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 ABSTRACT 

 

 Progression to metastatic disease is the leading cause of deaths resulting from 

breast cancer.  Understanding the mechanisms underlying a cell’s ability to move away 

from its site of origin and populate a distant site is important for the future development 

of therapies.  The interactions between a tumor cell and the microenvironment can 

modulate a cell’s ability to invade through tissues and access distant organs.  In this study 

we present evidence indicating the differential modulation of invasive and proliferative 

phenotypes by hyaluronan present in the cellular microenvironment.  

 We establish the role of CD44, the primary receptor for hyaluronan, in breast 

cancer progression and metastasis through the use of transgenic mouse models of breast 

cancer.  While no differences were seen in the onset of primary breast tumors, mice 

expressing CD44 had a reduced rate of pulmonary metastasis compared to mice that 

lacked CD44.  This establishes an anti-invasive role for CD44 in breast tumor 

progression.  We also identify a decreased population of alveolar macrophages in CD44 

negative mice that could affect metastatic breast cancer cell colonization of the lungs. 

 We then focused our study in vitro, where we assessed the invasive properties of 

breast cancer cells as they move through three dimensional (3D) matrices containing or 

lacking hyaluronan.  We show that in 3D type I collagen gels, breast cancer cells invade 

more readily in the absence of hyaluronan compared to when hyaluronan (HA)is 
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embedded within the gel.  HA mediated inhibition of invasion is dependent on CD44 

binding as demonstrated through the use of a CD44 functional blocking antibody. 

 We also show that HA promotes differential phenotypes of breast cancer cell.  HA 

promotes filopodia formation and invasion when soluble in the cell microenvironment.  

Alternatively, matrix-embedded HA inhibits invasion and promotes migration through 

the formation of lamellipodia.  The differential HA invasive and proliferative phenotypes 

are mediated by differential activation of ERK or γPAK.  Activation of γPAK is mediated 

by CD44 while ERK activation by HA occurs by CD44 independent mechanisms.   

 We also demonstrate an inhibition of MMP9 mediated invasion by HA when 

embedded within a type IV collagen matrix, but not a type I collagen matrix.    This 

differential activity indicates that it is not only the immobilization of HA in a matrix that 

determines its activity, but also the context in which it is present within the matrix.   

 These data underscore the importance of studying matrix components in an 

environment that closely resembles in vivo conditions.  HA is a prime example as it has 

the capability of both promoting and inhibiting invasion depending on how it is presented 

to a cell.  Differential HA activity also underlies the importance of understanding 

extracelluar matrix degradation and the release of matrix components as these can 

adversely affect disease progression. 
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I.  INTRODUCTION 

 

Breast Cancer 

Significant progress in the treatment of breast cancer has been made in the past few 

decades that is illustrated by nearly a 2 percent drop in breast cancer deaths in the U.S. 

since 1990 [11].  Today, the five year survival rate of a person diagnosed with breast 

cancer is over 90 percent compared to just 77 percent in 1982 [12].  Nonetheless, breast 

cancer treatment and mortality remain a considerable problem.  Breast cancer remains the 

most commonly diagnosed (non-skin) cancer among women and one of the deadliest 

(40,910 deaths in the U.S. in 2007), second only to lung cancer [13].  The vast majority 

of breast cancer deaths are the result of metastasis of the tumor cells from their primary 

site, to distant organs such as the lung, bone or liver, where tumor cell growth can 

interfere with the performance of these vital organs.  It is because of the threat of 

mortality that metastasis remains one of the main focuses of breast cancer research.  
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Under normal physiological conditions, most processes that mammary cells perform, 

such as cell division, apoptosis and milk production, are highly regulated and maintain 

normal tissue function while preventing 

tumorigenesis.  Cancer cells are different 

from normally differentiated cells as 

they are independent from external cues 

and can generate their own signals to 

promote their own growth and survival.  

Six unique characteristics shared by all 

cancers have been classified that are 

refered to as the hallmarks of cancer 

(Figure 1.1)[5].  These hallmarks 

include evasion of apoptosis, self-

sufficiency in growth signals, 

insensitivity to anti-growth signals, sustained angiogenesis, limitless replicative potential 

and tissue invasion and metastasis.  This dissertation focuses primarily on tissue invasion 

and metastasis but it will also touch on self-sufficiency in growth signals. 

 

Mammary Gland Ductal Structure  

Figure 1.1:  The Hallmarks of Cancer 
Six characteristics shared by all cancer 
cells that are required for their malignancy.  
Figure acquired from [5]. 



  
  
 
 
 
 
   

 
 
  11

The mammary gland resembles a modified sweat gland originating from the ectoderm, 

and functioning as a secretory organ with a highly organized tissue structure designed to 

produce milk.   Prior 

to puberty, mammary 

glands are 

rudimentary organs 

consisting of a few 

lactiferous ducts that 

contain no alveoli and 

display little 

branching.  During 

puberty, ovarian 

estrogen release 

stimulates mammary 

ducts to undergo 

rapid branching and 

growth.  The resulting 

adult mammary gland is made up of branched ducts embedded within adipose tissue 

terminating in alveoli where milk production takes place.  Mammary ducts are comprised 

of 2 layers of epithelial cells.  Lining the lumen of the ducts are the ductal epithelial cells 

responsible for milk production, and surrounding the ductal epithelium lie myoepithelial 

 
Figure 1.2:  Mammary Ductal Structure 

A.  Micro-architecture of the mammary gland ductal structure 
organization   B.  The ductal epithelium responsible for the 
production of milk face the lumen of the duct while the 
myepithelial cells responsible for the contractility which 
mobilizes milk sit above the basal lamine facing the 
mammary tissue.  Image is adapted from [3] 
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cells that are contractile and responsible for the movement of milk.  Enclosing both layers 

of epithelial cells rests a thin layer of extracellular matrix known as the basal lamina that 

delineates the duct from the surrounding extracellular matrix and adipose tissue, and give 

the cells 

directional cues 

for cell 

polarization 

(Figure 1.2).   

During pregnancy 

the mammary 

gland undergoes a 

number of 

morphological 

changes that 

reflect the 

different milk 

production 

requirements necessary to feed the newborn offspring.  During pregnancy, increased 

levels of prolactin and progesterone induce ductal cell division, differentiation and 

branching along with increased growth of adipose tissue and richer blood flow to the 

mammary gland called lactogenesis [14] (Figure 1.3, top right panel).  During pregnancy, 

 
Figure 1.3: Mammary Gland Morphogenesis  

Whole mount images of the four different stages of mammary 
gland morphogenesis.  The virgin mammary gland consists of 
ducts that display little branching (A).  As these mature in 
puberty and further during pregnancy, further branching and 
differentiation of the alveoli occurs where milk production takes 
place (B and C).  After pregnancy has ended and nursing has 
ceased, massive cell death and resorption return the mammary 
gland to a state resembling is architecture prior to pregnancy. 
This figure was adapted from [2]
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increased production of the hormone progesterone inhibits milk secretion even while 

morphologic changes aimed at lactation occur.  After parturition, increased expression of 

prolactin along with decreased progesterone production, stimulates milk production.  

Suckling stimulation of the mammary gland causes the release of oxytocin in the 

hypothalamus of the mother, which travels through the blood stream to stimulate the 

myoepithelial cells surrounding alveolar structures and ducts to contract and initiate milk 

movement (Figure 1.3, bottom left panel).  Milk production post-parturition is maintained 

by a combination of continual milk removal from the mammary gland along with 

sustained prolactin.  If there is a cessation of suckling along with a removal of prolactin 

and no removal of milk from the mammary gland, the mammary gland undergoes yet 

another morphological change called post-lactational involution.  Post-lactational 

involution changes a lactating mammary to a state resembling the virgin mammary gland 

that resembles mammary structure prior to pregnancy (Figure 1.3 bottom right panel).  

Post-lactational involution involves the stimulation of cell death in vast amounts of the 

mammary epithelial, along with resorption of these cells.   

 

Invasion and the Metastatic process 

It is the epithelial cells lining the mammary ducts that most frequently ‘transform’ 

into the tumor cells responsible for breast cancer.  Malignancy in breast cancer is 

achieved by transformed cells when they degrade the basal lamina and invade into the 

surrounding extracellular matrix, giving the cell access to lymphatics or vasculature as a 
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means to distant organs.  Before the tumor epithelia can successfully metastasize, they 

must acquire the capability of penetrating the basal lamina and suriving a hostile 

extracellular matrix.  Immune surveillance, anoikis, extreme pressures while traveling in 

the vasculature and novel nutritional environments, inhibit the viability of metastasizing 

mammary epithelial cells (Figure 1.4).  Additionally the extracellular matrix and the basal 

lamina surrounding tumors maintain tumor localization and prevent local invasion, 

precluding malignancy.  The protective properties of the extracellular matrix are 

illustrated in tumor types such as ductal carcinoma in situ (DCIS), where mammary 

epithelial tumor cells grow into the lumen of the mammary ducts but do not penetrate the 

 
Figure 1.4:  The Metastatic Process 
 
Cells metastasizing from their site of orgin to distant sites encounter a number of 
different challenges.  These include degradation and movement through the extracellular 
matrix, immune system evasion, intravastaion into lymphatics or vasculature and 
extravasation into the target organ, as well as survival in a novel nutritional 
microenvironment.  This figure was adapted from [10] 
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basal lamina or invade the 

surrounding tissue (Figure 1.5).  

Due to the benign nature and 

restricted localization of DCIS, 

there is a very high survival rate 

following removal [15].  

Breakdown and penetration of the 

basal lamina leads to invasive 

forms of the carcinoma which are 

much more difficult to treat and 

have lower survival rates [11].   

Malignancy in transformed 

epithelial cells results from of 

changes both within the epithelial 

as well as the surrounding tissue 

that allow for epithelial cell escape 

and survival away from the primary site.  During breast cancer progression a dynamic 

exchange occurs between the tumor epithelium and the surrounding extracellular matrix 

leading to a desmoplastic reaction that is marked by increased deposition and density of 

matrix components and fibroblast-like cells and the formation of a ‘reactive stroma’ 

(Figure 1.5) [16, 17].  Changes in the extracellular matrix are mediated primarily by 

Figure 1.5:  The extracellular matrix and the 
metastatic phenotype 
Normal mammary epithelial cells are anchored 
into place by the basement membrane (a).  
Ductal carcinoma in situ is a type of benign 
breast tumor that rarely metastasizes as a result 
of an intact basement membrane (b).  Penetration 
of the basement membrane allows for local 
invasion of the surrounding tissue that may 
preclude metastatic disease (c and d).  This 
figure was acquired from [8] 
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fibroblast cells which have been ‘activated’ by the primary tumor in response to 

increased secretion of transforming growth factor β (TGF-β), monocyte chemotactic 

protein 1 (MCP-1) and proteases.  Once activated, fibroblast increase the deposition of 

extracellular matrix components such as Collagen I, tenascin C and fibronectin [8]. 

The manner in which tumor cells respond to changes in the extracellular matrix, 

whether these changes are pro-invasive or anti-invasive, depend on the physical forces 

exterted on the cells, the receptors expressed on the tumor epithelium and the 

composition of the extracellular matrix [18-20].  The extracellular matrix is comprised of 

a number of different proteins, proteoglycans and resident cells that can both promote or 

inhibit invasion depending on their presentation in the extracellular matrix [20].  For 

example, while one of the main functions of tissue resident macrophages is to seek and 

eliminate damaged cells such as tumor cells, it has recently also been demonstrated that 

tumor-associated macrophages play an integral role in extravasation and tissue escape 

during metastasis.  This has been directly observed using intravital microscopy and has 

also been demonstrated in the polyoma-virus middle T antigen, metastatic breast cancer 

mouse model where ablation of macrophage population led to almost complete loss of 

metastasis [21, 22].  Various structural components of the extracellular matrix can also 

promote or inhibit invasion.  The role of extracellular matrix components in invasion may 

be determined by how tumor cells are able to communicate with the extracellular matrix 

through cell surface receptor.  Normal mammary epithelial cells are held in place by 

adhesions to neighboring cells through adherens junctions or to the basal lamina through 
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hemidesmosomes.  Hemidesmosomes are junctions comprised of a multiprotein complex 

in which α6-β4 integrin binds strongly to laminins found in the basement membrane.  The 

interaction between integrins and laminin keep the cell anchored in place, maintaining 

tissue architecture and averting invasion.  However, during transformation, α6-β4 integrin 

is often lost along with hemidesmosomes and new integrins are expressed that potently 

mediate the invasive phenotype [23, 24].    It is evident then, that while intrinsic genetic 

changes within transformed cells can give them invasive capabilities, the stroma must 

also be remodelled or ‘transformed’ to allow for migration and survival.   

Components of the extracellular matrix have been extensively studied in the 

laboratory in an attempt to understand how these affect tumor behavior, but it has been 

only until the past two decades that the dimensionality and the context in which these 

extracellular matrix components are found in nature has been taken into account.  Most 

cell types require adhesions to their surroundings in order to maintain viability as most 

cells will die even when in the presence of soluble extracellular matrix ligands such as 

RGD peptides.  This underscores the importance of the forces exerted behind many 

extracellular ligands, as binding these components alone is not sufficient for cell viability 

[18, 25].  This study focuses on how the extracellular matrix sugar, Hyaluronan (HA), 

interacts with the breast cancer cell receptor, CD44, to inhibit or promote invasion and 

how these relate to metastasis.  We will show that the context in which HA is presented 

to the cell is just as important as HA binding. 
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Hyaluronan 

Synthesis and Structure 

 Hyaluronan (HA) (also known as 

hyaluronic acid or hyaluronate) is a non-

branching disaccharide comprised of repeating 

units of glucuronic acid and N-

acetylglucosamine that are linked together 

through alternating β-1,4 and β-1,3 glycosidic 

bonds (Figure 1.6A) [26].  While HA is 

classified as a member in the 

glycosaminoglycans family, it is unique within 

this family as it is non-sulfated, not directly 

linked to a core protein and is not synthesized 

intracellularly in the endoplasmic reticulum and 

the golgi apparatus.  HA is synthesized by three multipass transmembrane hyaluronan 

synthases (HAS), HAS1, HAS2 and HAS3 that function individually as glycosyl 

transferases to assemble HA from monomer substrates intracellularly and actively 

extrude long polymer chains extracellularly with the aid of the ATP-binding cassette 

(ABC) transporters, MDR-1 and MRP-5[27-30] (Figure 1.6B).  The direct extrusion of 

HA into the extracellular space may have evolved as a response to its large molecular 

Figure 1.6:  Hyaluronan 
Structure and Synthesis 
A.  Chemical structure of 
hyaluronan 
B.  Synthesis of hyaluronan.  
Hyaluronan is synthesized  at the 
plasma membrane from 
intracellular precursors and actively 
secreted extracellularly with the aid 
of ABC proteins  
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weight, high viscosity and large capacity to retain water, so as not to interfere with 

normal intracellular functions.   

HA is typically synthesized as long polymer chains ranging from 2,000-25,000 

linked disaccharides corresponding to a total molecular weight of 106 – 107 MDa and a 

polymer length of 2-25μm, but can also be found in a variety of smaller sized forms of 

HA as a result of catabolism and depolymerization by a variety of hyaluronidases or by 

reactive oxygen species [31].  HA is highly anionic as a result of a repeating carboxyl 

negative charge giving this sugar a high capacity to bind and retain water molecules.  As 

a result, HA has a high hydrodynamic volume with high viscocity and elasticity, 

properties that dictate its structural role as a space-filling lubricant in many extracellular 

matrices.  Additionally, HA also forms the basis of a multivalent template to which 

proteoglycans and other matrix components bind via electrostatic or covalent interactions 

making HA an integral part of the extracellular matrix structure that has a direct role in 

the maintenance of tissue microarchitecture [32].   

Hyaladherins 

HA plays important roles in modulating protein function directly through the 

binding of proteins known as hyaladherins, in addition to its structural properties.  Most 

hyaladherins contain a conserved sequence of ~100 amino acids called the Link domain 

that is involved in HA binding, that consists of a conserved motif made up of two α-

helices and two triple-stranded anti-parallel β-sheets [33].  Recently additional members 

of the family of hyaladherins not containing this link domain have also been 
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characterized [33, 34].  Members of the ‘Link’ superfamily of hyaladherins include 

Aggrecan, Versican, Neurocan, Brevican, KIA0527, CD44, LYVE-1, CAB61358 and 

Stablin-1.  Hyaladherins not containing a link module include Inter-α-inhibitor, PHBP, 

RHAMM, CDC37, P-32, SPACR, IHABP4, CD38 and SPACRCAN.  In addition to 

protein binding, HA also has the capability of inducing signal tranduction within cells to 

affect cellular behavior.  HA mediated CD44 transduction has been the most extensively 

studied and will be the focus of this disseration, but HA is also known to induce signaling 

through LYVE-1 and RHAMM  [6, 35, 36]. 

 

Physiologic Functions 

HA as a Matrix barrier 

HA plays a structure role in the extracellular matrix as part of a protective barrier 

from cellular penetration during development and inflammation.  During oocyte 

maturation, an expansion of the cells and the matrix surrounding the ovum takes place 

known as the cumulus expansion.  Cumulus expansion is marked by elevated HA 

synthesis by cumulus cells that increases the space between individual cumulus cells.  

While the HA surrounding cumulus cells is not present within an extracellular matrix, it 

provides a significant barrier that sperm cells must overcome before fertilization of the 

ovum can occur [37, 38].  Sperm cells penetrate the HA mediated barrier by producing 

the hyaluronidase, PH20, that is attached to the sperm cell surface via a 
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glycophosphatidyl-inositol anchor.  PH20 degrades HA present in the cumulus 

surrounding the ovum, opening up 

spaces through which the sperm can 

move to reach egg for fertilization 

(Figure 1.7) [39].  Inhibition of PH20 

in sperm cells ablates their ability to 

penetrate the cumulus and fertlize the 

ovum, highlighting the abilito of HA 

to sterically hinder cellular invasion.   

Further examples of HA 

serving as a cellular blockade have 

been observed in the immune system 

at sites of inflammation.  In 

inflammatory bowel disorders such as 

Crohn’s disease or ulcerative colitis, increased secretion of high molecular weight 

(HMW) HA occurs as a result of the release of intracellular stores of HA.  Multiple cells 

extrude HA into the extracellular space, where HA from multiple sources become cross-

linked into networks of cables to which inflammatory cells and pro-inflammatory 

mediators bind and become sequestered [40, 41].  In this case HA forms part of a super-

HMW form that serves as a protective barrier that suppresses the immune response and 

sterically blocks immune cell access.  Additionally, pericellular coats of HA have been 

Figure 1.7:  HA in the cumulus 
surrounding the ovum 
Cumulus cells secrete HA to form a barrier 
surrounding the ovum that inhibits sperm 
access for fertilization.  Sperm cells must 
first degratde the HA surrounding the ovum 
through membrane bound hyaluronidases 
(PH20) to access the ovum.  Figure is 
adapted from [1] 
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demonstrated to prevent ligands from binding surface receptors and to suppress 

phagocytosis by monocytes, macrophages and polymorphonuclear leukocytes, to 

suppress the immune system [42-44].  These examples underscore the ability of HMW-

HA to block cellular movement as sperm and immune cells are among the most motile 

within the human body.   

 

Development 

In addition to the previously 

described functions for HA during 

fertilization, HA also plays important roles 

in neural crest migration, vasculogenesis 

and the formation of cardiac valves.  HA 

appears early in embryogenesis in the 

primitive ectoderm and the primitive 

endoderm.  In later stages of development 

HA is expressed throughout extracellular 

spaces with increased deposition in the 

craniofacial mesenchyme, cardiac 

endocardial cushions and the smooth 

muscle surrounding the intestinal tract 

[45].  The importance of HA synthesis and deposition during development is highlighted 

Figure 1.8:  Formation of Cardiac 
Valves 
HA is necessary for the proper formation 
of endocardial cushions.  HA within the 
endocardial cushions allow for endocardial 
cell EMT and subsequent invasion into the 
cushion necessary for proper cardiac valve 
formation.  Figure is adapted from [7] 
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by the embryonic lethality resulting from the knocking out of the mouse Has2 gene, 

which encodes one of the synthases responsible for HA production.  Loss of Has2 in mice 

results in the lack of endocardial cushions known as cardiac jelly.  HA in the cardiac jelly 

normally functions as a water retaining molecule responsible for promoting epithelial to 

mesenchymal transition (EMT) by endocardial cells and opening up spaces in the 

extracellular matrix so that mesenchym can invade the cushion and form the cardiac 

valves (Figure 1.8) [46-49].  In vitro, endocardial cells seeded on gels have been shown 

not to undergo EMT if no HA is present in the gels.  However, endothelial cell EMT can 

be restored throug the exogenous addition of HA or through the transfection of 

endocardial cells with a construct encoding HAS2.  During development, HA seemingly 

has functions opposite to the cell blocking abilitites observed during fertilization and 

inflammation.  Here, the presence of HA and its hydrating properties are needed for the 

formation of endocardial cushions and induction of invasion.   

  

Immune Response and tissue repair 

During normal physiological processes, HMW-HA is present in high 

concentrations in the extracellular matrices throughout the body that can cause immune 

system quiescence and also inhibit cell proliferation by signling via the cell surface 

receptor, CD44 [40, 41, 50].  However, upon tissue injury or inflammation, a remodelling 

of matrix HA occurs that results in increased turnover of HA and the generation of HA 

oligos that can activate tissue repair and the immune response.  During injury, the 
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generation of HA oligos is thought to be a result of the tissue damage itself along with the 

increased hyaluronidase production by activated fibroblasts or the production of reactive 

oxygen species by polymorphonuclear leukocytes [31, 51].  HA oligos can induce 

dendritic cell maturation, induce production of NO by dendritic cells and macrophages as 

well as activate dendritic cells and T-cells in a Toll-like receptor 4 dependent manner 

[52-54].  Recently it has also been demonstrated that dendritic cell activation of T-cells 

requires the production and cleavage of HA by both cell types [55].   

 HA production is also necessary for the successful extravasation of leukocytes out 

of lymphatic and vascular circulation into infected tissues where they are needed.  

Following infection, chemokines released from the infected tissue signal to the 

vasculature resulting in the upregulation of adhesion molecules such as ICAM-1 and P-

selectin and HA [56, 57].  For leukocytes to extravasate they must first adhere to 

endothelial cells, but due to the sheer stress resulting from pressure within the 

vasculature, leukocytes must first come to a rolling stop prior to making strong contacts 

with the endothelium that will allow them to extravasate.  Cellular rolling as a means of 

slowing down and making a strong adhesion to the endothelium involves a number of 

adhesions including L-selectin on the leukocytes and P-selectin on the endothelial cell.  

Leukocytes utilize the receptor CD44 to bind to HA tethered on endothelial cells as a 

means of coming to a rolling stop as well [58, 59].  Once the cell has come to a rolling 

stop, leukocytes increase expression of integrins which are then involved in the formation 
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of strong adhesions and the penetration of the endothelium to exit the vasculature and 

enter the infected tissue.     

 

Hyaluronan in Cancer 

Increased expression of HA in tumors is commonly observed in a variety of cancer types, 

including breast, ovarian, stomach, colon, bladder as well as cancers of the stratified 

squamous epithelium such as epidermis, larynx and cervix.  In most cancer types 

increased expression of HA is predicitve of poor patient prognosis where it is associated 

with increased invasion and metastasis [60-71].  It is important to note, however, that the 

vast majority of these studies were perfomed using histological sections of patient tumors 

and immunohistochemical techniques that can assay for the presence of HA, but cannot 

differentiate the size of HA.  These studies also focus more on global changes in HA 

expression with little attention given to understanding which cell type is producing HA.  

HA is typically synthesized by fibroblasts resident in the extracellular matrix in high 

molecular weight form that is integrated into the extracellular matrix [63, 72, 73].  

Expression of HA by epithelial cells is normally restricted to instances of tissue injury 

and repair, but it is also observed in cancer where it is widely believed to promote 

metastasis [58, 59].  HA produced by epithelial cells often remains tethered to the cell 

surface either through the HA synthases or cellular receptors for HA such as CD44 or 

RHAMM and becomes incorporated into a pericellular coat known as the ‘glycocalyx’ 

[63, 67, 72-79].  HA found in the glycocalyx functions very differently from HA 
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deposited into the extracellular matrix where instead of maintaining tissue architecture, 

glycocalyx HA helps isolate cells from their microenivornment, increase tumor cell 

resistance to chemotherapeutic drugs and confer cells with elevated mobility [80, 81].   

Extensive evidence indicates that pericellular coats may be closely involved with 

the formation and remodelling of focal adhesions commonly used as a means to 

migration and invasion [82-85].  Multiple studies have identified pericellular HA as a 

potent mediatator of focal adhesion formation [86-88].  Cultured epithelial cells show 

increased adhesion to substrates when surrounded by an HA pericellular coat, while 

adhesion can be abrogated if cells are treated with hyaluronidases [88].  Interestingly, 

when HA was added to the substrates to which cells bind, decreased adhesion was 

observed, underscoring the opposing effects of HA on cellular phenotypes dependent on 

its presentation [88].  Additional evidence also implicates pericellular HA in aiding in the 

formation of focal adhesions as well as in facilitating detachment from previous formed 

adhesions, steps necessary as cells crawl across a substrate [89, 90].  These studies 

demonstrate a distinct function for HA when present in the glycocalyx.  Studies 

examining global increases in HA should therefore differentiate between stromally 

produced HA and epithelial cell HA as the mechanisms of function between these two 

different forms often have opposing functions.   

 In some cancer types, such as bladder cancers, increased production of lower 

molecular weight forms of HA is observed that correlates with poor patient prognosis 

[69, 91].  As described earlier, polymers of HA of a molecular weight smaller than 
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normally produced HA are created by means of hyaluronidases or oxidation by reactive 

oxygen species.  HA fragments have distinct properties, such as in angiogenesis where 

HMW-HA is anti-angiogenic while HA oligos promote angiogenesis [92, 93].  HA 

fragments also promote invasion and metastasis of tumors by activating the immune 

response, promoting increasing expression of matrix degrading enzymes (MMPs), or 

enhance a cell’s migratory ability [21, 22, 69, 94-96].  Tumor cells have been 

demonstrated to produce and secrete their own hyaluronidases that catabolize HA present 

in the tumor microenvironment to form HA oligos [95, 96].  These HA fragments induce 

the proteolytic cleavage of CD44, one of the primary cell receptors for HA, from the 

tumor cell surface, potentially isolating the cell from epithelial CD44 interactions with 

stromal HA.  CD44 cleavage has been observed in a variety of tumor types including 

gliomas, breast, colon and ovarian cancers where loss of cell surface CD44 consistently 

correlates with increased cell migration and invasion [95-97]. 

 Increased expression of HA either in the stroma surrounding tumors, or by the 

tumor epithelium itself is observed in most cancer.  While in cancer types such as 

melanomas and keratinocyte tumor, HA expression is not predictive of disease outcome, 

in tumor types such as those from epithelial origin, stromal HA correlates poorly with 

disease outcome [60, 65, 71, 98].  In breast cancer, HA expression in the stroma 

surrounding the tumor has been observed and correlates with high tumor grade, lymph 

node involvement and increased mortality [60, 99].  Additionally, it was demonstrated 

through sonography that the shape of the HA matrix around a tumor closely resembled 
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the shape of the tumor itself [100].  However, to date, no causative function of stromal 

HA in disease progression has been described.  It is becoming evident that to obtain a 

clear understanding of the role that HA is playing in tumor progression, size, location as 

well as the status of surface receptors on the tumor epithelium must be taken into 

account.  In breast cancer, women with metastatic disease showed elevated levels of 

serum hyaluronan compared to women with non-metastatic disease or benign disease 

[101].  This might be indicative that release of hyaluronan from primary breast tumors, 

possibly mediated by hyaluronidases, is required by tumors prior to metastasis.  This idea 

is further supported by studies finding that loss of CD44, the main receptor for HA, from 

breast tumors correlates with increased metastasis while expression of CD44s correlates 

with patient survival [64, 102, 103].  Isolation of tumor cells from the HA-rich stroma 

might be one of the obstacles that tumor cells must overcome before they are able to 

leave their primary site, cross the stroma and metastasize to distant organs.  However, the 

interactions that occur between stromal HA and epithelial cell receptors such as CD44 

may inhibit this process.   

 

CD44 

Protein family 

The CD44 family of proteins is a polymorphic family comprised of a number of different 

proteins that are encoded by a single, highly conserved gene.  Hetergeneity in the CD44 
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proteins is a result of extensive alternative splicing as well as post-translational 

modifications.   CD44 proteins are expressed on the surface of most vertebrate cells.  

More than 20 known isoforms of CD44 have been identified to date, with CD44s (CD44-

standard isoform, also known as CD44H) being the most commonly expressed as well as 

the smallest isoform [104]. 

 

Gene Structure 

The gene encoding the CD44 family of proteins, spanning approximately 50 kilobases, is 

located on the short arm of chromosome 11 in humans, or chromosome 2 in mice.  In 

mice, the CD44 gene consists of 20 exons, 8 exons of which are expressed in all CD44 

isoforms while the remaining 12 are subject to alternative splicing (Figure 1.9A) [105].  

Exons 1-5 are constant, exons 6-15 are variant (also known as v1-v10), exons 16-18 are 

constant and exons 19 and 20 are variant.  The human CD44 gene differs from mouse 

CD44 in that it lacks the inclusion of exon 6.  While alternative inclusion of variant exons 

into the coding sequence of CD44 can theoretically generate hundreds of transcripts, 

greater than 20 distinct CD44 variants have been identified [104-107].  The smallest 

isoform of CD44, CD44s, lacks the inclusion of all variant isoforms and is refered to as 

the standard isoform.   

 

Alternative Splicing 
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Recent microarray data indicates that approximately 74% of all human genes 

undergo some form of alternative splicing [108, 109].  Alternative splicing of the CD44 

gene normally occurs within epithelial cells, particularly CD44v8-v10, as well as cells of 

the immune system, particularly after immune cell activation [104, 110-112].  However, 

during tumorigenesis, abberant alternative splicing gives rise to unique CD44 isoforms 

that are not normally 

expressed during 

normal epithelial 

function [113].   

Alternative 

splicing is governed 

by the assembly of a 

complex, referred to 

as a spliceosome, that 

is made up of RNA 

and proteins designed 

to remove intervening 

introns from a 

heterogeneous 

nuclear RNA 

(hnRNA or pre-

A

B

 
Figure 1.9:  CD44 gene structure and alternative splicing 
The CD44 gene consists of 20 exons, 10 of which can be 
alternatively spliced to produce a variant isoforms of CD44.  
Alternative splicing of CD44 occurs in response to cellular 
signaling by proteins such as ERK that activate a variety of 
auxiliary factors that incorporate into a regulatory complex to 
affect intron inclusion into the CD44 mRNA.  This Figure 
was adapted from [6] 
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mRNA) transcript to give rise to sequence containing only exons.  Each spliceosome is 

made up of 5 small nuclear RNA proteins (snRNPs) named U1, U2, U4, U5 and U6 and a 

variety of other non-RNA associated proteins.  Assembly of the spliceosome occurs in an 

ordered fashion in such a way that 5’ end splice site and the 3’ end splice site are 

recognized and the intervening intron is excized and flanking exons are ligated together.  

In addition to the cannonical splice-site consensus sequences that delineate 5’ and 3’ 

splice sites, there exist auxiliary elements such as exon-splice enhancers (ESE) and exon-

splice silencers (ESS) as well as intron-splice enhancer (ISE) and intron splice silencers 

(ISS) that can determine the splice profile for a gene that contains variant exons.  

Inclusion or splicing of variant exons can be determined by relative concentration of 

RNA-binding activator or repressor proteins to auxiliary elements [114, 115].    

 Under normal conditions, epithelial cells express mainly CD44s on their cell 

surfaces but many epithelial cells also express CD44v8-v10 (CD44E) under normal 

physiologic conditions.  Inclusion of this variant isoform of CD44 has been identified to 

be regulated by elements with variant exon 9 that bind to the splice regulatory proteins 

9G8, ASF/SF2, and SRp20 [112].  While some form of CD44 variants are observed in 

normal epithelial cells, transformed epithelial cells also express a variety of other CD44 

variants, many of which have been implicated in tumor progression and metastasis 

(Figure 1.9B).  Various mechanisms of variant CD44 splicing have been identified, but 

Ras dependent signaling has been identified as one of the primary inducers of alternative 

splicing in CD44.  The RNA repressor protein hnRNP A1 interacts with a splice 
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regulatory elements within CD44 intron v5 to inhibit its inclusion in the final transcript.  

However, overexpression of Cdc42 or oncogenic Ras results in inhibition of A1 which 

subsequently allows for its inclusion within the final mRNA [116].  Ras dependent 

regulation of splice enhancer or repressor elements can be mediated by extracellular 

signal-regulated kinase (ERK).  Sam68 is a splice enhancer that governs the inclusion of 

CD44v5 when phosphorylated by ERK.  However, when Ras activity is repressed, 

phosphorylation of Sam68 by ERK is similarly abolished as well as CD44v5 inclusion.  

Interestingly, a positive-feedback relationship between Ras and CD44 variants has been 

documented.  In addition to enhancing the inclusion of CD44v5, Ras signaling can also 

mediate the inclusion of CD44v6 via the splicing coactivator SRm160 [117].  CD44v6, in 

turn, can function as a coreceptor for receptors that activate Ras such as Met [118, 119].  

Non-Ras mediated mechanisms for CD44 variant exon inclusion have also been 

elucidated.  The splice repressor SC35 inhibits CD44v4 and v5 inclusion while the splice 

factors Tra2 and YB-1 enhance inclusion and these function independently of Ras [120, 

121].  Expression of splice variants is tissue and cell type specific and the above 

mentioned mechanisms govern the splicing of just a few exons.  Further work is needed 

to elucidate which elements affect the splicing of other CD44 variants as well as what 

causes their disregulation in tumorigenesis. 
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Protein Structure 

CD44 is an acidic (isoelectric point of 4.2-5.8) single-pass adhesion receptor that is 

oriented with the amino-terminus end of the protein facing extracellularly while the 

carboxy-terminus faces intracellularly.  CD44 ranges in size from 80-200 kDa as a result 

of the insertion of variant exons during alternative splicing and post-translational 

modifications such as extensive N- and O-linked glycosylation, mainly in the extracellar 

portion of the protein.  The most common isoform of CD44, CD44s, is synthezed without 

the addition of any variant exons by splicing exon 5 directly to exon 11.  The insertion of 

variant exons v1-10 (exons 6-15), lead to the insertion of additional amino-acids in the 

extracellular membrane-proximal region of CD44.  The sizes of the variant regions 

included in the CD44 protein structure vary based on which variant exons are inserted.  

Variant exons 19 and 20 differentially encode cytoplasmic-tail regions with exon 19 

encoding a short cytoplasmic tail consisting of just 3 amino-acids, while the more 

commonly expressed exon 20 encodes a longer 72 amino acid tail.   

 The extracellular portion of the CD44 protein (amino-acids 12-103) encodes the 

conserved link-module of CD44 which is responsible for HA binding.  This region 

contains 6 cysteine residues which form disulfide bonds to create the 3 globular domains 

that are conserved among hyaladherins link-proteins and have previously been 

demonstrated to be involved in HA binding [33, 122, 123].  In addition to HA binding, 

the extracellular portion of CD44 has also been demonstrated to bind other components 
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of the extracellular matrix such as collagen, laminin, fibronectin, osteopontin and other 

glycosaminoglycans [124-127].  The transmembrane region of CD44 is comprised of 23 

hydrophobic amino-acids and one cysteine residue and may be involved in CD44 

oligomerization and the association of CD44 with lipid rafts [128, 129]. 

 While the cytoplasmic tail of CD44 has no intrinsic kinase domain it does encode 

binding motifs for several cytoskeletal adaptor proteins, such as ankyrin or the ERM band 

4.1 family of protiens, as well as a variety of signaling molecules giving CD44 the ability 

to affect intracelular signal transduction pathways and to remodel the cytoskeleton [130, 

131].  Regulation and activation of CD44 activity is poorly understood but may be 

determined by phosphorylation of the CD44 cytoplasmic tail or the phosphorylation of its 

binding partners.  The cytoplasmic tail of CD44 contains 6 potential serine 

phosphorylation sites that can be modulated by protein kinase C (PKC) and Rho kinase.  

In a resting state, Ser325 of the CD44 cytoplasmic tail is phosphorylated while the other 

potential serine sites remain unphosphorylated.  After PKC activation, Ser325 becomes 

dephosphorylated while Ser291 is phosphorylated leading to a phosphate switch that may 

change the intracellular binding partners of CD44 while not affecting the overall 

phosphorylation state of CD44 [132].  The phosphorylation switch to Ser291 has been 

associated with a loss of the intracellular association between CD44 and ezrin, 

crosslinking CD44 to the cytoskeleton.  This positively affects cell motility and 

directionality.  Phosphorylation of CD44 has also been demonstrated to be modulated by 

Rho kinase.  Expression of dominant negative forms of Rho-kinase into cells eliminated 
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CD44 cytoplasmic-tail phosphorylation causing a decrease in ankyrin binding, decreasing 

cell motility [133].   

 

CD44 Function 

CD44 is involved in a wide variety of different functions under normal 

physiologic conditions including organogenesis, immune cell homing, migration and 

activation, cell death, and axon guidance [134].   

During morphogenesis, organogenesis and in normal immune function, the 

interactions between CD44 and its primary receptor, HA, have been shown to both 

induce and inhibit migration and invasion.  CD44s is expressed in the cells of most 

normal adult tissues where maintenance of homeostasis is required.  During 

embryogenesis, however, CD44 undergoes extensive alternative splicing that leads to the 

formation of CD44 variants that are expressed mainly in proliferating or motile cells 

[135].  For example, CD44v6 is expressed primarily in the motile cell population in 

newborn rats [136].  Interestingly, studies employing CD44-null mice have shown that 

these mice develop normal, are viable and fertile and display only mild immunologic 

phenotypes and phenotypes in myeloid progenitor cell migration [137-139].  The lack of 

rigorous studies examining developmental phenotypes in CD44-null mice may be 

undervaluing the contribution of CD44 to normal development.  Studies examining 

mouse CD44 function using either CD44-blocking antibodies or antisense CD44, have 

shown abnormal wound-healing and inflammatory responses, decreased skin elasticity 
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and inhibition of limb bud development [140-142].  It is apparent that loss of CD44 in 

late development leads to phenotypes that differ from loss of CD44 during early 

embryogenesis.  This may be a result of the upregulation of other genes and proteins, 

such as RHAMM, that display similar function and can bind similar ligands, whose 

expression can be induced early on in embryogenesis to substitute for normal CD44 

function.   

 In normal adult tissues, CD44 is expressed by leukocytes as well as endothelial 

and epithelial cells with increased expression occurring during inflammation and wound 

repair [143, 144].  Through the use of CD44 directed antibodies, it has been demonstrated 

that CD44 activation is involved in the activation and proper homing and migration of 

leukocytes to sites of inflammation [145-147].  While needed for immune cell activation, 

CD44 is also involved in T-cell activated induced cell death (AICD).  AICD is an 

induced apoptosis of hyperactivated T-cells that is mediated by CD44 signaling that is 

thought to prevent the onset of autoimmune disorders [148].   

 

CD44 Signaling and Mechanisms of function 

It is important to note that due to the wide variety of CD44 isoforms, and the 

ability of CD44 variants to have unique and distinct properties, it remains difficult to 

tease out which variants of CD44 are responsible for different cellular phenotypes.  All 

CD44 variants share the same epitopes as CD44s making it difficult to designate specific 

functions to CD44s as it is impossible to differentiate it from variants while using 
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conventional pan-CD44 antibodies.  Attempts to address this issue have been made 

through the use of variant-specific antibodies.  While this approach may lead one to 

understand the function of a specific variant, it does not exclude the contribution of 

additional variant exons and does not elucidate the role of CD44s, the most commonly 

expressed form of CD44.  Understanding CD44 signaling is further complicated as CD44 

mediated signaling differs when CD44 is bound to HMW-HA compared to HA fragments 

[149].   

While possessing no intrinsic kinase domain, CD44 can induce a wide range of 

intracellular signaling by recruiting intracellular kinases to its cytoplasmic tail, using 

adaptor proteins to affect cytoskeletal function or by modulating the activity of 

neighboring growth-factor receptors.  As mentioned above, CD44 has been demonstrated 

to bind a multitude of extracellular matrix components, but only its activities when 

binding HA or osteopontin have been extensively studied.  The most notable signaling 

pathways activated as a result of ligand binding include NFκB signaling, Rho kinase 

signaling, MAPK pathways, and PI3-K signaling pathways [150-156]. 

  In the human bladder carcinoma cell line, T-24, the interaction between CD44 

and fragmented HA lead to the activation of Ras, protein kinase C (PKC) as well as IκB 

(inhibitor of κB) kinases (IKK) 1 and 2.  These kinases led to the phosphorylation of 

IκBα which release its sequestration of nuclear factor κB (NFκB).  Release of the 

transcription factor, NFκB, by IκBα, allows NFκB to enter the nucleus where it serves as 
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a transciption factor driving the expression of the intercellular adhesion molecule 

(ICAM), ICAM 1, an adhesion molecule known to induce cellular motility [150].   

 The interaction between CD44 and HA has also been shown to promote the 

recruitment of the kinase Src to the cytoplasmic tail of CD44 [151, 152].  Src is a kinase 

highly implicated in promoting invasion and metastasis, as downstream Src signaling can 

help remodel the cytoskeleton to induce morphological changes that induce migration.  

The activation of Src kinases by CD44 have been shown to tyrosine-phosphorylate 

cortactin resulting in its attenuated ability to cross-link filamentous actin bundles [152].  

Colocalization of CD44 and Src was also shown to occur more frequently in cellular 

membrane projections associated with cellular motility.  HA activated CD44 can also 

associate with and activate the Src family protein member, Lyn, which inturn activates 

PI3-K and AKT to promote resistance to apoptosis [157].   

 Importantly, differences have been elucidated in the CD44 signaling pathways 

initiated depending on whether HA is bound or not.  The Rho family of GTP-binding 

proteins is known to modulate processes such as cell migration, cell cycle progression 

and cytokinesis.  Rac and Rho are members of this family that are responsible for 

mediating membrane protrusions and contractility, respectively, and have previously 

been shown to antagonize each other.  Activation of Rac can down-regulate Rho activity 

and vice-versa [158, 159].  When bound to HA, CD44 recruits the guanine exchange 

factor (GEF) Tiam1, which activates Rac-1 leading to changes in the cytoskeleton that 

induce migratory phenotypes [160].  However, when no HA is present, CD44 was shown 
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to interact with and activate RhoA.  Activated RhoA, induced signaling that was 

responsible for an increased association between CD44 and ankyrin, a cytoskeletal 

adaptor protein, that lead to the formation of contractile membrane projections to induce 

migration [133].   

In addition to functioning on its own to initiate intracellular signaling in response to 

extracellular cues, CD44 can also fuction as a co-receptor by modulating the activity of 

neighboring receptors, in response to ligand binding.  In the human ovarian carcinoma 

cell line, SKOV3, and in neonatal Schwann cells, a disulfide bridge was found that linked 

CD44 to ErbB2 (also known as Her2/neu), that allowed CD44 to modulate ErbB2 activity 

[153, 154].  Treatment of SKOV3 cells with HA led to increases EGFR kinase activity 

that lead to induction of proliferation and survival signals.  In Schwann cells, CD44 

enhanced neuregulin induced ErbB2-ErbB3 heterodimerization as well as ErbB2 activity 

affecting neuron-Schwann cell interactions and Schwann cell surivival.  CD44 has also 

been observed to coimmunoprecipitate with ErbB1, ErbB3 and ErbB4 [153-155]. 

One of the mechanisms that CD44 may employ in modulating the activity of 

neighboring receptors is by serving as an extracellular scaffolding protien that allows for 

the formation of complexes needed for the activation of growth factor receptors.  CD44 

might also function to modulate the activity of ErbB receptors by recruiting MMP7 to the 

cell surface.  MMP7 can catalyze the cleavage of heparin-binding epidermal growth 

factor receptor (HBEGF) to activate it and allow it to bind ErbB receptors such as ErbB4 

[155]. 
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CD44 has been shown to serve as a docking site for the matrix metalloprotease 

(MMP), MMP9.  CD44 expression at the leading edge of the invasive front can localize 

MMP9 to where the cell is moving, allowing MMP9 to degrade collagen IV so that cells 

can cross the basement membrane and enhance invasiveness [161].  In addition to the 

normal function of degrading the 

basement membrane, CD44 bound 

MMP9 can also cleave extracelluar 

inactive pro-TGF-β to produce an 

active form which can also promote 

invasion and angiogenesis [156].   

CD44 has also been shown to 

modulate the activity of the growth 

factor receptor, MET.  In a Burkitt 

lymphoma cell line that lacked CD44 

expression but did express Met, 

addition of the Met ligand scatter 

factor/hepatocyte growth factor 

(SF/HGF), did not lead to Met 

activation.  However, when CD44 was 

introduced by plasmid expression, SF/HGF treatment led to Met activation initiating a 

signaling cascade that led to the activation of the mitogen-activated protein (MAP) 

Figure 1.10:  CD44 as a coreceptor 
CD44 activity can influence signaling of 
neighboring receptors either by altering the 
availability of their ligands (a, b) or by directly 
binding and influencing their activity (c, d).  
This figure was adapted from [6] 
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kinases extracellular signal-regulated kinase (ERK), ERK 1 and 2, kinases involved in 

cell proliferation and motility [162].  

Similarly, in rat pancreatic 

adenocarcinoma cell line and in 

human colon adenocarcinoma cells 

that did not express CD44v6, Met 

activation was not observed even 

after treatment with SF/HGF.  

However, transfection of these cells 

with a CD44v6 encoding plasmid 

allowed Met to become activated by 

autophosphorylation and signal via 

ERK [119].   

Many of the signaling pathways 

initiated by CD44 and its ability to modulate neighboring receptors might be influenced 

by its binding to the actin cytoskeleton.  Met activation via CD44v6 and the downstream 

activation of ERK required that CD44 retain the ability to bind the Ezrin/Radixin/Moesin 

(ERM) family of proteins [119].  Overexpression of just the CD44 cytoplasmic tail 

inhibited the ability of CD44 to activate Met signaling, possibly due to the fact that the 

excess cytoplasmic tail sequestered factors that CD44 needed for signaling.  Similarly, if 

the ERM family member, Merlin is activated and bound to CD44, it can displace Ezrin 

Figure 1.11:  Control of cell growth and 
contact inhibition by CD44 
CD44 signaling can induce ERK mediate 
cellular proliferation by changing the activity 
of the neighboring receptor MET.  CD44 can 
also inhibit cellular growth when binding 
HMW-HA or when contacting neighboring 
cells to inhibit proliferation.  This figure was 
adapted from [6]. 
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and block Ras mediated signaling [50].  The switch from Ezrin binding to Merlin binding 

correspond with cell growth or contact inhibition, respectively, giving CD44 a further 

function in mediating cell growth in response to extracellular stimulus (Figure 1.11).   

 

CD44 proteolytic cleavage 

 HA binding to CD44 has been shown to mediate a number of signal transduction 

pathways, as mentioned above, but CD44 can also mediate changes within a cell via its 

proteolytic cleavage.  Cleavage of CD44 commonly seen in human tumors and can be 

induced by a number of different stimuli such as the influx of extracellular Ca++, the 

activation of PKC, the activation of Rho kinases, or by HA oligosaccharides [96, 163, 

164].  Transfection of NIH3T3 fibroblasts with an oncogenic Ras construct led to 

increased proteolytic cleavage of CD44, that led to increased cellular migration [165].  

Similarly, induced Ca++ influx or PKC activation enhanced CD44 cleavage, increasing 

cellular migratory phenotypes [166, 167]. 

 Cleavage of CD44 occurs in a sequential manner.  First, the extracellular portion 

of CD44 can be cleaved by a number of different proteases such as a disintegrin and 

metalloprotease (ADAM), ADAM10, ADAM17 or membrane type-1 MMP (MT1-MMP) 

[97, 166, 168].  Cleavage of the extracellular domain of CD44 then triggers presenilin-

dependent γ-secretase to cleave CD44 in the intramembrane space to release an 

intracellular fragment of CD44 into the cytoplasm [169, 170].  The release intracellular 
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domain of CD44 then can translocate into the nucleus where it can mediate gene 

transcription via binding TPA-response elements or enhancing the activity of the 

transcriptional coactivator CBP/P300 on target genes [171].  Interestingly, the CD44 

promoter region contains a TPA-response element and is activated by CD44 cleavage. 

 

CD44 in cancer 

 The regulation of CD44 in human cancers, and how CD44 expression correlates 

with disease progression and prognosis has been the subject of a number of studies.  As 

mentioned above, studies examining CD44 biology are complicated by the wide number 

of CD44 isoforms expressed by a number of different tumor types, under different 

conditions, with distinct HA expression and/or cleavage of CD44 itself.  While basic 

researchers examining the mechanisms behind CD44 biology have mainly focused on the 

malignant properties of CD44, mouse models of cancer and studies utilizing human tissue 

sections from cancer patients demonstrate that CD44 expression does not always 

correlate with metastatic and sometimes even correlates with good disease prognosis. 

 Very few studies have used the CD44 null mouse to examine how CD44 

expression can affect tumor progression even though the mouse is amenable to these 

studies as it displays no overt phenotypes.  In one study, CD44 null mice were crossed 

onto mice with the targeted mutation 1 (tm1) of p53 to evaluate the contribution of CD44 

during osteosarcoma progression.  CD44 null animals developed only benign 

osteosarcomas, whereas a number of control mice expressing CD44 developed malignant 
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tumors [172].  In contrast to this, SV40 transfomred fibroblasts obtained from CD44 null 

mice were highly tumorigenic compared to SV40 transformed fibroblasts from control 

mice [137].  Additionally, reintroduction of a CD44 expressing vector into SV40-CD44 

null fibroblasts significanly reduced tumor growth.  These conflicting data suggest that 

CD44 may have differing function in tumor progression depending on what tissue type or 

cell type is transformed.   

 In human disease, upregulation of CD44 or its variants has been observed in a 

number of different cancers including breast and colorectal disease that has correlated 

with poor disease outcome [173-176].  However, other studies have established that 

CD44 does not affect disease outcome, or correlates with good outcome in breast, gastric, 

prostate and bladder carcinomas [177-180].   

In prostate cancer, most studies agree that loss of CD44 correlates with a higher 

Gleason grade and poor disease prognosis, and they have classified the CD44 gene as a 

‘metastasis-suppressor gene’ [181-185].  Silencing of CD44 in protate cancer was found 

by multiple studies to be induced by hypermethylation of the CD44 promoter at CpG 

islands, and the hypermethylation also correlates with poor disease outcome [186-188].   

Some studies have looked at the concentrations of serum-CD44 and its relation to 

cancer progression.  Serum CD44 can result from the proteolytic cleave of the 

extracellular domain of CD44 as mentioned above, and presumably may be indicative 

that tumors loosing CD44 expression on the surface are also loosing adhesions to the 

stromal HA [189].  Increased serum-CD44 has been observed in colon cancer, gastric 



  
  
 
 
 
 
   

 
 
  45

cancer, breast cancers, non-Hodgkin’s lymphoma and B-cell chronic lymphocytic 

leukemia where it is often associated with poor prognosis [163, 190-199].   

In breast cancer, the field remains divided as to the role of CD44 in disease 

progression as varied observations have been made.  CD44 expression in breast disease 

has been correlated with invasive and benign disease or has been shown not to affect 

disease progression at all [102, 103, 177, 200, 201].  However, tubular carcinomas, a type 

of breast carcinoma that is rarely metatastatic, showed higher levels of CD44 expression 

than invasive micropapillary carcinomas, a highly metastatic type of mammary 

carcinoma [202].   

 

Statement of the problem 

 Metastatic disease is the leading cause of deaths resulting from breast cancer.  

Understanding the molecular mechanisms that mediate tumor cell migration, invasion 

and metastasis remains one of the primary goals of breast cancer research as this may 

lead to a breakthrough therapy that may reduce deaths resulting from metastatic disease. 

 A controversy exists as to the role of the cellular adhesion receptor, CD44, in 

breast cancer progression and metastasis.  While most in vitro data indicates that CD44 

expression enables tumor cells to invade and migrate away from their primary site, a 

number of in vivo studies reach the conclusion that CD44 expression could be beneficial 

to disease prognosis.  Many of these studies also suggest that loss of CD44, through 

shedding or proteolytic activity, can correlate poorly with disease prognosis.  CD44 
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researchers have focused their efforts on understanding how CD44 promotes invasion 

even while in vivo data does not fully corroborate their findings.  It was with this 

controversy in mind that the following goals for this dissertation were formulated: 

 

1. How does CD44 affect breast cancer progression and metastasis in vivo? 

2. Are the contrasting conclusion resulting from in vivo and in vitro research the 

result of tissue organization? 

3. How does tissue organization affect CD44 activity or the activity of its primary 

ligand hyaluronan? 

4. How do cells respond to hyaluronan stimulation if presented within a matrix as in 

vivo? 

 

We hypothesize that the interactions between epithelial cell CD44 and HA present in the 

extracellular matrix will inhibit the invasion and metastasis of breast cancer cells.   

The following chapters describe our experimental outline, results and conclusions in 

trying to ask these fundamental questions.   
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II.  MATERIALS AND METHODS 

Mice 

CD44 null mice were a kind gift from Tak Mak (University of Toronto) [137] and 

maintained on a C57Bl/6 background.  MMTV-PyV mT mice on both the FVB/N and 

C57Bl/6 background were a gift from William Muller (McGill University) and Sandra 

Gender (Mayo Clinic Scottsdale).  F1 generation outbred mice (C57Bl/6 X FVB/N) were 

analyzed for tumor and metastasis formation.   

 Has2-GFP mice were generated by microinjection of a GFP-reporter construct 

under the direction of putative promoter/cis-acting elements of the Has2 allele. Briefly, 

site-directed mutagenesis (QuickChange, Stratagene) introduced a NotI restriction 

enzyme site into exon 2 of Has2 allele. The open reading frame and bovine growth 

hormone polyA tail of GFP (pQBI, Qauntum technologies) had NotI linkers (New 

England Biolabs) placed onto NheI and DraIII exposed ends to allow cloning into the 

site-directed fabricated NotI site within exon 2 of Has2. Identified clones were sequence 

verified for in-frame placement of the GFP-ORF. The construct was linearized and 

microinjected into fertilized FVB eggs and transferred into psuedopregnant female mice 

by standard methodologies. Seventeen of the GFP founder mice were confirmed by 

Southern Blot analysis to carry the transgene. Multiple founder lines demonstrating GFP 

fluorescence and germline transmission of the transgene were established and lines 54 

and 64 were used in this study.  These Has2-GFP mouse lines recapitulate endogenous 
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Has2 gene expression (T.D. Camenisch, data not shown). Mice were housed in 

microisolator cages and fed and watered ad libidum. 

 

Cell Lines 

MDA-MB-231, MDA-MB-468 and BT-20 invasive breast cancer cell lines were 

obtained from American Type Culture Collection and maintained in DMEM (Gibco) with 

10% fetal bovine serum (Biomedia) and 1% pennstrep-glutamine (Invitrogen) at 5% CO2 

in a humidified chamber at 37° C. 

 

Antibodies 

CD44 antibody (DF1485) was purchased from Santa Cruz Biotechnologies (Santa Cruz, 

CA) and CD44 blocking antibody (BRIC235) was purchased from IBGRL Research 

Products (Bristol, UK).  Anti-FAK (AB-1) was purchased from Lab Vision/Neomarkers 

(Fremont, CA) and anti-phospho-FAK (Tyr397) was purchased from Cell Signaling 

(Boston, MA).  Antibodies against Src (36D10) and phospho-Src (Tyr416) were 

purchased from Cell Signaling.  The γPAK antibody (C-19) was purchased from Santa 

Cruz Biotechnologies.  The phospho-serine antibody (Z-PS1) was purchased from 

Invitrogen (Carlsbad, CA).  Anti-p44/42 MAPK were purchased from Cell Signaling and 

anti-diphosphorylated ERK from Sigma (St. Louis, MO).  Anti-Arp2 (H-84) was from 

Santa Cruz Biotechnologies and FITC-Phalloidin from Invitrogen.  The β-actin antibody 
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was purchased from Sigma.  The PAK inhibitor, PAK18 and the ERK activation inhibitor 

were purchased from Calbiochem (San Diego, CA).  . Anti-CD44 PE-IM7.8.1 (1:100) 

(Pharmingen), Hyaluronic Acid Binding Protein (HABP)-biotinylated (1:200) (Southern 

Biotechnology), and Living Colors GFP monoclonal antibody (BD Biosciences).   

 

Immunofluorescence of tissue samples 

Tissues were dissected and fixed in 10% buffered formalin, transferred to 70% 

ethanol, and embedded in paraffin and sectioned by the Tissue Acquisition and 

Cellular/Molecular Analysis Shared Service at the Arizona Cancer Center.  Sections 

(5μM) were deparaffinized in xylenes, and stained with the appropriate antibody  

 

Immunofluorescence of cultured cells 

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 and allowed to invade 

into the gel for 1.5 hours at 37ºC in 5% CO2 in a humidified chamber.  When treated with 

soluble HA, collagen gels are polymerized without HA and soluble HMW HA is added to 

the cell media.  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 
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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. 

 

GFP Analysis 

Tissues were dissected and placed in cold 50% glycerol/PBS for visualizing and 

documenting GFP fluorescence using a Leica MZFLIII stereodisecting microscope and 

Magnafire Imaging Software.   

 

Protein Analysis 

Cells were lysed in Triton X-100 buffer [20 mM HEPES, pH 8.0, 150 mM NaCl, 

1.0 % Triton X-100, 2 mM EDTA, 2mM sodium orthovanadate, 50uM ammonium 

molybdate, 10mM sodium fluoride, and Complete protease inhibitor (Sigma)].  Protein 

concentrations were determined by BCA assay (Pierce) and proteins were separated by 

SDS-PAGE.  Proteins were transferred to PVDF membrane (Milipore) and 

immunoblotted with anti-CD44 antibody (H-300, Santa Cruz).   
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In Secion IV the following method was used for obtaining protein lysates.  2x106 cells 

were seeded onto a collagen matrix [1.0 mg/mL type I rat tail collagen (BD Biosciences, 

San Jose, CA), 83% (v/v) M199 medium (Sigma), 0.18% NaHCO3, HMW hyaluronan 

(HA) (mean MW of 2.3 mDa) (Kraeber GmbH & Co, Ellerbek, Germany) reconstituted 

in water and boiled to inactivate contaminants] and incubated at 5% CO2 in a humidified 

chamber at 37ºC for 1 hour.  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 orthovanadate, 50 μmol/L ammonium molybdate, 10 mmol/L sodium fluoride, 

and Complete protease inhibitor (Sigma, St. Louis, MO).  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 incubated 45 min. with the primary antibody, washed three 

times for 5 minutes, incubated 45 min. with the secondary antibody, and washed 3 times 

for 10 minutes .  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.  

Denistrometry was performed by analyzing the immunoblot images with Image J 

Sofware and then graphed in Microsoft Excel. 
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Immunoprecipitation.  

Protein lysates are incubated with their respective antibodies in TNEN buffer 

(50mM Tris pH 7.5, 150 mM NaCl, 1mM EDTA pH 8.0 and 0.5% Igepal CA 630, 2.0 

mM Sodium orthovanadate, 50.0 µM ammonium molybdate and 10.0 mM sodium 

fluoride and Complete protease inhibitors) and rProtein G agarose beads (Invitrogen).  

Precipitates are washed with TNEN buffer 3X, and proteins resuspended in 2X SDS 

PAGE buffer.  Proteins are then separated by SDS-PAGE and transferred onto PVDF 

membrane and immunoblotted as described above. 

 

Invasion Assay 

A collagen gel matrix [0.9 mg/ml Type I rat tail collagen (BD Biosciences), 

83.0% (v/v) M-199 media (Gibco), 0.18% NaHCO3 (Fisher), +/- 0.75 µg/ml HA 

reconstituted in media and boiled to inactivate contaminants (mean M.W. 757,000 kDa, 

Calbiochem-Novabiochem Co.)] was poured into 24 well plates.  Transwell inserts 

(Costar, 8 μm pore) were placed into the wells and gels were allowed to polymerize.  

Gels were then hydrated with DMEM (Gibco) media supplemented with 20% fetal 

bovine serum (Biomedia) overnight.  Cells were labeled with a 5.0 μl/ml Vybrant DiO 

solution (Molecular Probes) in serum free DMEM media for 30 minutes.  Cells were 

washed twice in serum free media, trypsinized, counted and placed in the upper chamber 

of the transwell insert and allowed to invade for the indicated time points.  After 

invasion, the transwell inserts were removed from the plate and the quantity of invading 
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cells into the gel matrix was determined by reading the fluorescence of DiO in a 

fluorescence plate reader at 485/538 nm (Spectramax Gemini, Molecular Devices).  

CD44 blocking antibody (KM201, Southern Biotechnology) and IgG control (Rat IgG1, 

Southern Biotechnology) were used at 1.0 ug/100,000 cells. 

In section IV the following invasion assay was used.  .  A collagen gel matrix (described 

above) is cast in the presence or absence of immobilized high molecular weight HA and 

poured on top of an 8µm pore transwell insert (Corning) and allowed to polymerize. 

When treated with soluble HA, collagen gels are polymerized without HA and soluble 

HMW HA is added to the cell media (Kraeber GmbH & Co, Ellerbek, Germany).  20% 

FBS is placed in the bottom well of the insert to serve as a chemoattractant.  Cell are 

fluorescently labeled with Calcein AM (Invitrogen) in serum-free media for 30 minutes 

and washed three times with PBS.  Cells were detached with TrypLE trypsin replacement 

(Invitrogen), counted and placed in the upper chamber of the transwell insert and allowed 

to invade for the indicated timepoints.  After invasion, 20% FBS was replaced with 

Trypsin EDTA (Mediatech) to remove cells that had invaded from the bottom of the 8µm 

filter.  Cells that successfully invaded were then quantified based on relative fluorescence 

using a fluorescence plate reader at 485/538 nm (Spectramax Gemini, Molecular 

Devices, Sunnyvale, CA). CD44 blocking antibody BRIC235 was used at 1.0 μg/100,000 

cells.  Statistical significance was determined using an unpaired student's t-test.  The error 

bars represent s.d. from six individual experiments.   
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Evaluation of Metastasis 

Lungs were excised and fixed in 10% buffered formalin, then transferred to 70% ethanol.  

Pulmonary lobes were dissected and metastatic foci were enumerated under a dissection 

microscope.  To verify that these foci were lung metastases, lungs from 8 independent 

mice were sectioned and stained with hematoxylin and eosin.  Metastatic foci were 

enumerated by multiple observers naïve to the genotype of the tissue, under 100X 

magnification and 100% concordance was obtained with counting foci under the 

dissection microscope.   

 

MTT Assay   

Cellular proliferation was assessed using the Vybrant MTT Cell Proliferation 

Assay (Invitrogen) as described by manufacturer.  Briefly, cells were grown for 5 days on 

collagen gels with either embedded HMW HA, collagen alone or soluble HA at 37ºC in 

5% CO2 in a humidified chamber.  Cells are then labeled with MTT, incubated with 

DMSO, and their absorbance was then quantified using a fluorescence plate reader at 570 

nm (Spectramax Gemini, Molecular Devices, Sunnyvale, CA).  Statistical significance 

was determined using an unpaired student's t-test.  The error bars represent standard 

deviation from six individual experiments.   
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Time lapsed microscopy 

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, or when treated with 

soluble HA, collagen gels are polymerized without HA and soluble HMW HA is added to 

the cell media.  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.  
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III.  CD44 ATTENUATES METASTASIS DURING BREAST CANCER 

PROGRESSION 

 

Note:  The experiments described in this chapter have previously been published in [64].  

In addition, note that the experiments described in Figure 3.3 were performed by Dr. 

Todd Camenisch.  Experiments in Figure 3.1 were performed by Judy Bradley and 

Barbara Sands.   

 

Introduction 

Metastatic invasion is the primary cause of patient mortality during breast cancer 

progression.  For a transformed cell to metastasize to a distant site in the body, it must 

first lose adhesion, penetrate and invade the surrounding extracellular matrix, enter the 

vascular system and adhere to distant organs [5].  The ability of transformed cells to 

modulate their adhesion to the extracellular matrix is a key mechanism facilitating 

metastatic invasion to secondary sites. 

CD44 (also known as Homing-Cellular Adhesion Molecule, PGP-1, Hermes 

antigen, and HUTCH-1) is a type I transmembrane glycoprotein receptor that binds 

primarily to the extracellular glycosaminoglycan, hyaluronan (HA).  The engagement of 

CD44 by HA results in intracellular signaling that has been linked to such diverse effects 

as cellular adhesion, migration and invasion which are important in cancer progression, 
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as well as hematopoietic development and wound healing [203-207].  The wide variety of 

responses resulting from CD44/HA interactions may be attributed to the alternate 

expression of CD44 variant isoforms in different cell types and tissues. CD44 is a highly 

polymorphic protein due to the potential insertion of 10 variant exons into the 

extracellular portion of the protein (CD44v).  While the standard form of CD44 (CD44s) 

is widely expressed and HA is ubiquitous to most extracellular spaces, variant isoforms 

of CD44 have restricted expression to specific conditions such as transformation, wound 

healing and lymphocyte activation [205].   The insertion of variant regions into CD44 

may confer distinct properties to CD44v such as a reduced affinity for HA and the ability 

to form homotypic interactions with CD44 on neighboring cells in CD44v8-10, or the 

binding of growth factors by CD44v3 [208, 209].   

The last decade has produced varied observations concerning the expression of 

CD44 and its variants in cancer progression.  Several studies have associated CD44 

expression with tumor progression and metastasis while others maintain that CD44 

positive cells exhibit a favorable prognosis.  Studies have found increased levels of CD44 

variant isoform expression correlating with poor prognosis in diseases such as thyroid 

cancer, prostate cancer, renal cell carcinoma, and breast cancer while others have shown 

decreased levels of CD44 correlating with good prognosis in head and neck carcinomas, 

prostate, colon cancer, breast cancer and neuroblastoma [173, 174, 181, 182, 210-217].  

In vitro data demonstrating that the effects of CD44 engagement with HA during cancer 

progression and metastatic spread appear to be cell type specific and dependent upon 
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CD44 isoform expression.  Overexpression of CD44s in colon carcinoma cell lines 

results in decreased tumorigenicity and decreased liver metastasis while transfection of 

CD44v6 into nonmetastatic pancreatic cancer cells leads to a full metastatic phenotype 

[218, 219].  Similarly, overexpression of CD44s in lymphoma cells does not affect 

tumorigenesis and progression while overexpression of variant CD44 isoforms leads to 

accelerated tumor formation and lymph node metastasis [220].  These observations 

suggest a role for CD44v expression in metastatic spread even as CD44s may protect 

from metastasis in cancers of epithelial or lymphatic origin.   Human studies focusing on 

the role of CD44 in breast cancer have indicated that CD44 expression cannot be 

confidently used as a reliable prognostic indicator [221].  Collectively, these observations 

emphasize that the differing ability of CD44 to promote migration or adhesion may 

depend on isoform and ligand expression and highlight the complexity of cancer biology 

in the intact organism.   

The source of ligand production is also important as epithelial versus stromal 

production of HA may alter CD44 activity.  While native HA is observed primarily in 

stromal compartments, studies driving exogenous expression of the three Hyaluronan 

synthase enzymes (Has1-3) in fibroblasts and epithelial cells indicate a potential for 

transformation.  Overexpression of any of the mammalian HA synthases leads to 

increased cellular growth and migration in vitro, although clones expressing higher levels 

of HA displayed inhibited cell growth [222-224].  While epithelial cell lines may retain 

the ability to produce HA in vitro, the increased levels of HA found in stromal 
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compartments are most likely the product of fibroblasts since tumor cells can secrete 

factors to induce HA production by cells resident in the connective tissue [63, 72, 73, 

225].   These studies exemplify the complex nature of cell adhesion proteins and their 

ligands in cancer progression and make it clear that the role of CD44 and HA in cell 

adhesion and migration can vary greatly when comparing studies on single cell 

populations performed in two-dimension assays to those performed with multiple cell 

types in the presence of extracellular matrix. 

In this investigation we define the in vivo role of CD44 in breast cancer 

progression through the use of mouse models and complementary in vitro invasion 

studies.  We have crossed CD44 null mice [137] onto the MMTV-driven polyoma middle 

T antigen (MMTV-PyV mT) transgenic mice [226] in an effort to understand the 

epithelial/stromal interactions of CD44/HA in a physiologically intact and spontaneously 

arising tumor environment.  MMTV-PyV mT mice develop stochastic, metastatic 

mammary gland tumors with an etiology and molecular phenotype strongly resembling 

human disease [227].  By crossing these MMTV-PyV mT mice onto a CD44-/- 

background, we have determined that CD44 plays a protective role against metastatic 

invasion to the lung.  Further analysis shows that the protective role of the CD44/HA 

interaction against metastasis may be based on an epithelial/stromal interaction that 

inhibits the invasion of transformed epithelium.  
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Results 

Absence of CD44 does not affect tumor onset or size in transgenic mice.   

The metastatic MMTV-PyV mT transgenic mouse line [226] was crossed onto a 

CD44 deficient background [137] to understand how CD44 affects breast cancer 

progression in vivo.   MMTV-PyV mT is a transgenic mouse line that results in the 

spontaneous development of multifocal, metastatic breast cancer due to the 

hyperactivation of a number of oncogenes, including Src, PI-3 Kinase, and Shc [226, 

228].  The MMTV-PyV mT mouse serves as an excellent model for human breast cancer 

progression because the MMTV-PyV mT transgenic mammary gland undergoes a 

multistep progression towards malignancy similar to that observed in human disease 

[227].   

MMTV-PyV mT/CD44-/- mice (n=23) and MMTV-PyV mT/CD44+/- (n=26) 

littermate controls were palpated once weekly for 16 weeks to assess mammary tumor 

onset.  Mice were considered to have developed tumors when a tumor of ≥0.5 cm formed 

and did not regress upon subsequent palpation.  Tumor growth rates between the MMTV-

PyV mT/CD44-/- and MMTV-PyV mT/CD44+/- mice were statistically similar (Fig. 1A), 

as were tumor sizes upon sacrifice (data not shown).  Fifty percent of both CD44+/- and 

CD44-/- mice developed mammary gland tumors at 13.5 weeks (Figure 3.1A), with no 

considerable differences at other timepoints.  The comparable onset of tumor growth 
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rates between these two populations suggest that CD44 does not play a crucial role in 

either the initiation of transformation or the growth of established tumors in this model. 

 

  
Figure 3.1:  Loss of CD44 promotes metastases in the lungs of MMTV-PyV 
mT transgenic mice.  MMTV-PyV mT transgenic mice were crossed onto a 
CD44 null background (●) and tumor and metastasis formation were compared to 
MMTV-PyV mT/CD44+/- mice (♦).  A)  Mammary trees were palpated weekly and 
mice with 0.5 cm non-regressing tumors were considered tumor bearing.  B)  At 
14 weeks of age, animals were sacrificed, lungs fixed in 10% buffered formalin 
and pulmonary tumors were counted visually under a dissection microscope.  The 
graph represents the percentage of mice with a > 1 mm. pulmonary tumor mass in 
MMTV-PyV mT/CD44-/- versus MMTV-PyV mT/CD44+/- groups.  C) Total 
numbers of metastatic tumors per mouse in shown from mice described in B.   
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Absence of CD44 expression promotes metastasis in MMTV-PyV mT transgenic mice.  

Female MMTV-PyV mT transgenic mice develop lung metastases with complete 

penetrance when allowed to progress to advanced tumor development.  Pulmonary 

metastases were compared and contrasted between MMTV-PyV mT mice on a CD44-/- or 

CD44+/- background.  We sacrificed both MMTV-PyV mT/CD44-/- (n=27) and MMTV-

PyV mT/CD44+/- mice (n=28) at 14 weeks of age and extracted the lungs.  At this 

timepoint, only 60% of animals had formed tumors of ≥0.5 cm., while all animals 

exhibited tumors of ≤0.5 cm. accompanied by glandular hyperplasia.  This time point was 

chosen to amplify our power to detect an increase in metastases in the absence of CD44 

since typically, 10-15% of wildtype MMTV-PyV mT mice have visible lung metastasis 

at this stage of tumor progression.  We found that a striking 66% of MMTV-PyV 

mT/CD44-/- mice had developed lung metastasis at 14 weeks of age (Figure 3.1B), 

contrasted to only 11% of MMTV-PyV mT/CD44+/- littermates having visible lung 

metastasis at this age.  This 5.7-fold difference is highly significant (P=.0005) as 

determined by a two-tailed students t-test.  In addition to an increase in the percentage of 

mice developing metastases at 14 weeks, MMTV-PyV mT/CD44-/- mice also developed a 

greater number of metastases per lung.  MMTV-PyV mT/CD44-/- mice developed an 

average of 29 metastatic tumors per lung while MMTV-PyV mT/CD44+/- developed an 

average of only 4.7 metastatic tumors per lung (Figure 3.1C).  The number of metastasis 

in MMTV-PyV mT/CD44-/- mice was highly variable with mice possessing as many as 



  
  
 
 
 
 
   

 
 
  63

99 pulmonary metastatic tumors, while MMTV-PyV mT/CD44+/- mice developed a 

maximum of only 12 pulmonary metastatic tumors.   

As this initial study was performed on a mixed genetic background (FVB/N X 

C57Bl/6), we next repeated the study on a fully inbred C57Bl/6 background.  We 

observed a similar increase in metastasis formation in the lungs of MMTV-PyV 

mT/CD44-/-   (n=9, 67% metastases) as compared to MMTV-PyV mT/CD44+/- (n=19, 

16% metastases).  This second study indicates that the high metastatic potential of CD44 

null mammary tumors is due to CD44 expression itself, instead of genetic modifiers as a 

result of differences in background strain.  

Taken together, these results demonstrate a protective role for CD44 against 

breast cancer metastasis.  Not only do fewer CD44 positive mice succumb to metastatic 

disease, but these mice also display a lower number of metastatic tumors in the lung 

compared to CD44-/- mice. 

 

CD44 and HA have restricted and alternative localization in tumor tissues.   

Our in vivo data demonstrate a protective role for CD44 against the ability of 

primary breast cancer to form pulmonary metastases.  In order to examine how CD44 

inhibits metastatic progression, we examined the interaction between CD44 and its 

primary ligand, HA.   
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Figure 3.2:  CD44 and HA have distinct but separate localization within MMTV-
PyV mT breast tumors.  MMTV-PyV mT non-transformed mammary glands (A and C) 
and tumors (B and D) were fixed, sectioned and probed with anti-CD44 antibodies (A and 
B) or Hyaluronan Binding Protein (HABP), (C and D).  A) Ductal epithelia are shown 
(arrow) surrounded by mammary gland adipocytes (arrowhead) and extracellular matrix.  
B) Tumor epithelium (arrow), and ECM (arrowhead) are designated.  C) Stromal area 
surrounding ductal epithelial cells is shown (arrow), and the surrounding parenchyma is 
designated (arrowhead).  D)  Stromal tissue (arrowhead) surrounding the tumor 
epithelium (arrow) is shown.  E and F) MMTV-PyV mT/CD44-/- (E) and MMTV-PyV 
mT/CD44+/- (F) pulmonary metastatic tumors were stained with HABP.  Sections were 
counterstained with either DAPI (A-D) or hematoxylin (E-F) to show nuclei.  Arrow = 
tumor epithelium, arrowhead = ECM. 
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We first examined the expression patterns of both CD44 and HA in mammary 

tissue to determine if interactions between them could occur in vivo.  While CD44 is 

detected at low levels throughout the normal mammary gland (Fig3.2A, see ductal 

epithelium, arrow, and adipocytes, arrowhead), it is highly expressed throughout the 

primary mammary gland tumor epithelium (Figure 3.2B, arrow).  Alternatively, HA is 

localized mainly to the stromal area surrounding ductal epithelial cells in the normal 

mammary gland (Figure 3.2C, arrow).  Similarly, HA is found primarily in the stromal 

area surrounding tumor epithelial cells (Figure 3.2D, arrowhead) and in the tumor capsule 

(Figure 3.2E-F, arrowhead).  HA localization within the tumor epithelium itself was 

virtually undetectable (Figure 3.2D, arrow).  Therefore, while CD44 is expressed 

throughout the mammary gland tumor epithelium, HA is found almost exclusively in the 

extracellular matrix, indicating that CD44 may facilitate interactions between epithelial 

and stromal components, thereby antagonizing the ability of tumor cells to spread beyond 

the primary site.   

Because of the strong ability of CD44 to attenuate metastatic invasion to the lung, 

we sought to determine whether HA expression was altered in lung metastasis of the 

MMTV-PyV mT/CD44-/- mice compared to MMTV-PyV mT/CD44+/- controls.  We 

assessed metastatic tumors from both groups of mice with biotinylated HA binding 

protein (HABP) to determine if HA accumulation was altered due to loss of CD44.  Both 

MMTV-PyV mT/CD44 +/- and MMTV-PyV mT/CD44-/- pulmonary metastatic tumors 

showed similar patterns of HA deposition (Figure 3.2E-F, arrowheads).  Hyaluronan 
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deposition was strongest in the stromal tissue surrounding tumor cells in both the 

MMTV-PyV mT/CD44-/- and MMTV-PyV mT/CD44+/- mice (Figure 3.2E-F, 

arrowheads), a staining pattern similar to that seen in primary gland tumors.  This 

indicates that HA deposition in the pulmonary metastases is not altered in absence of 

CD44 receptors. 

 

Has2-GFP X MMTV-PyMT bitransgenic mice express stromally-derived GFP 

expression.   

Detection of high levels of HA in the stromal area surrounding the tumor along 

with the minimal presence of HA within the tumor epithelium led us to hypothesize that 

tumor-associated HA is produced by stromal cells and not tumor epithelial cells.  To test 

this we employed the use of a transgenic mouse that expresses GFP under the control of 

the putative Has2 (a membrane bound HA synthase) promoter and Cis-acting elements 

(Figure 3.3A).  The Has2-GFP transgenic reporter mice express GFP in areas previously 

determined to express Has2, such as in the embryonic epithelium and invading 

mesenchymal cells (T. D. Camenisch, data not shown).    
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Has2-GFP mice were crossed with MMTV-PyV mT mice to generate bitransgenic 

animals.  When viewed under a fluorescent dissection microscope, Has2 expression is 

visible in a subset of primary mammary tumors (Figure 3.3B, arrow) as well as 

pulmonary metastatic tumors (Figure 3.3C, arrow).  Note that tumors (Figure 3.3B, 

arrow) and metastases (Figure 3.3C, arrow) displayed substantially higher GFP 

expression than the surrounding mammary gland (Figure 3.3B, arrowhead) or lung 

parenchyma (Figure 3.3C, arrowhead).  This activation of the Has2 promoter would 

indicate that Has2 expression is specifically upregulated in a tumor specific manner.  To 

 
Figure 3.3:  Has2-GFP transgenic mice reveal restricted activation of HA 
synthase enzymes in MMTV-PyV mT mammary gland tumors.  A)  Has2-GFP 
construct showing insertion of the Has2 promoter region before GFP.  B and C) GFP 
detection is shown for a  MMTV-PyV mT/Has2-GFP bitransgenic mouse mammary 
tumor (B) and pulmonary metastasis (C) (arrows).  Surrounding tissue parenchyma is 
designated by arrowheads.  D) MMTV-PyV mT/Has2-GFP bitransgenic mammary 
gland tumors were sectioned and treated with anti-GFP antibody.  Arrows indicate 
GFP positive cells in the stromal capsule surrounding the tumor while arrowheads 
show the GFP negative tumor epithelium.  Tissue sections were counterstained with 
hematoxylin.   
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determine what cell type in the tumor was expressing the GFP, bitransgenic tumors were 

sectioned and examined for GFP expression patterns histologically using an anti-GFP 

antibody.  Although intense GFP expression can be seen in the intact tumor, closer 

inspection shows that the expression is restricted to cells residing in the stromal 

compartment (Figure 3.3D, arrow).  These data indicate that it is the contribution of the 

stromal compartment that should be addressed if HA production is important in tumor 

development and metastatic invasion.   

 

CD44 and HA interactions cause inhibition of invasion and migration in a 3-dimensional 

in vitro invasion assay.   

Invasive disease requires epithelial cell penetration of the basement membrane 

followed by movement through the interstitial extracellular matrix.  Based on our 

findings that HA production and expression is largely confined to the stromal area 

surrounding tumors, we sought to perform an in vitro invasion assay that could simulate 

cellular movement through such layers.  We developed a 3-dimensional (3D) invasion 

assay based on a modified boyden chamber assay.  Briefly, a type I collagen gel is cast in 

the presence or absence of HA under an 8µm pore filter.  The chamber above the filter is 

seeded with fluorescently labeled breast cancer cells suspended in serum-free media 

while the gel under the filter is hydrated in media containing 20% FBS to induce 

chemotaxis.  In this system, cells must both migrate through the filter pores as well as 

invade into the gel matrix, a process similar to invasive disease.  After the indicated 
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times, the filters are removed and cells that have invaded into the matrix are quantified 

based on fluorescence.   

 Invasion assays were performed on a variety of breast cancer cell lines including 

MDA-MB-231, BT-20 and MDA-MB-468 cells.  CD44 expression in these breast cancer 

cell lines was analyzed via western blot, and all three cell lines were found to express 

CD44 of 85kDa, the expected size for CD44s (Figure 3.4A).  Alternatively, only BT-20 

and MDA-MB-468 cells expressed significant levels of variant CD44 (~200kDa) (Figure 

3.4A).  The ability of each cell line to invade into collagen matrix gel was then evaluated 

in the presence or absence of HA.  In each case, invasion into gels containing HA 

occurred at rates much lower than invasion into gels without HA.  MDA-MB-231, BT-20 

and MDA-MB-468 cells respectively had an initial 10, 3 and 15-fold inhibition of 

invasion into collagen gels embedded with HA compared to collagen alone (Figure 3.4 B, 

C, D).  Invasion of each cell line continued to be significantly inhibited throughout a 24 

hour timecourse in the presence of HA.  By 48 hours, invasion into gels cast with or 

without HA had reached similar levels (data not shown).  Therefore, HA can initially 

attenuate but not prevent invasion into collagen gels.   
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 While these data demonstrate that breast cancer cells have reduced invasion into 

 
Figure 3.4:  CD44 is required to reduce invasion of breast cancer cells into an HA 
embedded collagen matrix.  A)  Protein lysates from MDA-MB-231 (1), BT20 (2) and 
MDA-MB-468 (3) metastatic breast cancer cell lines were separated by SDS-PAGE and 
immunoblotted with anti-CD44 antibodies (H-300).  Invasion of MDA-MB-231 (B), BT20 
(C), or MDA-MB-468 (D) cells in the presence (●) or absence (Δ) of HA.  E)  MDA-MB-231 
cells were pretreated with either PBS (open symbols) or KM201 blocking antibody (closed 
symbols) and invaded into collagen gels either with (triangles) or without (circles) HA.  F)  
MDA-MB-231 cells treated as described in E, except IgG isotype control was used in place of 
KM201.  (B-F) Cells were treated as described in materials and methods and invasion was 
measured as a fluorescent value.  Three or more independent experiments were performed for 
each invasion assay and each time point was performed in triplicate in each experiment.
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an HA-embedded collagen matrix, these experiments do not show a direct role for CD44.  

To elucidate whether inhibition of invasion by HA is a CD44-dependent event, we used 

the CD44 blocking antibody KM201 in the 3D invasion assay to functionally block CD44 

binding to HA [229, 230].  MDA-MB-231 cells were incubated with the blocking 

antibody immediately prior to their addition to the upper chamber of the assay.  When 

invading into gels containing HA, the addition of the blocking antibody results in 

increased invasiveness.  By 24 hours, KM201-treated cells invaded into gels containing 

HA more readily than into gels without HA (Figure 3.4E) while the addition of an IgG 

isotype control antibody does not affect invasion (Figure 3.4F).  Note that invasion into 

gels lacking HA does not differ in the presence or absence of KM201 (Figure 3.4E).  This 

demonstrates that HA is not simply providing steric hindrance to prevent cellular 

invasion, but that the effect is due to a specific ligand/receptor interaction.  This ties the 

role of HA during invasion directly to the binding of CD44.  Importantly, while HA may 

inhibit cellular invasion in the presence of CD44, the absence of CD44 may promote HA-

mediated invasion. 

 

Discussion 

To determine the precise role of CD44 in tumor growth and metastasis, we have 

crossed the MMTV-PyV mT onto a CD44-/- background.  The absence of CD44 in this 

model results in a striking 5.7-fold increase in pulmonary metastases when compared to 

control mice, while not affecting either primary tumor formation or growth rate.  
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Additionally, there is a five-fold increase in the number of metastases per lung of the 

CD44 null mice compared to CD44-expressing mice. Based on epithelial localization of 

CD44 and stromal localization of HA, we developed an in vitro approach to analyze these 

interactions.  3D in vitro invasion assays show that CD44 in breast tumor epithelial cells 

inhibits the ability of cells to invade HA-containing collagen matrices.  These data 

strongly suggest that epithelial-stromal interactions in vivo need to be taken into account 

when identifying roles for adhesion proteins in cancer progression.   

 HA can interact with several receptors in addition to CD44, including the 

receptor for hyaluronic acid mediated motility (RHAMM), LYVE-1, HARE, Layilin, and 

Toll-4 [203].  Of these receptors, only CD44 and RHAMM are reported to be expressed 

in invasive breast cancer [203, 231].  RHAMM responds to HA binding by inducing 

cellular motility and transformation in vitro and in injectable tumor models [232].  

Hence, HA activity in vivo may vary depending upon the receptor it interacts with in the 

transformed state.  The action of HA may be that of homotypic adhesion when binding to 

the CD44 receptor (as occurs in tumor growth and encapsulation), while binding to an 

alternate receptor, such as RHAMM or LYVE-1 on lymphatic endothelium, may induce 

an entirely different phenotype, that of invasion.  These studies may be pertinent to our 

findings with the CD44 null model.  It is possible that in the absence of CD44, HA 

interactions with an alternate receptor such as RHAMM are not balanced by the anti-

invasive effects of CD44 binding. 
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In regards to CD44 isoform expression, the CD44-/- mouse model represents cells 

lacking all forms of CD44, while breast cancer cell lines typically express both standard 

and variant isoforms.  In vitro studies have provided strong evidence to suggest that 

variant CD44 expression on cancer cells may facilitate disease progression and 

metastasis.  Isoforms such as CD44v6, CD44v3,8-10 and CD44v10 have enhanced 

cellular metastasis when transfected into colon and breast cancer cell lines  while 

transfection of CD44s into colorectal cells decreases metastasis [218, 219, 233, 234].  

Additional studies have also identified a number of partners that CD44 may interact with 

to promote cell signaling that may lead to tumor progression such as c-Src, ErbB2, 

ankyrin or the ERM proteins [152, 153, 235].  Taking this into account, two of the cell 

lines used in our studies (BT-20 and MDA-MB-468) express variant isoforms, yet 

invasion in both of these cell lines are inhibited by HA-embedded collagen.  Further 

studies examining the role of CD44v in HA binding may clarify this issue.   

In the CD44 deficient mouse model used in this study, neither CD44s nor CD44v 

are expressed, and the only effect of complete CD44 absence can be evaluated.  

Transformed fibroblasts from the CD44-/- mice were previously shown to form 

significantly larger tumors which develop at a much faster rate when injected into nude 

mice [137].  While we found no effect on primary tumor growth in our model, this 

disparity is probably due to the differences between injectable and transgenic models.  

Furthermore, studies performed by Weber et al. [172] using this model of CD44 ablation 

[137] indicate that CD44 can promote metastatic invasion in a p53-dependent model of 
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osteosarcoma, while not affecting primary tumor growth.  This may be due to the 

alternative ECM components available in bone or perhaps alternative isoforms of CD44 

expressed in osteosarcomas compared to breast cancer.   

Studies in our MMTV-PyV mT mouse model, crossed onto both the CD44-/- and 

the Has2-GFP transgenic, provide compelling evidence for a protective role for CD44 

against breast cancer metastasis.  While HA is highly expressed, and even induced in the 

extracellular matrix of these tumors, loss of the primary receptor for HA results in an 

increase in tumor metastasis.  This strongly implicates an adhesive role for the CD44-HA 

interaction.  Strikingly, our in vitro model precisely recapitulated this CD44-HA 

mechanism.  Addition of the CD44 blocking antibody, essentially removing CD44-HA 

interactions, causes an increase in invasion over IgG treatment controls.  Importantly, this 

only happens in the presence of HA, not in collagen gels without HA.  This indicates that 

in the absence of CD44 expression, HA is pro-metastatic.  Importantly, previous studies 

demonstrate that high levels of HA in breast tumor stroma is correlated with poor patient 

survival [60].  Our data suggest that this correlation may be due to a loss of CD44s 

expression in this patient group.  Alternatively, HA deposition in vivo has been shown to 

inhibit tumor growth, as subcutaneous injection of HA into breast cancer xenografts 

induced tumor regression [236].  These findings suggest that stromally localized HA can 

also serve a protective role in breast cancer progression.  These previous studies, in 

addition to our current study, indicate that the tumor microenvironment can significantly 

alter the effect of CD44 and HA expression in tumor progression.  In sum, these data 
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indicate that epithelial/stromal interactions as well as ligand and isotype expression 

profiles should be considered in their entirety when evaluating a role for CD44 in breast 

cancer progression.   
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IV.  DISTINCT INVASIVE OR PROLIFERATIVE PHENOTYPES ARE DEPENDENT 

UPON HYALURONAN PRESENTATION 

 

Note:  The experiments performed in Figure 4.1C were performed in conjunction with 

Jeanne Louderbough. 

Introduction 

Metastatic disease is the leading cause of mortality among breast cancer patients 

and it is evident that changes occur both within epithelial cells as well as the surrounding 

stroma to accommodate invasion.  Mammary epithelial cells must lose polarity, detach 

from neighboring cells and gain motility before they can metastasize to distant organs.  

However, the tissue surrounding the tumor epithelium is of equal importance as tumor 

progression is clearly dependent on angiogenesis, immune cell evasion and the 

composition of the extracellular matrix [237-239].  Under normal conditions, the 

basement membrane is responsible for maintaining the tissue architecture upon which the 

epithelium rests, and for providing a clear boundary that isolates the epithelium from the 

underlying connective tissue.  During breast cancer progression, however, a crosstalk is 

established between the tumor epithelium and tumor associated fibroblasts that often 

leads to a desmoplastic reaction, resulting in a dense extracellular matrix encapsulating 

the tumor [16].  Desmoplasm may change based on the composition of the matrix which 
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can be comprised of a variety of ECM components including fibronectin, collagen IV, 

thrombospondin-1, transforming growth factor-β and hyaluronan (HA) [237].  

HA is a disaccharide ubiquitously expressed throughout extracellular matrices.  It 

binds the adhesion receptor CD44, affecting multiple processes such as migration, 

proliferation, angiogenesis, apoptosis and adhesion[205, 240]. The effects of HA/CD44 

interactions on mammary tumor progression remain controversial due to conflicting 

observations.  In breast cancer, increased serum HA is observed in women with 

metastatic disease and is an indicator of poor disease outcome [101].  HA is deposited 

stromally by resident fibroblasts in the mammary gland, with increased HA deposition 

observed as tumors progress[60, 63, 64, 72].  In addition, studies demonstrate that HA 

production by epithelial cells lead to increased invasion and metastasis [79].  However, 

recent studies indicate that HA catabolism and the generation of HA oligos, along with 

loss of epithelial CD44 can facilitate tumor progression[91, 93, 95, 96].  Alternatively, 

increased expression of CD44 in breast tumors correlate well with patient survival [102, 

103] and is commonly associated with tumor types that rarely metastasize[202].   

Recently, we observed that loss of CD44 in the MMTV-PyV mt mouse model of 

breast cancer led to a 6-fold increase in metastasis, indicating that CD44-HA interactions 

can protect from mammary tumor metastasis[64].  In addition, breast cancer cells were 

found to invade into collagen I gels with less efficiency when hyaluronan is cast as part 

of the matrix.  Importantly, mice expressing GFP under the control of the Has2 promoter, 

the primary synthase for HA, displayed extensive deposition of HA in the stromal 
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compartment of tumors, but not in tumor epithelium [64].   These studies demonstrate 

that HA is primarily produced by cells of the matrix, and that this matrix deposited 

stroma corresponds with an inhibition of invasion and metastasis.  Yet studies in 

traditional 2 dimensional (2D) culture systems continue to point to a pro-invasive role for 

HA and CD44[64, 205, 241, 242].   

In the present study, we designed experiments to determine the mechanism by 

which CD44 interactions with HA can alter cell invasion into a stromal-like matrix.  We 

now present data demonstrating that transformed cells grown on a collagen matrix behave 

differently depending on whether HA is present in the extracellular matrix (eHA) or 

presented in a soluble form (sHA).  We find that cells encountering collagen matrices 

with eHA show delayed cellular spreading after seeding, decreased invasion, migrate 

mainly through the use of lamellipodia and have enhanced proliferation.  In contrast to 

this, cells that encounter collagen with sHA in their environment have increased levels of 

invasion, and decreased proliferation.  The addition of this simple sugar to the cellular 

microenvironment has profound effects on cellular phenotypes that depend on its 

presentation.  This study may have significant implications on how we understand matrix 

components to function and the role of their presentation in the cellular 

microenvironment. 
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Figure 4.1  Cell morphology changes dependent on HA in collagen I gels.  
(A)  MDA-MB-231 cells (5x104) were placed onto 1mg/ml type I collagen gels 
polymerized in the presence or absence of 75μg/ml HA.  45 minutes after placement of 
cells on matrix, cells were imaged and spreading was quantified.  Statistics were 
calculated using an unpaired student’s t-test.  The error bars represent s.d. of the entire 
gel 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 (left panel, 
white arrow) when on collagen and lamellipodia formation (right panel, black arrow) 
when on collagen + eHA.  (C)  CD44 and actin localization was determined using CD44 
antibodies and phalloidin (DF1485 and FITC-phalloidin).  Filopodia formation (white 
arrowhead) was observed in collagen gels + eHA (right panels) and lamellipodia were 
observed in collagen gels without HA (left panels).  Scale bar indicates 25 μm. 
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Results 

Cells alter adhesions when HA is cast as part of a collagen matrix 

Previous work has identified the stromal compartment surrounding the tumor 

epithelium as the main repository of HA and HA producing cells, indicating that CD44 

function must be studied in the context of epithelial-stromal interactions [60, 61, 64, 65, 

243].  Utilizing three separate metastatic breast cancer cell lines (MDA-MB-231, BT20 

and MD-MB-468), we have previously shown in vitro that epithelial CD44 interacts with 

collagen-embedded HA to inhibit invasion[64].  To evaluate the mechanism by which 

collagen bound HA inhibits invasion, we observed the adhesion dynamics of cells 

adhering to a matrix.   

To analyze adhesion, MDA-MB-231 breast cancer cells were observed over a 

three hour period after seeding on collagen I gels with (eHA) or without high molecular 

weight HA (avg. 2MDa).  Cells were seeded onto gels and visually monitored for 

adhesion and spreading.  While all cells adhered to the surface of the gels equally, cells 

that encountered eHA demonstrated a significant delay in spreading onto the gels (Figure 

4.1A, right panel, black arrows).  In the absence of eHA, almost 75% of cells seeded onto 

the collagen matrix attached and spread on the gel by 45 minutes (Figure 4.1A, left panel, 

white arrows).  Alternatively, only 35% of cells adhered to eHA collagen matrices 

(Figure 4.1A, right panel, black arrows).  Additionally, cells that did spread in gels cast 

with HA showed decreased levels of filopodia formation and were generally more 
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rounded than cells seeded on gels cast without HA (Figure 4.1C, white arrows).  Note 

that eventually all cells spread on the collagen gels regardless of the presence of HA in 

the microenvironment by two hours.   

We next examined the dynamics of adhesion and migration for cells seeded on 

collagen I gels 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 gels.  When seeded on collagen gels alone, cells migrate using 

mainly filopodia, and cells sending out filopodia do not adhere to neighboring cells 

(Figure 4.1B, right panel, white arrows and supplementary movie 2).  Alternatively, cells 

on eHA collagen matrices employed the use of lamellipodia to migrate across the gels 

and formed adhesions to neighboring cells (Figure 4.1B, left panel, black arrows and 

supplementary movie 1).  Thus, matrix associated HA can alter the formation of invasive 

cellular phenotypes, inducing membrane ruffling and cell-cell attachments. 

Previous work has indicated that CD44 interactions with HA lead to increased 

migration and invasion in 2D cultures, although we have demonstrated inhibition of 

invasion in 3D cultures [64, 205, 241, 242].  One of the main differences between 2D and 

3D cultures is the context of hyaluronan.  In 2D culture hyaluronan is administered 

soluble in the growth media while in 3D culture hyaluronan is embedded within a 

collagen matrix.  We wanted to examine if the context of HA presentation can change 

cytoskeletal organization, as this  dictates the types of membrane adhesions and 

protrusions formed by cells.  To address this issue, we administered HA to collagen I gels 
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in two different fashions.  First, we cast the collagen gels with HA, embedding the HA 

within the gel (eHA).  Next, we cast the collagen gels but added HA to the media (sHA) 

when cells were seeded on top of the gel.  To examine eHA or sHA dependent changes in 

cell morphology, MDA-MB-231 (Figure 4.1C, top row) and BT-20 (Figure 4.1C, bottom 

row) cells were examined for the localization of filamentous actin and CD44 receptor.  

eHA seeded cells demonstrated lamellipodia extension of broad membrane projections in 

a single direction (Figure 4.1C, white arrows).   Alternatively, seeding onto collagen gels 

without HA or with sHA leads to increased formation of stress fibers and filopodia that 

project in multiple directions (Fig 1c, white arrowheads).  Of note, CD44 is observed 

localized throughout the cell membrane with increased expression in areas of membrane 

projections, possibly underlying its role in regulating which types of projections are 

formed (Figure 4.1C).  These data demonstrate that eHA can inhibit the invasive 

phenotypes associated with mesenchymal-like cells.    

 

HA can have distinct effects on cellular invasion based on presentation in the cellular 

microenvironment 

In vivo, cells must move across the stroma that surrounds them before they can 

invade the surrounding tissue. To examine the ability of cells to cross stromal-like 

matrices containing HA, highly invasive MDA-MB-231 cancer cells were allowed to 

invade for four hours into a modified boyden chamber migration assay consisting of 

collagen gels embedded with increasing amounts of HA cast on 8μm pore filters.  The 
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addition of 75 μg/ml HA to the collagen gels led (eHA) to a 1.5 fold decrease in breast 

cancer cell invasion (P=0.001).  This inhibition of invasion was found to be dose 

dependent from a range of 75 μg/ml to 250 μg/ml with a 1.9 fold inhibition of invasion 

observed at concentrations of 250 μg/ml (Figure 4.2A).    

To examine whether decreased breast cancer cell invasion in the presence of HA 

was due to steric hindrance, we blocked the interaction between HA and its main cellular 

receptor, CD44, through the use of the functional CD44 blocking antibody, BRIC235.  If 

steric hindrance was the mechanism by which HA inhibits cellular invasion, then the 

addition of this antibody should have no effect on levels of invasion as this does not 

affect the composition of HA in the gels.  Preincubation of cells with BRIC235 resulted 

in levels of invasion similar to those seen in collagen gels lacking HA even though the 

cells were cast with HA (P>0.05)(Figure 4.2B).  Note that addition of a non-specific IgG 

had no effect.   This is indicative that the HA mediated inhibition of invasion is highly 

dependent on its interaction with CD44.    
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 HA is found in nature both as part of the extracellular matrix in tissue and in a 

soluble form typically expressed as a pericellular coat during development [244, 245].  A 

 
Figure 4.2  Differential HA invasive phenotypes of eHA, collagen and sHA. 
(A) HA dependent inhibition of invasion is dose dependent.  105 cells were 
fluorescently tagged and placed on 1mg/ml type I collagen gels with increasing 
amounts of HA (75-250 μg/ml) in a modified boyden chamber invasion assay.  4 
hours later relative invasion was determined by fluorescent quantification.  (B)  HA 
mediated inhibition of invasion is dependent on CD44 binding.  Addition of 1μg 
CD44 functional blocking antibody (BRIC235) to an invasion assay as described in 
a leads to increased invasion even when on eHA gels.  Addition of 1μg of rat IgG 
isotype control is similar to eHA alone.  (C)  eHA and sHA have opposite invasion 
phenotypes.  While the addition of 125μg/ml eHA to collagen gels led to decreased 
invasion, the addition of 250 μg/ml sHA to collagen gels lead to a significant 
increase (P<0.002) in invasion as described in  a.  (D)  sHA increases invasion at 
concentrations of 125 and 250 but not 75 μg/ml .  Increased invasion is dependent 
on CD44 as demonstrated by the addition of 1μg BRIC235.   
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number of studies demonstrate that the addition of HA to the cellular media can promote 

invasion [205, 241, 242].  We next set out to determine if HA affects cell invasion 

differently depending on if it is present soluble or as part of a matrix in the cellular 

microenvironment.  We observed that while eHA inhibits invasion, sHA leads to 

increased cell invasion when provided to cells at doses of 125 or 250 μg/ml (P<0.002) 

(Figure 4.2C and D).  These effects were also CD44 dependant as the addition of the 

functional blocking antibody, BRIC235, led to a decrease in invasion (P<0.01) (Figure 

4.2D).  These results demonstrate that although HA embedded in a collagen matrix 

inhibits CD44 dependent invasion, sHA promotes CD44 dependent invasion. 

 

Manner of HA presentation induces distinct signal transduction pathways 

We have shown that cells invade less into collagen I matrices containing eHA but 

the molecular mechanisms mediating this inhibition are unknown.  To understand how 

eHA can inhibit invasion, cells were seeded onto collagen I gels cast with or without eHA 

and protein lysates were collected after one hour.  CD44 dependent invasion has been  

demonstrated to involve the activation of the intracellular kinases focal adhesion kinase 

(FAK) and Src [246].  We observed an inhibition of both FAK and Src phosphorylation 

in eHA versus collagen alone (Figure 4.3A).  Phosphorylation of FAK at tyrosine 397 as 

well as Src phosphorylation at tyrosine 416 (both activating modifications that induce cell 

invasion) were decreased in cells seeded onto collagen I gels cast with HA [247].  The 



  
  
 
 
 
 
   

 
 
  86

addition of a CD44 functional blocking antibody, BRIC235, partially rescued both FAK 

and Src phosphorylation indicating that CD44 is involved in this signaling.  

 The activation of Src and FAK can lead to the induction of a number of signal 

transduction pathways that can affect cellular invasion [248, 249].  Two of these 

 
Figure 4.3  Intracellular signaling is altered by eHA and sHA treatments.  
 (A)  Lyastes from 2x106 cells placed on 1mg/ml type I collagen gels with or without 
125μg/ml eHA and sHA were run on SDS-PAGE electrophoreses gels and 
immunoblotted.  FAK397 and Src416 phosphorylation is decreased in cells placed on 
eHA gels but not collagen gels or sHA gels. Relative expression densitometries are 
indicated. (B) Lysates of cells seeded on eHA, collagen or sHA gels as described in A, 
were subject to immunoprecipitation and immunoblotting.  eHA gels lead to decreased 
CD44 association with γPAK and decreased γPAK p-serine.  Relative densitometries 
are indicated.  (C) Lysates of cells as described in B were subject to immunoblotting 
for dual phosphorylated (dp) ERK as well as pan ERK.  Relative densitometries 
shown below.   
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downstream effectors are p21-activated kinase (PAK) and ERK.  PAK is known to alter 

invasion and metastasis by modulating the actin cytoskeleton through the activation of 

LIMK and ARP2/3 [250-252].  Analyzing protein-protein interactions from cells seeded 

on collagen alone or collagen +eHA or sHA, we observed a decrease in CD44 

interactions with γPAK in the presence of eHA which was dependent on CD44 (Figure 

4.3B, top panel).  Alternatively, we observed an increase in CD44 interactions with 

γPAK in sHA gels which was not blocked by CD44 blocking antibodies (Figure 4.3B, top 

panel).    The levels of binding of CD44 to γPAK closely correlate with γPAK activation 

as demonstrated by serine phosphorylation of γPAK.  We found that γPAK is highly 

phosphorylated in sHA contextbut phosphorylation is decreased in the presence of eHA 

(Figure 4.3B, middle panel).   

 We next examined how HA affects ERK activation.  In contrast to the decreased 

activation observed with γPAK, ERK kinase is activated when cells encounter eHA 

(Figure 4.3C, top panel).  This increase is not observed in the presence of sHA.  

However, while ERK activation is clearly dependant on eHA, it was not dependant on 

CD44 as demonstrated by the addition of BRIC235 (Figure 4.3C, top panel).  Together, 

these data demonstrate an eHA-dependent activation of ERK and suppression of FAK, 

Src and γPAK activation.  Alternatively, sHA appears not to regulate ERK while it 

promotes γPAK activation.   
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PAK and ERK differentially regulate HA dependent invasion 

We next evaluated the reliance of HA-dependent invasion on PAK and ERK 

activity.  For these studies we utilized the PAK inhibitor PAK18, or the ERK activation 

inhibitory  peptide, in our invasion assays [253].  When invading into collagen gels that 

do not contain any HA, the addition of PAK18 led to a significant decrease in invasion 

 
Figure 4.4  Distinct HA mediated invasive phenotypes are mediated by PAK.  
 105 Cells were subject to invasion assays as decribed in Fig. 2 A.  CD44 functional 
blocking (BRIC235), 35μM PAK18 or 10μM dpERK inhibitor were added where 
indicated.  Cellular invasion is mediated by PAK activity in collagen (A) and sHA gels 
(B), but not in eHA gels (C).  Invasion was not dependent on ERK activity in any of the 
conditions (D).   
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(P=0.003) (Figure 4.4A).  As demonstrated previously, the addition of BRIC235 does not 

affect invasion of breast cancer cells into collagen gels with no HA.  Similarly the 

simultaneous addition of PAK18 and BRIC235 gave no additional decrease beyond 

PAK18 alone (Figure 4.4A).  This demonstrates that when invading into collagen gels in 

the absence of HA, cells do not rely on CD44 for invasion but do rely on PAK activation.   

We next examined the role of PAK during sHA mediated invasion.  Treatment of 

cells with PAK18 led to a significant decrease in invasion (P=0.02), similar to the 

decrease observed with CD44 blocking antibody (Figure 4.4B).   Examination of cells 

invading in eHA demonstrated no PAK mediated effects (P=0.32) (Figure 4.4C).   

 Using an ERK activation inhibitory peptide, we next investigated the contribution 

of ERK activation to cell invasion into collagen gels [254].  ERK has previously been 

reported to promote invasion by enhancing the activity of myosin light chain kinase 

[255].  Inhibition of ERK activation did not significantly affect cell invasion into collagen 

gels under any conditions, including collagen alone, eHA or sHA (Figure 4.4D).  These 

results indicate that although ERK is activated by eHA (Figure 4.3C), it plays no role in 

invasion.   

 

Soluble or matrix bound HA can have diverse proliferative phenotypes.  

We next evaluated whether HA dependent changes in invasion were related to 

changes in cell number.  We seeded cells on collagen gels cast with and without HA and 

allowed them to proliferate.  Cells were extracted from the gels two and three days after 
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seeding and counted by trypan blue exclusion (Figure 4.5A).  We observed a significant 

increase in cell number in cells grown in eHA after three days (P<0.008)(Figure 4.5A).  

These data suggest a possible role for HA in regulating cell proliferation in addition to its 

role in regulating invasion.   



  
  
 
 
 
 
   

 
 
  91

 To evaluate the role of eHA and sHA in proliferation, we perfomed an MTT 

assay.    Cells were seeded on collagen gels in the presence of either eHA or sHA and 

Figure 4.5 Differential HA proliferative phenotypes of eHA, collagen and sHA. 
(A)  104 cells were seeded on 1mg/ml type I collagen gels with or without 125μg of 
eHA or sHA. Cell placed on eHA gels demonstrated significant increased (P=0.008) 
cell numbers compared to collagen gels alone, 3 days after seeding, as enumerated by 
trypan blue exclusion.  (B)  Quantification of cell number by MTT assay shows 
distinct proliferative phenotypes of 125 μg/ml eHA and sHA gels.  While eHA gels 
lead to a significant increase in cell numbers (P<0.001), sHA gels lead to significantly 
decreased cell numbers (P<0.001) 5 days after seeding 5x103 on collagen gels.  (C)  
Increased cell numbers are dependent on ERK activity in eHA and collagen gels but 
not in sHA gels as demonstrated by the addition of 10μM ERK activation inhibitor.   
(D)  Inhibition of PAK by 35μM PAK18 leads to increased cell numbers in eHA and 
collagen gels but not in sHA gels.   
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allowed to grow for five days, after which time, cell numbers were determined with an 

MTT assay (Figure 4.5B).  As with cellular invasion, the addition sHA had the opposite 

effect to that seen with eHA on cells.  While cells showed significantly elevated levels of 

proliferation when grown in the presence of eHA compared to collagen alone (P<0.001), 

reduced proliferation was observed when cells were grown in sHA compared to collagen 

alone (P<0.001) (Figure 4.3C).  To rule out the possibility that HA mediated decreases in 

cell number were due to apoptosis, we performed an Annexin V/Propidium iodide 

apoptosis assay in gels cast with or without HA.  No significant differences were 

observed (P=0.072) whether or not HA was present in the gel indicating that increases in 

proliferation are not due to increased apoptosis (Data not shown).     

 Given the ability of ERK to mediate cell growth and the fact that it is activated in 

the presence of eHA (Figure 4.3C), we next examined the role of ERK activation HA 

mediated proliferation.  Cells grown in the presence or absence of the ERK activation 

inhibitor were grown for five days on collagen, eHA collagen or sHA collagen and 

evaluated using an MTT assay (Figure 4.5C).  Inhibition of ERK led to significant 

decreases in cell number when cells were seeded onto eHA or collagen alone (P<0.001) 

(Figure 4.5C).  However, no significant effect was seen in cells seeded on sHA collagen 

(Figure 4.5C). 

 Since eHA and sHA have displayed opposite invasion and proliferation 

phenotypes and have differential effects on ERK for proliferation, we next wanted to 

determine if they differentially utilized PAK for proliferation.  Inhibition of PAK in cells 
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seeded onto collagen or eHA collagen led to a significant increase in cell proliferation 

(P<0.01) (Figure 4.5D).  This indicates that while PAK activation is promoting invasion 

(Figure 4.4), PAK is also inhibiting proliferation (Figure 4.5D).  As with the ERK 

inhibitor, the addition of PAK18 to cells seeded on collagen gels with sHA did not lead to 

any significant changes in cell proliferation (P=0.08).  These data demonstrate that HA 

embedded in a collagen matrix inhibits invasion while promoting proliferation in an ERK 

and PAK dependent manner.  Alternatively, sHA promotes invasion in a PAK dependent 

manner, but does not significantly impact proliferation via either ERK or PAK. 

 

Discussion 

In this study, we identify HA as a component of the extracellular matrix that 

differentially alters invasion and proliferation depending on its presentation in the cellular 

microenvironment.  In the presence of sHA, cells efficiently invade into collagen gels 

while proliferation is inhibited.  Conversely, when interacting with eHA, cells decrease 

spreading and invasion into the collagen gels while increasing proliferation.  When HA is 

absent from the cellular microenvironment, cells adhere, invade and proliferate at rates in 

between those seen with soluble or matrix associated HA.   The differential effects seen 

in the presence of sHA and eHA are mediated by ERK and PAK, as demonstrated 

through the use of their inhibitors in invasion and proliferation assays, and analysis of 

protein expression and activation.  Overall, these results demonstrate that the context in 

which HA is presented to the cells alters signaling, invasion and proliferation.  
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Furthermore, cells are restricted to either ‘go’ or ‘grow’ phenotypes indicating that the 

microenvironment context can strongly regulate cellular phenotypes.   

The mechanisms employed by cells to migrate across collagen I matrices are 

modulated by HA and dependant on its presentation.  Cells mainly employ the use of 

lamellipodia for migration and make strong adhesions to neighboring cells when seeded 

on collagen gels cast with HA.  However, cells use mainly filopodia when migrating and 

move away from neighboring cells when seeded on collagen I gels lacking any HA.  This 

might underscore the mechanisms by which CD44/HA interactions may inhibit 

metastasis as previously seen in mouse models of breast cancer [64].  The formation of 

strong attachments to neighboring cells may impede tumor cells from migrating away 

from its primary site when HA is present in the desmoplasia, providing an additional 

obstacle against metastasis.  Alternatively, sHA production by tumor epithelial cells 

becomes localized to the glycocalyx around the cells that may serve to isolate them from 

matrix components.    

The ability of cancer cells to invade requires the use of a number of cellular 

resources, such as the cytoskeleton, that are shared by other cellular processes such as 

cellular proliferation.  In fact, it has been proposed that cells cannot engage in both 

invasion and proliferation simultaneously as they both are heavily reliant similar 

resources and this has led to the formation of the “Go or grow” hypothesis [256].  The 

dramatic inhibition of invasion across collagen matrices containing eHA correlated with a 

strong increase in proliferation of cells.  This change to a proliferative phenotype appears 
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to be both ERK and PAK dependent.  While proliferation is promoted by ERK (as 

demonstrated by a reduction of proliferation in the presence of an ERK inhibitor), it is 

similarly inhibited by PAK (as demonstrated by an increase in proliferation in the 

presence of a PAK inhibitor).  These findings lend support to the idea that cells must 

allocate resources to accommodate for increased invasion or proliferation, but cannot 

engage fully in both simultaneously. 

 PAK activation and association with CD44 is dependent upon HA/CD44 

interactions as demonstrated by BRIC235 treatment.  Alternatively, BRIC235 treatment 

demonstrated that ERK activation, while increased in the presence of eHA, is not 

dependent upon HA/CD44 interactions.  This may indicate that in some circumstances 

eHA may be depending on alternate HA receptors for ERK mediated effects.  Receptor 

for HA mediated motility (RHAMM) is a cell surface receptor that binds HA and has 

been recently shown to mediate ERK signaling to affect proliferation [257-259].   

Therefore, it will be interesting to determine if eHA induced ERK activation is RHAMM 

dependent in future studies. 

 Our finding that HA presentation alters cellular invasive and proliferative 

phenotypes sheds light on conflicting results for the role of HA in tumor progression as 

HA can both inhibit and promote proliferation and invasion (Figure 4.6, model).  When 

cells encounter eHA, there is decreased binding of CD44 to PAK that corresponds with a 

lack of PAK serine phosphorylation and activation.  Despite decreased PAK activity, we 

demonstrated a PAK mediated inhibition of proliferation even in the presence of eHA.  
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Nonetheless, cells grown on eHA maintain elevated levels of proliferation as a result of 

CD44 independent ERK activation.  In contrast to this, when cells encounter sHA there is 

increased CD44 association with PAK and a corresponding increase in PAK serine 

phosphorylation and activation that ultimately leads to increased invasion.  While sHA 

leads to greater cell invasiveness, it also causes cells to slow down proliferation in a PAK 

or ERK independent manner  

 Maintenance of proper interactions between the epithelium and the stroma are 

important for the preservation of normal tissue architecture that keeps tumor cells 

confined to their primary sites.  While studying HA as a soluble component of the 

cellular microenvironment has important in vivo correlates, such as during wound healing 

and development [48, 240, 260], epithelial cells encounter fibroblast-deposited HA 

mainly as part of the extracellular matrix [261].  In addition, HA synthase expression in 

epithelial cells can produce soluble HA that promotes metastatic invasion of cells freed 

from the tissue microenvironment, such as cells in circulation [262].  Cells have a wide 

range of behaviors that they can adopt after binding matrix components, but it is 

becoming increasingly clear that cells sense not only the presence of ligands in the 

microenvironment, but also the way in which ligands are presented and the forces 

generated behind them.  In this study we demonstrate that HA can have widely different 

effects on cells depending on whether it is soluble or part of a matrix in the cell 

microenvironment, and underscores the importance of studying matrix components in a 

manner that closely resembles what cells encounter in nature.  
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Figure 4.6  Model of differential effects of byaluronan based on presentation in 
the microenvironment.   
When binding to eHA, cells migrate mainly through the use of lamellipodia as 
invasion is inhibited.  Interactions between the surface receptor CD44 and PAK as 
well as PAK activation are decreased as CD44 binds eHA.  Even with low levels of 
active PAK, there still exists a PAK mediated inhibition of proliferation.  Cells on 
eHA maintain elevated levels of proliferation, however, through CD44 independent 
ERK activation.   Alternatively, when  cells bind collagen gels this HA soluble in the 
microenvironment, cells invade mainly through the use of filopodia.  As CD44 binds 
sHA, there is an increased association between CD44 and PAK that leads to increased 
PAK activity and invasion.  Interestingly, while sHA increases invasion, it also 
inhibits proliferation.      
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V.  CD44/HYALURONAN INTERACTIONS REMODEL THE TUMOR 

MICROENVIRONMENT TO INHIBIT METASTASIS 

Introduction 

The acquisition of motile phenotypes is an essential step in achieving invasion 

and metastasis, the deadliest of the hallmarks of cancer.  The connective tissue 

framework supporting organs, referred to as the stroma, and immune cell surveillance 

comprise major obstacles for metastasizing cells.  The only stromal element that non-

transformed epithelial cells typically encounter during their lifetime is the basal lamina, 

separating the epithelial cell from the adjacent interstitial tissue.  The confinement of 

epithelial cells in the mammary gland to ductal structures normally occurs via 

interactions between the epithelium and neighboring cells called adherens junctions, as 

well as through interactions between the epithelial cell and the basal lamina, such as 

hemidesmosomes [23, 24].  Additional steric barriers to metastasis exist in the stroma in 

the form of connective tissue, which is comprised heavily of collagen I, that normally 

also inhibit cellular movement through tissues.  To successfully move through the stroma, 

tumor cells must gain the ability to degrade the various components of the extracellular 

matrix, typically by secreting proteases to open spaces through which the tumor can 

travel.  However, while traveling through the stroma tumor cells can also encounter 

resident macrophages.  Sentinel macrophages help maintain tissue homeostasis by 

eliminating pathogens or damaged cells, including transformed cells, via induced 

apoptosis.  Immune cells dock onto transformed or damaged cells, and release a 
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combination of apoptosis inducing factors such as Fas, TNF or TRAIL, as well as 

perforin, a protein which causes membrane rupturing [263].  Tumor cells, overcome 

obstacles imposed by the stroma and immune system by secreting cytokines that inhibit 

immune response, such as TGF-β, through the devleopment of immune tolerace, by 

remodelling the extracellular matrix or by highjacking the immune system to aid it during 

migration and extravasation.   

Matrix metalloproteases (MMP) are a family of greater than 20 endopeptidases 

that can collectively cleave most components of the extracellular matrix [4].  A number 

of different MMPs are secreted by tumors or tumor-associated cells, such as fibroblasts 

and immune cells, which function mainly to degrade the extracellular matrix so that 

tumor cells are not limited by interactions with components of the extracellular matrix as 

they move through the stroma (Figure 5.1).   A large amount of evidence collected from 

mouse models of cancer indicate that MMPs are an essential component in the 

acquisition of invasive phenotypes in a number of cancers including breast cancer.  

MMP1 and MMP7 overexpression in mice leads to hyperplasia while overexpression of 

MMP3 or MMP14 was sufficient to induce spontaeous breast cancers in mice [264-266].  

MMP2, 7, 9 and 11 knowckout mice developed fewer cancers than wildtype mice 

underscoring the role of some MMPs tumorigenesis [264].  Additionally, tumor cells 

injected into MMP9 null mice failed to invade and colonize the lungs whereas those 

injected into wildtype mice colonized the lungs successfully.  These data indicate an 
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important role for MMP9 and other MMPs in the establishment of distant tumor colonies 

[267].   

Tumor cells further remodel the extracellular matrix by recruiting stromally 

resident cells, such as fibroblasts and macrophages [16, 17, 21, 22, 63, 72, 73, 225].  A 

dynamic interaction exists between breast tumor cells and macrophages that enable cell 

movement away from the primary site.  In fact, elimination of the macrophage population 

from a metastatic mouse model of cancer (PyV mT model), led to an almost complete 

 
Figure 5.1:  MMPs in Mammary Cancers: 
During tumorigenesis, a variety of cell types produce MMPs responsible for degrading 
extracellular matrix components that can facilitate tumor cell movement.  Cells 
resident in the stroma, such as fibroblast and macrophages, are induced to produce 
MMPs by tumor cells.   This figure was adapted from [4] 
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ablation of metastasis [21].  Through the use of the PyV mT mouse model, it was 

demonstrated that tumor cells recruit macrophages by secreting colony stimulating factor 

1 (CSF-1), a step essential for their metastatic ability.  Secretion of MMPs by 

macrophages can lead to the proteolytic release of hypoxia-induced growth factors, such 

as vascular endothelial growth factor (VEGF), that increase angiogenesis and 

vascularization of the tumor.  In fact, mouse mammary cancer cells have been observed 

using intravital confocal microscopy, migrating with tumor resident macrophages through 

mammary tissue and intravasate into the vasculature together [22].   

Previous research conducted in our lab has indicated a strong repression of breast 

cancer invasion when cells are placed on eHA containing matrices [64].  These 

observations were made utilizing mouse models of metastatic breast cancer, and 

recapitulated in vivo, utilizing 3D collagen I invasion assays with eHA.  While a lot of 

research is focused on how CD44 interactions with HA affect tumor cells themselves, 

few studies have examined how these interactions may facilitate tumor cell remodeling of 

the tumor-associated stroma, or how they may affect immune function as it pertains to 

metastasis.  Understanding this becomes relevant in light of recent studies indicating that 

the interaction between CD44 and HA regulates cellular MMP9 transcriptional 

activation.  In osteoclast-like cells, the interaction between CD44 and HA was shown to 

strongly down-regulate MMP9 transcription, which inhibited cellular migration [268].  If 

HA dependent MMP9 regulation is conserved in tumor epithelial cells, then this may 
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comprise a key mechanism utilized by the desmoplasm and HA to inhibit cellular 

movement.   

In this study, we show evidence indicating that stromal HA interactions with 

CD44 can inhibit MMP9 mediated invasion.  The inhibition of MMP9 depends on the 

context in which HA is presented.  If HA is present embedded within a collagen I matrix, 

no effect is seen on MMP9 mediated invasion.  Alternatively, if HA is present embedded 

in a collagen IV matrix, a strong inhibition of MMP9 mediated invasion is observed.  We 

also present in vivo evidence indicating the absence of pulmonary macrophages in CD44 

null mice.  While macrophages have been implicated in tumor metastasis, their 

pulmonary sentinel activities may be important for preventing the growth of metastatic 

breast tumors in the lungs. 

 

Results 

CD44 interactions with HA does not suppress the transcriptional activity of MMP9 when 

HA is embedded within a collagen I matrix. 

 Our previous findings indicating that HA can inhibit breast tumor cell invasion 

when in a collagen matrix show that HA does not inhibit tumor cell invasion through 

steric hindrance [64].  The incubation of breast cancer cells with a functional blocking 

antibody designed to inhibit the interaction between HA and CD44 led to high levels of 

invasion even while HA was present in the media.  This indicates that HA inhibits 
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invasion by mechanisms involving its primary receptor, CD44.  Bearing in mind recent 

findings indicating that CD44 interactions with HA can decrease MMP9 expression by 

inhibiting its transcriptional repression, we sought to investigate whether CD44 

dependent regulation of MMP9 occurs in breast cancer cell lines [268].  CD44 

transcriptional inhibition of MMP9 in breast cancer cells is highly plausible especially 

considering previous studies indicating that in breast cancer cells, cleavage of CD44 can 

lead to the nuclear translocation of the CD44 cytoplasmic tail where it regulates the 

activity of TPA-response elements (TRE) [171].  The MMP9 promoter region contains a 

TRE element making it a possible target for transcriptional regulation by CD44 [269].   

 To investigate whether CD44 interactions with HA could promote the 

transcriptional activation or repression of MMP9, we cotransfected the metastatic breast 

cancer cell line, MDA-MB-231 with 2 expression plasmids that would enable us to 

accurately measure MMP9 transcriptional activity while correcting for transfection 

efficiency.  The first construct used was a plasmid that expresses the luciferase gene 

under the control of the MMP9 promoter (MMP9-luc).  We cotransfected this construct 

with a second plasmid that constitutively expresses secreted alkaline-phosphatase (SEAP) 

under the CMV promoter.  We utilized the constitutive SEAP construct in tandem to the 

MMP9-luc construct as a baseline to measure our transfection efficiency to effectively 

rule out the possibility that differences in MMP9 promoter activity might be due to 

different levels of plasmids within the cells.   
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 After cotransfection of the MDA-MB-231 cells with the plasmid, cells were 

seeded onto type I collagen gels cast with or with HA and incubated for 24 hrs.  The 

growth media was then collected and cells were lysed to measure SEAP secretion and 

luciferase expression in the cells.  No significant differences in MMP9 promoter activity, 

as measured by luciferase expression, were observed with or without HA in the collagen 

gel (Fig 5.2).  Additionally, treatment of cells with either the CD44 functional blocking 

antibody, 

BRIC235, or an 

MMP2/9 inhibitor 

does not 

significantly 

(P>0.05) affect 

MMP9 promoter 

readout.  TPA was 

included as a 

positive control as 

it has previously 

been shown to 

induce MMP9 

promoter activity 

and MMP9 gene 
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Figure 5.2:  CD44 interactions with HA do not alter the 
transcriptional activity of the MMP9 promoter on type I 
collagen 
106 cells seeded onto collagen I gels were cotransfected with the 
MMP9-luc and CMV-SEAP constructs to assay for MMP9 
promoter activity.  Cells were lysed and assayed for luciferase 
activity.  The addition of HA did not change MMP9 prmoter 
activity.  Blocking of CD44 by BRIC235 addition, or the addition 
of MMP2/9 inhibitors did not alter MMP9 levels.  The addition of 
TPA cells did increase MMP9 promoter activity as it contains a 
TRE element controlling its transcriptional activation. 
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transcription.  While there was a slight increase in promoter activity, it was not 

significantly higher than the untreated controls, indicating that MDA-MB-231 cells have 

high constitutive expression levels of the MMP9 gene [269].   

 

Hyaluronan interactions with CD44 do not affect MMP2/9 dependent invasion into 

collagen I matrices 

 Transcriptional regulation of the MMP9 gene is just one of the many different 

levels of regulation that MMP9 is subject to.  Post-translational modifications, proper 

secretion of MMPs into the extracellular space, or cleavage of the pro-form of the MMP 

to yield an active MMP in the extracellular space are also required for MMP9 protein 

activity.  It remains plausible that CD44 interactions with HA may be influencing MMP9 

activity at a different level of regulation.  Since it has been previously demonstrated that 

MMP activity heavily affects breast cancer cell invasion phenotypes, we were interested 

in examining whether CD44/HA interactions might affect MMP2/9 dependent invasion 

through the use of a 3D invasion assay utilizing and MMP2/9 specific inhibitor.   

 Collagen I gels cast with or without HA were poured below transwell inserts 

containing 8μm pores.  The gels were re-hydrated in cellular growth media containing 

20% FBS while cells were seeded in the upper portion of the chamber in serum free 

media.  The FBS gradient across the 8μm pores serves as a chemotactic gradient that 

draws cells from the upper chamber into the gel in the bottom chamber of the invasion 

assay. 
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 As previously described, gels cast with HA showed decreased invasion into 

collagen I as compared to collagen I gels without HA.  However, the addition of an 

MMP2/9 inhibitor did not alter the levels of invasion in either the collagen I gels alone, 

or in the collagen I gels with HA.  To assess if CD44 activity might be responsible for 

MMP2/9 dependent invasion, we added the CD44 blocking antibody, BRIC 235, along 

with the MMP2/9 

inhibitor.  As seen 

previously, addition 

of the CD44 blocking 

antibody to collagen 

gels lacking HA did 

not alter invasion, 

even in the presence 

of the MMP2/9 

inhibitor (Figure 5.3).  

This indicates that 

invasion into collagen 

I gels, in the absence 

of HA, does not rely on MMP2/9 activity.  The addition of  BRIC 235 along with the 

MMP2/9 inhibitor in collagen I gels with HA, also demonstrated no differences in 

invasion.   
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Figure 5.3:  MMP2/9 Dependent Invasion into type I 
collagen is not modulated by matrix HA.  Invasion assays 
were performed as described in Figure 3.4.  eHA did not alter 
the MMP9 dependent invasive phenotype as the addition of an 
MM2/9 inhibitor did not alter cellular invasion.  Addition of 
BRIC235 along with the MMP2/9 inhibit similarly did not alter 
invasion both in the presence or absence of eHA.  This indicates 
invasion into collagen I gels by MDA-MB-231 cells does not 
depend on MMP2/9 proteolytic activity in the context of eHA. 
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Ablation of CD44 along with MMP9 in mouse models leads to embryonic lethality 

 To examine if a relationship between CD44 and MMP9 existed in vivo and to see 

if these two proteins interacted to affect breast cancer progression and metastasis, we 

employed the use of mouse models.  We designed a breeding strategy that would allow us 

to produce transgenic double knockout mice to answer this question.  We wanted to 

generate a MMTV-PyV mT/CD44 null/MMP9 null mouse.  According to our breeding 

scheme, crossing a MMTV-PyV mT/CD44+/-/MMP9+/- male mouse to a CD44+/-MMP9+/- 

mouse would yield the desired offspring at a rate of 1/32 according to Medelian genetics.  

However, after over 260 offspring only one CD44-/-/MMP9-/- was generated.  

Additionally, abnormally low litters were observed.  Together these findings suggest that 

embryonic lethality resulted from knocking out both CD44 and MMP9 in mouse 

embryos.  

 

CD44 interactions with HA lead to decreased MMP2/9 dependent invasion into collagen 

IV gels.   

Previous data have shown that the cellular phenotypes are differentially affected 

by HA based on how HA is present in the microenvironment (Figure 4.1).  Here, we have 

examined the effects of HA present in collagen I matrices on MMP9 activity.  Collagen I 

is a fibrilar collagen that forms 3D matrices and is found in the stroma throughout the 

body.  However, the basal lamina remains the primary barrier that maintains epithelial 

cell localization and this is composed mainly of type IV collagen.  Tissue staining of 
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mouse mammary glands indicates that while HA is highly expressed in the stroma 

surrounding tumors, but it remains difficult to examine the tumor basement membrane in 

the presence of desmoplasm due to the increased deposition of matrix components 

(Figure 3.2D).  Instead, we examined the normal mammary gland for HA expression, as 

the basement membrane is much easier to visualize in the absence of a reactive stroma 

(Figure 3.2C, arrowhead).  In the normal mammary gland, HA is present in the basement 

membrane surrounding the ductal epithelial structures with very little HA expression in 

the surrounding stroma, indicating a strong association of HA in the collagen IV 

compartment of the extracellular matrix (Fig 3.2 C and D). 

In view of the presence of HA in the basement membrane surrounding mammary 

ducts, and the importance of collagen IV and the basal lamina in the maintenance of 

normal tissue architecture and homeostasis, we wanted to examine how CD44 

interactions with HA in a collagen IV environment can affect MMP2/9 proteolytic 

activity and invasion.  Understanding this also becomes highly relevant as we have 

previously demonstrated that HA can mediate phenotypes differentially depending in the 

microenvironment.  We were interested to see if HA mediated activities depended not 

only on its integration into a matrix, but also if the matrix itself could alter HA 

phenotypes.  
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We performed and invasion assay as described above, with collagen IV matrices 

instead of collagen I gels, with or without HA on 8μm pore filters.  We established a 

similar chemotactic 

gradient as described 

above by placing 

cellular growth media 

with 20% FBS on the 

bottom chamber 

while cells were 

seeded onto the top 

chamber of the 

transwell in serum 

free media.  Cells 

were allowed to 

invade for 24 hrs before being enumerated.   

The presence of HA in a collagen IV matrix inhibited cellular invasion in a 

manner similar to that observed in collagen I matrices.  The addition of a CD44 blocking 

antibody, BRIC 235, increased invasion in collagen IV gels containing HA.  This 

indicates that HA inhibits invasion by a mechanism that is dependent on its binding to 

CD44.  The administration of an MMP2/9 inhibitor to the cells while invading did not 

lead to any changes in invasion both in the collagen IV gels alone, or the collagen IV 
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Figure 5.4:  MMP2/9 dependent inhibition of invasion 
occurs in the presence of eHA while in a collagen IV 
matrix.  Cells were seeded onto an invasion assay as in 
Figure 5.3 but instead of a collagen I matrix, eHA was 
embedded within a collagen IV matrix.  The addition of 
BRIC235 into collagen IV matrices with eHA increases 
cellular invasion that is abrogated with the addition of an 
MMP2/9 inhibitor.  This indicates that cells rely on MMP2/9 
proteolytic activity to invade through Collagen IV in the 
presence of eHA. 
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matrix containing HA.  However, when both BRIC 235 and the MMP2/9 inhibitor were 

added simultaneously, invasion into collagen IV matrices with HA remained at levels 

similar to those seen with either the MM2/9 inhibitor alone, or without the addition of 

any factors.  This indicates that in the absence of CD44 binding, high levels of invasion 

into collagen IV matrices containing HA depends on MMP2/9 activity.  This activity, 

however, is inhibited when HA binds CD44. 

 

In vivo inhibition of MMP9 secretion in the pulmonary vasculture by CD44 

 Our in vitro 3D invasion assays indicate that in breast cancer cell lines, CD44 

interactions with HA present within a collagen IV matrix leads to decreased MMP9 

activity.  We next examined whether this was also the case in vivo by utilizing mouse 

models of breast cancer.  We stained tissue sections obtained from CD44 positive and 

negative mice on the MMTV-PyV mT mouse model as described in Chapter 3, for 

MMP9 to examine if any differences in MMP9 deposition existed.  We examined both 

primary mammary tumors as well as pulmonary metastasis for MMP9 expression.  While 

no differences in MMP9 localization were observed in primary tumor or in the metastatic 

pulmonary metastasis (data not shown), we did observed distinct MMP9 expression in 

the stroma surrounding the pulmonary vasculature.  CD44 negative mice displayed 

increased MMP9 localization in the extracellular matrix compartment surrounding the 

pulmonary vascular endothelium.  CD44 positive mice did not display detectable levels 

of MMP9 expression in the extracellular matrix surrounding the pulmonary vasculature.  
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These data indicate that, while CD44 may not be modulating MMP9 expression in the 

tumor epithelium or the pulmonary metastasis, CD44 does affect MMP9 expression of 

the pulmonary vasculature, one of the primary sites for tumor cell extravasation into the 

lungs.   

A

C D

B

 
Figure 5.5:  Differential pulmonary localization 
of MMP9 in CD44 positive and negative mice.  
Formaldehyde fixed tissues from CD44 negative 
(left column) and CD44 positive (right column) 
tissues.  CD44 negative mice express MMP9 in the 
extracellular matrix surrounding the pulmonary 
vasculature while no MMP9 is detectable in CD44 
positive mice 
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Absence of pulmonary macrophages in CD44 null mice 

 The ability of CD44 to modulate MMP9 expression in the extracellular matrix 

surrounding the vascular endothelium suggests that CD44 expression in mice might 

modulate which cell types can extravasate from the vasculature.  Pulmonary alveolar 

macrophages play an important role in lung homeostasis by mediating tumor cell 

cytotoxicity.  To examine if the CD44 status of a mouse could influence alveolar 

macrophage extravasation into the lungs, we stained lung sections from CD44 null and 

positive mice with a macrophage specific antibody, F4/80.  Interestingly, we found a 

Figure 5.6:  Absence of alveolar macrophages in the lungs of CD44 null mice.  
Formaldehyde fixed pulmonary tissue sections obtained from CD44 positive and 
negative mice were stained for CD44 (red) and a macrophage specific marker, F4/80 
(green) while nuclei were counterstained with DAPI (Blue).  CD44 positive mice (A) 
express a population of macrophages that are CD44 positive as cindicated by 
colocalization of CD44 and F4/80 (yellow).  CD44 null mice lack detection of F4/80-
positive macrophages   
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large number of sentinel macrophages present in the lungs of CD44 positive mice, while 

CD44 negative showed a lack of macrophages resident in the lungs.  These data indicate 

that mouse CD44 expression affects the ability of macrophages to extravasate out of the 

vasculature and into the lung.  A decreased pulmonary macrophage population in the lung 

of tumor bearing mice may allow tumor cells which have extravasated to better survive in 

the lungs. 

 

Discussion 

 In this study we present evidence indicating that CD44 interactions with HA 

affect the composition of the stroma.  First, we demonstrate that HA in tumor cells is 

localized throughout the stroma, while in normal mammary tissue, HA is mainly 

localized to the basement membrane surrounding the epithelial cells in the mammary 

ducuts.  We show that CD44/HA interactions do not affect the transcriptional activity of 

MMP9 in breast tumor cells seeded on type I collagen, as was previously shown in 

osteoclast-like cells [268].  However, while CD44/HA interactions do not seem to affect 

MMP9 activity in collagen I gels, we show that in collagen IV matrices containing HA, 

cells employ the use of MMP9 as they invade when CD44 can no longer bind HA.  We 

also show in vivo evidence indicating that CD44 expression in mice affects the 

expression of MMP9 in the extracelllar matrix surrounding the pulmonary vascular 

endothelium as increased MMP9 deposition was observed in the vascular endothelium in 
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CD44 negative mice.  Additionally, no alveolar macrophages were observed in the lungs 

of CD44 negative mice, indicating a role of CD44 in the extravasation of leukocytes.   

 The basement membrane surrounding the ducts of the mammary gland is essential 

for the maintenance of tissue localization.  Degradation of this matrix can lead to breast 

cancer cell invasiveness and ultimately enable metastasis.  Here we demonstrate that 

CD44 binding to HA present in the context of a collagen IV matrix inhibits MMP9 

activity.  Breast cancer cell invasion is inhibited into collagen IV gels when HA is present 

in the matrix.  However, if CD44 activity is inhibited by BRIC 235, invasion is restored 

even in the presence of HA in an MMP9 dependent fashion.  In the absence of HA, 

invasion into collagen IV gels does not seem to be MMP9 dependent.  This indicates that 

while CD44 interactions with HA may decrease MMP9 activity, and the invasiveness of 

breast cancer cells, in the absence of CD44, HA may increase invasiveness through an 

MMP9 dependent mechanism.  It may be possible that in the absence of CD44, HA may 

be binding to an alternate receptor such as RHAMM, to mediate increased invasion and 

increased MMP9 activity. 

 As demonstrated previously, HA mediated activities depends on the context in 

which HA is presented to the cell.  Previously we showed differential HA mediated 

activity depending on whether HA was found soluble in the media or immobilized in a 

matrix.  However, here we show evidence that it is not only the solubility of HA that 

matters for its activity, but also which matrix HA is found in.  Here we show MMP9 

activity is not affected by HA in collagen I gels.  However, when HA localized in a 
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collagen IV matrix, HA inhibits MMP9 mediated invasion in a CD44 mediated fashion.  

It is tempting to speculate that differential HA mediated activity may be occuring as a 

result of CD44 binding to both HA and collagen.  While many different ligands for CD44 

have been identified, including collagen, studies have focused mainly of HA mediated 

activities and not much is known about the effects of collagen on CD44 signaling.  The 

HA binding site, known as the ‘link module’ is located in at the amino-terminus end of 

the extracellular domain.  It is tempting to speculate that the stalk of the extracellular 

domain of CD44 may contain a collagen binding site that can affect HA signaling 

depending on which collagen CD44 is binding. 

 The expression of MMP9 in the extracellular matrix surrounding the vascular 

endothelium in the lung illustrate further mechanisms by which CD44 may inhibit breast 

cancer cell metastasis.  The lungs are one of the major sites for breast cancer metastasis 

in both mice and humans.  The degradation of the extracellular matrix surrounding the 

pulmonary vascular may facilitate the extravasation of tumor cells out of circulation.  

Extravasation from the vascular is particularly difficult for tumor cells as endothelial cells 

form tight junctions to prevent a leakage of the blood vessel.  

 Lastly, we show a decreased macrophage population in the lungs of CD44 

deficient mice.  Sentinel macrophages resident in the lungs maintain tissue homeostasis 

by eliminating pathogens, infected cells as well as transformed cells.  The lack of 

macrophages in CD44 deficient mice may facilitate the establishment of tumor colonies 

in the lungs as no challenges to the cells are made by the immune system.  This data 
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corroborates previous studies that show display impaired leukocyte migration during 

migration or induced arthritis in CD44 negative mice [137, 270]. 

 Remodeling of the extracellular matrix is extremely important to a metastasizing 

cell.  Studies examining migrating cells in traditional 2D systems may not be fully 

elucidating all of the interactions necessary for a cell to move through a 3D tissue.  

Tissue microarchitecture is a complex construction comprised of various components that 

may function together rather than individually.  By isolating matrix components and 

adding them individually to cells, we cannot fully understand how matrix components 

affect each other and how their additive effects modulate cellular morphology.  This 

study brings to light these shortcomings as it indicates that even when studying matrix 

components in 3D matrices, such as collagen or HA, additional elements with the matrix 

may further change phenotypes.  This underscores the necessity to examine epithelial 

stromal interactions in a context as similar as possible to that seen in vivo.   
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VI. DISCUSSION 

 
The past two decades have seen a large number of studies examining how HA 

interacts with its main receptor, CD44, affecting tumorigenesis and cancer 

progression.  Most of these studies utilized the best techniques available at the time, 

including molecular biology techniques, traditional 2D culture systems, xenograft and 

injectable mouse models of cancer.  However, considering the spatial relationship that 

exists between CD44 and HA within tissue, it becomes increasingly important to 

study their interactions in the context of epithelial-stromal interactions.  The present 

studies underlie phenotypic differences observed in epithelial cells depending on how 

they interact with HA in its native environment or in 3D tissue culture systems 

designed to mimic the microarchitecture of the stroma.  

Extensive studies have demonstrated the migratory capabilities of CD44 and HA 

by utilizing 2D culture systems.  Transfection of tumor epithelial cells with CD44 or 

Has2 expression constructs or the addition of HA to the cellular media leads to 

increased cell migration over the rigid tissue culture surface.  Xenograft mouse 

models with human breast cancer cells overexpressing Has2 vectors show enhanced 

ability to metastasize into the lungs of nude mice.  All of this evidence is compelling, 

driving several researchers to propose that CD44 directed therapies might be 

employed as a treatment for breast cancer to reduce metastatic disease.  However a 

divide exists between all of the in vitro data and data from human breast cancer tissue 
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samples.  Although most in vitro evidence indicates that CD44 enables tumor cell 

migration and metastasis, staining from tissue samples obtained from breast cancer 

patients indicates that often the loss of CD44 correlates with poor disease prognosis 

or that the gain of CD44 variants along with the loss of CD44s drives metastatic 

disease.  It was because of these conflicting observations that we sought to define 

what role CD44 plays in breast cancer cell invasion and metastasis through the use of 

mouse models of breast cancer. 

Our first study utilized the MMTV-PyV mT mouse model of metastatic breast 

cancer crossed onto a CD44 null background to examine how CD44 affects 

tumorigenesis and metastasis.  We established that while CD44 does not affect the 

onset of primary tumors, it does inhibit the metastatic spread of mammary tumors to 

the lungs.  CD44 negative mice displayed a nearly six-fold higher rate of metastasis 

compared to CD44 positive mice.  This is compelling evidence indicating that in 

contrast to the previously ascribed role for CD44 as a pro-invasive protein, CD44 

inhibits metastasis.  These data also indicate that the use of CD44 directed therapies 

could cause further harm to patients diagnosed with breast cancer as it might 

accelerate the rate of metastatic spread.  It remains unclear what isoforms of CD44 

are responsible for the protective properties of CD44 as the mice utilized lacked  

expression of all isoforms of CD44.  To further understand if specific isoforms of 

CD44 may be responsible for metastatic spread, CD44 mice with deletions of specific 

exons will have to be generated and studied.  Breast cancer studies using human 
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tissue samples do suggest that some variant isoforms of CD44 may be upregulated 

during breast cancer progression and may correlate with disease prognosis.   

To understand how CD44 interactions with HA protect from metastasis in mice, 

we first examined the localization of both CD44 and HA in tissue samples.  A distinct 

localization of HA and CD44 exists in tissues where CD44 is expressed by the tumor 

epithelium, while HA is localized mainly to the stroma surrounding tumors.  We 

confirmed these studies using a Has2-GFP reporter mouse to visualize which cells 

were responsible for the deposition of HA.  The cells responsible for HA deposition 

reside exclusively within the stroma, while no expression of Has2 was observed 

within the tumor epithelium.  The deposition of HA within the stroma presents a 

different context of HA presentation relative to traditional studies performed in 2D 

culture systems.   2D culture systems do not allow for the immobilization of HA, as 

HA is highly hydrophilic and is easily solubilized.  Additionally, none of the forces 

exerted by an immobilized HA are present when it is found in a soluble state.  It may 

be difficult for a cell to internalize HA if it is immobilized in a matrix or degradation 

of the matrix may be necessary for HA internalization.  Signaling may change 

depending on internalization.  This hypothesis is highly plausible considering the 

relationship of CD44 to the actin cytoskeleton.  Internalization of HA by CD44 could 

lead to its dissociation from the actin cytoskeleton.  If binding to the actin 

cytoskeleton no longer occurs, binding sites on the cytoplasmic tail of CD44 where 

adaptor proteins such as ankyrin or ezrin anchor CD44 to actin could be open for 



  
  
 
 
 
 
   

 
 
  120

different signaling molecules to bind.  Internalization of HA could then lead to a 

signaling switch resulting in increased invasion and migration.  On the other hand, if 

HA is immobilized, strong interactions between CD44, HA, and the actin 

cytoskeleton can mediate a stable association between the cell and the extracellular 

matrix that inhibits cellular movement.   

We tested this hypothesis through the use of 3D invasion assays and found that, in 

fact, HA present in a 3D collagen I matrix does inhibit cellular movement.  

Movement through the matrix required the binding of CD44 to HA.  This was 

demonstrated as increased levels of invasion were observed after the inhibition of 

CD44/HA interactions through the use of a functional blocking antibody, BRIC 235.  

Interestingly, invasion was increased to levels much higher than those seen into 

collagen I gels alone.  This suggests that HA may have multiple opposing functions.  

In the presence of CD44, HA inhibits invasion, while in the absence of CD44, HA 

promotes invasion.  This correlates well with observations made in studies of CD44 

expression in human breast tumor samples.  Various studies have now concluded that 

loss of CD44, either by decreased expression or by proteolysis of CD44, correlates 

poorly with disease outcome while increased CD44 correlates with good disease 

outcomes.  It may therefore be that loss of CD44 is indicative of disease progression 

as HA can be both beneficial or detrimetal to epithelial cell metastasis depending on 

the status of CD44.  HA has been previously been shown to interact with receptors 

other than CD44, such as RHAMM, to mediate cellular invasion and metastasis.  It 
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may be that the protective effects of CD44/HA interactions outweigh the proinvasive 

phenotypes mediated by the interactions between HA and RHAMM.  

We further examined the mechanisms behind CD44 inhibition of cell invasion 

and found that CD44 function depends highly on the context of HA in the cellular 

microenvironment.  A substantial amount of in vitro evidence using traditional 2D culture 

systems and in vivo evidence utilizing injectable tumor cells into mice have indicated that 

the interaction between CD44 and HA leads to pro-invasive phenotypes.  The 

conclusions from these studies are in stark contrast to what we observe in vivo with our 

transgenic models of breast cancer and 3D in vitro invasion assays.  Possible explanations 

for the opposing results obtained with the different systems included that HA might have 

different CD44 mediated functions depending on the context in which it is expressed.  In 

vivo, HA is expressed mainly in the stroma surrounding tumors with very little HA being 

produced by the tumor epithelium itself.  In fact, the expression of hyaluronan synthases 

by tumor cells is a poor prognostic indicator suggesting that HA production by epithelial 

cells could enable tumor cell invasion.  Production of epithelial cell HA differs from 

fibroblast production of HA as epithelial cells keep the HA anchored to their cellular 

membranes and incorporate it into a pericellular coat known as the ‘glycocalyx’.  HA in 

the glycocalyx functions as a space filling molecule that can promote invasion by 

allowing cells to form focal adhesion and remodel them in a way that enables cell 

movement.  Additionally, pericellular HA has the capability of binding endogenous 
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epithelial cell CD44 which could isolate the cell from interactions with HA found within 

the stroma.   

In light of the possibility that HA could modulate cellular invasive phenotypes 

depending on how it is present in the cellular microenvironment, we decided to assay for 

differential cell spreading and invasion in the presence of both soluble and matrix bound 

HA by phase contrast microscopy as well as by phase contrast time-lapse microscopy.  

We find that, as previously described, when HA is added to the cellular growth media, 

increased cell spreading and the formation of focal adhesions is observed.  In contrast to 

this, when HA is present within a matrix, cells have delayed cellular spreading and 

migrate across the matrix using mainly lamellipodia.  The different morphological 

mechanism employed by cells in response to matrix bound HA or soluble HA might 

reflect differences in the organization of the cytoskeleton.  The tight association between 

CD44 and the cytoskeleton via adaptor proteins such as ankyrin or ezrin, make it 

plausible that CD44 may be involved in differential reorganization of the cytoskeleton in 

response to extracellular stimulus.  To assess this we stained cells with CD44 to view 

which membrane projections CD44 was localizing to, as well as phalloidin to view the 

organization of the filamentous actin cytoskeleton.  Both CD44 and phalloidin displayed 

high levels of staining in the different membrane projections, filopodia and lamellipodia. 

The differential organization of the actin cytoskeleton is an interesting 

phenomenon that should be further studied.  Factors such as the actin-related proteins 2 

and 3 (ARP2/3) complexes serve as sites for actin nucleation that induce the 
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polymerization and branching of actin and are involved in the formation of membrane 

projections.  It would be interesting to visualize if there is differential localization of 

ARP2/3 under different HA conditions.  Attempts to examine this in our lab have been 

made using antibodies to ARP2 and we have seen decreased staining in cells seeded on 

eHA collagen gels and increased ARP2 in sHA gels.  However, further examinination of 

this is necessary.  Possibilities for future experiments include visulization of differential 

ARP2/3 activity in response to HA by confocal time-lapsed microscopy using an ARP3-

GFP construct.  It would be interesting to observe different ARP localization as cells 

adhere to gels with or without HA and migrate across them and to correlate these with 

different membrane projections.  It would also be interesting to understand which adaptor 

proteins link CD44 to the actin cytoskeleton when bound to matrix or soluble HA.  While 

several cytoskeletal adaptor proteins have been demonstrated to bind CD44, no studies 

have extensively examined what regulates their binding to CD44.  Based on our findings 

we would expect cytoskeletal adaptor proteins to bind CD44 intracellularly when cells 

are seeded on collagen gels embedded with HA.  If HA is soluble in the media, we would 

expect CD44 to bind various signaling molecules, such as PAK, Src or FAK while no 

longer binding the actin cytoskeleton.  This hypothesis could be tested by 

immunoprecipitating cells from lysates obtained from cells seeded on different gels and 

probing for CD44 binding partners.   

 As described in the introduction, CD44 interactions with HA induce the activity 

of a number of different signaling cascades.  We assayed for differential activation of 
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signaling using western blot analysis on lysates obtained from cells seeded in the 

presence and absence of matrix bound HA as well as in the presence of soluble HA.  We 

identified differential ERK and γPAK activation in response to differential HA 

interactions.  When human breast cancer cells interacts with HA bound to a collagen I 

matrix, we detect high levels of ERK activation compared to cells interacting with 

collagen I gels alone, or when HA is found soluble in the media.  Alternatively, when 

cells bind collagen I gels alone, or interact with HA present soluble in the growth media, 

we find an increased activation of γPAK activation. 

 ERK and γPAK activity have been previously shown to modulate both invasive 

and proliferative phenotypes in cells.  To examine which phenotypes were modulated by 

ERK and γPAK in our system, we used inhibitory peptides to both molecules.  These 

peptides were linked to a protein transduction domain (PTD) that facilitates the uptake of 

the peptides by the cells.  We found that γPAK signaling highly influences invasion, as 

inhibition of γPAK by the inhibitor peptide, PAK18, led to decreased levels of invasion.  

However, incubation of PAK18 did not affect cellular proliferation.  Alternatively, 

inhibition of ERK led to decreased cellular proliferation but did not affect invasion.  It 

becomes evident then, that these two pathways affect different cellular responses and are 

differentially activated by CD44.   

 Cellular invasion was inhibited by matrix bound HA, while invasion was 

promoted by soluble HA.  Similarly, cellular proliferation was promoted by matrix bound 

HA while it was inhibited by soluble HA.  We performed invasion and proliferation 
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assays with BRIC 235 to assess if these were dependent on CD44.  We found that the 

inhibition of invasion was mediated by CD44 while proliferation was not.  Blocking of 

CD44 by BRIC235 did not 

alter proliferation 

phenotypes.  It has 

previously been shown that 

HA can differentially 

activate ERK through an 

alternate receptor, 

RHAMM.  It remains 

possible then, that the 

interaction of cells with 

eHA leads to ERK 

activation through 

RHAMM rather than 

through CD44.  This hypothesis could be tested through knockdown of RHAMM via 

siRNA to examine whether this affects ERK signaling and proliferative phenotypes. 

 The differential γPAK activation along with the different membrane projections 

seen in response to HA binding are reminscent of Rho/Rac/Cdc42 signaling switches.  

Rho/Rac and Cdc42 are members of the Rho family of GTPases that serve as molecular 

switches that play role in proliferation and migration.  Members within this family can 

 
Figure 6.1:  Regulation of membrane projections by 
alternative Cdc42/RhoA/Rac signaling.  Rho family 
members of GTPases crosstalk inhibiting and activating 
each other’s activity to modulate the formation and 
retraction of membrane protrusions used during cellular 
migration.  This figure was adapted from [9] 
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both activate and inhibit each other’s signlaing, often inducing oscillations in signaling 

that can aid in cell movement.  Additionally, signaling originating from different 

members of the family are responsible for the formation or retraction of different 

membrane projections.  Cdc42 signaling induces the formation of filopodia while Rac 

signaling induces the formation of lamellipodia (Figure 6.1).  CD44 has previously been 

shown to diffferentially induce Rho/Rac signaling and so it would be interesting to see if 

stimulation of CD44 by different extracellular stimulus in our system by eHA or sHA, 

could differentially activate Cdc42/Rho/Rac[133, 158-160].  This could potentially be 

examined by taking cell lysates from cells seeded onto collagen gels with eHA and sHA, 

and assay the lysates for Rho-GTPase or Rac-GTPase activity.   

 Differences in the cellular responses seen with eHA or sHA could also be 

attributed to the physical properties of gels.  HA is a space filling molecule that opens up 

extracellular space, and during development this property enables the formation of 

endocardial cushions necessary for valve formation [46-49].  This idea has been adopted 

by the cancer field where the properties of HA are interpreted as being able to open up 

extracellular space through which cells can migrate.  However, the hydrating properties 

of HA may be inhibiting cellular movement by decreasing the tensional forces exterted 

by the extracellular matrix on the tumor epithelium.  It has recently been demonstrated 

that stiffer extracellular matrices allow cells to form strong stress fibers and give them a 

very mesenchymal morphology that is associated with invasiveness.  Alternatively, cells 

in a more compliant environment show differentiated morphologies and greater 
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polarization [19].  The hydrating properties of HA allow for the opening up of 

extracellular spaces that may make the extracellular matrix more compliant and thus 

promote differentiated phenotypes while inhibiting mesenchymal phenotypes.  These 

ideas could be tested using rheometry and atomic force microscopy to determine the 

compliancy of gels when in the presence of eHA or sHA.  Cellular phenotypes could also 

be assessed in this system by correlating HA concentrations in gels, and tensional forces 

generated,  with filopodia formation.  Non-invasive breast cancer cell lines that are not as 

mesenchymal as MDA-MB-231 cells could be used.  The immortalized normal human 

breast epithelial cell line, MCF10A, would be a good model for examining the effects of 

HA on cellular differentiation and EMT.   

 CD44 has also been previously demonstrated to function as a co-receptor that can 

modulate the activity of neighboring transmembrane receptors.  Integrins have long been 

implicated in sensing forces within the extracellular matrix and they localize to similar 

areas as CD44 on membrane surface, namely cellular projections.  Interstingly, early 

studies of CD44 were able to co-immunoprecipitate CD44 with integrins demonstrating 

that they can be found interacting within the same complexes [271].  As integrins are 

known to sense extracellular matrix forces, it would be interesting to determine if CD44 

could modulate integrin mediate signaling.  Studies such as these would involve 

identifying which integrins CD44 was binding to.  This could potentially be achieved 

through proteomics.  CD44 could be immunoprecipitated from cell lysates collected from 

cells seeded on eHA or sHA gels.  The immunoprecipitae can be separated by SDS-
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PAGE and silver stained.  Differential bands that may correspond to integrins could then 

be excised and sequenced.  Once the integrin binding partners of CD44 have been 

identified, integrin-mediated signaling could be determined by western blot analysis 

examining downstream integrin effectors.  It is tempting to speculate that cellular 

signaling originating from sites of focal adhesions occurs as a result of a protein circuit 

comprised of a network of receptors that integrate extracellular stimulus to determine 

phenotypic outcome. 

 Finally, we also demonstrate that CD44 interactions with HA can modulate the 

secretion of MMP while also affecting leukocyte migration.  Interestingly CD44/HA 

interactions decrease MMP9 mediated invasion when HA is present in a collagen IV 

matrix but not in a collagen I matrix.  CD44 has been demonstrated to bind collagen in 

addition to HA.  While the ‘link’ module responsible for HA binding has been identified 

and characterized, we do not understand collagen binding abilities of CD44.  It would be 

interesting to identify the collagen binding site of the CD44 protein and examine if 

differential collagen binding affects how cells act in response to HA binding.  

Understanding this could be achieved through the use of site-directed mutagenesis of the 

CD44 extracellular matrix domain and assaying CD44 mediate collagen binding abilities 

through adhesion assays.  Once the collagen binding site has been identified, functional 

blocking of this site either by mutagenesis or antibody mediated inhibition could shed 

light on how collagen binding affects HA signaling.   
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 These data demonstrate the importance of understanding matrix components 

while they are in an environment similar to that observed in vivo.  HA can induce both 

pro-metastatic and anti-metastatic behaviors depending on its context within the cellular 

microenvironment.  Simple modulation of matrix components individually to assess how 

they affect cellular phenotypes is not a viable way to understand their mechanisms of 

function in light of the present study.  Reconstituted basement membranes such as 

matrigel or 3D environments such as collagen gels should be employed when examining 

the functions of matrix components.  With a strong understanding of the function of 

matrix components and how they affect cellular phenotypes, we may be able to develop 

better strategies to delay or eliminate breast cancer cell invasion and metastasis.   



  
  
 
 
 
 
   

 
 
  130

References 

 
1. Fulop, C.a.S., A.  Diagram of sperm penetration through the COC matrix. 

Glycoforum - Hyaluronan  1998  [cited; Available from: 
http://www.glycoforum.gr.jp/science/hyaluronan/HA03/HA03E.html. 

2. Hennighausen, L. Development of the Mammary Gland 
 2008  [cited; Available from: mammary.nih.gov. 
3. Alberts, B., Molecular biology of the cell. 5th ed. 2008, New York: Garland 

Science. 
4. Egeblad, M. and Z. Werb, New functions for the matrix metalloproteinases in 

cancer progression. Nat Rev Cancer, 2002. 2(3): p. 161-74. 
5. Hanahan, D. and R.A. Weinberg, The hallmarks of cancer. Cell, 2000. 100(1): p. 

57-70. 
6. Ponta, H., L. Sherman, and P.A. Herrlich, CD44: from adhesion molecules to 

signalling regulators. Nat Rev Mol Cell Biol, 2003. 4(1): p. 33-45. 
7. Stainier, D.Y., Zebrafish genetics and vertebrate heart formation. Nat Rev Genet, 

2001. 2(1): p. 39-48. 
8. Kalluri, R. and M. Zeisberg, Fibroblasts in cancer. Nat Rev Cancer, 2006. 6(5): 

p. 392-401. 
9. Sakumura, Y., et al., A molecular model for axon guidance based on cross talk 

between rho GTPases. Biophys J, 2005. 89(2): p. 812-22. 
10. Sahai, E., Illuminating the metastatic process. Nat Rev Cancer, 2007. 7(10): p. 

737-49. 
11. SEER Cancer Statistics Review 1975-2004.  2005  [cited; Available from: 

http://seer.cancer.gov/csr/1975_2004/results_merged/sect_04_breast.pdf. 
12. Breast cancer facts and figures 2005-2006.  2007  [cited; Available from: 

http://www.cancer.org/downloads/STT/CAFF2005BrFacspdf2005.pdf. 
. 
13. Cancer Facts and Figures 2007.  2007  [cited; Available from: 

http://www.cancer.org/downloads/STT/CAFF2007PWSecured.pdf. 
14. Neville, M.C., T.B. McFadden, and I. Forsyth, Hormonal regulation of mammary 

differentiation and milk secretion. J Mammary Gland Biol Neoplasia, 2002. 7(1): 
p. 49-66. 

15. Fonseca, R., et al., Ductal carcinoma in situ of the breast. Ann Intern Med, 1997. 
127(11): p. 1013-22. 

16. De Wever, O. and M. Mareel, Role of tissue stroma in cancer cell invasion. J 
Pathol, 2003. 200(4): p. 429-47. 

17. Barsky, S.H. and R. Gopalakrishna, Increased invasion and spontaneous 
metastasis of BL6 melanoma with inhibition of the desmoplastic response in C57 
BL/6 mice. Cancer Res, 1987. 47(6): p. 1663-7. 



  
  
 
 
 
 
   

 
 
  131

18. Hadden, H.L. and C.A. Henke, Induction of lung fibroblast apoptosis by soluble 
fibronectin peptides. Am J Respir Crit Care Med, 2000. 162(4 Pt 1): p. 1553-60. 

19. Paszek, M.J., et al., Tensional homeostasis and the malignant phenotype. Cancer 
Cell, 2005. 8(3): p. 241-54. 

20. Mueller, M.M. and N.E. Fusenig, Friends or foes - bipolar effects of the tumour 
stroma in cancer. Nat Rev Cancer, 2004. 4(11): p. 839-49. 

21. Lin, E.Y., et al., Colony-stimulating factor 1 promotes progression of mammary 
tumors to malignancy. J Exp Med, 2001. 193(6): p. 727-40. 

22. Wyckoff, J.B., et al., Direct visualization of macrophage-assisted tumor cell 
intravasation in mammary tumors. Cancer Res, 2007. 67(6): p. 2649-56. 

23. Bergstraesser, L.M., et al., Expression of hemidesmosomes and component 
proteins is lost by invasive breast cancer cells. Am J Pathol, 1995. 147(6): p. 
1823-39. 

24. White, D.E. and W.J. Muller, Multifaceted roles of integrins in breast cancer 
metastasis. J Mammary Gland Biol Neoplasia, 2007. 12(2-3): p. 135-42. 

25. Ruoslahti, E. and M.D. Pierschbacher, New perspectives in cell adhesion: RGD 
and integrins. Science, 1987. 238(4826): p. 491-7. 

26. Weissmann, B. and K. Meyer, The Structure of Hyalobiuronic Acid and of 
Hyaluronic Acid from Umbilical Cord. J. Am. Chem. Soc., 1954. 76(7): p. 1753-
1757. 

27. Markovitz, A., J.A. Cifonelli, and A. Dorfman, The biosynthesis of hyaluronic 
acid by group A Streptococcus. VI. Biosynthesis from uridine nucleotides in cell-
free extracts. J Biol Chem, 1959. 234: p. 2343-50. 

28. Weigel, P.H., V.C. Hascall, and M. Tammi, Hyaluronan synthases. J Biol Chem, 
1997. 272(22): p. 13997-4000. 

29. Ouskova, G., B. Spellerberg, and P. Prehm, Hyaluronan release from 
Streptococcus pyogenes: export by an ABC transporter. Glycobiology, 2004. 
14(10): p. 931-8. 

30. Prehm, P. and U. Schumacher, Inhibition of hyaluronan export from human 
fibroblasts by inhibitors of multidrug resistance transporters. Biochem 
Pharmacol, 2004. 68(7): p. 1401-10. 

31. Moseley, R., R.J. Waddington, and G. Embery, Degradation of 
glycosaminoglycans by reactive oxygen species derived from stimulated 
polymorphonuclear leukocytes. Biochim Biophys Acta, 1997. 1362(2-3): p. 221-
31. 

32. Mukhopadhyay, D., et al., Specificity of the tumor necrosis factor-induced protein 
6-mediated heavy chain transfer from inter-alpha-trypsin inhibitor to hyaluronan: 
implications for the assembly of the cumulus extracellular matrix. J Biol Chem, 
2004. 279(12): p. 11119-28. 

33. Kohda, D., et al., Solution structure of the link module: a hyaluronan-binding 
domain involved in extracellular matrix stability and cell migration. Cell, 1996. 
86(5): p. 767-75. 



  
  
 
 
 
 
   

 
 
  132

34. Day, A.J., The structure and regulation of hyaluronan-binding proteins. Biochem 
Soc Trans, 1999. 27(2): p. 115-21. 

35. Prevo, R., et al., Mouse LYVE-1 is an endocytic receptor for hyaluronan in 
lymphatic endothelium. J Biol Chem, 2001. 276(22): p. 19420-30. 

36. Turley, E.A., P.W. Noble, and L.Y. Bourguignon, Signaling properties of 
hyaluronan receptors. J Biol Chem, 2002. 277(7): p. 4589-92. 

37. Salustri, A., M. Yanagishita, and V.C. Hascall, Mouse oocytes regulate 
hyaluronic acid synthesis and mucification by FSH-stimulated cumulus cells. Dev 
Biol, 1990. 138(1): p. 26-32. 

38. Siiteri, J.E., P. Dandekar, and S. Meizel, Human sperm acrosome reaction-
initiating activity associated with the human cumulus oophorus and mural 
granulosa cells. J Exp Zool, 1988. 246(1): p. 71-80. 

39. Lin, Y., et al., A hyaluronidase activity of the sperm plasma membrane protein 
PH-20 enables sperm to penetrate the cumulus cell layer surrounding the egg. J 
Cell Biol, 1994. 125(5): p. 1157-63. 

40. de la Motte, C.A., et al., Mononuclear leukocytes bind to specific hyaluronan 
structures on colon mucosal smooth muscle cells treated with polyinosinic 
acid:polycytidylic acid: inter-alpha-trypsin inhibitor is crucial to structure and 
function. Am J Pathol, 2003. 163(1): p. 121-33. 

41. Day, A.J. and C.A. de la Motte, Hyaluronan cross-linking: a protective 
mechanism in inflammation? Trends Immunol, 2005. 26(12): p. 637-43. 

42. Delmage, J.M., et al., The selective suppression of immunogenicity by hyaluronic 
acid. Ann Clin Lab Sci, 1986. 16(4): p. 303-10. 

43. McBride, W.H. and J.B. Bard, Hyaluronidase-sensitive halos around adherent 
cells. Their role in blocking lymphocyte-mediated cytolysis. J Exp Med, 1979. 
149(2): p. 507-15. 

44. Forrester, J.V. and E.A. Balazs, Inhibition of phagocytosis by high molecular 
weight hyaluronate. Immunology, 1980. 40(3): p. 435-46. 

45. Fenderson, B.A., I. Stamenkovic, and A. Aruffo, Localization of hyaluronan in 
mouse embryos during implantation, gastrulation and organogenesis. 
Differentiation, 1993. 54(2): p. 85-98. 

46. Camenisch, T.D., et al., Heart-valve mesenchyme formation is dependent on 
hyaluronan-augmented activation of ErbB2-ErbB3 receptors. Nat Med, 2002. 
8(8): p. 850-5. 

47. Baldwin, H.S., T.R. Lloyd, and M. Solursh, Hyaluronate degradation affects 
ventricular function of the early postlooped embryonic rat heart in situ. Circ Res, 
1994. 74(2): p. 244-52. 

48. Camenisch, T.D., et al., Disruption of hyaluronan synthase-2 abrogates normal 
cardiac morphogenesis and hyaluronan-mediated transformation of epithelium to 
mesenchyme. J Clin Invest, 2000. 106(3): p. 349-60. 

49. Stevens, M.V., et al., MEKK4 regulates developmental EMT in the embryonic 
heart. Dev Dyn, 2006. 235(10): p. 2761-70. 



  
  
 
 
 
 
   

 
 
  133

50. Morrison, H., et al., The NF2 tumor suppressor gene product, merlin, mediates 
contact inhibition of growth through interactions with CD44. Genes Dev, 2001. 
15(8): p. 968-80. 

51. Sampson, P.M., et al., Cytokine regulation of human lung fibroblast hyaluronan 
(hyaluronic acid) production. Evidence for cytokine-regulated hyaluronan 
(hyaluronic acid) degradation and human lung fibroblast-derived hyaluronidase. 
J Clin Invest, 1992. 90(4): p. 1492-503. 

52. Termeer, C., et al., Oligosaccharides of Hyaluronan activate dendritic cells via 
toll-like receptor 4. J Exp Med, 2002. 195(1): p. 99-111. 

53. McKee, C.M., et al., Hyaluronan fragments induce nitric-oxide synthase in 
murine macrophages through a nuclear factor kappaB-dependent mechanism. J 
Biol Chem, 1997. 272(12): p. 8013-8. 

54. Yang, T., et al., Glioma-associated hyaluronan induces apoptosis in dendritic 
cells via inducible nitric oxide synthase: implications for the use of dendritic cells 
for therapy of gliomas. Cancer Res, 2002. 62(9): p. 2583-91. 

55. Mummert, M.E., et al., Synthesis and surface expression of hyaluronan by 
dendritic cells and its potential role in antigen presentation. J Immunol, 2002. 
169(8): p. 4322-31. 

56. Mohamadzadeh, M., et al., Proinflammatory stimuli regulate endothelial 
hyaluronan expression and CD44/HA-dependent primary adhesion. J Clin Invest, 
1998. 101(1): p. 97-108. 

57. Estess, P., et al., Interleukin 15 induces endothelial hyaluronan expression in vitro 
and promotes activated T cell extravasation through a CD44-dependent pathway 
in vivo. J Exp Med, 1999. 190(1): p. 9-19. 

58. Johnson, P., et al., A role for the cell adhesion molecule CD44 and sulfation in 
leukocyte-endothelial cell adhesion during an inflammatory response? Biochem 
Pharmacol, 2000. 59(5): p. 455-65. 

59. DeGrendele, H.C., et al., CD44 and its ligand hyaluronate mediate rolling under 
physiologic flow: a novel lymphocyte-endothelial cell primary adhesion pathway. 
J Exp Med, 1996. 183(3): p. 1119-30. 

60. Auvinen, P., et al., Hyaluronan in peritumoral stroma and malignant cells 
associates with breast cancer spreading and predicts survival. Am J Pathol, 2000. 
156(2): p. 529-36. 

61. Bertrand, P., et al., Hyaluronan (hyaluronic acid) and hyaluronectin in the 
extracellular matrix of human breast carcinomas: comparison between invasive 
and non-invasive areas. Int J Cancer, 1992. 52(1): p. 1-6. 

62. Knudson, W., et al., The role and regulation of tumour-associated hyaluronan. 
Ciba Found Symp, 1989. 143: p. 150-9; discussion 159-69, 281-5. 

63. Knudson, W., C. Biswas, and B.P. Toole, Interactions between human tumor cells 
and fibroblasts stimulate hyaluronate synthesis. Proc Natl Acad Sci U S A, 1984. 
81(21): p. 6767-71. 



  
  
 
 
 
 
   

 
 
  134

64. Lopez, J.I., et al., CD44 attenuates metastatic invasion during breast cancer 
progression. Cancer Res, 2005. 65(15): p. 6755-63. 

65. Anttila, M.A., et al., High levels of stromal hyaluronan predict poor disease 
outcome in epithelial ovarian cancer. Cancer Res, 2000. 60(1): p. 150-5. 

66. Nara, Y., et al., Immunohistochemical localization of extracellular matrix 
components in human breast tumours with special reference to PG-M/versican. 
Histochem J, 1997. 29(1): p. 21-30. 

67. Ropponen, K., et al., Tumor cell-associated hyaluronan as an unfavorable 
prognostic factor in colorectal cancer. Cancer Res, 1998. 58(2): p. 342-7. 

68. Setala, L.P., et al., Hyaluronan expression in gastric cancer cells is associated 
with local and nodal spread and reduced survival rate. Br J Cancer, 1999. 79(7-
8): p. 1133-8. 

69. Lokeshwar, V.B., et al., Urinary hyaluronic acid and hyaluronidase: markers for 
bladder cancer detection and evaluation of grade. J Urol, 2000. 163(1): p. 348-
56. 

70. Hirvikoski, P., et al., Irregular expression of hyaluronan and its CD44 receptor is 
associated with metastatic phenotype in laryngeal squamous cell carcinoma. 
Virchows Arch, 1999. 434(1): p. 37-44. 

71. Karjalainen, J.M., et al., Reduced level of CD44 and hyaluronan associated with 
unfavorable prognosis in clinical stage I cutaneous melanoma. Am J Pathol, 
2000. 157(3): p. 957-65. 

72. Asplund, T., et al., Human mesothelioma cells produce factors that stimulate the 
production of hyaluronan by mesothelial cells and fibroblasts. Cancer Res, 1993. 
53(2): p. 388-92. 

73. Yeo, T.K., et al., Increased hyaluronan at sites of attachment to mesentery by 
CD44-positive mouse ovarian and breast tumor cells. Am J Pathol, 1996. 148(6): 
p. 1733-40. 

74. Kimata, K., et al., Increased synthesis of hyaluronic acid by mouse mammary 
carcinoma cell variants with high metastatic potential. Cancer Res, 1983. 43(3): 
p. 1347-54. 

75. Zhang, L., C.B. Underhill, and L. Chen, Hyaluronan on the surface of tumor cells 
is correlated with metastatic behavior. Cancer Res, 1995. 55(2): p. 428-33. 

76. Calabro, A., et al., Characterization of hyaluronan synthase expression and 
hyaluronan synthesis in bone marrow mesenchymal progenitor cells: 
predominant expression of HAS1 mRNA and up-regulated hyaluronan synthesis 
in bone marrow cells derived from multiple myeloma patients. Blood, 2002. 
100(7): p. 2578-85. 

77. Tammi, R., et al., Hyaluronan enters keratinocytes by a novel endocytic route for 
catabolism. J Biol Chem, 2001. 276(37): p. 35111-22. 

78. Knudson, C.B., Hyaluronan receptor-directed assembly of chondrocyte 
pericellular matrix. J Cell Biol, 1993. 120(3): p. 825-34. 



  
  
 
 
 
 
   

 
 
  135

79. Udabage, L., et al., The over-expression of HAS2, Hyal-2 and CD44 is implicated 
in the invasiveness of breast cancer. Exp Cell Res, 2005. 310(1): p. 205-17. 

80. Misra, S., et al., Regulation of multidrug resistance in cancer cells by hyaluronan. 
J Biol Chem, 2003. 278(28): p. 25285-8. 

81. Misra, S., S. Ghatak, and B.P. Toole, Regulation of MDR1 expression and drug 
resistance by a positive feedback loop involving hyaluronan, phosphoinositide 3-
kinase, and ErbB2. J Biol Chem, 2005. 280(21): p. 20310-5. 

82. Abatangelo, G., et al., Cell detachment mediated by hyaluronic acid. Exp Cell 
Res, 1982. 137(1): p. 73-8. 

83. Barnhart, B.J., S.H. Cox, and P.M. Kraemer, Detachment variants of Chinese 
hamster cells. Hyaluronic acid as a modulator of cell detachment. Exp Cell Res, 
1979. 119(2): p. 327-32. 

84. Koochekpour, S., G.J. Pilkington, and A. Merzak, Hyaluronic acid/CD44H 
interaction induces cell detachment and stimulates migration and invasion of 
human glioma cells in vitro. Int J Cancer, 1995. 63(3): p. 450-4. 

85. Brecht, M., et al., Increased hyaluronate synthesis is required for fibroblast 
detachment and mitosis. Biochem J, 1986. 239(2): p. 445-50. 

86. Cohen, M., et al., Dynamic study of the transition from hyaluronan- to integrin-
mediated adhesion in chondrocytes. EMBO J, 2006. 25(2): p. 302-11. 

87. Zaidel-Bar, R., et al., Hierarchical assembly of cell-matrix adhesion complexes. 
Biochem Soc Trans, 2004. 32(Pt3): p. 416-20. 

88. Zimmerman, E., B. Geiger, and L. Addadi, Initial stages of cell-matrix adhesion 
can be mediated and modulated by cell-surface hyaluronan. Biophys J, 2002. 
82(4): p. 1848-57. 

89. Turley, E.A. and J. Torrance, Localization of hyaluronate and hyaluronate-
binding protein on motile and non-motile fibroblasts. Exp Cell Res, 1985. 161(1): 
p. 17-28. 

90. Evanko, S.P., J.C. Angello, and T.N. Wight, Formation of hyaluronan- and 
versican-rich pericellular matrix is required for proliferation and migration of 
vascular smooth muscle cells. Arterioscler Thromb Vasc Biol, 1999. 19(4): p. 
1004-13. 

91. Kumar, S., et al., Sera of children with renal tumours contain low-molecular-mass 
hyaluronic acid. Int J Cancer, 1989. 44(3): p. 445-8. 

92. Feinberg, R.N. and D.C. Beebe, Hyaluronate in vasculogenesis. Science, 1983. 
220(4602): p. 1177-9. 

93. Lokeshwar, V.B., et al., Tumor-associated hyaluronic acid: a new sensitive and 
specific urine marker for bladder cancer. Cancer Res, 1997. 57(4): p. 773-7. 

94. Fieber, C., et al., Hyaluronan-oligosaccharide-induced transcription of 
metalloproteases. J Cell Sci, 2004. 117(Pt 2): p. 359-67. 

95. Sugahara, K.N., et al., Tumor cells enhance their own CD44 cleavage and motility 
by generating hyaluronan fragments. J Biol Chem, 2006. 281(9): p. 5861-8. 



  
  
 
 
 
 
   

 
 
  136

96. Sugahara, K.N., et al., Hyaluronan oligosaccharides induce CD44 cleavage and 
promote cell migration in CD44-expressing tumor cells. J Biol Chem, 2003. 
278(34): p. 32259-65. 

97. Okamoto, I., et al., Proteolytic cleavage of the CD44 adhesion molecule in 
multiple human tumors. Am J Pathol, 2002. 160(2): p. 441-7. 

98. Karvinen, S., et al., Hyaluronan, CD44 and versican in epidermal keratinocyte 
tumours. Br J Dermatol, 2003. 148(1): p. 86-94. 

99. Wernicke, M., et al., Breast cancer stromal myxoid changes are associated with 
tumor invasion and metastasis: a central role for hyaluronan. Mod Pathol, 2003. 
16(2): p. 99-107. 

100. Vignal, P., et al., Sonographic morphology of infiltrating breast carcinoma: 
relationship with the shape of the hyaluronan extracellular matrix. J Ultrasound 
Med, 2002. 21(5): p. 532-8. 

101. Delpech, B., et al., Serum hyaluronan (hyaluronic acid) in breast cancer patients. 
Int J Cancer, 1990. 46(3): p. 388-90. 

102. Diaz, L.K., et al., CD44 expression is associated with increased survival in node-
negative invasive breast carcinoma. Clin Cancer Res, 2005. 11(9): p. 3309-14. 

103. Berner, H.S., et al., Clinicopathological associations of CD44 mRNA and protein 
expression in primary breast carcinomas. Histopathology, 2003. 42(6): p. 546-54. 

104. Fox, S.B., et al., Normal human tissues, in addition to some tumors, express 
multiple different CD44 isoforms. Cancer Res, 1994. 54(16): p. 4539-46. 

105. Screaton, G.R., et al., Genomic structure of DNA encoding the lymphocyte 
homing receptor CD44 reveals at least 12 alternatively spliced exons. Proc Natl 
Acad Sci U S A, 1992. 89(24): p. 12160-4. 

106. Gunthert, U., CD44: a multitude of isoforms with diverse functions. Curr Top 
Microbiol Immunol, 1993. 184: p. 47-63. 

107. Ponta, H., D. Wainwright, and P. Herrlich, The CD44 protein family. Int J 
Biochem Cell Biol, 1998. 30(3): p. 299-305. 

108. Johnson, J.M., et al., Genome-wide survey of human alternative pre-mRNA 
splicing with exon junction microarrays. Science, 2003. 302(5653): p. 2141-4. 

109. Kampa, D., et al., Novel RNAs identified from an in-depth analysis of the 
transcriptome of human chromosomes 21 and 22. Genome Res, 2004. 14(3): p. 
331-42. 

110. Arch, R., et al., Participation in normal immune responses of a metastasis-
inducing splice variant of CD44. Science, 1992. 257(5070): p. 682-5. 

111. Konig, H., et al., Trans-acting factors regulate the expression of CD44 splice 
variants. EMBO J, 1996. 15(15): p. 4030-9. 

112. Galiana-Arnoux, D., et al., The CD44 alternative v9 exon contains a splicing 
enhancer responsive to the SR proteins 9G8, ASF/SF2, and SRp20. J Biol Chem, 
2003. 278(35): p. 32943-53. 

113. Matsumura, Y. and D. Tarin, Significance of CD44 gene products for cancer 
diagnosis and disease evaluation. Lancet, 1992. 340(8827): p. 1053-8. 



  
  
 
 
 
 
   

 
 
  137

114. Matlin, A.J., F. Clark, and C.W. Smith, Understanding alternative splicing: 
towards a cellular code. Nat Rev Mol Cell Biol, 2005. 6(5): p. 386-98. 

115. Pind, M.T. and P.H. Watson, SR protein expression and CD44 splicing pattern in 
human breast tumours. Breast Cancer Res Treat, 2003. 79(1): p. 75-82. 

116. Matter, N., et al., Heterogeneous ribonucleoprotein A1 is part of an exon-specific 
splice-silencing complex controlled by oncogenic signaling pathways. J Biol 
Chem, 2000. 275(45): p. 35353-60. 

117. Cheng, C. and P.A. Sharp, Regulation of CD44 alternative splicing by SRm160 
and its potential role in tumor cell invasion. Mol Cell Biol, 2006. 26(1): p. 362-
70. 

118. Cheng, C., M.B. Yaffe, and P.A. Sharp, A positive feedback loop couples Ras 
activation and CD44 alternative splicing. Genes Dev, 2006. 20(13): p. 1715-20. 

119. Orian-Rousseau, V., et al., CD44 is required for two consecutive steps in HGF/c-
Met signaling. Genes Dev, 2002. 16(23): p. 3074-86. 

120. Watermann, D.O., et al., Splicing factor Tra2-beta1 is specifically induced in 
breast cancer and regulates alternative splicing of the CD44 gene. Cancer Res, 
2006. 66(9): p. 4774-80. 

121. Stickeler, E., et al., The RNA binding protein YB-1 binds A/C-rich exon enhancers 
and stimulates splicing of the CD44 alternative exon v4. EMBO J, 2001. 20(14): 
p. 3821-30. 

122. Bajorath, J., Molecular organization, structural features, and ligand binding 
characteristics of CD44, a highly variable cell surface glycoprotein with multiple 
functions. Proteins, 2000. 39(2): p. 103-11. 

123. Day, A.J. and J.K. Sheehan, Hyaluronan: polysaccharide chaos to protein 
organisation. Curr Opin Struct Biol, 2001. 11(5): p. 617-22. 

124. Ishii, S., et al., CD44 participates in the adhesion of human colorectal carcinoma 
cells to laminin and type IV collagen. Surg Oncol, 1993. 2(4): p. 255-64. 

125. Toyama-Sorimachi, N. and M. Miyasaka, A novel ligand for CD44 is sulfated 
proteoglycan. Int Immunol, 1994. 6(4): p. 655-60. 

126. Lokeshwar, V.B., N. Fregien, and L.Y. Bourguignon, Ankyrin-binding domain of 
CD44(GP85) is required for the expression of hyaluronic acid-mediated adhesion 
function. J Cell Biol, 1994. 126(4): p. 1099-109. 

127. Zohar, R., et al., Intracellular osteopontin is an integral component of the CD44-
ERM complex involved in cell migration. J Cell Physiol, 2000. 184(1): p. 118-30. 

128. Neame, S.J., et al., CD44 exhibits a cell type dependent interaction with triton X-
100 insoluble, lipid rich, plasma membrane domains. J Cell Sci, 1995. 108 ( Pt 
9): p. 3127-35. 

129. Liu, D. and M.S. Sy, Phorbol myristate acetate stimulates the dimerization of 
CD44 involving a cysteine in the transmembrane domain. J Immunol, 1997. 
159(6): p. 2702-11. 

130. Lokeshwar, V.B. and L.Y. Bourguignon, Post-translational protein modification 
and expression of ankyrin-binding site(s) in GP85 (Pgp-1/CD44) and its 



  
  
 
 
 
 
   

 
 
  138

biosynthetic precursors during T-lymphoma membrane biosynthesis. J Biol Chem, 
1991. 266(27): p. 17983-9. 

131. Bretscher, A., K. Edwards, and R.G. Fehon, ERM proteins and merlin: 
integrators at the cell cortex. Nat Rev Mol Cell Biol, 2002. 3(8): p. 586-99. 

132. Legg, J.W., et al., A novel PKC-regulated mechanism controls CD44 ezrin 
association and directional cell motility. Nat Cell Biol, 2002. 4(6): p. 399-407. 

133. Bourguignon, L.Y., et al., Rho-kinase (ROK) promotes CD44v(3,8-10)-ankyrin 
interaction and tumor cell migration in metastatic breast cancer cells. Cell Motil 
Cytoskeleton, 1999. 43(4): p. 269-87. 

134. Sherman, L., et al., The CD44 proteins in embryonic development and in cancer. 
Curr Top Microbiol Immunol, 1996. 213 ( Pt 1): p. 249-69. 

135. Terpe, H.J., et al., CD44 variant isoforms are preferentially expressed in basal 
epithelial of non-malignant human fetal and adult tissues. Histochemistry, 1994. 
101(2): p. 79-89. 

136. Wirth, K., et al., Expression of CD44 isoforms carrying metastasis-associated 
sequences in newborn and adult rats. Eur J Cancer, 1993. 29A(8): p. 1172-7. 

137. Schmits, R., et al., CD44 regulates hematopoietic progenitor distribution, 
granuloma formation, and tumorigenicity. Blood, 1997. 90(6): p. 2217-33. 

138. Protin, U., et al., CD44-deficient mice develop normally with changes in 
subpopulations and recirculation of lymphocyte subsets. J Immunol, 1999. 
163(9): p. 4917-23. 

139. Teder, P., et al., Resolution of lung inflammation by CD44. Science, 2002. 
296(5565): p. 155-8. 

140. Sherman, L., et al., A splice variant of CD44 expressed in the apical ectodermal 
ridge presents fibroblast growth factors to limb mesenchyme and is required for 
limb outgrowth. Genes Dev, 1998. 12(7): p. 1058-71. 

141. Kaya, G., et al., Selective suppression of CD44 in keratinocytes of mice bearing 
an antisense CD44 transgene driven by a tissue-specific promoter disrupts 
hyaluronate metabolism in the skin and impairs keratinocyte proliferation. Genes 
Dev, 1997. 11(8): p. 996-1007. 

142. Kaya, G., et al., Cutaneous delayed-type hypersensitivity response is inhibited in 
transgenic mice with keratinocyte-specific CD44 expression defect. J Invest 
Dermatol, 1999. 113(1): p. 137-8. 

143. Budd, R.C., et al., Distinction of virgin and memory T lymphocytes. Stable 
acquisition of the Pgp-1 glycoprotein concomitant with antigenic stimulation. J 
Immunol, 1987. 138(10): p. 3120-9. 

144. Foster, L.C., et al., Regulation of CD44 gene expression by the proinflammatory 
cytokine interleukin-1beta in vascular smooth muscle cells. J Biol Chem, 1998. 
273(32): p. 20341-6. 

145. Zeidler, A., et al., Therapeutic effects of antibodies against adhesion molecules in 
murine collagen type II-induced arthritis. Autoimmunity, 1995. 21(4): p. 245-52. 



  
  
 
 
 
 
   

 
 
  139

146. Camp, R.L., et al., CD44 is necessary for optimal contact allergic responses but 
is not required for normal leukocyte extravasation. J Exp Med, 1993. 178(2): p. 
497-507. 

147. Wittig, B.M., et al., Abrogation of experimental colitis correlates with increased 
apoptosis in mice deficient for CD44 variant exon 7 (CD44v7). J Exp Med, 2000. 
191(12): p. 2053-64. 

148. McKallip, R.J., et al., Role of CD44 in activation-induced cell death: CD44-
deficient mice exhibit enhanced T cell response to conventional and 
superantigens. Int Immunol, 2002. 14(9): p. 1015-26. 

149. McKee, C.M., et al., Hyaluronan (HA) fragments induce chemokine gene 
expression in alveolar macrophages. The role of HA size and CD44. J Clin Invest, 
1996. 98(10): p. 2403-13. 

150. Fitzgerald, K.A., et al., Ras, protein kinase C zeta, and I kappa B kinases 1 and 2 
are downstream effectors of CD44 during the activation of NF-kappa B by 
hyaluronic acid fragments in T-24 carcinoma cells. J Immunol, 2000. 164(4): p. 
2053-63. 

151. Ilangumaran, S., A. Briol, and D.C. Hoessli, CD44 selectively associates with 
active Src family protein tyrosine kinases Lck and Fyn in glycosphingolipid-rich 
plasma membrane domains of human peripheral blood lymphocytes. Blood, 1998. 
91(10): p. 3901-8. 

152. Bourguignon, L.Y., et al., CD44 interaction with c-Src kinase promotes cortactin-
mediated cytoskeleton function and hyaluronic acid-dependent ovarian tumor cell 
migration. J Biol Chem, 2001. 276(10): p. 7327-36. 

153. Bourguignon, L.Y., et al., Interaction between the adhesion receptor, CD44, and 
the oncogene product, p185HER2, promotes human ovarian tumor cell activation. 
J Biol Chem, 1997. 272(44): p. 27913-8. 

154. Sherman, L.S., et al., CD44 enhances neuregulin signaling by Schwann cells. J 
Cell Biol, 2000. 150(5): p. 1071-84. 

155. Yu, W.H., et al., CD44 anchors the assembly of matrilysin/MMP-7 with heparin-
binding epidermal growth factor precursor and ErbB4 and regulates female 
reproductive organ remodeling. Genes Dev, 2002. 16(3): p. 307-23. 

156. Yu, Q. and I. Stamenkovic, Cell surface-localized matrix metalloproteinase-9 
proteolytically activates TGF-beta and promotes tumor invasion and 
angiogenesis. Genes Dev, 2000. 14(2): p. 163-76. 

157. Bates, R.C., et al., Engagement of variant CD44 confers resistance to anti-
integrin antibody-mediated apoptosis in a colon carcinoma cell line. Cell Adhes 
Commun, 1998. 6(1): p. 21-38. 

158. Nimnual, A.S., L.J. Taylor, and D. Bar-Sagi, Redox-dependent downregulation of 
Rho by Rac. Nat Cell Biol, 2003. 5(3): p. 236-41. 

159. Sander, E.E., et al., Rac downregulates Rho activity: reciprocal balance between 
both GTPases determines cellular morphology and migratory behavior. J Cell 
Biol, 1999. 147(5): p. 1009-22. 



  
  
 
 
 
 
   

 
 
  140

160. Bourguignon, L.Y., et al., CD44 interaction with tiam1 promotes Rac1 signaling 
and hyaluronic acid- mediated breast tumor cell migration. J Biol Chem, 2000. 
275(3): p. 1829-38. 

161. Yu, Q. and I. Stamenkovic, Localization of matrix metalloproteinase 9 to the cell 
surface provides a mechanism for CD44-mediated tumor invasion. Genes Dev, 
1999. 13(1): p. 35-48. 

162. van der Voort, R., et al., Heparan sulfate-modified CD44 promotes hepatocyte 
growth factor/scatter factor-induced signal transduction through the receptor 
tyrosine kinase c-Met. J Biol Chem, 1999. 274(10): p. 6499-506. 

163. Guo, Y.J., et al., Potential use of soluble CD44 in serum as indicator of tumor 
burden and metastasis in patients with gastric or colon cancer. Cancer Res, 1994. 
54(2): p. 422-6. 

164. Ristamaki, R., et al., Elevated serum CD44 level is associated with unfavorable 
outcome in non-Hodgkin's lymphoma. Blood, 1997. 90(10): p. 4039-45. 

165. Kawano, Y., et al., Ras oncoprotein induces CD44 cleavage through 
phosphoinositide 3-OH kinase and the rho family of small G proteins. J Biol 
Chem, 2000. 275(38): p. 29628-35. 

166. Nagano, O., et al., Cell-matrix interaction via CD44 is independently regulated by 
different metalloproteinases activated in response to extracellular Ca(2+) influx 
and PKC activation. J Cell Biol, 2004. 165(6): p. 893-902. 

167. Okamoto, I., et al., Regulated CD44 cleavage under the control of protein kinase 
C, calcium influx, and the Rho family of small G proteins. J Biol Chem, 1999. 
274(36): p. 25525-34. 

168. Mori, H., et al., CD44 directs membrane-type 1 matrix metalloproteinase to 
lamellipodia by associating with its hemopexin-like domain. EMBO J, 2002. 
21(15): p. 3949-59. 

169. Murakami, D., et al., Presenilin-dependent gamma-secretase activity mediates the 
intramembranous cleavage of CD44. Oncogene, 2003. 22(10): p. 1511-6. 

170. Lammich, S., et al., Presenilin-dependent intramembrane proteolysis of CD44 
leads to the liberation of its intracellular domain and the secretion of an Abeta-
like peptide. J Biol Chem, 2002. 277(47): p. 44754-9. 

171. Okamoto, I., et al., Proteolytic release of CD44 intracellular domain and its role 
in the CD44 signaling pathway. J Cell Biol, 2001. 155(5): p. 755-62. 

172. Weber, G.F., et al., Absence of the CD44 gene prevents sarcoma metastasis. 
Cancer Res, 2002. 62(8): p. 2281-6. 

173. Bankfalvi, A., et al., Gains and losses of CD44 expression during breast 
carcinogenesis and tumour progression. Histopathology, 1998. 33(2): p. 107-16. 

174. Bankfalvi, A., et al., Immunophenotypic and prognostic analysis of E-cadherin 
and beta-catenin expression during breast carcinogenesis and tumour 
progression: a comparative study with CD44. Histopathology, 1999. 34(1): p. 25-
34. 



  
  
 
 
 
 
   

 
 
  141

175. Mikami, T., et al., Decreased expression of CD44, alpha-catenin, and deleted 
colon carcinoma and altered expression of beta-catenin in ulcerative colitis-
associated dysplasia and carcinoma, as compared with sporadic colon 
neoplasms. Cancer, 2000. 89(4): p. 733-40. 

176. Ishida, T., Immunohistochemical expression of the CD44 variant 6 in colorectal 
adenocarcinoma. Surg Today, 2000. 30(1): p. 28-32. 

177. Friedrichs, K., et al., CD44 isoforms correlate with cellular differentiation but not 
with prognosis in human breast cancer. Cancer Res, 1995. 55(22): p. 5424-33. 

178. Koyama, S., T. Maruyama, and S. Adachi, Expression of epidermal growth factor 
receptor and CD44 splicing variants sharing exons 6 and 9 on gastric and 
esophageal carcinomas: a two-color flow-cytometric analysis. J Cancer Res Clin 
Oncol, 1999. 125(1): p. 47-54. 

179. Southgate, J., et al., Patterns of splice variant CD44 expression by normal human 
urothelium in situ and in vitro and by bladder-carcinoma cell lines. Int J Cancer, 
1995. 62(4): p. 449-56. 

180. Hong, R.L., et al., Expressions of E-cadherin and exon v6-containing isoforms of 
CD44 and their prognostic values in human transitional cell carcinoma. J Urol, 
1995. 153(6): p. 2025-8. 

181. De Marzo, A.M., et al., CD44 and CD44v6 downregulation in clinical prostatic 
carcinoma: relation to Gleason grade and cytoarchitecture. Prostate, 1998. 34(3): 
p. 162-8. 

182. Aaltomaa, S., et al., Expression and prognostic value of CD44 standard and 
variant v3 and v6 isoforms in prostate cancer. Eur Urol, 2001. 39(2): p. 138-44. 

183. Kallakury, B.V., et al., Decreased levels of CD44 protein and mRNA in prostate 
carcinoma. Correlation with tumor grade and ploidy. Cancer, 1996. 78(7): p. 
1461-9. 

184. Noordzij, M.A., et al., The prognostic value of CD44 isoforms in prostate cancer 
patients treated by radical prostatectomy. Clin Cancer Res, 1997. 3(5): p. 805-15. 

185. Gao, A.C., et al., CD44 is a metastasis suppressor gene for prostatic cancer 
located on human chromosome 11p13. Cancer Res, 1997. 57(5): p. 846-9. 

186. Verkaik, N.S., et al., Silencing of CD44 expression in prostate cancer by 
hypermethylation of the CD44 promoter region. Lab Invest, 2000. 80(8): p. 1291-
8. 

187. Lou, W., et al., Methylation of the CD44 metastasis suppressor gene in human 
prostate cancer. Cancer Res, 1999. 59(10): p. 2329-31. 

188. Kito, H., et al., Hypermethylation of the CD44 gene is associated with 
progression and metastasis of human prostate cancer. Prostate, 2001. 49(2): p. 
110-5. 

189. Katoh, S., J.B. McCarthy, and P.W. Kincade, Characterization of soluble CD44 
in the circulation of mice. Levels are affected by immune activity and tumor 
growth. J Immunol, 1994. 153(8): p. 3440-9. 



  
  
 
 
 
 
   

 
 
  142

190. Beksac, M., et al., Circulating CD44 and intercellular adhesion molecule-1 levels 
in low grade non-hodgkin lymphoma and B-cell chronic lymphocytic leukemia 
patients during interferon-alpha-2a treatment. Cancer, 2000. 89(7): p. 1474-81. 

191. Kittl, E.M., et al., Evaluation of soluble CD44 splice variant v5 in the diagnosis 
and follow-up in breast cancer patients. Exp Clin Immunogenet, 1997. 14(4): p. 
264-72. 

192. Maenpaa, H., et al., Serum CD44 levels preceding the diagnosis of non-Hodgkin's 
lymphoma. Leuk Lymphoma, 2000. 37(5-6): p. 585-92. 

193. Martin, S., et al., Soluble CD44 splice variants in metastasizing human breast 
cancer. Int J Cancer, 1997. 74(4): p. 443-5. 

194. Ristamaki, R., et al., Origin and function of circulating CD44 in non-Hodgkin's 
lymphoma. J Immunol, 1997. 158(6): p. 3000-8. 

195. Ristamaki, R., H. Joensuu, and S. Jalkanen, Serum CD44 in non-Hodgkin's 
lymphoma. Leuk Lymphoma, 1999. 33(5-6): p. 433-40. 

196. Sasaki, K. and N. Niitsu, Elevated serum levels of soluble CD44 variant 6 are 
correlated with shorter survival in aggressive non-Hodgkin's lymphoma. Eur J 
Haematol, 2000. 65(3): p. 195-202. 

197. Navarro, J.T., et al., Increased serum levels of CD44s and CD44v6 in patients 
with AIDS-related non-Hodgkin's lymphoma. AIDS, 2000. 14(10): p. 1460-1. 

198. De Rossi, G., et al., Increased serum levels of soluble CD44 standard, but not of 
variant isoforms v5 and v6, in B cell chronic lymphocytic leukemia. Leukemia, 
1997. 11(1): p. 134-41. 

199. Molica, S., et al., Elevated serum levels of soluble CD44 can identify a subgroup 
of patients with early B-cell chronic lymphocytic leukemia who are at high risk of 
disease progression. Cancer, 2001. 92(4): p. 713-9. 

200. Auvinen, P., et al., Expression of CD 44 s, CD 44 v 3 and CD 44 v 6 in benign 
and malignant breast lesions: correlation and colocalization with hyaluronan. 
Histopathology, 2005. 47(4): p. 420-8. 

201. Watanabe, O., et al., Expression of a CD44 variant and VEGF-C and the 
implications for lymphatic metastasis and long-term prognosis of human breast 
cancer. J Exp Clin Cancer Res, 2005. 24(1): p. 75-82. 

202. Gong, Y., et al., Expression of cell adhesion molecules, CD44s and E-cadherin, 
and microvessel density in invasive micropapillary carcinoma of the breast. 
Histopathology, 2005. 46(1): p. 24-30. 

203. Toole, B.P., Hyaluronan promotes the malignant phenotype. Glycobiology, 2002. 
12(3): p. 37R-42R. 

204. Kosaki, R., K. Watanabe, and Y. Yamaguchi, Overproduction of hyaluronan by 
expression of the hyaluronan synthase Has2 enhances anchorage-independent 
growth and tumorigenicity. Cancer Res, 1999. 59(5): p. 1141-5. 

205. Naor, D., et al., CD44 in cancer. Crit Rev Clin Lab Sci, 2002. 39(6): p. 527-79. 
206. Iida, N. and L.Y. Bourguignon, New CD44 splice variants associated with human 

breast cancers. J Cell Physiol, 1995. 162(1): p. 127-33. 



  
  
 
 
 
 
   

 
 
  143

207. Naor, D., R.V. Sionov, and D. Ish-Shalom, CD44: structure, function, and 
association with the malignant process. Adv Cancer Res, 1997. 71: p. 241-319. 

208. Droll, A., et al., Adhesive interactions between alternatively spliced CD44 
isoforms. J Biol Chem, 1995. 270(19): p. 11567-73. 

209. Bennett, K.L., et al., CD44 isoforms containing exon V3 are responsible for the 
presentation of heparin-binding growth factor. J Cell Biol, 1995. 128(4): p. 687-
98. 

210. Kurozumi, K., et al., Significance of biologic aggressiveness and proliferating 
activity in papillary thyroid carcinoma. World J Surg, 1998. 22(12): p. 1237-42. 

211. Daniel, L., et al., CD44s and CD44v6 expression in localized T1-T2 conventional 
renal cell carcinomas. J Pathol, 2001. 193(3): p. 345-9. 

212. Gotoda, T., et al., Expression of CD44 variants and its association with survival 
in pancreatic cancer. Jpn J Cancer Res, 1998. 89(10): p. 1033-40. 

213. de Alava, E., et al., CD44v6 expression is related to progression in renal 
epithelial tumours. Histopathology, 1998. 33(1): p. 39-45. 

214. Kanke, M., et al., Role of CD44 variant exon 6 in invasion of head and neck 
squamous cell carcinoma. Arch Otolaryngol Head Neck Surg, 2000. 126(10): p. 
1217-23. 

215. Takahashi, K., et al., CD44 hyaluronate binding influences growth kinetics and 
tumorigenicity of human colon carcinomas. Oncogene, 1995. 11(11): p. 2223-32. 

216. Shtivelman, E. and J.M. Bishop, Expression of CD44 is repressed in 
neuroblastoma cells. Mol Cell Biol, 1991. 11(11): p. 5446-53. 

217. Benard, J., Genetic alterations associated with metastatic dissemination and 
chemoresistance in neuroblastoma. Eur J Cancer, 1995. 31A(4): p. 560-4. 

218. Choi, S.H., et al., CD44s expression in human colon carcinomas influences 
growth of liver metastases. Int J Cancer, 2000. 85(4): p. 523-6. 

219. Gunthert, U., et al., A new variant of glycoprotein CD44 confers metastatic 
potential to rat carcinoma cells. Cell, 1991. 65(1): p. 13-24. 

220. Wallach-Dayan, S.B., et al., CD44-dependent lymphoma cell dissemination: a cell 
surface CD44 variant, rather than standard CD44, supports in vitro lymphoma 
cell rolling on hyaluronic acid substrate and its in vivo accumulation in the 
peripheral lymph nodes. J Cell Sci, 2001. 114(Pt 19): p. 3463-77. 

221. Herrera-Gayol, A. and S. Jothy, Adhesion proteins in the biology of breast 
cancer: contribution of CD44. Exp Mol Pathol, 1999. 66(2): p. 149-56. 

222. Itano, N., et al., Abnormal accumulation of hyaluronan matrix diminishes contact 
inhibition of cell growth and promotes cell migration. Proc Natl Acad Sci U S A, 
2002. 99(6): p. 3609-14. 

223. Itano, N., et al., Relationship between hyaluronan production and metastatic 
potential of mouse mammary carcinoma cells. Cancer Res, 1999. 59(10): p. 2499-
504. 



  
  
 
 
 
 
   

 
 
  144

224. Itano, N., et al., Selective expression and functional characteristics of three 
mammalian hyaluronan synthases in oncogenic malignant transformation. J Biol 
Chem, 2004. 279(18): p. 18679-87. 

225. Heldin, P., et al., Characterization of the molecular mechanism involved in the 
activation of hyaluronan synthetase by platelet-derived growth factor in human 
mesothelial cells. Biochem J, 1992. 283 ( Pt 1): p. 165-70. 

226. Guy, C.T., R.D. Cardiff, and W.J. Muller, Induction of mammary tumors by 
expression of polyomavirus middle T oncogene: a transgenic mouse model for 
metastatic disease. Mol Cell Biol, 1992. 12(3): p. 954-61. 

227. Maglione, J.E., et al., Transgenic Polyoma middle-T mice model premalignant 
mammary disease. Cancer Res, 2001. 61(22): p. 8298-305. 

228. Webster, M.A., et al., Requirement for both Shc and phosphatidylinositol 3' 
kinase signaling pathways in polyomavirus middle T-mediated mammary 
tumorigenesis. Mol Cell Biol, 1998. 18(4): p. 2344-59. 

229. Monaghan, M., et al., Epidermal growth factor up-regulates CD44-dependent 
astrocytoma invasion in vitro. J Pathol, 2000. 192(4): p. 519-25. 

230. Miyake, K., et al., Monoclonal antibodies to Pgp-1/CD44 block lympho-
hemopoiesis in long-term bone marrow cultures. J Exp Med, 1990. 171(2): p. 
477-88. 

231. Jackson, D.G., et al., LYVE-1, the lymphatic system and tumor 
lymphangiogenesis. Trends Immunol, 2001. 22(6): p. 317-21. 

232. Hall, C.L., et al., Overexpression of the hyaluronan receptor RHAMM is 
transforming and is also required for H-ras transformation. Cell, 1995. 82(1): p. 
19-26. 

233. Bourguignon, L.Y., et al., CD44v(3,8-10) is involved in cytoskeleton-mediated 
tumor cell migration and matrix metalloproteinase (MMP-9) association in 
metastatic breast cancer cells. J Cell Physiol, 1998. 176(1): p. 206-15. 

234. Iida, N. and L.Y. Bourguignon, Coexpression of CD44 variant (v10/ex14) and 
CD44S in human mammary epithelial cells promotes tumorigenesis. J Cell 
Physiol, 1997. 171(2): p. 152-60. 

235. Tsukita, S., et al., ERM family members as molecular linkers between the cell 
surface glycoprotein CD44 and actin-based cytoskeletons. J Cell Biol, 1994. 
126(2): p. 391-401. 

236. Herrera-Gayol, A. and S. Jothy, Effect of hyaluronan on xenotransplanted breast 
cancer. Exp Mol Pathol, 2002. 72(3): p. 179-85. 

237. Kalluri, R., Basement membranes: structure, assembly and role in tumour 
angiogenesis. Nat Rev Cancer, 2003. 3(6): p. 422-33. 

238. Coussens, L.M. and Z. Werb, Inflammation and cancer. Nature, 2002. 420(6917): 
p. 860-7. 

239. Liotta, L.A. and E.C. Kohn, The microenvironment of the tumour-host interface. 
Nature, 2001. 411(6835): p. 375-9. 



  
  
 
 
 
 
   

 
 
  145

240. Rodgers, L.S., et al., Depolymerized hyaluronan induces vascular endothelial 
growth factor, a negative regulator of developmental epithelial-to-mesenchymal 
transformation. Circ Res, 2006. 99(6): p. 583-9. 

241. Bourguignon, L.Y., E. Gilad, and K. Peyrollier, Heregulin-mediated ErbB2-ERK 
signaling activates hyaluronan synthases leading to CD44-dependent ovarian 
tumor cell growth and migration. J Biol Chem, 2007. 282(27): p. 19426-41. 

242. Bourguignon, L.Y., et al., Hyaluronan-CD44 interaction with IQGAP1 promotes 
Cdc42 and ERK signaling, leading to actin binding, Elk-1/estrogen receptor 
transcriptional activation, and ovarian cancer progression. J Biol Chem, 2005. 
280(12): p. 11961-72. 

243. Toole, B.P., C. Biswas, and J. Gross, Hyaluronate and invasiveness of the rabbit 
V2 carcinoma. Proc Natl Acad Sci U S A, 1979. 76(12): p. 6299-303. 

244. Bastow, E.R., et al., Selective activation of the MEK-ERK pathway is regulated by 
mechanical stimuli in forming joints and promotes pericellular matrix formation. 
J Biol Chem, 2005. 280(12): p. 11749-58. 

245. Zoltan-Jones, A., et al., Elevated hyaluronan production induces mesenchymal 
and transformed properties in epithelial cells. J Biol Chem, 2003. 278(46): p. 
45801-10. 

246. Li, R., et al., CD44-initiated cell spreading induces Pyk2 phosphorylation, is 
mediated by Src family kinases, and is negatively regulated by CD45. J Biol 
Chem, 2001. 276(31): p. 28767-73. 

247. Schaller, M.D., et al., Autophosphorylation of the focal adhesion kinase, 
pp125FAK, directs SH2-dependent binding of pp60src. Mol Cell Biol, 1994. 
14(3): p. 1680-8. 

248. Parsons, J.T. and S.J. Parsons, Src family protein tyrosine kinases: cooperating 
with growth factor and adhesion signaling pathways. Curr Opin Cell Biol, 1997. 
9(2): p. 187-92. 

249. Parsons, J.T., et al., Focal adhesion kinase: a regulator of focal adhesion 
dynamics and cell movement. Oncogene, 2000. 19(49): p. 5606-13. 

250. Edwards, D.C., et al., Activation of LIM-kinase by Pak1 couples Rac/Cdc42 
GTPase signalling to actin cytoskeletal dynamics. Nat Cell Biol, 1999. 1(5): p. 
253-9. 

251. Misra, U.K., R. Deedwania, and S.V. Pizzo, Binding of activated alpha2-
macroglobulin to its cell surface receptor GRP78 in 1-LN prostate cancer cells 
regulates PAK-2-dependent activation of LIMK. J Biol Chem, 2005. 280(28): p. 
26278-86. 

252. Vadlamudi, R.K., et al., p41-Arc subunit of human Arp2/3 complex is a p21-
activated kinase-1-interacting substrate. EMBO Rep, 2004. 5(2): p. 154-60. 

253. Maruta, H., H. He, and T. Nheu, Interfering with Ras signaling using membrane-
permeable peptides or drugs. Methods Mol Biol, 2002. 189: p. 75-85. 



  
  
 
 
 
 
   

 
 
  146

254. Kelemen, B.R., K. Hsiao, and S.A. Goueli, Selective in vivo inhibition of mitogen-
activated protein kinase activation using cell-permeable peptides. J Biol Chem, 
2002. 277(10): p. 8741-8. 

255. Klemke, R.L., et al., Regulation of cell motility by mitogen-activated protein 
kinase. J Cell Biol, 1997. 137(2): p. 481-92. 

256. Corcoran, A. and R.F. Del Maestro, Testing the "Go or Grow" hypothesis in 
human medulloblastoma cell lines in two and three dimensions. Neurosurgery, 
2003. 53(1): p. 174-84; discussion 184-5. 

257. Nedvetzki, S., et al., RHAMM, a receptor for hyaluronan-mediated motility, 
compensates for CD44 in inflamed CD44-knockout mice: a different 
interpretation of redundancy. Proc Natl Acad Sci U S A, 2004. 101(52): p. 
18081-6. 

258. Tolg, C., et al., Rhamm-/- fibroblasts are defective in CD44-mediated ERK1,2 
motogenic signaling, leading to defective skin wound repair. J Cell Biol, 2006. 
175(6): p. 1017-28. 

259. Zhang, S., et al., The hyaluronan receptor RHAMM regulates extracellular-
regulated kinase. J Biol Chem, 1998. 273(18): p. 11342-8. 

260. Noble, P.W., Hyaluronan and its catabolic products in tissue injury and repair. 
Matrix Biol, 2002. 21(1): p. 25-9. 

261. Toole, B.P., Hyaluronan: from extracellular glue to pericellular cue. Nat Rev 
Cancer, 2004. 4(7): p. 528-39. 

262. Udabage, L., et al., Antisense-mediated suppression of hyaluronan synthase 2 
inhibits the tumorigenesis and progression of breast cancer. Cancer Res, 2005. 
65(14): p. 6139-50. 

263. Voskoboinik, I., M.J. Smyth, and J.A. Trapani, Perforin-mediated target-cell 
death and immune homeostasis. Nat Rev Immunol, 2006. 6(12): p. 940-52. 

264. Sternlicht, M.D. and Z. Werb, How matrix metalloproteinases regulate cell 
behavior. Annu Rev Cell Dev Biol, 2001. 17: p. 463-516. 

265. Sternlicht, M.D., et al., The stromal proteinase MMP3/stromelysin-1 promotes 
mammary carcinogenesis. Cell, 1999. 98(2): p. 137-46. 

266. Ha, H.Y., et al., Overexpression of membrane-type matrix metalloproteinase-1 
gene induces mammary gland abnormalities and adenocarcinoma in transgenic 
mice. Cancer Res, 2001. 61(3): p. 984-90. 

267. Itoh, T., et al., Experimental metastasis is suppressed in MMP-9-deficient mice. 
Clin Exp Metastasis, 1999. 17(2): p. 177-81. 

268. Spessotto, P., et al., Hyaluronan-CD44 interaction hampers migration of 
osteoclast-like cells by down-regulating MMP-9. J Cell Biol, 2002. 158(6): p. 
1133-44. 

269. Kobayashi, T., et al., Matrix metalloproteinase 9 expression is coordinately 
modulated by the KRE-M9 and 12-O-tetradecanoyl-phorbol-13-acetate 
responsive elements. J Invest Dermatol, 2004. 122(2): p. 278-85. 



  
  
 
 
 
 
   

 
 
  147

270. Rafi-Janajreh, A.Q., et al., Evidence for the involvement of CD44 in endothelial 
cell injury and induction of vascular leak syndrome by IL-2. J Immunol, 1999. 
163(3): p. 1619-27. 

271. Verfaillie, C.M., et al., Adhesion of committed human hematopoietic progenitors 
to synthetic peptides from the C-terminal heparin-binding domain of fibronectin: 
cooperation between the integrin alpha 4 beta 1 and the CD44 adhesion receptor. 
Blood, 1994. 84(6): p. 1802-11. 

 
 


