 

their expression during mammary gland development. 
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Figure 4.3 CD44
-/-

 mice have reduced terminal end bud (TEB) area.  (A-G) 

Mammary glands from 4 and 6-week old FVB (A, C and E) or CD44
-/-

 (B, D and F) were 

whole-mounted and/or fixed and H&E stained (E-F) to visualize TEBs.  (G) TEB area 

was quantified using a student t-test.  
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Figure 4.4  EGFR, ErbB3 and FAK are downregulated in mammary glands. (A) 

Immunoblot of mammary-gland lysate from 4-week FVB or CD44
-/-

 mice. (B) 

Densitometry represents average of two independent immunoblots representing 13 mice 

from each genotype and is the ratio of each protein normalized to β-actin or of pFAK to 

FAK. (C) Immunohistochemistry for ErbB3 (brown) and hematoxylin (blue) on CD44
+/+

 

(top) and CD44
-/-

 (bottom) 4-week mammary gland. 
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Loss of CD44 impairs bilayer cell organization 

The myoepithelium directs polarization of the luminal cells and thus maintains 

bilayered epithelial cell organization of the mammary duct (194). Given the 

myoepithelial-specific expression of CD44, we next determined the effect of CD44 

deletion on structural organization of the mammary gland.  We first examined the 

architecture of the epithelial bilayer by examining ducts for the luminal marker, 

cytokeratin 18, and the myoepithelial marker, sma, in 4-week-old mammary glands by 

immunofluorescence (Figure 4.5).  Wild-type mice display distinct luminal and 

myoepithelial cell layers, with no mixing of either cell type (Figure 4.5 A-D).  In 

contrast, the bilayer organization is disrupted in CD44
-/-

 ducts.  Although two distinct cell 

layers are present, sma-positive cells can be seen in the luminal cell layer of CD44
-/-

 

ducts but not wild-type ducts (Figure 4.5 E-H).  Examination of mislocalized sma-

positive cells in the luminal compartment reveals that these cells do not express luminal 

cytokeratins (Figure 4.5 G-H, arrowheads denote myoepithelial cells and arrows denote 

luminal cells). 

Similar mixing of luminal-myoepithelial cells was observed as a result of FAK 

deficiency during mammary gland development (203).  We assessed FAK activation in 

CD44 null mouse and found that there was an insignificant reduction in FAK 

phosphorylation, but a reduction in total FAK relative to -actin levels suggesting CD44 

positively regulates FAK expression during mammary gland development (Figure 4.4 A 

and B).
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Figure 4.5  Loss of CD44 causes disruption to bilayered cellular organization and 

loss of luminal-myoepithelial adhesion.  Formalin-fixed mouse mammary glands from 

4 week old CD44
+/+

 (A-D and I-J) and CD44
-/-

 (E-H and K-P) were examined for luminal 

epithelial marker cytokeratin 18 (green) and myoepithelial marker -sma (red). Nuclei 

were visualized with DAPI.  High magnification insets of M, K and L showing luminal 

spaces shown in N, O and P respectively.  Arrowheads denote basal cells and arrows 

denote luminal cells, asterisk denotes luminal spaces. Scale bars shown as insets.   
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Loss of CD44 impairs luminal myoepithelial cell-cell adhesion 

Examination of the bilayer also revealed that the loss of CD44 impairs luminal-

myoepithelial adhesion.  Normally, myoepithelial cells are juxtaposed between the 

luminal cells and the basal lamina, and this adhesion is required for normal epithelial 

morphogenesis (195).  Mammary ducts of FVB mice display tight luminal-to-

myoepithelial adhesion (Figure 4.5 I-J).  The loss of CD44, however, dramatically 

impaired adhesion (Figure 4.5 K-P).  Large spaces are visible between the two cell layers, 

and occasional punctate projections of sma can be observed between the two layers 

(Figure 4.5 N-P, asterisks and arrowhead in O). 

In addition, we examined hyaluronan (HA) deposition since CD44 is the primary 

receptor for HA and it has been shown to be deposited in the basement membrane 

surrounding TEBs (23).  Immunhistochemical analysis for HA-binding protein (HABP) 

revealed that in the presence of CD44, HA is strongly deposited along the basolateral 

surface of the myoepithlium (Figure 4.6 A and C, arrowhead).  In the absence of CD44, 

however, there is reduced HA along the basolateral surface, and instead, HABP is visible 

in the luminal epithelium (Figure 4.6 B and D), suggesting that mislocalization of HA 

production may account for impaired epithelial-stromal communication which directs 

ductal outgrowth and special organization of the bilayered duct. 
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Figure 4.6 Hyaluronan deposition in CD44
-/-

 terminal end buds. (A-D) IHC of 

paraformaldehyde-fixed mammary glands from 4-week wild-type or CD44
-/-

 mice labeled 

with hyaluronan-binding protein. (C-D) magnified insets from (A-B).  Arrowheads 

denote myoepithelial cells. 
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Myoepithelial CD44 expression correlates with loss of the myoepithelium in MMTV-PyV 

MT mammary tumors. 

We have previously demonstrated that the loss of CD44 in the MMTV-PyV MT 

mouse leads to a 6-fold increase in metastasis (46).  The myoepithelial-specific 

expression of CD44 during mammary gland development suggests that its cell-type 

specific expression may regulate anti-tumorigenic properties given the tumor suppressive 

nature of the myoepithelium. We sought to determine if CD44 maintains myoepithelial 

expression during early tumorigenesis and if CD44 expression changes as the 

myoepithelial cell layer is lost with increasing invasiveness.   

The MMTV-PyV MT mouse model is a useful model for human breast cancer 

because tumors progress through distinct stages of tumorigenesis in a similar fashion to 

human cancer (204).  We therefore examined CD44 localization in conjunction with a 

myoepithelial marker in mammary tumors from MMTV-PyV MT mice. Mammary 

glands from healthy adult virgin mice, hyperplastic mammary glands and mammary 

tumors from MMTV-PyV MT were analyzed for CD44 and sma colocalization (Figure 

4.7). In the adult mammary gland, unlike the developing mammary gland, CD44 is 

predominantly expressed in the luminal epithelium, with limited expression in the 

myoepithelium (Figure 4.7 A, E, I and M).  Contrastingly, in hyperplastic mammary 

glands in which the ductal architecture is intact and a myoepithelial layer surrounds the 

gland, CD44 strongly localizes to the myoepithelium (Figure 4.7 B, F, J and N).  In 

DCIS, where tumor epithelium has filled the lumen of the duct but has not invaded into 

the surrounding stroma, basal cells form a semi-continuous barrier around the duct, but 
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are disperse (Figure 4.7 C, G arrows, K and O).  In these tumors, CD44 expression 

correlates with sma expression (Figure 4.7 G, K, and O), and appears to disperse in 

conjunction with the myoepithelial cell layer.  In invasive ductal carcinoma (IDC), 

however, in which there is no sma expression (Figure 4.7L), CD44 is strongly 

expressed throughout the tumor epithelium (Figure 4.7P). 

These data demonstrate that CD44 undergoes a basal-luminal switch during tumor 

progression. 
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Figure 4.7 CD44 and -smooth muscle actin localization changes during tumor 

progression in MMTV-PyV MT mammary tumors.  Formalin-fixed sections from 

normal (A, E, I and M) hyperplastic (B, F, J and N) DCIS (C, G, K and O) and invasive 

ductal carcinoma (D, H, L and P) were labeled with α-sma (red) (I-L) and CD44 (green) 

(M-P); overlay (A-H).  Low magnification (A-D), high magnification representing the 

boxed area (E-P).  Scale bars = 25m for B-D and F-H and 50m for A and E. 
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CD44 basal to epithelial expression in human breast cancer 

CD44 expression has not been correlated with myoepithelial expression in an early stage 

in cancer progression, DCIS, when the basal cell layer is intact.  We therefore examined 

the expression of CD44 and sma in ten cases of DCIS.  Immunofluorescence staining of 

DCIS with a pan-CD44 antibody showed that CD44 is expressed primarily in two foci of 

a DCIS, the myoepithelium surrounding a tumor, which correlates with expression of 

sma in 60% of DCIS cases examined (Figure 4.8 B, E and K), and in the tumor 

epithelium, usually in the center of a DCIS (Figure 4.8 B, E, and K; arrowhead denotes 

myoepithelial cell and arrow denotes CD44-positive tumor epithelium).  As in the 

MMTV-PyV MT mouse, CD44 was strongly expressed in a foci of microinvasion 

surrounding a DCIS in one of the cases examined, and is reportedly highly expressed in 

invasive ductal carcinoma, particularly basal-like subtypes (205) (Figure 4.8 F and L, 

arrow).  Interestingly, while others have observed CD44 in the myoepithelium of the 

normal breast ducts (168), we examined ten cases of normal breast tissue from 

mammoplasties and found that, as in mice, CD44 is expressed in the luminal epithelium 

of normal ducts, with occasional expression in the myoepithelium or both (Figure 4.8A, 

D, G and J).  Additional examples of CD44 localization in DCIS are provided in Figure 

3.9. 

 In addition, we investigated the colocalization of CD44 with an additional 

myoepithelial marker, p63.  We found that CD44 is co-expressed in p63-positive cells in 

hyperplastic mammary glands near foci of DCIS and along the edges of DCIS where the 
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basal cell layer remains intact (Figure 4.9 J-K and M-N).  Interestingly, in some cases of 

DCIS, p63-positive cells form acinar structures in the center of tumors that are positive 

for p63 and we found that these cells are CD44-negative (Figure 4.9 L and O).  
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Figure 4.8 CD44 and -smooth muscle actin localization changes during tumor 

progression in human breast cancer. Formalin-fixed sections from normal (A, D, G 

and J) DCIS (B, E, H and K) and invasive ductal carcinoma (C, F, I and L) were labeled 

with sma (red) (G-I) and CD44 (green) (J-L); overlay (A-F).  Low magnification (A-C), 

high magnification representing the boxed area (D-L).  Arrowheads represent 

myoepithelial cells and arrows represent luminal cells. Scale bars = 25m for D and 

50m all others. 



 

 

107 

 

 

Figure 4.9 CD44 colocalization with αsma or p63 in human DCIS. CD44 (green, A-

O), sma (red, A-I), p63 (red, J-O).  Arrowheads denote myoepithelium and arrows 

denote CD44-positive epithelium in C, F, I and O.  Arrows denote p63-positive and 

CD44-negative cells, O.  Scale bars are 25μm in A, D and G and 50μm in J-L. 
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CD44 undergoes a basal-to-epithelial switch in human prostate cancer. 

To address the prevalence of myoepithelial-CD44 expression in other human 

cancers with bilayer ducts, we examined the localization of CD44 in conjunction with a 

basal cell marker, cytokeratin 5/14, in human prostate tissue.  Prostate cancer progression 

is identifiable by the presence or absence of a basal cell layer and is, therefore, another 

model for the role of basal cells during tumor progression.  We examined the localization 

of CD44 and cytokeratin 5/14 in human prostate and found that, in contrast to the breast, 

CD44 is restricted to the basal cell layer in normal ducts (Figure 4.10 A, D, G, and J, 

arrowheads) but, similar to the breast, is acquired by luminal epithelial cells in prostatic 

intraepithelial neoplasia (PIN) lesions (Figure 4.10 B, E, and K, arrows).  As in breast 

cancer, CD44 is expressed throughout the tumor epithelium of invasive cancer (Figure 

4.10 C, F and L).  

These data demonstrate that CD44 expression is subject to a basal-to-luminal 

switch during cancer progression in several models and suggest that CD44 may act 

protectively during cancer progression when expressed in the basal cell layer, but could 

contribute to tumorigencity when expressed in the tumor epithelium. 
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Figure 4.10 CD44 and cytokeratin 5/14 localization changes during tumor 

progression in human prostate cancer. Formalin-fixed sections from normal (A, D, G 

and J) PIN (B, E, H and K) and invasive carcinoma (C, F, I and L) were labeled with 

cytokeratin 5/14 (red) (G-I) and CD44 (green) (J-L); overlay (D-F).  Low magnification 

(A-C), high magnification representing the boxed area (D-L).  Arrowheads represent 

basal cells and arrows represent luminal cells.  Scale bars = 25m for A, B, D and E and 

50m for C and F. 
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Discussion 

CD44 has garnered significant attention in cancer biology for several decades due to its 

expression in numerous cancer types, its putative role in pro-metastatic signaling, and its 

more recent identification as a stem cell marker. Its expression has been correlated with 

both a favorable and unfavorable prognosis, and it has been found to act in both tumor 

suppression and metastasis promotion with no clear consensus about its role in cancer 

progression.   

In the present study, we have shown that CD44 is expressed early during normal 

pubertal mammary gland development, predominately in the myoepithelium.  This 

expression is functionally important, as CD44 null mice have a delay in ductal outgrowth 

and morphologically small TEBs.   Epithelial-stromal interactions are critical to normal 

development, and we have found that this phenotype correlates with impaired 

myoepithelial-luminal identity, cell-cell adhesion and bilayer organization.   The 

phenotype observed in the CD44 null mice is similar to  that observed in the erbB3 null 

mammary gland, and interestingly, we found a decrease in both EGFR and erbB3 in our 

CD44 null mammary glands during ductal outgrowth.(19, 21)  We have previously 

demonstrated that CD44 engagement with hyaluronan can alter EGFR activation in breast 

cancer cells, and these data indicate that CD44 expression may have a further effect on 

erbB expression in the developing gland (206).  

Our findings suggest that the cell-type expression of CD44 may alter its role as a 

putative tumor suppressor, and we therefore examined CD44 localization in conjunction 

with a myoepithelial marker during cancer progression in the MMTV-PyV MT 
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transgenic mouse, in which the myoepithelial cell layer is lost during DCIS-invasive 

transition.  In this model, CD44 is expressed in myoepithelial cells in hyperplasia and 

DCIS but as the myoepithelium is lost, CD44 is found expressed in the tumor epithelium.  

We have previously shown that in the MMTV-PyV MT model, CD44 is protective 

against metastasis when lost throughout tumor progression, yet is strongly expressed 

throughout the tumor epithelium of invasive tumors (46).  These data suggest that 

myoepithelial-specific expression may regulate its tumor suppressive function while 

expression in epithelium of carcinoma may account for its tumor promoting function. 

 To investigate the relevance of CD44 myoepithelial function in human cancer, we 

examined its localization in breast and prostate cancer.  In early neoplasias, CD44 is 

expressed in the basal/myoepithelial layer with foci of expression in luminal epithelium.  

As the basal cell layer is lost, however, CD44 remains strongly expressed by tumor 

epithelium.  Interestingly, CD44 is expressed by basal cells of normal prostate but by 

luminal cells in normal adult mammary epithelium.  This may represent differences in 

cell-type regulation of CD44 expression in mammary and prostate tissue and a luminal-

myoepithelial switch in the transition from normal to DCIS.   The basal-luminal 

expression of CD44 in PIN lesions, on the other hand, may represent transitory cells, or 

cells which express markers of both cell types (207) and points to these cells as a key 

regulator of the normal-PIN transition.  

Our data suggest that CD44 expression in DCIS and PIN resemble developmental 

CD44 expression patterns while CD44 expression in adenocarcinoma of the breast 

resembles luminal adult expression patterns.  These findings demonstrate that normal 
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myoepithelial function is regulated in part by CD44.  This may indicate that CD44 plays 

a protective role against cancer progression, as the myoepithelium is protective.  

Alternatively, these data also suggest that tumor progression may not occur in a linear 

fashion, with DCIS as a precursor of luminal subtypes of breast cancer.  Breast cancer 

has traditionally been thought to arise from the luminal epithelial cell layer, but profiling 

of breast cancers has demonstrated distinct phenotypic subtypes that differ in their 

biological characteristics as well as clinical outcome (4, 5, 208, 209).  The basal subtypes 

of cancer, in particular, which encompass the most aggressive subtypes and which are 

most strongly associated with reduced survival, have highlighted the need to understand 

the molecular profile and the contribution of distinct cell types (210, 211).  Our data 

suggest that tumors are subject to molecular regulation of distinct cell-types and that cell-

type specific contribution to cancer progression could contribute to differences observed 

in tumor subtype and origin.  

Interestingly, other groups have reported that CD44 is expressed in the 

myoepithelium of normal mammary tissue (168), which may reflect differences in the 

reproductive stage of the patients or CD44 isoform changes.  CD44 isoform expression 

represents an additional layer of CD44 regulation; CD44 is known to commonly produce 

at least ten splice variants with different expression patterns that have varying functions.  

Isoform expression has been proposed as a mechanism through which CD44 promotes 

tumorigenesis and metastatic progression.  Histopathological examination of CD44 

variant expression, however, has produced conflicting results with no clear correlations 

between variant expression and tumorigenicity.  While several groups have reported 
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changes to CD44 variant expression during tumor progression, particularly in breast 

cancer, there is no consensus about which variants are associated with increased 

aggressiveness.  To exclude the complexity of variant expression, we examined cell-type 

changes to global CD44 standard isoform expression; future research should examine 

variant-specific changes in this context. 

Taken together, our data indicate that the cell type-specific expression of CD44 is 

a key aspect of its biological function.  CD44 plays a role in maintaining normal 

myoepithelial function during development and undergoes a cell type switch during 

cancer progression.  These data lend insight into the conflicting results regarding the role 

of CD44 as a tumor suppressor or promoter and highlight the importance of studying the 

cell-type specific function of proteins important to cancer progression.  Future research 

will investigate the transcriptional regulatory mechanisms of CD44 in basal and luminal 

cell types to understand what mechanisms control this expression switch.   

 

Acknowledgements 

Breast and prostate tissue and histological services were provided by the Tissue 

Acquisition and Cellular and Molecular Analysis Shared Service, which is supported by 

the Arizona Cancer Center Support Grant, NIH CA023074.  The authors are grateful to 

Kathy McDaniel for excellent technical assistance and to Ben Bitler and Matthew Callan 

for their insightful edits of this manuscript.  Funding has been provided by the Arizona 

Cancer Center Support Grant (JAS, RBN, #2P30CA023074), the Arizona Biomedical 



 

 

114 

Research Commission (JAS), and the Department of Defense Predoctoral Breast Cancer 

Research Program (JMVL). 



 

 

115 

V.  DISCUSSION 

 

The field of cancer biology has expanded to recognize a tumor as more than a 

collection of cells growing out of control.  A tumor is a composition of cell types in 

constant relationship and communication between cells of the tissue of origin with 

stromal cells, cells of the immune system and blood vasculature.  All of these are housed 

and dynamically interact with the tumor microenvironment that provides nutrients, 

biomechanical support and creates conditions that support or inhibit tumor progression.  

Metastasis is, therefore, a compilation of cell-cell and cell-ECM interactions that require 

cancer cells to evolve in order to meet their changing needs and to modify the 

environment to promote dissemination.  Understanding how cancer cells evolve in this 

way and how their environment favors their spread and survival could lead to the 

discovery of mechanisms that inhibit the initial spread of tumor cells from the primary 

site, or more importantly, inhibit their growth at secondary sites by creating a hostile 

microenvironment.   

The extracellular matrix glycosaminoglycan, hyaluronan (HA), and the adhesion 

receptor, CD44, are known to play important roles in breast cancer progression, but how 

they function in cancer progression is unclear and controversial.  While on the one hand, 

CD44 has been shown to promote metastasis in breast cancer, its loss in the MMTV-PyV 

MT transgenic mouse increased metastasis to the lung (46, 142).  Additionally, a large 

body of research over the previous several decades has provided evidence that support 

both the pro-tumoral and anti-tumoral roles of this molecule.  HA, a ubiquitous 
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component of all ECMs, has similarly been shown to promote and inhibit metastatic 

signaling.  The goal of this dissertation has been to understand these discrepancies, 

provide insight into the biological actions of these molecules, and evaluate their value as 

diagnostic or therapeutic targets in breast cancer. 

 

Hyaluronan regulates EGFR activation 

These questions were, in part, prompted by the observation that HA deposition in 

mammary tumors from MMTV-PyV MT mice was restricted to the stromal 

compartments surrounding tumors, as opposed to being produced by tumor epithelial 

cells, and that in vitro, distinct and separate HA-epithelial interactions recapitulated in a 

3D collagen culture system demonstrated that HMW HA embedded in a type I collagen 

matrix strongly inhibited invasion.  These data suggested that matrix-embedded HA may 

differentially affect tumorigenesis as compared to HMW HA provided soluble in media, 

which has been shown to promote invasion.  Furthermore, HA has been shown to 

modulate the activity of ErbB receptor tyrosine kinases.  We, therefore, examined how 

context-dependent changes in epithelial-stromal interactions altered EGFR activation.  

Since HA is found embedded in peritumoral matrices, we polymerized HMW HA in type 

I collagen, and after verifying that the addition of HA did not alter the ability of collagen 

to polymerize and sterically hinder cellular function, we examined receptor activation in 

cells growing on type I collagen-embedded HA (eHA) or on soluble HA (sHA).  

Interestingly, we found that eHA dampened EGFR activation and that breast cancer cells 

growing on a collagen matrix extend filopodia, which have been shown to mediate 
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stromal invasion, in response to EGF treatment.  This is inhibited by eHA and 

furthermore, examination of live membrane-dynamics on eHA show that breast cancer 

cells use lamellipodia instead of filopodia to migrate.  This is contrast to cells growing in 

the presence of sHA, which promotes EGFR activation and subsequent filopodia 

formation.  

 

CD44 in breast cancer progression 

These investigations prompted us to examine the role of the HA receptor, CD44 

in breast cancer progression.  Studies of this molecule, however, are complicated by the 

fact that CD44 expression of splice variants and CD44-mediated signaling events can 

change in culture conditions.  While ample research has been devoted to the role of CD44 

in cancer, little is known about the role of CD44 in the normal mammary gland.  A 

molecule’s function in normal tissue is often conserved, yet uncontrolled, in cancer.  We 

therefore employed mammary gland development as a model system for understanding 

CD44 function in breast cancer as it provided us with an in vivo tool in which to examine 

CD44 in the context of whole tissue containing a complex extracellular matrix and 

multiple cell types that are present in the human breast.  Furthermore, mammary gland 

development relies on many of the same signaling pathways that are employed in cancer 

and abundant growth and invasion into the mammary fat pad mimic aspects of breast 

cancer progression.  Mammary gland development is, therefore, a model of cancer 

progression in which protein function is regulated and non-aberrant.  
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CD44 in mammary gland development 

Examination of CD44 in mammary gland development has lead to several 

important findings.  Firstly, CD44 is expressed in the myoepithelium of the developing 

mammary gland, suggesting that it plays a cell-type specific role in mammary gland 

function.  The loss of CD44 delayed outgrowth of the ductal epithelium suggesting that 

outgrowth relies on cues from CD44 to some extent, although likely relies on molecular 

redundancy to overcome the loss since the knockdown of CD44 did not permanently 

impair growth or branching.  Additionally, the loss of CD44 impaired the morphology of 

terminal end buds (TEBs).  TEBs mediate ductal outgrowth and impairment of this 

structure is a likely cause of the observed delay in growth.  The mechanism by which 

CD44 contributes to TEB formation, morphology, or structure is unknown.   However, 

dynamic cell-cell and cell-ECM adhesion are central to TEB function, as this structure 

mediates activate growth and invasion into the mammary fat pad, a process which 

presumably requires continual formation and destruction of these adhesions.  

Interestingly, we found that myoepithelial-luminal cell adhesion is impaired in both the 

ducts and TEBs of CD44 null mice suggesting that CD44 regulates cellular adhesion in 

the mammary gland.  Myoepithelial cells use desmosomes to adhere to luminal cells; 

these data suggest that CD44 may regulate desmosome formation. 

 

CD44 in cancer progression 

In addition to regulation of outgrowth, TEB morphology, and myoepithelial-

luminal cell adhesion, we found that the loss of CD44 disrupted epithelial bilayer 



 

 

119 

organization.  The duct is normally composed of two distinct cell layers, the luminal and 

myoepithelial layers; mice lacking CD44 have cells that express myoepithelial markers in 

the luminal cell layer.  The cause of this is unknown.  However, the developing 

mammary gland is a site of active cellular differentiation, the loss of which could result in 

mixing of cell-types or loss of cellular identity.  CD44 may, therefore, function as 

differentiation factor in the myoepithelium.  Additionally, TEBs are a hypothesized site 

of stem-cell differentiation.  While CD44 is not used a stem cell marker in the developing 

gland (212), CD44 is stem cell marker in breast cancer (79).  This, coupled with our 

finding that the loss of CD44 disorganizes the myoepithelial-luminal bilayer, suggests 

that CD44 may regulate differentiation and cellular identity in the mammary gland. 

 

CD44 cell-type specific expression in DCIS and PIN 

 The finding that CD44 is a regulator of myoepithelial function in mammary gland 

development prompted the examination of CD44 localization in breast cancer.  The 

myoepithelial cell layer has been shown to inhibit tumorigenesis and is thought of as a 

natural tumor suppressor.  This cell layer is lost during cancer progression and its absence 

is a clinical and pathological marker of disease progression, although the mechanism by 

which it lost is not known.  We therefore examined clinical cancer specimens of ductal 

carcinoma in situ (DCIS) of the breast and prostatic intraepithelial neoplasia (PIN) of the 

prostate.  The prostate, similar to the breast, relies on luminal-basal cell bilayer 

organization, although basal cells are not contractile and, in this way, are distinct from 

the smooth-muscle-like myoepithelial cells of the breast. 
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 Upon examination of normal, DCIS, and invasive cancer in both human and 

mouse mammary tumors we found that CD44 is expressed in the luminal cells of the 

breast, both the myoepithelial cells and tumor epithelium of DCIS and the tumor 

epithelium of invasive cancer.  CD44, therefore, undergoes three distinct cell-type 

switches during cancer progression.  In prostate cancer, CD44 is expressed in the basal 

cell layer of normal tissue, but is expressed by both basal and luminal cells of PIN, and is 

strongly expressed by tumor epithelium of invasive cancer.  The difference in CD44 

expression of normal tissue of the breast and prostate is not well understood but likely do 

to tissue-specific factors, and additionally, CD44 has been observed by other groups in 

the myoepithelial cells of normal breast and may therefore be regulated by cyclical 

hormones.  In DCIS and PIN, CD44 expression was observed in hyperproliferative cells 

that are, presumably, tumor cells in addition to expression in the basal/myoepithelial cell 

layers of these tumors.  

 

Models for HA and CD44 in tumorigenesis 

 Taken together, these data highlight the importance of cell-type contributions and 

epithelial-stromal interactions in tumorigenesis and, although many questions remain 

about the role of HA and CD44 in these events, raise several interesting explanations 

about how these molecules functions in cancer progression. 

 Examination of CD44 in mammary gland development demonstrated that CD44 

acts as a regulator of normal myoepithelial function.  The myoepithelium is significant in 

cancer progression for its role as a natural tumor suppressor and has been shown both in 
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vitro and in vivo to suppress tumor growth and invasion (190, 213).  Concurrently, 

previous research from our lab has demonstrated that the loss of CD44 from the MMTV-

PyV MT mouse increases metastasis (46).  The anti-tumoral role of CD44 is potentially 

specific to its expression in the myoepithelium, such that in the absence of CD44, the 

myoepithelium losses its protective capacity and primes the tissue for neoplasia.  

Previous research has demonstrated that CD44-mediated anti-tumorigenic signaling 

occurs in the presence of HMW HA, and CD44 expression more often correlates with an 

overall favorable prognosis in early, non-invasive carcinoma.  In non-invasive carcinoma 

in which the microenvironment is less acidic than in invasive carcinoma, and before 

tumor cells have acquired expression of hyaluronidases, the myoepithelium is likely in 

contact with HMW HA.  The combination of these factors may simply contribute to the 

tumor suppressive quality of the myoepithelium (Figure 5.1 B and F). 

The finding that luminal-myoepithelial bilayer organization is disrupted in CD44 

null mice suggests that CD44 may act to promote differentiation and cellular identity.  

The cap cells of the TEB are presumed to house stem cells that differentiate into 

bipotential progenitor cells which then form either luminal or myoepithelial cell types.  

The cap cell layer is intact in CD44 null mice, but the TEB morphology is impaired and 

loss of bilayer architecture is observed in developing ducts.  These data raise the 

interesting possibility that tumorigenesis could occur in a basal-like cell present in the 

luminal space.  The mislocalization of such a cell, and the resulting absence of 

extracellular positional cues, could render it more vulnerable to tumorigenesis.  In this 

scenario, tumors arising from this mislocalized basal cell could give rise the basal 
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subtypes of breast cancer which would imply that basal subtypes are basal, not luminal, 

in origin (Figure 5.1 E and H). 

 The myoepithelium play an important role in mammary gland development by 

directing luminal epithelial cell polarity (10).  Normal mammary epithelial cells cultured 

in the absence of myoepithelial cells cannot form acini in vitro, yet when co-cultured 

with myoepithelial cells readily polarize and form acini.  The loss of polarity is a critical 

step in cancer progression as it permits aberrant protein-protein interactions of molecules 

that otherwise separated and compartmentalized within the cell.  Such is the case for the 

basolateral-restricted EGFR and apical-restricted MUC1 that interact when cells lose 

polarity and, together, are potent contributors to oncogenesis (76).  Loss of polarity is 

also a critical step in epithelial to mesenchymal transition, a transformative step in 

metastasis.  CD44 regulates normal myoepithelial function and could, therefore, 

contribute to myoepithelial-directed polarity (Figure 5.1 F and G). 

Our examination of clinical carcinoma samples showed that CD44 is expressed in 

distinct cell-types at different stages of cancer progression.  In hyperplasia of the breast 

and in normal tissue of the prostate CD44 is distinctly basal, but in DCIS and PIN, CD44 

expression is visible in transformed luminal cells.  This suggests that CD44 expression is 

acquired by luminal cells during the transition from DCIS to invasive carcinoma.  While 

the transcriptional pathways that regulate CD44 expression in cancer are not well-

defined, several oncogenes have been shown to promote CD44 transcription including 

EGF, -catenin via Wnt signaling, and the oncogene YB-1 (2, 214, 215).  In normal 

tissues, the SWI/SNF complex positively regulates CD44 expression, but this complex is 
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frequently lost in cancer and could account for lack of expression in cancer (144).  CD44 

is silenced, on the other hand, by hypermethylation at GpC islands of the CD44 promoter 

in cancer (216, 217).  These data suggest that cancer cells possess mechanisms to both 

express and silence CD44 transcription, although CD44 promoter activity has never been 

correlated to cell-type or to clinical stages of cancer progression.  Given the cell-type 

specific expression of CD44 at different phases of breast and prostate cancer, CD44 

expression could be repressed in luminal cells by methylation of the promoter in normal 

or pre-neoplastic tissue and then acquired by transformed luminal cells that have 

upregulated oncogenic EGF, Wnt, and YB1 signaling.  This would represent a 

transcriptionally-regulated switch that controls the cell-type and timing of CD44 

expression (Figure 5.1 B and C). 

Stem cells are suspected to be the cellular origin of a subset of breast cancers, and 

breast cancer stem cells are characterized by having high cell-surface CD44 expression 

and either no or low CD24 expression.  This CD44
+
/CD24


 phenotype is associated with 

aggressive subtypes of breast cancer (168).  While an attractive hypothesis supposes that 

CD44-positive basal cells represent a stem cell population that gives rise to basal 

subtypes, two lines of evidence negate this idea.  Firstly, while the identity of stem cells 

in the developing breast is not unequivocal, there is substantial data to support a model in 

which bipotential progenitor cell resides in the luminal compartment and that luminal 

epithelial cells give rise to myoepithelial cells (218).  Secondly, a recent study by 

Molyneux et al. demonstrated that basal-like breast cancer are derived from luminal 

intermediate cells and not from basal stem cells (219).  BRCA1 mutations are strongly 
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associated with basal-like breast cancer and a stem cell origin, and by deleting the 

BRCA1 gene in mouse basal stem cells or luminal intermediate cells, only luminal 

intermediate cells gave rise to tumors that resembled BRCA1 tumors and basal-like 

breast cancer in humans (219).  This does, however, raise the interesting possibility that 

CD44-positive cells in DCIS/PIN represent intermediate cells that possess characteristics 

of both cell types (Figure 5.1 B and D). 
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Figure 5.1 CD44 in development and cancer progression. In the presence of CD44, (A) bipotential progenitor cells give rise to two 

distinct epithelial cell layers (B) In cancer progression, the myoepithelial cell layer inhibit tumorigenesis while luminal cells suppress 

CD44 transcription. (C) Following transformation and upregulation of oncogenes, Wnt, YB1 and EGF, CD44 is expressed by luminal 

epithelial cells.  The expression switch is notable in DCIS and PIN.  (D) Following transformation, cells in the luminal space express 

markers of both basal and luminal cell types.  These so called “intermediate cells” give rise to basal-like tumors.  In the absence of 

CD44 expression (E) luminal and myoepithelial cells fail to differentiate into two distinct layers and luminal-myoepithelial adhesion is 

disrupted. (F) Myoepithelial cells are not competent to inhibit tumorigenesis in the absence of CD44 and (G) loss of polarity occurs 

which strongly promotes metastasis. (H) Due to mixing of luminal/myoepithelial cell layers, a basal-like cell in the luminal space 

undergoes transformation giving rise to basal-like subtypes of cancer. 
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Conclusion 

The models described herein are not mutually exclusive (Figure 5.1).  There is 

significant evidence supporting the notion that myoepithelial cells are natural tumor 

suppressors, and may explain the metastasis-suppressor function of CD44 while a CD44 

transcriptional switch that promotes luminal and suppresses basal cell CD44 expression 

could represent intermediate cells that express markers of both luminal and basal cells but 

also describe conditions in which CD44 mediates pro-tumoral signaling.  CD44 likely 

acts as both a tumor-promoter and tumor suppressor and its ability to promote or inhibit 

cancer depend on the cell type in which it is expressed.  A major regulatory factor of 

CD44 activity comes from the extracellular matrix.  The tumor microenvironment can 

inhibit, favor, or even promote metastasis but is as dynamic as the cells of a tumor.  

Hyaluronan is subject to several cancer-specific alterations.  Acquired expression of 

hyaluronidase and tumor acidity result in HA cleavage, generating oligomers that 

differentially affect CD44-mediated signaling.  Cleavage could presumably increase HA 

solubility and affect its interactions with surrounding matrix proteins, which we have 

demonstrated alters the activation of a potent oncogene, EGFR (115). The data presented 

in this dissertation highlight the importance of examining tumor progression in a context 

that encompasses the vast contributions of whole tissue and demonstrate how a 

molecule’s dual nature is influenced by such complexities.  The accumulation, therefore, 

of environmental, cellular, and molecular changes dictate the metastasis promoting or 

suppressing function of CD44 and HA.  Understanding how distinct tumor cell-type and 

the tissue microenvironment functionally relate to eachother is critical to therapeutically 
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targeting metastasis and suggest this concept as a promising means to fight late-stage 

metastatic disease.  
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