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ABSTRACT 

The protein E2KAMM has roles in ce11 signaling, migration and adhesion and 

mediates processes, in part, via interactions with hyaluronan (HA), microtubules, actin, 

calmodulin and components of the ERK signaling pathway. RHAMM appears to be 

regulated by altemate splicing, which may be responsible for targeting of RHAMM to 

intracellular and plasma membrane sites. A role for RHAMM in neural cells is supported 

by reports of modified neurite extension and glial ce11 migration in response to anti- 

RHAMM antibodies and peptides correspondhg to sequence in RHAMM. This study 

describes the initial characterization of RHAMM in the CNS. Northem blotting of rat 

brain and PC12 ce11 RNA revealed an apparent single band which concurred with the 

single RHAMM sequence identified by RT-PCR and was hornolo~ous to human 

RHAMM. No evidence of altemate splicing was found. For analysis of RHAMM at the 

protein level, antibodies were generated against sequence in RHAMM. Western blots of 

brain and PC12 ce11 homogenates revealed several RHAMM isofonns. 

Immunohistochemically, RHAMM was present in neurons and oligodendrocytes of adult 

brain, where heterogenous RHAMM expression was common in ce11 populations, 

suggesting regulated expression. Subcellular hctionation of brain indicated RHAMM is 

localized intracellularly. The novel fmding of a RHAMM form in brain mitochondna was 

confhmed by confocal microscopy. RHAMM was demonstrated to interact with ERK 

and calmodulin. These findings, together with observations of RHAMM association with 

microfilaments and microtubules suggest that RHAMM may act as a signaling scaffold 

for targeting of signaling molecules to mitochondria and the cytoskeleton. Further, our 

results suggest as yet unidentified intracellular fünctions of HA. 
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GENERAL INTRODUCTION 

1. Thesis Overview 

Rat brain is rich in the glycosaminoglycan hyaluronan (HA) which was considered 

the principal Ligand of  the Receptor for HA Mediated Motility (RHAMM) at the onset of 

this study. [nitial reports conceming RHAMM in penpheral tissue suggested that it was a 

critical mediator of HA-induced motility. It was shown to be expressed as a ce11 surface 

receptor for HA, and signaled via a complex of unidentified proteins at the ce11 surface to 

stimulate kinase activity that led to decreased adhesiveness of cells and thus increased 

ce11 motility. RHAMM was reportedly regulated in part by alternate splicing such that the 

presence of exon 8 was essential for H-ras transformation. In view of these points, 

together with demostrations of a role for RHAMM in neural ce11 migration, we 

hypothesized that RHAMM and HA may be factors that contribute to neural plasticity 

and regeneration in adult C N S .  Further, in view of  demonstrations of stimulation or 

inhibition of RHAMM mediated rnotility with RHAMM peptides or antibodies, we 

envisioned the potential for the use of such RKAMM reagents in CNS recovery and 

regeneration via inhibition of glial scarring or promotion of neurite extension. However, 

during the term of the present work, the role of RHAMM in migration, its cellular 

localization and its transforming potential have al1 been subjects of controversy in the 

literature (Hofinann et al., 1 998a). Several important observations conceming RHAMM 

fùnction have also emerged. These include evidence that RHAMM participates in the 

plunpotent extracellular regulated kinase (ERIC) signaling pathway and that at least 

certain RKAMM forms have an intracellular distribution where they associate with ERK, 

microtubules, microfilaments and calmodulin. While these latter demonstrations may 



m e r  associate RHAMM with cell motiiity, they also provide support for other roles of 

RHAMM independent of ce11 motility. Brain is a highly plastic structure and its content 

of HA would be consistent with a possible role for RHAMM in the structural plasticity of 

adult and developing brain, a process that involves the motility of cellular processes. The 

more recent fmdings on RHAMM raise new questions regarding RHAMM function. The 

following sections provide a review and general background information of areas 

relevant to the focus of this thesis. 

11. Brain extraceliular matrix 

In 1893 Camillo Golgi delivered a communication to the Societa Medico C h i ~ g i c a  

(Golgi, 1989a,b), the second half of which was devoted to descnption of his observations 

on the endocellular reticular apparatus, a celldar organelle that now bears his 

Golgi apparatus. Much less h o w n  is the subject matter of the f is t  half of his 

which focused on his observations of a 'delicate covering, mainly reticular in 

name; the 

discourse 

structure, 

but also in the form of tiny scaled tiles of a intemipted envelope which surrounds the cell 

body of al1 nerve cells and continues along their protoplasrnic extensions (dendrites) up 

to the second and third order of their arborizations.' Thus Golgi provided the first 

descnption of structures now termed penneuronal nets, and the first description of brain 

extracellular matrix (ECM). 

JT. 1 Conlpgsltl~n and function of bmin ECM 
. . 

Molecules of the ECM maintain tissue structural integrity and facilitate or regulate a 

variety of physiological processes (Reichardt and Tomaselli, 199 1 ; Bignami et al., 199 1). 



In CNS, ECM components inchde fibronectin, laminin, proteogIycans and 

glycosaminoglycans (GAG). AIthough these ECM constituents form an environment 

conducive to ce11 homeostasis, they also serve non-passive roles. For example, 

fibronectin and laminin are the substrates for particular integrins (Giancotti, 1996; 

Johansson et al., 1997) and have been implicated in ce11 migration, axon guidance and 

synapse formation in part via integrin mediated ce11 signaling (Ivins et ai., 2000; Dodd 

and Jessell, 1988; Sanes, 1989; Reichardt and Tomaselli, 199 1; Ki1 et al., 1996). in adult 

animais, a likely roIe for integrins and related matrix constituents are in the modification 

of synapses thus contzibuting to synaptic plasticity (Pinkstaff et al., 1 999; Einheber et al., 

1 996). The proteoglycans and gIycosaminoglycans are differentially expressed in 

developïng and adult animds and have a role in ce11 migration, neurite extension and 

pathfinding, glial scar formation, gene expression and ce11 signaling (Mckeon et al., 1999; 

Bandtlow and Zimmerman, 2000), and influence cell behavior directly via interactions 

with celi associated receptors and indirectiy via regulation of the extracellular milieu. 

III. Hyaluronan 

1 . Bio&emical charactenstm of h v a I u r m  . . 

In 1934, a high molecuIar weight glycosaminogIycan (GAG) was isolated from the 

vitreous of the eye. It was composed of a hexuronic acid, an amino sugar, and no 

sulfoesters. Due to these properties, this substance was named hyaluronic acid after the 

Greek hyaloid (vitreous) and uronic acid (Meyer and Palmer, 1934). Twenty years later 

the precise repeating subunit structure of this substance 

[GlcAB(I +3,3)GlcNA~(l+3,4) Jn was characterized (Weissmann, and Meyer, 1954). In 



vivo hyaiuronic acid exists in the polyanion form (not in the protonated acid fom) and is 

thus commonly referred to as hyaluronan or KA. Since its initial discovery, HA has been 

found in al1 tissues in vertebrates and is widely used clinically, perhaps most notably as 

an intraocular matrix supplement and in eye surgery (Balaz, 1989). Although HA lacks 

covaIently linked protein rnoieties (Laurent and Fraser, 1 992), it is a member of the GAG 

family of molecules that include heparin sulphate and chondroitin sulphate. There are 

however some notable differences between HA and other GAGs. First, HA is the largest 

GAG, being a linear molecule composed of 2,000-25,000 disaccharide units with a 

molecular weight between 103 and 106 daltons. The size of each disaccharide unit is -400 

daltons with a length of -1 nm. Thus, the length of one molecule of HA if stretched fÏom 

end-to-end would range fkom 2-25 Pm, exceeding in some cases the average diameter of 

a eucaryotic cell. The second major difference is that HA, in structural terms, is the 

simplest of al1 GAGs. It contains no epimerized uronic acid residues or sulfate groups. 

The presence of these in other GAGs lead to a number of isomeric forms due to their 

diverse localization on the GAG polymer. Whereas other GAGs are synthesized in the 

Golgi apparatus, HA is uniquely synthesized at the imer face of the plasma membrane 

(Weigei et al., 1997). 

The synthetic mechanism responsible for HA production was first charactenzed in the 

pathogenic bacterium Streptococcus pyogenes, wherein a single gene product was 

descnbed as being sufficient for the in vitro synthesis of high molecular weight HA from 

nucleotide sugars. These studies thus established that a single protein, termed HA 

synthase, is responsible for the synthesis of HA (DeAngelis et al., 1993; DeAngelis and 

Weigel, 1994). More recently, three hctional  marnrnalian homologues of HA synthase 



gene were cloned, characterized, and found in most tissues examined, including brain, 

thus demonstrathg in eucaryotic tissue a similar synthetic mechanism as that in 

prokaryotic systems (Weigel et al., 1997; Spicer and Mcdonald, 1998). In higher 

organisms, it appears that these genes have arisen fiom a cornmon ancestral gene through 

gene duplication, and contain divergent promoter and enhancer sequences that allow 

differential expression of HA synthase genes during development and in adult tissues 

(Spicer and McDonald, 1998). This may have biological significance in that although the 

translation product of each of these genes appears to be sufficient for HA production, 

each has distinct enzymatic properties in ternis of enzyme stability, elongation rate of 

HA, and apparent Km values for the HA precursor substrates UDP-N-acetyi glucosamine 

and UDP-D-glucuronic acid (Itano et al., 1999). Although it has been speculated that HA 

is produced exclusively by cells of glial origin (Marret et al., 1994; Normand et al., 

1998), studies of HA synthase in brain are lacking. The recent development of HA 

synthase-specific antibodies (Asplund et al., 1998), together with in-situ hybridization, 

will aUow determination of the distribution and ce11 type expression of HA synthase in 

brain and thus establish the neural cellular ongins of HA in the CNS. 

HPI is a prominent component of the ECM in virtually al1 tissues examined. In CNS, 

immunohistohemical methodç of HA detection by various rnethods have shown it to be 

distributed in the ECM of both white and gray matter. In the latter, it forms a finely 

reticulated network in the ECM of neuropil and is particuiarly concentrated in 

perineuronal regions, axons and nodes of Ranvier (Bignami et al., 1992a, 1993a,b; 



Bignami and Asher, 1992; Eggli et al., 1992; Girard et al., 1992; Bruckner et al., 1990; 

Tona and Bignarni, 1993). In addition to this extracellular localization, there is growing 

evidence for intracellular HA in vivo and in vitro (Collis et al., 1998; Evanko and Wight, 

1999; Rippelino et al., 1988, 1989). In particular, irnmunohistochemical methods have 

demonstrated high intracellular levels of HA within some neurons in adult brain 

(Ripellino et ai., 1988). 

In total GAG preparations isolated fiom developing rat brain, HA has been detected 

as early as fetal day 15 representing 60% of total GAG content at this age. The 

contribution of HA to the percentage of total GAG declined in postnatal animals (Oohira 

et al., 1986). Although the biological consequences of this decline are not fully 

understood, the timing of maximal HA expression in developing animas is consistent 

with a role for HA in brain morphogenesis. Indeed, during development HA was found 

immunocytochemically to be distributed in high levels along morphogenetic migratory 

pathways in both the C N S  and penpheral tissues and thus may support ce11 migration 

during development (Bignami et al., 199 1 ; Reichardt and Tomaselii, 199 1 ; Toole, 1997). 

Similar to findings of HA in other body fluids, HA is also present in cerebral spinal 

fluid (CSF), with significantly higher levels in adults than in children. HA levels are 

significantly elevated in adult CSF during certain clinical conditions such as spinal 

stenosis, head injury and cerebral infarction, and in the inflammatory disorders 

hydrocephalus and encephalitis. No significant increases are observed in multiple 

sclerosis and certain other neurological diseases (Elurke et al., 1994; Laurent et al., 1996). 

These increases during inflammatory processes in CNS likely represent increased 

turnover of HA similar to that seen in inflammatory conditions in penpheral tissue. Such 



conditions include rheumatoid arthritis where increased HA production in arthntic 

synovial fluid is associated with increases in plasma HA levels (Lindenhayn et al., 1997), 

the latter of which is a major route for delivery of HA to Iiver endothelial cells for 

degradation. 

JII.3. Mech a nisms of H~aluronan fbnct'o~ I 

For many years after the initial discovery of HA, it was presurned that HA served a 

passive role in the biophysical and homeostatic properties of tissues. These conclusions 

were based on various biophysical properties of KA, including its large size, charge and 

its hi@ hydration volume that confer upon HA a large hydrodynarnic space, thus 

influencing the hydration state of tissues (Toole, 1990; 1998). In physiological solution 

HA has a stiffened three-dimensional structure by v h e  of the chexnicalstructure of its 

constituent disaccharides, interna1 hydrogen bonds and solvent interactions (Hascall and 

Laurent, 1997). Thus, rather than existing as an amorphous, nondescript entity, HA has a 

random coiled-coi1 structure which occupies a large hydrodynarnic space. In solution, KA 

molecules interact with one another formuig a type of dynamic exclusion filter that 

allows small molecules such as water, electrolytes and other nutrients to pass fieely, 

whereas passage of larger molecules is restricted due to their sizes in solution. One of the 

biological consequences of this property of HA is to lower the concentration of these 

larger molecules within the network of HA, compared to that outside the network, thus 

potentiaily influencing the effectiveness of these on ce11 behavior (Hascall and Laurent, 

1997). 

Recently it was observed that cells actively proliferate and migrate in pericellular 

matrices, which are rich in HA, and that changes in HA concentration and localization 



occur coincident with changes in cellular behavior during tissue and organ differentiation 

(Banejee and Toole, 199 1 ; Knudson and Toole, 1985; Toole, 198 1 ; 1998). HA-enriched 

pericellular matrices are found smounding cells during tissue morphogenesis being 

particularly concentrated around migrating cells (Toole, 1998). Examples of 

morphogenic events during which these HA-nch matrices encompass cells include 

mesenchpal ce11 invasion of primary comea stroma to form the mature comea, neural 

crest ce11 migration from the neural crest tube to form peripheral nervous system (PNS) 

ganglia, scleretomal ce11 invasion and the formation of vertebrae, cardiac cushion ce11 

migration from the endocardium during the formation of heart valves and during the 

migration of proliferative neuronal and glial precursors during CNS development (Toole, 

198 1, 1998). The decreases in HA obsewed after ce11 migration to the site of 

differentiation leads to decreases in the volume of cells and their surroundhg matrix 

(Toole, 1998) thus creating an intimate cellular environment conducive to differentiation. 

HA also interacts with other constituents of the ECM in many tissues and is best 

characterized in tissue c a d a g e  where it mediates the aggregation of the extracellular 

hyaladherin-proteoglycans versican and aggrecan (Toole, 1998, 2000). These aggregates, 

which may contain as many as 50 aggrecan molecules per molecule HA, are present in 

high concentrations and confer characteristic compression resistant properties to cartilage 

(Hardingham, 1998). The HA-aggrecan aggregates are stabilized by the hyaladherin link 

protein (Hardingham, 198 1). Further, these HA-proteoglycan aggregates are retained in 

. 1 tissue cartilage via HA 

CD44 (Nishida et al., 

mediated aggregation 

interacting with the chondrocytic ce11 surface HA-binding protein 

1999; Knudson, 1993; Knudson and Knudson, 1991). The HA 

and tissue retention of cartilage proteoglycans may have 



implications in irreversible disease States such as osteoarthntis, which have been 

associated with the tissue content of aggrecan and HA (Kuettner, 1994). 

More recently, direct actions of HA on ce11 behavior have been demonstrated and 

attributed to interactions with a diverse group of ce11 surface, intracellular and ECM 

associated proteins collectivefy termed the hyaladherins (Cheung et al., 1999; Entwhistle 

et al., 1996; Sherman et al., 1994; Toole, 1990). This heterogeneous family of proteins 

share only structural or sequence sidarities in their HA binding regions, but otherwise 

are unrelated (Sherman et al., 1994). It is via interactions with hyaladherins that HA 

regulates a number of processes including ce11 proliferation and migration, wound 

healing, intercellular interactions, gene expression and ce11 signahg vnderhill, 1989; 

Laurent and Fraser, 1992; Sheman et al., 1994; Entwhistle et al., 1996; Cheung et al., 

1999). The hyaladherins are discussed in greater detail in section IV. 

To surnmarize, HA fùnction can be mechanistically arrangeci into three distinct, but 

partiaily overlapping categones. First, HA participates passively in the hydration and 

physical properties of tissues. Second, HA influences the structure and assembly of 

various tissues via interactions with other ECM components. Third, HA infiuences cell 

behavior directly via interactions with a farnily of proteins termed hyaladherins (Toole, 

1990; Cheung et al., 1999). 

. F-nal roles of H y a l u r o ~  

Elevated se- HA leveis are found in several disease conditions such as liver 

cirrhosis, rheumatoid arthritis, psoriasis, scleredoma and some cancers (Yamada et al., 

1998; Li et ai., 1998). HA is associated with ce11 growth, differentiation, and has been 



pdcularly irnplicated in the promotion of ce11 locomotion (Tudey, 1991, 1992a,b; 

Sherman et a1.,1994; Lee and Spicer, 2000) during, for example, tumorgenesis, 

embryogenesis and wound repair (Toole, 1990; Turley et al., 1991; Sherman et al., 1994; 

Camenisch et al., 2000; Savani et al., 2000; Yung et al., 2000). HA is secreted by many 

cells types in vitro and appears to enhance ce11 motility and invasiveness by acting in an 

autocrine fashion (Turley et al., 1991; Hardwick et al., 1992; Samuel et al., 1993; 

Kamikura et al., 2000). Cytokines released by some cells regulate the production of HA 

(Ogawa et al., 1990), at least in part via increased expression of HA synthase 1 and 3 

(Kennedy et al., 2000), and stimulate ce11 locomotion by an KA-mediated mechanisrn 

(Samuel et al., 1993). Turley and others have proposed that HA is able to influence cell 

motility either indirectly via HA-induced structural modifications of the ECM in a 

manner that facilitates ce11 movement through tissue, or directly via HA-cell interactions 

leading to stimuIation of motility. 

IV. Hydadherins 

Kinetic analysis indicates that HA binds with high affinity (% = 10-~ M) to members 

of the hyaladherin family (Toole, 1990; Turley, 199 1, 1992a,b; Knudson and Knudson, 

1993). Most of these proteins share little homology with the exception of the site at which 

they interact with HA. Included in the expanding list of hyaladherins are those that 

exhibit a ce11 surface localization, those that are secreted into the ECM, and more 

recently, those that are localized intracellularly. InterestingIy, some hyaladherins are 

localized in multiple cellular compartrnents, being found at the cell surface, in the 

exîracellular milieu and intracellularly. Besides the cellular/tissue context in which these 



proteins are found, they can also be segregated by the nature of their hyaluronan binding 

regions. These points are discussed in the following sections. 

I . Hvalaaeriq HA-b- 
. . 

1 . 1 The 1,ink Module 

The bulk of hyaladherins identified to date contain a common HA-bioding stmctural 

region commonly termed the link module or the proteoglycan tandem repeat (Kohda et 

al., 1996; Day, 1999). Members of the link module superfamïly include: the ECM 

proteins aggrecan, link protein, versican, neurocan and brevican; the major cell surface 

HA-receptor CD44; and the turnor necrosis factor-stirnulated gene-6 (TSG-6) protein 

(Kohda et al., 1996). In TSG-6, the prototypic three dimensional stnic&e of the link 

module was recently resolved by nuclear magnetic resonance spectroscopy and shown to 

have a structure comprised of two alpha helices and two anti-parallel beta sheets 

circumscribing a hydrophobie core (Kohda et al., 1996). The actual site in this structure 

which interacts with KA was found to be composed of both positively and negatively 

charged amino acids, four of which were shown by site directed mutagenesis to be 

essential for HA binding (Peach et al., 1993; Bajorath et al., 1998). 

While recombinant TSG-6 link module is capable of forming correct secondary 

structure and independently binding HA in the absence of the other TSG-6 protein 

sequence, the sanie is not evident for the link module of CD44, which does not f o m  

correct secondary structure in the absence of sequence in CD44 that is outside the link 

module (Banerji et al., 1998). It has been suggested that glycosylation-mediated 

alterations in charge and structure in CD44 are responsible for the regulatory influence 



glycosylation has on the HA-binding capacity of CD44 (Katoh et al., 1995; Kincade et 

al., 1997; Lesley et al., 1995; Day et al., 1999). 

Link protein, aggrecan and the aggrecan related proteoglycans versican, neurocan and 

brevican al1 contain two contiguous link modules in their HA binding regions (Watanabe 

et al., 1997). Recent studies indicate that the presence of both modules confers enhanced 

HA-binding capacity. Unlike CD44, whose KA-binding capacity is negatively regulated 

by glycosylation, aggrecan exhibits enhanced HA-binding capacity when glycosylated 

(Watanabe et al., 1997). 

Thus, although al1 proteins in this family bind HA through the link module, a region 

for which these proteins bear structural and sequence similarities, there are some 

important ciifferences between theçe members in the number of link modules, the 

presence of other sequence and potentiai post-translational modifications required for HA 

binding. 

1 2  The Rasic MQhf 

A growing number of hyaladherins have been identified that do not contain the link 

module, but rather contain a basic domain of amino acids that confers HA binding 

capacity (Chen et al., 1994; Nishina et al., 1994; Yang et al., 1994; Grammatikakis et al., 

1995; Deb and Datta, 1996; Cheung et al., 1999; Huang et al., 2000). This domain is 

typified in the hyaladherin RHAMM where it was first demonstrated (Hoare et al., 1993; 

Yang et al., 1994). RHAMM contains two of these domains located in close proximity 

near the C-terminus of the protein. In binding assays using peptides corresponding to 

either one of two of these domains, mutation of either domain reduced or ablated peptide 



binding to HA. These results predicted that two basic mino  acids flanking a seven amino 

acid stretch were required for HA binding activity. in intact RHAMM fusion-protein, site 

directed mutagenesis of domains 1 and II, or both led to reduced or abrogated HA binding 

respectively, thus confirrning that these sequences were critical for HA-binding of 

RHAMM. When the basic residues lysine (K) or arginine (R) were replaced with 

histidine, binding was abolished, indicating that basic charge was not sufEcient for HA 

binding, but that K or R were required. Also required was the absence of acidic residues 

in the motif as the presence of these reduced or eliminated HA-binding. When either 

domain 1 or II were attached by recombinant methods to non relevant proteins that do not 

normally bind HA, the resulting chimera displayed KA-bindig capacity as shown by a 

reducing far-western transblot assay for HA-binding capacity (Yang et al., 1994). niese 

observations strongly suggest that unlike link-module containing proteins, proteins 

containing the B O 7 B  motif do not require secondary structure or other sequence specific 

to the native hyaladherin to bind HA. In native RHAMM however there may be some 

contribution by secondary structure to HA-binding capacity, as the region in RHAMM 

containing the two B(X),B motifs is predicted to be a-helical and in a helix wheel 

projection forms a basic residue-nch face that may contribute to HA-binding in the native 

protein (Day, 1999). Taken together, these results predict that the B(X),B motif is an 

absolute HA-binding requirement for RHAMM. Interestingly, all HA binding proteins 

identified thus far, including those with the link module, contain the basic motif and site- 

directed mutations of these motifs in CD44 abolished HA binding under reducing 

conditions (Yang et al., 1994), suggesthg a potential contribution of this motif to HA- 

binding in link-module contairihg hyaladhenns. 



Proteins that bind HA exclusively via the BM7B motif are a polydisperse group of 

proteins that have roles in regulation of ce11 signaling, ce11 cycle and ce11 motility, and 

include RHAMM, IHABP4, inter-a-trypsin inhibitor, Cdc37, cyclic ADPribose synthase 

(CD38) and fibroblast HA-binding protein (Chen et al., 1994; Nishina et al., 1994; Yang 

et al., 1994; Grammatikakis et al., 1995; Deb and Dam, 1996; Cheung et al., 1999; 

Huang et al., 2000). Interestingly, many of these have an intracellular localization, 

although in such cases the contribution of HA to protein function remains unlmown. 

1.3. The fbnctional wif icance of 
a .  

HA-bindin-ons 

The identification and genetic manipulation of the hyaladherins CD44 and RHAMM 

have aided in establishing the influence of HA on protein function. CDA is involved in 

many processes and cellular behaviors including ce11 adhesion, locomotion and signaling 

(Bourguignon et al., 2000; Galandrini et al., 1994; Rothrnan et al., 1993). Some of these 

processes are abolished by mutation of the HA binding motifs in CD44 (Peach et al., 

1993). Similarly, mutation of the B(X),B HA binding motifs in RHAMM produced a 

dominant-negative RHAMM that is unable to bind HA and that when overexpressed led 

to loss of RHAMM function in ce11 locomotion paradigms and reversion of the 

transformed phenotype in H-ras transformed fibroblasts (Yang et al., 1993; Hall et al., 

1995). The observed loss of function was likely due to cornpetition of mutant with 

endogenous wild-type RHAMM for cellular substrates downstrearn of normal 

RHAMM/HA interactions. A recent indication of the potential importance of HA and, at 

the same time, a drarnatic demonstration of the presence of HA binding motifs for 

predicting HA binding capacity denves from studies of the ceil surface protein CD38. 



CD38 catalyses the synthesis of cyclic ADP-ribose (cADPR) which has been implicated 

in calcium mobilization mechanisms and adhesiveness in numerous ce11 types (Howard et 

al., 1993; Guse, 2000). Sequence analysis of this protein indicated the presence of HA 

binding motifs, and it was subsequently s h o w  to bind HA (Nishuia et al., 1994). 

However, as for many hyaladherins, the role of HA-binding in CD38 funetion is not 

known, 

JV.2.. Ce11 surface. secreted and &racellular hvaladherins 

To date, four hyaladherins identified at the ce11 surface, nameiy CD44 RHAMM, 

HARLEC (HA receptor of liver endothelial cells) and CD38 have been cloned and 

sequenced. The most thoroughly characterized of these is CD44, which ii expressed by a 

diverse group of cell types including hematopoietic cells, keratinocytes, chondrocytes, 

epithelial cells, endothelial cells and neural ceils (Zoeler, 2000; Zhou et al., 1999; 

Knudson et al., 1999; Ioachim et al., 2000. Lokeshwar and Seizer, 2000; Jones et al., 

2000). CD44 has been implicated in many physiological and pathological processes 

uicluding turnor metastasis, embryogenesis, and Ieukocyte circulation and activation. 

Importantly, the clusterhg of CD44 proteins enhances their ability to associate with the 

actin cytoskeleton, an interaction that is mediated by the e m  (ezrin, radixin and moesin) 

family proteins (Tsukita et al., 1994). 

Al1 cells that express CD44 do not necessarily bind HA. It appears that the bincüng of 

CD44 to HA is ce11 regulated. Thus, CD44 exists in three activation States, including 

inactive, inducible and active. Given the near ubiquitous distribution of KA in ECM, such 

regulation likely serves to control promiscuous binding to HA, which if left untethered 



may have undesirable consequences. Among the mechanisms associated with the 

regulation of the activation state of CD44, glycosylation is likely critical. This has been 

demonstrated in a number of studies where the HA binding capacity of CD44 exhibits an 

inverse correlation to the glycosylation state (Katoh et al., 1995; Lesley et el., 1995) For 

example, treatment of cells normally expressing an inducible form of CD44 with 

inhibitors of glycosylation led to enhanced HA binding capacity. Another mechanism 

clearly influencing activation of CD44 is covalent dimerization of residues in the 

membrane domain, which has been s h o w  to stimulate HA binding (Sleernan et al., 1996; 

Liu and Sy, 1997). 

HARLEC is a ceIl surface hya ladhe~  that exhibits a basic HA-biding motif and in 

liver endothelium, where the bulk of HA degradation occurs,  HARLE^ is responsible, 

along with CD44, for the endocytic uptake of HA. Thus, findings of HARLEC expression 

in tissues other than iiver has led to suggestions of a role for HARLEC in the endocytic 

degradation of HA at the locaI level (Zhou et al., 2000). 

Secreted hyaladherins identified to date in peripheral tissue include aggrecan and the 

aggrecan related proteoglycans versican, link protein, and TSG-6. These have roles in the 

regulation of ECM architecture as already discussed. In addition, a small but growing list 

of hyaladherins have been identified that exhibit an exclusively intracellular localizaîion. 

These include intracellular HA-binding protein 4 (IHABP4), P-32, Cdc37, and ADP- 

ribosyl cyclase (CD38). (Chen et al., 1994; Nishina et al., 1994; Yang et al., 1994; 

Grarnrnatikakis et al., 1995; Deb and Datta, 1996; Cheung et al., 1999; Huang et al., 

2000). In vitro, al1 of these bind HA; however, in al1 cases the contribution of HA- 

binding to protein function remains unlaiown. 



3. CNS HvaIadhe- 

Hyaladherins which have been cloned and sequenced fkom adult and developing brain 

include a brain specific isoform of link protein, designated BRALl @min link protein 1) 

(Hirakwa et al., 2000), CD44 (Li et al., 1995), and the most thoroughly studied 

proteoglycans aggrecan, versican and the brain brain-specific proteins BEHABhrevican 

and neurocan (Gary et al., 2000; Schalfeldt et al., 1998; Li et al., 1996; Yamada et al., 

1994). AI1 of these are clearly expressed by glial cells in developing and adult animals, 

although sorne have reported neuronal expression of C W  (Jones et al., 1997). The 

proteoglycans present in brain likely interact with the brain specific form of link protein 

leading to stabilization of brain ECM. However, data is not yet available on specific 

interactions of this latter brain-specific hyaladherin. 

The hyaladherins aggrecan and related proteoglycans Zikely arise Eom a cornmon 

ancestral gene as they exhibit shared structural motifs at both the protein and nucleotide 

(mRNA) levels, and have nearly identical genomic organizations (Schwartz et al., 1999). 

However, although closely related, during development and in adult animals they exhibit 

differential expression that together with the regulated expression of multiple variants 

indicates they serve distinct functions (Milev et al., 1998). While al1 of these have an 

ECM imrnunohistochemical distribution, which is concordant with their appearance as 

soluble proteins, brevican has bot .  secreted and glial cell-surface 

glycosyIphosphatidylinoçitol (GPI) anchored isoforms (Seidenbecher et al., 1995), the 

latter of which is upregulated in adults. Brevican and aggrecan are also regulated by 

proteolytic cleavage and it appears that a proteolytic product containing the HA-binding 



domains of brevican enhances the metastatic potential of glioma derived cells in vivo 

(Zhang et al., 1998a), suggesting the importance of interactions with HA in this latter 

function. 

More generally, levels of al1 soluble chondroitin sulfate proteoglycans are reportedly 

elevated in injured brain (Akiyarna et al., 1993 a,b; Asher and Bignami, 1992; Frohman et 

al., 199 1 ; Haegel et al., 1993; Lassman et al., 199 1 ; Matsuo et al., 1994; Picker et al., 

1989; Rossler et al., 1992; Steffen et al., 1994; Delpech et al., 1997). In this capacity, 

nurnerous studies indicate a role of proteoglycans in inhibition of neurïte extension, 

(Yamada et al., 1997, 1999; Li et al., 2000b), a fimction which at least for neurocan 

appears to be mediated via regulation of N-cadherin and pl-integrin-mediated neurite 

extension (Li et al., 2000b). The role of HA in this latter process is not clear, but it 

appears that neurocan facilitates inhibition of neurite extension via interactions with its 

ce11 surface receptor, a glycosylphosphatidylinositol anchored cell-surface glycosyl 

transferase, which subsequently regulates cellular kinases (Li et al., 2000b). This recent 

observation is the first fÛnctiona1 demonstration of a secreted hyaladherin influencing ce11 

behavior directly via a cell-associated CO-receptor. 

CD44 is involved in cell adhesion, locomotion and signaling (Rothman et al., 1993; 

Bourguignon et al., 1993, 2000; Galandrini et al., 1994). Although the rnechanisms 

underlying the role of CD44 and HARLEC in these processes has not been determined, it 

likely involves their HA binding capacity (Bartolaai et al, 1994). In injured brain CD44 

is present on most lymphocytes as well as in microglia and astrocyte populations (Picker 

et al., 1989; Magan and Quinn, 1997), and CD44 expression is upregulated following 

injury in CNS and PNS (Jones et al., 2000) 



Numerous reports have emerged describing the molecular characteristics of RHAMM 

in the years since 1987 when RHAMM was fint identified in migrating fibroblasts 

(Turley et al., 1987; Hardwick et al., 1992; Hall et al., 1995; Entwhistle et al., 1996; 

Wang et ai., 1996; Assman et al., l998,l999; Hohann  et al., 1998b). In the original 

studies conceming RHAMM molecular properties, RHAMM cDNA was isolated from 

murine fibroblasts, and because it contained i n - h e  start and stop codons, was thus 

believed to be the full length RHAMM (Hardwick et al., 1992; Enhvhistle et al., 1995). 

The original RHAMM genomic sequence contained 14 exons. Later skdies on human 

RHAMM revealed high relative homology to murine RHAMM, with the exception that 

its sequence contained an additional 500 nucleotides at the 5' temùnus (Wang et al., 

1996). The hurnan RHAMM sequence was later confimed by other groups ( H o h m  et 

al., 1998b), but in similar studies on murine RHAMM, it was revealed that it also 

contained the 500 bp at the 5' terminus that until this point appeared to be unique to 

human RHAMM (Assmann et al., 1998). The final consensus appears to be that genomic 

murùie RHAMM is encoded within a single gene, encompasses 18 exons and spans more 

than 25 kilobases (Fieber et al., 1999). In addition to the full-length forms, there are a 

number of reports describhg altemately spliced RHAMM isoforms (Figure 1, page 28). 

Each of the altemately spliced transcripts identified contains identical sequence at the 3' 

end. In the case of the so-called short murine RHAMM forms, narnely RHAMMv4, 

RHAMMvl and tnuicated RHAMM (Turley and Harrison, 1999; Hardwick et al., 1992; 
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Fig.1 A: Cartoons of murine RHAMM genomic sequence according to Entwistle et al-, (1995) or 
Fieber et al., (1999). The exon designation is shifted 4 to the left by 500 bp of additional 5' sequence 
encoding 4 new exons in the squencc by Fieber et al., (1999). Potential alternate splice sites are 
indicated (*). B: Fu11 length (FL) and splice variants of murine (m) RHAMM, RHAMMv4 and v3 
are reported to arise fiom RHAMMvl via alternate splicing of exons7 and 8. C: Full Iengtti human 
RHAMM and its altemate spliced fonns lacking sequence corresponding to exons4 ancilor 13 of murine 
RHAMM. Human RHAMM contains only one copy of a sequence that is repeated five times in murine, 
RHAMM. 

Fig. 1 



Hall et al., 1995; Entwhistle et al., 1996), the latter two foms  are denved directly fiom 

full length RHAMM, and appear to a i se  fiom altemate splicing or, as suggested by 

Turtey, fiom differential use of transcription start sites (Turley and Harrison, 1999). The 

RHAMMv4 isoform, which contains a purportedly altemately spliced exon and appears 

to be expressed only in ras-transformed cells and not in their parental ce11 line, is 

suggested to have a potential role in transformed cells in particular (Hall et al., 1995; 

Entwistle et al., 1996). Regardless of the mechanism by which these short murine 

RHAMM variants arise, they have so far eluded detection by other investigators at the 

mRNA Level and have been identified by Turley's group only in H-ras transformed 

murine fibroblasts and only under defined culture conditions (Chueng et al., 1999; 

Assman et al., 1998). 

In more recent studies, three splice variants were identified in human RHAMM 

(Assmann et al., 1999; Crainie et al., 1999). A number of human cancer ce11 h e s  contain 

fui1 length RHAMM (RHAMM~) and various alternately spliced transcripts including 

species 'that lack exon 4 (RHAMhî4), exon 13 (RKAMM-13) or both exon 4 and 13 

The expression of these human isoforms may be ce11 and tissue type 

specific as human breast cancer ce11 lines express only RHAMMFL and RHAMM~, 

whereas human ceMcal carcinoma cells expressed RHAMMFL, w, RHAMMRHPLMML3 

and R H A M M ~ ? ~ ~  . Similarly, a unique expression pattern was evident for B cells of the 

multiple myeloma lineage where overexpression of RHAMM~,  RHAMM~, RHAMM') 

was evident by quantitative PCR when compared with expression in their normal 

couterparts (Assmann et al., 1999; Crainie et al., 1999). It thus appears that the 

expression of altemately spliced forms of RHAMM are differentially regulated and that 



the molecular complexity of RHAMM may approach that of the hyaladberin CD44 for 

which over 25 isoforms have been identified (Lesley et al., 1993). 

V.2. R H A m  Drotein l s o f o ~  . . 

RHAMM was originally isolated by HA-afnnity chromatography (Turley et al., 1987). It 

binds HA with high specificity and affinity (Kd, 1 nM) and transduces signals to the ce11 

interior upon interaction with HA (Hall et al., 1994). It was suggested to be anchored at 

the plasma membrane where it was identified as a 70 kDa protein found primarily at 

protruchg lamellae of migrating cells (Turley and Torrance, 1985). RHAMM was also 

seen localized in the cytoplasm and in the extracellular milieu (Turley et al., 1987) with 

increased expression levels in migrating cells (Samuel et al., 1993; Savani et ai., 2000). 

Multiple f o m  of RHAMM protein are detected by western blotting in numerous ce11 

types and tissues with reported apparent molecular weights (Mr) of 56,64,66, 70, 72, 75, 

82, 80-90, 95 and 120 kDa (Turley et al., 1987, 1993, 1994; Savani et al., 1995; Hall et 

al., 1995, 1996; Nagy et al., 1995, 1998; Hohann  et al., 1998b; Assmann et al., 1998, 

1999; Li et al., 2000a). This Mr variability is consistent with altemate splicing of 

RHAMM mRNA discussed above (Hall et al., 1995; Assmann et al., 1998, 1999; Crainie 

et al., 1999). RHAMM translation products identified to date include the full length 

human (83 kDa) and murine (95 m a )  RHAMM, as well as splice variants which would 

produce RHAMM species with deduced molecular weights of 8 1,270 (human RHAMM- 

4 ), 77,43 1 (human R.KAMM-I3 ), 75,708 (human RHAMM-~"~ ), and 72,000 kDa (murine 

RHAMMv4). 



If one considers the wide range of RHAMM Mr variability listed above and the 

molecdar weights of RHAMM translation products, it is clearly evident that the presence 

of alternately spliced and full-length transcripts does not fully account for ail forms. 

Other posttranslational mechanisms contribute to Mr vanability in other proteins 

including CD44 (h4artegani et al., 1999). In this context RHAMM has many sites for 

potential posttranslational modifications, including those for phosphorylation, 

glycosylation and proteolytic cleavage. Aithough data supporting RHAMM glycosylation 

was presented (Turley et al., 1987), contributions of this andor other posttranslational 

modifications to RHAMM molecular weight or function have not as yet been thoroughiy 

inves tigated. 

RHAMM molecular weight heterogeneity is present in neurons and n e d l y  derived 

cells wherein it is evident that different major foms of RKAMM are expressed among 

the ce11 types (Turley et al., 1994; Nagy et al., 1995). In protein extracts of brain, a 75 and 

66 kDa f o m  were reported (Nagy et al., 1998); however, the specific mechanisms 

responsible for the generation of these species, whether via alternate splicing andlor 

posttranslational modifications, remains to be detennined. 

V.3. RHAMM I o c a I i z a  

By immunohistochemical methods RHAMM has been reported to be located at a 

number of different cellular sites (Hofinam et al., 1998; Assmann et al., 1998; Cheung et 

al., 1999), and a secreted 58 kDa form was identified in the culture supernatant of 

migrating chick fibroblasts (Turley et al., 1987). Expression of the plasma membrane 

form identified by Turley's group in fibroblasts was found to be dependant on particular 



culture conditions and is oniy found for a limited tirne after plating (Hall et al., 1994, 

1995; Cheung et al., 1999). RHAMM lacks hydrophobie sequences typically present in 

most trammembrane receptors and was thus suggested to be linked to the plasma 

membrane by a glycosylphosphatidylinositol (GPI) anchor (Hall et al., 1994, 1995; 

Entwistle et al., 1996; Cheung et al., 1999) or by an as yet unidentified group of 

associated proteins that were provisionally termed the 'comectin' (Turley, 1992a). In 

migrating tek, RHAMM was found pRmarily at protmding larnellae of migrating cells 

(Turley and Torrance, 1985; Hall et al., 1994,1995; Cheung et al., 1999). The 

cytoplasmic foms of RHAMM have been ide-ed in a number of human and murine 

ce11 types, and when overexpressed, some are localized to the microtubule and actin 

constituents of the cytoskeleton (Assmann et al., 1999). A nuclear Localization of 

RHAMM has also been reported (Hall et al., 1994,1995; Entwistle et al., 1996), and was 

linked to alternate spliced variants lacking exon 4 (Assmann et al., 1999). Whether 

altemate splicing of exon 4 generates a nuclear translocation signal or if these foms of 

are transported into the nucleus by means of association with a nuclear- 

transported binding partner remains to be determined. 

V.4. RHAMM func~on  in W e r a  - .  1 tissues 

V.4.1. RHAMMMA mediated cell motilitv 

That RHAMM is fundamentai in the process of ce11 locomotion was suggested by its 

increased expression in highly motile hunor cells (Turley et al., 1991, 1993) and in 

fibroblasts, culhired smooth muscle cells and macrophages migrating into injured tissue 

(Savani et al., 2000). Moreover, RHAMM expression is tightly regulated by factors that 



promote locomotion inc!uding serum, cytokines such as transfonning growth factor-1 

(TGF-1) (Samuel et al., 1993). Experiments demonstrating a cntical role for RHAMM in 

HA mediated ce11 motility included transfection of cells with RHAMM fusion protein 

containhg site directed mutations in the B-X7-B HA-binduig domains which led to 

abrogation of HA mediated motility in fibroblasts (Yang et al., 1993, 1994) and caused 

revenion of highly motile ras-transforrned cells to a non-hmorigenic, anchorage- 

dependent state of growth (Hall et al., 1995). Moreover, blockade of HA/HA receptor 

interactions by antibodies and by peptides that mirnic HA binding motifs inhibit HA- 

induced cell locomotion led to reduced rates of ceII migration (Hardwick et al., 1992; 

Pilarski et al., 1994; Samuel et al., 1993; Turley et ai., 1991). Further, the role of 

RHAMM in ce11 migration was demonstrated with the use of particular anti-RHAMM 

antibodies, which led to stimulation and inhibition of ceU rnotility in numerous ce11 types. 

V . 4 , 2 . o n s  and ce11 m t i o n  

The mechanisrns whereby interactions between HA and RHAMM regulate ce11 

motility have not yet been firmly established. However, in cultured fibroblasts RHAMM 

activation promotes a transient burst of protein tyrosine phosphorylation involving c-src 

(Hall et al., 1995, 1996). The stimulation of RHAMM activity with stimulatory peptide or 

HA resulted in the turnover of focal adhesions, which are sites of cell/ECM adhesion 

(Hall et al., 1994; Gares and Pilarski, 2000). Thus, RHAMM appears to counteract the 

formation of focal adhesions that is promoted by many of the integrins (Holly et al., 

2000). Focal adhesion formation has been linked to reduced ce11 Iocomotion and 

anchorage-dependent state of growth control, while their turnover is correlated with rapid 



locomotion and ultimately transformation (Holly et al., 2000). Focal adhesions also 

appear to be important sites of signai transduction fkom ECM receptors (Lo and Chen, 

1994; Li et al., 20006). in brain, focal adhesions are present in isoiated growth cones 

(Cypher and Letourneau, 1991) but are not detectable in vivo. The regdation of focal 

adhesion turnover by HA/RHAMM is mediated, in part, via mechanisms involving focal 

adhesion kinase (FAK) and paxillin (Hall et al., 1994; Lokeshwar and Selzer, 2000) as 

RHAMM activation by HA influences the pmtein tyrosine kinase activity of FAK and c- 

src, and the phosphorylation status of paxillin. These focal adhesion constituents are 

expressed in CNS (Maness et al., 1988; Skene, 1989, Menegon et al., 1999) 

Numerous studies have implicated a role for RHAMM in the growth factor-regulated 

ras-ERK kinase pathway (Hall et al., 1995; Zhang et al., 1998b). It was initially observed 

that signaling of proiiferation and transformation mediated by mutant active ras does not 

occur in the absence of RHAMM (Hall et al., 1995), suggesting RHAMM action 

downstream of ras. Conversely, ras was found to be required for RHAMM-mediated 

fûnctions, suggesting that RHAMM also acts upstrearn of ras. To explain this duality, 

later observations (Zhang et ai., 1998b) suggested that ce11 surface RHAMM (upstrearn of 

ras) acts with protein tyrosine kinase receptoa, such as the PDGF receptor, to control a 

phosphorylation cascade that impacts on the ras-ERK kinase pathway. Cytoplasrnically 

localized RHAMM (downstream of ras) was found in association with ERK kinase and 

MEK and may facilitate ERK activation by MEK. Further, these intracellular forms of 

RHAMM localize ERK to ce11 processes and microtubules (Zhang et al, 1998b; Turley 



and Harrison, 2000). It was suggested that ce11 surface RHAMM in association with cell 

surface proteins, regulates ERK kinase activation, while its cytopIasmic isoforms anchor 

this key kinase to specific substrates. Via such an accessory and anchoring function, it 

was suggested that RHAMM regulates signaling efficiency through the ras-ERK kinase 

pathway . 

V.4.4. RH= and the cy&&eleton: microments  and -ombules 

Although RKAMM contains no actîn binding motifs, intracellular RHAMM forms 

demonstrate localization to filamentous actin in vivo and in vitro (Turley, 1990; Assmann 

et al., 1999). In vitro bbinding assays indicate that in vitro translated human RHAMM 

binds filamentous actin. This did not appear to be influenced by alternate splicing of 

RHAMM. In cultured cells RKAMM was CO-locaiized with F-actin particulariy in 

regions close to focal adhesion plaques, which are present in culture only and are sites of 

cell-substratum contact fiom which stress fibers emanate. Intracellular RHAMM also 

demonskated microtubule-binding capacity in human cancer cells. In vivo, double 

immunofluorescence indicated RHAMM localization to cytoplasmic microtubules in 

interphase cells and to the mitotic spindle in dividing cells. In an in vitro binding assay 

using taxol-stabilized microtubules, in vitro translated RKAMM sedimented with tubulin 

which was shown to be at least partially dependant on the presence of exon4 (Assmann et 

al., 1999). Thus RHAMM, at least in human cancer cells, belongs to a small list of 

proteins which includes MAP 1-A, MAPZ, tau, Mip-90, spectrin and caldesmon that bind 

to both microtubule and actin cytoskeletal constituents (Griffith and Pollard, 1982; 



Satillaro , 1986; Ishikawa et al., 1992; Cross et al., 1993; Pedrotti et al., 1994; Langford, 

1995; Gonzalez et al., 1998). 

V.4.5. in neural c& 

RHAMM is expressed in neural cells in vitro and it appears to be uivolved in glial 

ce11 migration and in neurite extension of cultured neurons. Function-blocking anti- 

RHAMM antibodies and HA binding domain peptides of RHAMM inhibited neurite 

elongation of pnmary neurons and neuronal ce11 lines, while stimulatory ad-RHAMM 

antibodies promoted neurite migration (Turley et al., 1994; Nagy et al., 1995). In vivo it 

was shown that noradrenergic fibers, which have a well documented propensity for 

regenerative growth in adult brain (Bjorklund and Lindvall, 1979; Fntschy and Grzanna, 

1992; Stenevi et al., 1973), contain RHAMM and that RNAMM serves a role in NA axon 

growth in an intraocular transplant mode1 (Nagy et al., 1998). These observations 

demonstrating a role of RHAMM in neurite migration and astrocyte motility point to the 

potential hctional  relevance of RElAMM in brain. 

VI. Specific Objectives and Strategies 

With the exception of CD44 and some of the aggrecan related proteoglycans, very 

linle is known about the role of HA-binding proteins and of HA in normal adult CNS and 

neither KA nor the hyaladherins have been thoroughiy studied in brain. As in other 

systems, clarification of HA functions in adult brain will be provided by the study of 

hyaladhenns, such as RHAMM, in this tissue. Many of the processes in which RHAMM 

has been implicated including signahg via ras-ERK and its various potential roles in 



association with the cytoskeleton occur in normal, differentiated tissue. Given the 

pleotropic importance of ERK kinase and microtubules in neural tissue, the regulation of 

microtubule dynamics by ERK, the involvement of ras-ERK in mdtiple brain fun-ons, 

together with RHAMM involvement in ERK signaling to the cytoskeleton, it is thus 

likely that RHAMM serves an important role(s) in adult brain. The observations of 

RHAMM expression in cultured neural cells and its role in the growth of intraocularly 

trausplanted NA fibers provide further impetus for the subject matter of this thesis. From 

knowledge of RHAMM expression and fùnction in penpheral tissues, several important 

firndamental questions arise regarding RHAMM in braui. 

1. S D ~ C  C)&ctive L . . 

Observations concerning the presence of multiple RHAMM protein fomis in cultured 

neural cells together with descriptions of these in peripheral tissue and their suggested 

origin via altemate splicing led to questions conceming the rnolecular identity of 

RHAMM in rat brain. Previous demonstrations of a role for RHAMM in neurite 

extension/motility in cultured neural cells and in noradrenergic explant models not only 

suggested that RHAMM was indeed expressed in brain but also pointed to a role for the 

splice variants of RHAMM reported to be associated with ce11 motility in other çysterns. 

To address the possibility that alternate foms of RHAMM are expressed in the CNS and 

to detemine RHAMM sequence in rat brain, we conducted reverse transcriptase 

polymerase chah reaction of rat brain RNA and subsequent sequence analysis of the 

products. Using this very sensitive and direct technique we expected to generate 

sequences representing al1 RHAMM fonns in brain. 



The differential cell-type distribution of RHAMM in cultured neural ce11 types 

suggested the existence of cell-specific isoforrns of RHAMM. The possibility that 

different forms have either related or different functions in different neural ce11 types 

provided a rationale for the use of isoform-specifc antibodies to determine their 

expression and cellular and regional distribution in brain. To meet this goal a nurnber of 

antibodies were generated against specific sequence in RHAMM and characterized by 

western blotting of brain tissue and immunohis tochernisûy of adult and developing brain. 

These included antibodies against sequences in RHAMM corresponding to exon 14 of 

murine RHAMM and to the reportedly alternately spliced exons 7 and 8 (Hall et al., 

1994; Entwistle et al., 1995). These antibodies were supplied by us to others (Zhang et 

al., 1998; Bagii et al., 1999; Cheung et al., 1999). 

. . c Obiective 2 

The existence of IUlAMM isoforms appears to be related to RHAMM fùnction that is 

particul&ly associated with RHAMM cellular localizatïon. The subcellular distribution of 

RHAMM in brain was therefore investigated by subcellular hctionation using standard 

well-defhed methods and western blot analysis using anti-RHAMM specific antibodies. 

To determine the subceIIuIar distribution in vivo, immunohistochemical double-labelhg 

for RHAMM in conjunction with markers for subcellular structures was conducted and 

CO-localization deterrnined by confocal microscopy. 

As indicated in previous sections, ches to RHAMM function in peripheral cells have 

been provided by the study of the cellular and ECM constituents with which RHAMM 

interacts. in particular, the HA binding properties of RHAMM were s h o w  to be critical 



to RHAMM function in cell-signahg and motility paradigms. The antibodies generated 

above were thus used to study the interactions of HA with the various RHAMM foms 

after HA column chromatography and after precipitation with cetyipyridinium chloride. 

The interactions of RHAMM with endogenous brain caimodulin was detennined using 

calmoduiin agarose affhity chromatography. 

3. SpeÇific Ob jective 3 

The ERK signaling pathway is important for cellular function in brain and has been 

imp licated in processes such as neuronal-differentiation, survival, p las ticity and long- 

terni rnemory (Perron and Bixby, 1999; Sweatt, 2001). A role for RHAMM in ERK 

signaihg in brain is suggested by studies in peripheral ceils describing an association of 

RHAMM with ERK, particularly following growth factor-induced receptor tyrosine 

kinase activation (Zhang et al., 1998b; Cheung et al., 1999). Experiments were thus 

designed to determine a similar ERK association of RHAMM in neural cells. These 

studies were conducted using the neuron like PCl2 cell line, which normally have an 

undifferentiated phenotype, but differentiate into neurons following stimulation of the 

high-aEity trk receptor tyrosine kinase receptor with nerve growth factor (NGF) (Green 

et al., 1986), a process which is mediated in part by Ras-ERK signaling (Qui and Green, 

1992). 
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Abstract 

The protein RHAMM (Receptor for Hyaluronan Mediated Motility, CD168) is a 

member of the hyaladherin family of hyaluronan binding proteins. RHAMM bas a role in 

cell signaling, migration and adhesion via interactions with hyaluronan, microtubules, 

actin, calmodulin and components of the extracellular regulated kinase (EN) s ignaling 

pathway. Based on previous findings of potentially similar roles in neural cells in culture, 

we investigated the molecular characteristics, protein expression profile and distribution 

of RHAMM in rat brain. Reverse transcriptase polymerase chah reaction (RT-PCR) 

using RNA isolated f?om addt rat brain yielded a single RHAMM sequence of 2.1 

kilobases encoding a protein of 82.4 kDa RHAMM is subject to alternate splicing in 

other systems, but no RT-PCR evidence was found for spiice variants in bmin, aithough 

our anaiysis &CS not d e  out this possibility. The amino acid sequence displayed 

homology with human and murine RHAMM (74 and 80%, respectively), but contained 

oniy one copy of a 21 amho acid sequence that is repeated 5 times in the murine 

homolobe. Using anti-RHAMM antibodies, several RHAMM isoforms were identified 

in brain. Immunohistochemically, RHAMM was found in al1 neurons and in many 

oligodendrocytes throughout brain, with heterogeneous levels among ceIl populations, 

and was confined to the somata and initial processes of these cells. RHAMM was 

detected in neurons at postnatal day L and exhibited an adult distribution pattern by 

postnatal day 5. High levels were detected in oligodendrocytes by postnatal day 10. The 

widespread expression of RHAMM in adult and developing brain implicates a role for 

this protein and its ligand hyaluronan in key events of ce11 signaling and cytoskeletal 

regulation in the CNS. 



Introduction 

Hyaluronan (HA), a linear, high molecular weight (average molecular mass - 106) 

polymer of repeating disaccharide unit5 (Fraser et al., 1997), is a ubiquitous 

glycosamuioglycan component of the extracellular matru< (ECM). In the CNS, HA is a 

major component of the ECM both during development where it has been localized to 

morphogenic migratory tracts and areas of active ce11 proliferation, and in adult brain 

where it is also present at high levels (Fraser and Laurent, 1989). In adult animals, HA is 

localized to myelin, to neuronal periceliular matrix (Toole, 1997; Deyst and Toole, 1995; 

Bignami et al., 1993a) and in neuronal cytoplasm and nuclei (Delpech et al., 1989; 

Ripellino et al., 1988, 1989). HA has been irnpiicated in the regulation of ce11 

proliferation and migration, interceilular interactions, gene expression and ceil signalhg 

(Underhill, 1989; Laurent and Fraser, 1992; Sherman et al., 1994; Entwistle et al., 1996; 

Cheung et al., 1999). Considerable evidence indicates that an influence on these 

processes is mediated by HA interaction with a f d y  of proteins termed hyaladherins 

(Toole, 1990; Cheung et al., 1999). HA association with, for example, the hyaladherin 

RHAMM has been shown to activate the signaling molecules p125(FAK) and p42/44 
- -  A _ -  - - 

extracellular regulated kinase (ERK) (Hail et al., 1994; ~okeshwar and Selzer, 2000) and 

HA interaction with the hyaladherin CD44 is reported to cause rac 1 mediated cytoskeletal 

rearrangements leading to larnmelaepodial extension (Bourguignon et al., 2000; 

Oliferenko et al., 2000) as well as increased expression of the nuclear factor NF& 

(Fitzgerald et al., 2000). Binding of HA to some hyaladherins occurs via a structural 

domain tenned the link module, which is present in the ECM proteins TSG-6, brevican, 

neurocan, versican, link protein and the ce11 membrane associated HA receptor CD44 In 



addition, binding can occur via a defined motif of nine amino acids, whîch was originally 

identified in RHAMM, link protein and CD44 Wang et al., 1994) and subsequently in 

vanous proteins including IHABP4, inter-a-trypsin inhibitor, Cdc3 7 and fibroblast HA- 

binding protein (Chen et al., 1994; Grammatikakis et al., 1995; Deb and Datta, L996; 

Cheung et al., 1999; Huang et al., 2000). 

HA interactions with secreted hyaladherins affect cellular behavior indirectly via 

alterations in ECM structure (Toole, 2000). Altematively, HA influences cellular 

activities directly via interactions with ceIl associated hyaladherins such as CD44 and 

RHAMM (Cheung et al., 1999; Bajorath, 2000; Herrlich et al., 2000). RHAMM in 

particular has been found in many cell types (Entwistle et al., 1996) and has been 

implicated in such processes as ce11 migration, proliferation and transformation 

(Entwistle et ai., 1996; Cheung et al., 1999). Interaction of RHAMM with HA evokes 

phosphorylation of a number of proteins including focal adhesion kinase (pp 125 F M ) ,  

paxillin and ERKIR (Hall et al., 1994; Lokeshwar and Selzer, 2000), suggesting that it 

has a role in ce11 signaling. Various altematively spliced isoforms of RHAMM have been 

described (Assmann et ai., 1998, 1999; Cheung et al., 1999) and sorne of these have been 

localized at the ce11 surface (Zhang et al., 1998; Cheung et al., 1999; Gares and Pilarski, 

1999; Till et ai., 1999; Li et al., 2000a). Reports also suggest an excIusively intracellular 

localization under certain culture conditions where it was found in association with 

tubulin and actin cytoskeletal elements (Hofinam et al., 1998b; Assmann et al., 1998, 

1999). 

Numerous secreted and ce11 associated hyaladherins have been described in brain and 

spinal cord including CD44, aggrecan, versican, neurocan, BEHABlbrevican, glial KA- 



binding protein and hyaluronectin (Kuppner et al., 1992; Rauch et al., 1992; Bignami et 

al., 1993a-b; DeIpech et al., 1993; Yamada et al., 1997; Fuxe et al., 1996), although the 

fuoctions of these and of HA in the CNS are poorly understood. As in perïpheral tissue 

where stuiies of hyaladherins have provided understanding of their fùnctional importance 

in relation to interactions with HA, investigations of these proteins in the CNS is 

expected to shed light on the actions of HA in this HA-nch tissue. In the case of 

RELWM, we have previously reported that anti-RHAMM antibodies as well as 

inhibitory and stimulatory peptides corresponding to sequences in RHAMM influence 

neurite extension and glial motility in culture and in tissue transplant systems (Tudey et 

al., 1994; Nagy et al., 1995, 1998). Based on these observations, we detennined the 

sequence of RHAMM expressed in rat brain using a RT-PCR sequencing strategy and 

developed anti-RHAMM antibodies for biochemical and immunohistochemical analysis 

of RHAMM pro tein in brain. 



Materials and Methods 

RHAMM sequence analysis 

Total RNA was isolated fiom adult rat brain and human cervical carcinoma HeLa 

cells using guanidine-isothiocyanate (Chomczynski and Sacchi, 1987). Oligonucleotide 

primers and materials for RHAMM sequence determination were purchased fiom 

GibcoBRL Life Technologies (Burlington, ON) unless otherwise specified. The reverse 

transcriptase (RT) reaction was conducted using 1 pg of total RNA in a solution 

containhg 2 pl of 5 X RT buffer, 0.1 M dithiothreitol, 2.5 mM dNTP, 0.01% bovine 

senun albumin, 0.5 pl dimethylsulfoxide, 10 units of RNA guard (Pharmacia 

Corporation, Peapack, NJ), 1 pi random hexamer primer or 500 ng oIigo(dT) primer and 

20 units of RT in a total volume of 10 pi. The mixture was incubated for 1 hour at 37OC, 

and then for 10 minutes at 9S°C. PCR was ionducted in 20 pl of solution containing 2 pl 

10 X PCR buffer, 2 mM MgC12, 0.8 mM dNTP, 0.5 ph4 sense and antisense prhners, 1 

unit of Taq DNA polymerase and 1 p1 of template cDNA. PCR was performed with 

multiple overlapping sets of primer pairs listed in Table 1. Primers chosen for the PCR 

were those corresponding to sequences conserved in murine and hurnan RHAMM (Wang 

et al., 1996; Fieber et. al., 1999; Hohann et al., 1998b). The lime and temperature for 

denahiration, annealing and elongation steps were empirically optimized for each primer 

pair. M e r  30 to 40 cycles, the PCR products were separated by electrophoresis in a 1% 

agarose gel, stained with ethidium bromide and M e r  purified using a gel purification 

kit (Qiagen Inc, Mississauga, ON). The products were ligated into the PCRJI.1 vector 

(Invitrogen Coq., Carlsbad, CA). Recombinant plasmids were extracted using the 

modified alkaline lysis method (Bimboim, 1983) and ftagments were sequenced on an 



ABI-320 DNA sequencer using universal sequencing primers (PUC/M13). TO control for 

genornic DNA or cDNA contamination, the RT reaction was conducted in the absence of 

RT or RNA. For confirmation of sequence, at least two recombinant plasmids were 

sequenced for each PCR product- 

RNA (northern) blotting 

For preparation of a RHAMM probe for northem analysis, recombinant plasmids 

containing the RT-PCR products generated fÎom primer pair sense2 and anti-sense2 

(Table l), with confirmation of insert sequence as described above, were digested with 

EcoRl. The digestion products were purified with a gel DNA purification kit (Qiagen) 

and a resulting 543 bp DNA kgment correspondhg to nucleotides 782-1325 of the rat 

brain RHAMM cDNA was labeled with a 3 2 ~ - d ~ ~ ~  using a random labelhg kit 

according to manufacîwers instructions (Prornega Corp., Madison, WI). Total RNA was 

isolated from rat brain as above, denatured at 6S°C for 20 minutes in 2.2 M 

formaldehyde, 50% deionized fornamide, 20 m M  morpholin~propanesuIfonic acid 

(MOPS), pH 7.0, and then placed on ice for 5 minutes. The RNA was separated 

electrophoretically in 1.2% agarose horizontal gels in the presence of 2.2 M 

formaldehyde and transferred to non-charged nylon membranes (Amersham PB Inc., 

Piscataway, NI) in 20 X SSC buffer (3 M sodium chloride, 300 mM sodium citrate, pH 

7.0). Afier rinsing in 6 X SSC, the membranes were dried in vacuo for 1 hour at 80°C and 

then incubated for 24 hours at 42°C in pre-hybridization buffer (50% formamide, 5 X 

SSC, 5 X Denhardts, 0.1 g/ml dextran sulfate and 0.25 mg/ml salrnon sperm DNA). 

Membranes were further incubated for 24 hours at 42OC with 106 cprn/ml of probe in 



hybridization bufEer (50% formamide, 5 X SSC, 5 X Denhardts, 0.1 g/ml dextran sulfate), 

then washed three time for 20 minutes at 65OC in 0.2 X SSC containing 0.1% SDS and 

exposed to film (Kodak X-OMAT AR) for 4-7 days at -80°C. 

Antibody production 

The rat RKAMM sequence was assessed for antigenicity, surface probability and 

hydropathic index using Anthepro t pro tein analysis software ( V 4 . 3 ~ ~  http://pbil.ibcp. fk). 

Candidate sequences for antibody production were screened against expressed sequence 

tags and eucaryotic sequence databases (BLAST-P, EMBL) to avoid possible cross 

reaction with other proteins. Peptides correspondhg to cbosen sequences were 

synthesized, purified by HPLC and coupled, via the addition of a N-terminal cysteine, to 

keyhole limpet hemocyanin. Antibodies fiom imrnunized rabbits were afEnity-purified 

by column chromatography with peptide linked to beads via the N-terminal cysteine, 

bound antibody was chaotropically eluted, dialyzed and subject to characterization by 

Western blotting. 

Three antibodies were produced against different sequences in murine RHAMM. The 

peptides used for antibody production corresponded to sequences within what were 

originally designated exon 3, 4 and 10 of the genomic murine RHAMM sequence 

(Entwistle et al., 1995; GenBank accession nurnber X64550). As originally reported in 

hurnan RHAMM (Wang et al., 1996), recent findings indicate that the onginally derived 

murine sequence Iacked -500 nucleotide pairs (Hofhann et al., 1998b; GenBank 

accession number M079222.1), which at the genomic level corresponded to an 

additional four contiguous exons located at the 5' end of the RHAMM gene (Fieber et al., 



1999)- Thus, original exon 3 is synonyrnous with exon 7, exon 4 with 8, and exon 10 with 

14. in order to avoid confusion regarding epitope location and identity of antibodies 

generated here and provided by us to others with original designation as anti-ZR (anti- 

exon 10 or 14) (Bagli et al., 1999) and anti RHAMM-exon 4 (anti-exon 4 or 8) (Zhang et 

ai., 1998; Cheung et al., 1999), these antibodies are now named according to the 

corresponding amino acid nurnber in the sequence of full length murine RHAMM. The 

amino acid sequences against which the antibodies were generated, together with original 

and full-length designation of corresponding exons are listed in Table 2. 

Western blot analysis 

The experimentai protocols in this study were appcoved by Central Animal Care 

Services at the University of Manitoba and efforts were made to rninimize stress to, and 

number of, animals used. Rats were killed by decapitation, brains were rapidly removed 

and homogenized in ice-cold bufZer containing 0.32 M sucrose, 1 mM NaHC03, 1 mM 

MgClz &d 0.5 mM CaClz with or without protease inhibitors. FoIlowing detemination of 

protein concentration using a kit (Bio-Rad Laboratones, Hercules, CA), samples were 

electrophoresed on 10- 15% SDS-polyacrylamide gels and tram blotted to nitrocellulose 

membranes (Bio-Rad) in standard Tris-glycine transfer buffer with no added SDS. 

Membranes were stained with Ponceau-S (Sigma, St. Louis, MO) to confirm transfer 

fidelity and equal inter-lane protein loading. Membranes were blocked for 1 hour at room 

temperature in 10 mM Tris b a e r  pH 8.0 with 150 mM NaCl (TBS) containing 5% non- 

fat milk powder, washed in TBS containing 0.2% Tween-20 (TBST), and incubated 

overnight at 4OC with anti-RHAMM antibodies diluted (1500) in TBS containing 1% 



non-fat mik powder. Membranes were then washed in TBST, incubated with horseradish 

peroxidase-conjugated goat anti-rabbit IgG diluted 1:2,500 (Sigma), washed and then 

reacted by cherniluminescence (ECL, Amersham PB). For preadsorption with 

immunizing peptide, antibodies were diluted to twice final working concentration in TBS 

containing 100 pg/ml immunizing peptide, incubated a room temperature for 2 hours and 

then diluted to final working concentration in TBS containing 2% non-fat m i k  

Immunocytochemisûy 

Sprague-Dawley rats weighing 200 to 300 g were deeply anesthetized with equithesin 

(Scadding, 198 1) and perfused transcardially first with ice-cold 50 m M  sodium phosphate 

b a e r  (PB, pH 7.4), 1 unithl heparin and 0.1% sodium nitrite, then with ice-cold PB 

containing 4% formaldehyde. Brains were removed, post-fixed in the sarne fixative for 2 

hours at 4T, then cryoprotected in either PB containing 25% sucrose and 10% glycerol 

or in 15% sucrose. Some animals were sequentially perfused with the formaldehyde 

fixative followed by a 5% sucrose solution in PB as previously ciescribed (Li et al., 1997). 

Sections cut at a thickness of 20 pm were collected Eee ffoating in 50 rnM Tris buffer pH 

7.4 containing 1.5% NaCl (1 5T). For immunolabeling by the peroxidase anti-peroxidase 

(PAP) method, sections were incubated for 24-48 hours with anti-RHAMM antibodies 

R195, R2 18 or R626 diluted at 1500, M00, and 1 : 1000, respectively, in L .5T containing 

0.3% Triton X-100 (1.5TT) and 2% normal serum. Sections were then washed for 1 hour 

in 1.5TT, incubated for 1.5 hours with goat anti-rabbit IgG diluted 1: 100 in 1 .STT, 

washed for 1 h o u  in 1 STT, incubated with rabbit PAP diluted 1500 in 1.5TT 

(Stemberger Monoclonals, LutheMlle, MD), washed as above and incubated for up to 12 



minutes in 50 mM Tris buffier, pH 7.4, containing 0.00005% Hz02 and 0.02% 3,3- 

diaminobenzidine @AB). Sections were mounted onto slides fkom a gelatin/alcohol 

solution, dehydrated in alcohol, cleared in Histoclear and coverslipped with Lipshaw 

mountùig medium, 

For immunofluorescence, fiee-fioating sections or slide-mounted cryostat sections of 

brain were processed by incubation with anti-RHAMM antibodies as above. Following 

incubation in prirnary antibody, sections were washed as above, incubated for L.5 hours 

at room temperature with Cy3-conjugated donkey anti-rabbit IgG (Jackson 

Immunoresearch Laboratories, Westgrove, PA) and then washed for 1 hour. For double 

immunofluorescence labeiing, sections were simultaneously incubated for 16 hours at 

4OC with anti-RHAMM antibody and either monoclonal anîi-RiP antibody (a marker for 

oligodendrocytes generously provided by Dr. S. Hockneld, Yale University, New Haven, 

CT) or with monoclonal anti-cytochrome oxidase antibody (Molecular Probes hc., 

Eugene, OR) antibody diluted 1:200. Sections were then incubated simultaneously with 

Cy3-conjugated donkey anti-rabbit IgG and FITC-conjugated horse anti-mouse IgG 

(Jackson Irnmunoresearch Laboratories) diluted 1 :200 and 1 50, respectively, in 1 STT. 

Sections were washed in 1.5TT, then in 50 mM Tris pH 7.5, air-dned and coverslipped 

with antifade medium. 



Results 

RHAMM sequence and northem blotting 

The five sequence-specific primer pairs (Table 1) used for the PCR amplification of 

RH- from rat brain cDNA gave rise to products of 844,544,342, 543 and 467 base 

pairs. For each primer pair, only a single RHAMM product was generated, consistent 

with the presence of a single rat brain RHAMM mRNA species. As the primers were 

designed to generate products with considerable sequence overlap, exduding that of the 

primers themselves, the complete sequence of RHAMM expressed in rat brain was 

readily derived Fig. 1). The sequence was 2141 nucleotides in length and encodes a 

protein of 713 amino acids wîth a deduced rnolecular weight of 82.4 kDa Amino acid 

sequence cornparison of RHAMM £tom rat brain with that of the published sequences of 

human and rnurine RHAMM indicates 74% and 80% homology, respectively. By 

allowing conservative amino acid substitutions, the rat brain RHAMM exhibits 94% 

homology with human RHAMM and 86% homology with murine RHAMM. However, 

the sequence denved from rat brain, like human RHAMM, contains ody one copy of a 

2 1 amino acid sequence that is consecutively repeated five times in murine RJL4MM. Rat 

brain and murine RHAMM are 90% homologous when excluding fou. of the murine 

repeats in calculation of amino acid homoiogy, and 97% homologous when conservative 

arnino acid substitutions are allowed in this calculation. The B-X7-B hyaIuronan binding 

domains (HABD- 1 and HABD-2), where B is arginine (R) or lysine 6) and X is any 

non-acidic but at least one basic amho acid (Yang et al., L994), are entirely homologous 

for HABD 1, and sequence variations at HABD-2 do not violate the consensus for the B- 



X7-B HA-binding motif. The rat brain RHAMM cDNA sequence has been submitted to 

Genbank (accession number AF133037). 

Alternative splicing of RHAMM has been reported in other systems, including B cells 

of the multiple myeloma limage and HeLa cells (Crainie et al., 1999; Assmann et al., 

1 999). Using PCR primas fianking altematively spliced sequence (primer pair 6, Table 

1), we were able to confimi the presence of RHAMM altemate splicing in HeLa cells 

(not shown). This splicing was not detected, however, in rat brain RNA. Furthemore, a 

single RHAMM transcript of about 3.2 kilobases was detected in total adult rat brain 

RNA by northern blotting (Fig. 2). Thus, our RT-PCR (six primer pairs) and RNA 

blotting data are consistent with the presence of one major RHAMM transcript in adult 

rat brain RNA. 

Western blotting and antibody characterization 

Affinity-purified polyclonal anti-RHAMM antibodies generated against synthetic 

peptides (Table 2) were subject to rigorous characterization. They were fmt tested for 

their ability to detect RHAMM-GST fusion protein by Western blotting (Fig. 3A). Both 

anti-RHAMM RI95 and R218 recognized a cornmon protein band in fusion protein 

preparations. This band was also detected by a previously charactenzed anti-RHAMM 

antibody designated R3 (Savani et al., 1995). Reaction with RHAMM fusion-protein was 

abolished after preadsorption of anti-RI95 and anti-R2 18 with their cognate immunizing 

peptides, indicating antigen specificity of these antibodies (Fig. 3B). To demonstrate anti- 

R195 and anti-R2 18 detection of previously descnbed and endogenously expressed 

human RHAMM species, Westem blots of protein extracted from MCF7 hurnan turnor 



ce11 line were probed with these antibodies (Fig. 4). Both antibodies consistently 

recognized a RHAMM form of approximately 90 kDa (Fig. 4A), which corresponds to a 

fom previously descnbed in these cells (Assmann et al., 1998). in addition, both 

antibodies detected an approximately 75 kDa species corresponding to the molecular 

weight of an altemately spliced RHAMM cDNA reported in hurnan breast tumor cells 

(Assmann et al., 1999). Anti-RI95 also detected two bands in the range of 82-85 kDa. 

Detection of these RHAMM species was abolished after preadsorption of anti-RI95 and 

anti-EU 18 with their cognate synthetic peptides (Fig. 4B). 

In Western blots of whole brain homogenates (Fig. 51, multiple bands were detected 

with both anti-RHAMM RI95 and R218 (Fig. SA). Forms of RHAMM with 

corresponding detection by both antibodies included those migrating at about 66 and 75 

ma. The 75 kDa form was also recognized by anti-RHAMM R3 (not shown). In addition 

to these species, anti-Rl95 detected a band at 97 kDa and two faint bands in the range of 

85-90 B a .  No differences in RHAMM detection were found in homogenates prepared 

with or without protease inhibitors. Antibody specificity for these RHAMM species was 

demonstrated by abolition of imrnunodetection after preadsorption with immunizing 

peptides (Fig. SB). While R626 was effective in imrnunohistochemical stuàies as outlined 

below, it gave little detection of KHAMM by western blotting perhaps due to blockade of 

epi tope. 

immunocytochemical localization of RHAMM in brain 

Immunocytochemical localization of RHAMM in rat brain was conducted with each 

of the three anti-RH2W.M antibodies listed in Table 2. Given the heterogeneous, 



although largely sirnilar, forms of RHAMM detected by R195 and R2 18 on irnmunoblots, 

together with the poor detection of these foms by R626 on blots, care was taken to 

examine possible difference in RHAMM cellular localization displayed by these 

antibodies, which might suggest differential distribution of the various forms detected. 

However, oniy subtle differences were found under a range of weak and strong tissue 

fixation conditions. Al1 three antibodies produced labeling of neurons and weak to strong 

labeling of oligodendrocytes in al1 brain regions. As exemplified in cerebral cortex (Fig. 

6), neuronal immunostaining was most concentrated in somata, and sparse along initial 

dendritic segments and main dendritic sh&. Labeling of dendrites was greater with anti- 

RHAMM RI95 (Fig. 6A) and R218 (Fig. 6C) than that seen with R626 (Fig. 6E,G). 

Conversely, the latter antibody gave more robust Iabeling of neuronal ceil bodies. 

Preadsorption of antibodies with the synthetic peptides against which each was generated 

largely reduced labelhg in cerebral cortex with Rf 95 (Fig. 6B), and eliminated labehg 

with R2 18 (Fig. 6D) and R626 (Fig. 6F), indicating specific recognition of RHAMM. 

1mnkno-localization of RHAMM in neurons of the hippocampus is shown in Figure 

7. As illustrated with R626, immunostaining was moderate in pyramidal ce11 bodies 

within the pyramidal cell layer and faint within granule cells of the dentate gyms (Fig. 

7A). However, a subpopulation of neurons dispersed in the stratum onens, straturn 

radiatum and the hilus of the dentate gyrus as well as those sparsely distrîbuted in the 

pyramidal ce11 layer exhibited intense labeling (Fig. 7B). A similar pattern of labeling 

was obtained with anti-RHAMM RI95 (Fig. 7C) and R218 (Fig. 7D), although these 

antibodies produced greater labeling of initiai dendritic segments. Neurons that were 

labeled most intensely for RHAMM in the hippocampus had an appearance and 



distribution similar to those previously show to contain parvalbumin (Nitsch et al., 

1990). These parvalbumin-positive cells were previously found to contain the greatest 

levels of cytochrome oxidase ( K m y  et al., 1991). Thus, we examined the 

correspondence of RHAMM and cytochrome oxidase immunoreactivity. In double- 

labeled sections, neurons densely labeled for RHAMM within, as well as outside, the 

pyramidal cell layer (Fig. 7E) consistently displayed the most intense labeling for 

cytochrome oxidase (Fig 7F). 

The distribution of RHAMM in subcortical and brainstern areas of rat brain is .shown 

in Figure 8. As in cerebral cortex and hippocampus, most neurons exhibited some degree 

of RHAMM-immunoreactivity @HAMM-ir) localized mostly- to celi bodies and initial 

dendrites, although considerable regional heterogeneity in labeling intensity was 

observed. Areas with densely labeled neurons included the anterodonal thalamic nucleus 

(Fig. 8A), substantia nigra (Fig. 8B), red nucleus, tuberomammillary nucleus and lateral 

mammillary nucleus (Fig. 8C), deep layers of the supenor colliculus (Fig. 8D), trigeminal 

motor, facial and mesencephalic nuclei (Fig. 8E,F). Whether weak, moderate or intense, 

al1 neurons within any particular nuclei of these regions tended to display sirnilar levels 

of RHAMM-ir. As in hippocampus, however, considerable heterogeneity was seen in the 

striatum where the vast majority of small and medium sized neurons were moderately 

stained, while the sparse population of cholinergie neurons in this structure was intensely 

stained (not shown). A particular feature of RHAMM localization in most neurons, 

evident with al1 three antibodies used, was the duai character of diffuse as well as 

granular labeling. This is illustrated in neurons of the red nucleus (Fig. 9A) and the facial 

nucleus (Fig. 9B). Through focus analysis of thin cryastat sections indicated RHAMM 



Immunolabeling to be localized intracellularly, which was confimied by confocal 

microscopy (not shown). 

Intense labeling was also detected in neurons of the locus coeruleus (Fig 8E). We 

have previously reported that the diverse axonal projections of these neurons were 

labeled with anti-RHAMM R3 antibody (Nagy et al., 1998). Although labeling o f  these 

or of axonal projections in general was not observed with the anti-EtHAMM antibodies 

used here, we cannot exclude an axonal RHAMM localization. Indeed, the presently 

utilized antibodies produce immunolabeling of axons in prïmary neurons in culture and of 

axons in the sciatic nerve (not shown). 

RHAMM in oligodendrocytes 

in addition to its presence in neurons, RHAMM was also detected in 

oligodendrocytes. By immunofluorescence, RHAMM was consistently observed in these 

cells throughout adult brain with all three anti-RHAMM antibodies. Labeling intensity of 

these cells, however, was considerably greater in hindbrain areas including midbrain, 

brainstem and cerebellurn compared with those seen in forebrain structures such as 

cerebral cortex, hippocampus and striatum. Thus, there appeared to be a gradation in 

RHAMM expression by oligodendrocytes in the rostro-caudal axis. As shown in the 

cerebellar peduncle (Fig. 10A,B), RHAMM was localized to ce11 bodies and initial 

process of these cells in a manner similar to that seen in neurons. Double 

immunofluorescence labeling, illustrated in the cerebellar white matter (Fig. lOC,D) and 

hippocampus (Fig. IOE,F) confirmeci that RHAMM-positive oligodendrocytes were also 

irnmunopositive for the oligodendrocyte marker RIP. As shown by labeling of 



oligodendrocytes in the brainstem reticular formation with anti-RHAMM R2 18 (Fig. 

lOG), al1 immunoreactivïty in these cells was eliminated by preadsorption of antibody 

with h u n i z i n g  peptide (Fig. 1 OH). Similar results were obtained after preadsorption of 

the other two anti-RHAMM antibodies used (not shown). 

RHiUMM expression during development 

RHAMM expression in brain was examined at various ages during postnatal 

development. Western blotting showed that bands detected in hornogenates of developing 

brain corresponded to those found in adult brain (not shown). Lmmunofluorescence 

locaiization of RHAMM in neonatal brain revealed it to be widely, but heterogeneously 

expressed in neurons at the earliest time point examined, which was postnatal day 1. 

Most areas including cerebral cortex, striaturn, thalamus and more caudal structures 

contained an i n t e m g  of intensely and lightly stained cells. This heterogeneity is 

illustrated in cerebral cortex where most neurons in superficial layers were intensely 

labeled 'and the proportion of labeled cells progressively decreased in deeper cortical 

layers (Fig. HA>. By postnatal day 5, RHAMM-positive neurons were more 

homogeneously distributed in rnost brain areas including cortex (Fig. 1 lB), and exhibited 

a somatic and initial dendritic labeling profile similar to that seen in adult brain (Fig. 

11C). In contrast to labeling in adult hippocarnpus, most pyramidal cells at postnatal day 

1 and 5 were heavily stained and were bordered by a srnaller number of weakly labeled 

pyramidal cells (not shown). By postnatal day 10 and 15, this pyramidal ce11 labeling 

decreased, heterogeneity of labeling within individual nuclei in other brain regions was 

M e r  diminished to a level seen in adult brain. 



In oligodendrocytes, labeiing for RHAMM with anti-R626 was weakly present in 

most brain regions at postnatal day 3 (Fig. 12A). Ln white matter, a iarger number of cells 

were more intensely labeled by postnatal day 10 (Fig. 12B) and appeared similar to that 

seen in adult brain by postnatal day 15. Consistent with our observations that labeling of 

ceiI bodies with anti-R218 was less robust than with R626, detection of RHAMM in 

oligodendrocytes with the former antibody was not evident until postnatal day 10, and 

appeared as in aduk by postnatal day 15 (not shown). 



Discussion 

Based on analysis of RHAMM cDNA derived fkom rat brain rnRNA, this study 

identifies the molecular sequence of RH- expressed in adult rat neural tissue. With 

newly developed anti-RHAMM antibodies, we demonstrate that brain contains several 

RHAMM isoforms distinguished by their molecular weights. We show that RHAMM is 

widely distributed in neurons and oligodendrocytes of adult and developing CNS, 

exhibits heterogeneity in levels of expression as shown immunohistochemical1y, and has 

a distinctive localization restricted to neuronal and oligodendrocytic somata, initial 

dendritic processes and mainstem dendrites. These observations, toge ther with reports of 

RHAMM involvement in ce11 signaling and cytoskeletal regulation, suggest that 

RHAMM and possibly its ligand HA participate in these processes in adult and 

developing brain. 

R H A m  expression in rat brain 

Our delineation of full RHAMM sequence in rat brain was insured through the use of 

multiple primer pairs that generated products with considerable overlap. The RHAMM 

mRNA sequence identified in rat brain exhibited high homology with RKAMM in other 

species as well as with a portion of RHAMM sequence derived &om rat smooth muscle 

cells. Curiously, this latter sequence was reported to be linked to mitochondrial transfer 

RNA coding sequence 5' to the RHAMM open reading fiâme (Genbank accession 

number NMO 12964), but this sequence combination was not found in rat brain RHAMM. 

Our fmding that rat brain RHAMM contains only one copy of a sequence repeated five 



times in murine RHAMM is unlikely to be unique to RHAMM expressed in brain since 

this feature was aiso found in the RHAMM sequence of rat smooth muscle cells noted 

above. Aithough the functional consequences of this sequence diversity is unknown, 

antibodies raised against this repeat sequence stimulate RHAMM activity as evidenced 

by increased ceIl migration in ce11 motility paradigms and were found to be equally 

effective on cultured cells derived fiom mouse and rat (Hall et al., 1994; Nagy et al., 

1995). These antibodies also stimulated neurite extension of rat prirnary neurons (Nagy et 

al., 1995), suggesting the fûnctional importance of the repeat sequence even when present 

in one copy. 

A broad range of RHAMM fomis have been reported in various studies, including 

those with apparent molecular weights (Mr) of 56, 64, 66, 70, 72, 75, 82, 80-90, 95 and 

120 kDa (Turley et al., 1987, 1993, 1994; Savani et al., 1995; Hall et al., 1995, 1996; 

Nagy et al., 1995, 1998; Hohann  et al., 1998b; Assmarm et al., 1998, 1999; Li et al., 

2000a). Species differences may account for some of this variability, particularly 

c o n s i d e ~ g  that the predicted molecular weights of rat brain and human RHAMM (82-84 

ma) compared with that of mouse (95 kDa) differ; the presence of five copies of the 

repeat sequence in the latter account for about 8 kDa of additional mass in murine 

RHAMM. The variability has also been partly attributed to alternate splicing of RHAMM 

mRNA (Hall et al., 1995; Assmann et al., 1998, 1999; Crainie et al., 1999), although 

splice variants identified to date differ oniy slightly in deduced molecular weight. We 

were able to confirm altemate splicing of RHAMM RNA in a human cervical ce11 line as 

previously reported in these as well as in cancerous human B cells (Assmann et al., 1999; 

Crainie et al., 1999), but saw no evidence of similar splice variants in adult rat brain by 



RT-PCR We cannot rule out the possibiiity that altemate splicing occurs in a specific 

region of the brain andor a subpopulation of cells. Further, the apparent single transcript 

of about 3.2 kilobases detected here by northem blotting may consist of a composite of a 

major RHAMM forrn together with similar sized, minor species of RKAMM. Overall, 

our results are consistent with observations that expression of altemately spliced 

RHAMM isoforms is dependant on environmental conditions and may be tissue and ceIl- 

type specific (Assmann et al., 1999; Cheung et al., 1999; Crainie et al., 1999). 

A range of protein isofoxms were also detected in rat brain with Mr of 66, 75, 85-90 

and 97 kDa. The 75 kDa form was previously identified in brain-derived ce11 lines, and 

the 66 kDa fom has been reporteci in chick fibroblasts (Turley et al., 1982, 1994; Nagy et 

al., 1995, 1998). The 85-90 kDa forms correspond to those in human ce11 lines (Assmann 

et al., 1998), which is consistent with sequence homology between human and rat 

RHAMM, and although not recognized by R218 in brain, these foms were detected in 

the present study with both RI95 and R218 in human tumor ce11 extracts. Detection of 

RHAMM forms with only one or the other antibody in brain is also compatible with 

reports of altemate splicing of exons in RHAMM containing sequence to which these 

antibodies were raised (Entwistle et al., 1995, Hall et al., 1995). Since the R218 epitope 

contains closely neighboring consensus sequence for phosphorylation by creatine kinase 

II and protein kinase C, it is also possible that phosphorylation at one or both of these 

sites in brain RHAMM blocks antibody recognition and that the presence or absence of 

anti-R218 detection of RHAMM reflects phosphorylation statu at this epitope. 

Contributions to RKPLMM Mr variability rnay also arise from post-translational 

processing. Indeed, analysis of RHAMM protein sequence indicates the presence of 



consensus sites for modifications including phosphorylation, addition of N-linked 

glycosyl moieties and cleavage by the convertase family of proteases. 

Anatomical and cellular localization 

Immunohistochemical anaiysis indicated a broad distribution of RHAMM in aduit rat 

brain with expression in what appeared to be al1 neurons. RHAMM-ir was also found in 

many oligodendrocytes, particularly in hindbrain compared with forebrain regions. A 

consistent feature was the restricted RHAMM localization to neuronal somata and main 

apical dendrites in cerebral cortex and to neuronal ce11 bodies and initial dendritic 

segments in most other brain regions. Further, heterogeneity in RKAMM expression was 

indicated by large variations in immunolabeling intensity among neuronal populations. 

Confirmation of RHAMM cellular Localization was obtained by demonsirating similar 

results with the three anti-RHAMM antibodies (R195, R218 and R626) used here. 

Neuronal heterogeneity in RHAMM expression did not appear to correlate with any 

particulir anatomical feature or neurotransrnitter phenotype. Thus, RHAMM was highly 

expressed in diverse areas including doparninergic neurons in the substantia nigra, 

histaminergic neurons in the tuberomammillary nucleus, noradrenergic locus coemleus 

neurons and cholinergic motoneurons. Dense RHAMM-ir distinguished specific cell 

populations in some regions. This was especially striking in, for example, the stria- 

where RHAMM-ir was greatest in cells having the charactenstic size and distribution of 

cholinergic neurons, and in the hippocampus where dense RHAMM-ir was found in 

neurons with high levels of cytochrome oxidase, which were previously identified as 

parvalbumin-containing GABAergic neurons (Karmy et al., 1991; Kosaka et al., 1987). 



These results, together with the presence of RHAMM in 

regulation of its expression and indicate functional roles 

oligodendrocytes, suggest 

in processes that are not 

restricted to neurons. The presence of both diffuse and granulas RHAMM-ir within 

neurons and oligodendrocytes suggests, at minimum, a dual celIular localization. 

The appearance of RHAMM in both neurons and oligodendrocytes during neonatai 

brain development was sUnilar to that in adult. Compared with adult brain, however, 

heterogeneity in levels of expression among neurons was much more evident up to 

postnatal day 5. This fürther suggests regulated expression of RKAMM and its 

involvement in cellular functions that are operative in the first few days of postnatal brain 

development. In oligodendrocytes, RHAMM levels were low during early postnatal 

development and markedy increased by postnatal day 10, an age cosresponding to 

oligodendrocyte maturation and onset of myelination, suggesting a role for RHAMM in 

mature oligodendrocytes and possibly a role in the process of myelination. 

Functional considerations 

Based on reports that RHAMM is secreted by cells and is localized in part at the ce11 

surface (Cheung et al., 1999; Li et al., 2000a), interactions of this hyaladhenn with .HA in 

the ECM could be readily envisioned. However, the present observations indicating what 

appears to be a largely intracellular RHAMM localization in neural cells, together with its 

apparently exclusive intracellular occurrence in other systems (Hofmann et al., 1998b; 

Assmann et al., 1998, 1999), raise fundamental questions regardhg an intracellular action 

of HA. Such a role in relation to R H A M M .  interactions in brain is suggested by the 

conservation of the two HA binding domains in rat brain RHAMM sequenco and by 



reports that neural cells contain HA (RipeIlino et al., 1988). The importance of these 

domains, which are present in a varïety of other hyaladherins including those exhibiting 

a .  intracellular localization such as CD38, IHABP4, P-32 and CDC37 (Nishina et al., 

1994; Huang et al., 2000; Deb and Datta, 1996; Grammatakis, 1995), has been 

demonstrated in a number of systems. When fused with a non-HA binding protein, these 

domains conferred HA binding capacity, mutations of the domains reduced or eliminated 

HA binding capacity in vitro (Yang et al., 1994) and cells overexpressing RHAMM with 

mutated HA binding domains exhibited loss of RHAMM function in ce11 migration and 

ERK signaling paradigms (Hall et al., 1995; Zhang et al., 1998). These observations 

indicate that functions associated with RHAMM are in part govemed by interactions with 

HA and imply an intracellular role for HA in processes in which RHAMM has been 

impiicated. 

It is noteworthy that RHAMM has structural similarities with W s  and is able to 

bind microtubules and actin (Assmann et al., 1999), suggesting that it has a role in 

cytoskeletal organization. Microtubule associated proteins (MAPs) regulate cytoskeletal 

structure and both-MAPs and microtubules are known to associate with rnitochondria and 

were suggested to regulate positional stability of this organelle (Martz et al., 1984; 

Linden et al., 1989). In addition, microtubule-dependant organelle transport is also 

achieved through motor proteins such as dynein or kinesin. (Waterman-Storer and 

Salmon, 1997; Horokawa, 1998; Lippincott-Schwartz, 1998). Recently it was 

demonstrated that the MAP tau influences mitochondnal postioning in conjunction with 

the motor protein kinesin (Ebneth et al., 1998). Since we have recently demonstrated that 

a particular RHilMM isoform is localized to mitochondna in subcellular fractions of rat 



brain and in neurons in vivo (unpublished observations), it is possible that RHAMM 

association with mitochondna, in conjunction with its cytoskeletal interactions, also 

regulates mitochondrial motility andlor positioning.. RHAMM also interacts with other 

intraceUular proteins Uicluding calmodulin and components of the ERK signaling 

pathway, the latter being invoked during receptor tyrosine kinase signaling (RTK) (Zhang 

et al., 1998; Assmann et al., 1999; Chueng et al,, 1999). We have observed a similar 

interaction of RHAMbI with calmodulin in brain and ERK in neuron-like PC12 ceUs 

(unpublished observations). Interestingly, cellular uptake of HA as well as levels and 
. 

localization of intracellular HA are also subject to dynamic regdation during events that 

activate ERK and calmodulin signahg and that lead to cytoskeletal rearrangement 

(Collis et al., 1998; Evanko and Wight, 1999). These observations taken together with the 

present description of RHAMM in brain raise the possibility that RHAMM participates in 

calmodulin- and ERK-mediated signahg to the cytoskeletal system in neurons and 

oligodendrocytes. 



TABLE 1. Primer pairs used for the polymerase chah reaction amplification of RHAMM 

cDNA derived fhm rat brain mRNA 

Pair Sense Antisense 



TABLE 2. Epitope specificity and designation of anti-RHAMM antibodies raised in 

rabbit 

Exon location of 

epitopel 

- - -- 

Designation 

Exon4 (8) 2 18 - 229 (VSLEKEKLDEKS) R218 

ExonlO (14) 626 - 636 (NQLRQQDEDFR) R626 

1 Exon 3 , 4  and 10 refer to original exon desigmtion in murine RHAMM (Entwistle et al., 

1995). Numbers in parentheses refer to exon designation in full-Length murine RHAMM 

(Fieber et al., 1998) 

'~ntibodies were generated against amino acid sequence derived fiom murine RHAMM 

cDNA. N-terminal cysteine was added to al1 peptides to aid afinity-purification of 

antibody . 



Figure legends 

Fig. 1. Amino acid sequence of RHAMM deduced nom RKAMM cDNA generated by 

RT-PCR of RNA isolated fiom rat brain. Alignment with reported sequences of human 

and murine RHAMM are shown for cornparison and arnino acid differences are shaded 

gray. A sequence of 21 amino acids consecutively repeated five times in murine 

RHAMM, indicated under bold line, is present only once in rat and human RHAMM. 

The locations of two reported HA binding domains W D - 1  and HABD-2) are shown 

under dotted h e s .  

Fig. 2. Northem blot analysis of RHAMM RNA extracted from rat brain. An apparent 

single RNA species is detected with approximate length of 3.2 kilobases (kb). Lanes were 

loaded with 50 pg of total RNA and probed with 32~-labelled RHAMM cDNA spanniog 

500 nucleotides. 

Fig. 3. Western blots demonstrating detection of RHAMM-GST fusion protein by anti- 

RHAMM antibodies. Lanes were loaded with equal levels of RHAMM-GST and probed 

with anti-RHAMM R195, anti-RHAMM R2 18 and anti-RHAMM R3 as indicated (A), or 

with the former two antibodies afier preadsorption (PA) with immunking peptide (B). 

Both R195 and R218 as well as the previously characterized antibody R3 detect 

RHAMM fusion protein. Peptide preadsorption of RI95 and R218 abolished reaction 

with fusion protein. 



Fig. 4. Western blots showuig antibody detection of previously described RHAMM 

species in MCF7 human tumor ce11 he. Lanes were loaded with 10 pg of extracted 

protein and blots were probed with anti-RHAMM RI95 or R218 as indicated (A) or with 

these antibodies (B) after preadsorption (PA) with appropriate immunizing peptide. Both 

antibodies detect 75 and 90 kDa f o m  of RHAMM, while R195 recognizes additional 

forms migrating at about 82 to 85 kDa. Recognition of al1 of these forms is abolished 

after antibody preadsorption with synthetic peptide. 

Fig. 5.  Western blots showing detection of RHAMM in homogenates of rat brain. Lanes 

loaded with 10 pg total protein were probed with anti-RHAMM RI95 and R218 (A) as 

indicated, or with these antibodies d e r  preadsorption (PA) with synthetic immunizing 

peptide (B). Foms of RHAMM consistentiy detected with both antibodies migrate at 75 

and 66 kDa. An additional f o m  is recognized by R195 at about 97 kDa, and two faint 

bands appear between 85 to 90 kDa. Antibody preadsorption with peptide abolished 

detection of al1 protein bands. 

Fig. 6. Imrnunocytochemical localization of RHAMM in cerebral cortex of adult rat: A-F: 

Sections immunolabeled with anti-RHAMM R195 (A), anti-RHAMM R2 18 (C) or anti- 

RHAMM R626 (E,G), and adjacent sections processed with these antibodies after 

preadsorption with imrnunizing peptide (B,D,F, respectively). Similar imrnunolabeling 

for RHAMM is seen with al1 three antibodies in most neurons, which is intense in 

pyramidal ce11 bodies and major dendrites these neurons. Preadsorption of antibodies 

with synthetic peptide produced a large reduction in labeling with R195, and elirninated 



labeling with the other two antibodies. G: Magnification showing characteristic labeling 

for RKAMM as seen with R626. DiBise as well as granular labeling is most intense 

within neuronal somata and initial dendritic segments. Scale bars: A,B, 100 w; C,D, 50 

p; E,F, 300 pm; G, 25 pm. 

Fig. 7. Localization of RHAMM in neurons of the hippocampus. A,B: Low (A) and 

higher magnification of hippocampus (B) showing intense immunolabeling of neurons 

with anti-RHAMM R626 outside the pyramidal ce11 layer and a small proportion of cells 

within this layer. CD: Sections stained by PAP with anti-RHAMM RI95 (C) and by 

immunofluorescence with R.218 (D). As shown in the CA1 region, both antibodies give 

dense labeling o f  neurons located outside the pyramidal cell layer as well as that of a 

subpopulation of neurons distributed among weakly labeled pyramidal cells. EP: The 

same field in the CA1 region double-labeled with anti-RHAMM R626 (E) and with anti- 

cytochrome oxidase antibody (F). Neurons intensely labeled for RHAMM (E, arrows) 

also show the most intense labeling for cytochrorne oxidase (F, arrows). Scale bars: A, 

400 pn; B, 100 Pm; C-F, 50 Fm. 

Fig. 8. Distribution of RHAMM in subcortical areas of adult rat brain as shown by 

immunolabeling with anti-RHAMM R626. A: Section at mid-thalamic level showing 

moderate labeling in most areas including the reticular (Rt) and ventrolateral (VL) 

thaIamic nuclei, and dense labeling in the anterodorsal thalamic nucleus (AD). B-D: 

Sections through the substantia nigra (B), marnrnillary body (C) and supenor colliculus 

(D) showing intensely labeled neurons in the zona cornpacta (SNC) and reticulata (SNR), 



lateral mammillary nucleus (LM), the tuberomamrnilIary nucleus (TM) and in deep Iayers 

of the superior colliculus @, arrows). E,F: Sections through the brainstem displaying 

heavily labeled neurons in the locus coeruleus (LC), and the trigeminal motor (MoS), 

facial (7) and mesencephalic (Mes) nuclei. Scale bars: A, 800 Pm; B, 300 p; C,D,F, 

400 pn shown in F; E, 600 p. 

Fig. 9. Immunofluorescence labeling with anti-RHAMM R218 in the red nucleus (A) and 

facial nucleus (B). Sections dernonstrate typical diffuse as well as gxanular appearance of 

labeling within neuronal somata, a lack of ce11 surface RHAMM-ir and generally weak 

labeling of dendrites in subcortical areas. Scale bar: 25 p. 

Fig. 10. Immunolocalization of RHAMM within oligodendrocytes. A,B: Low (A) and 

hi& (B) magnifications showing numerous oligodendrocytes labeled by 

immunofluorescence with anti-RHAMM R218 in the cerebellar peduncle. C,D: 

Photomicrographs showing the same field in cerebellar white matter double-labeled with 

anti-RHAMM R218 (C) and with the oligodendrocyte marker anti-RP @). E,F: The 

sarne field in the hippocarnpus double-labeled with anti-RHAMM R2 18 (E) and anti-RIP 

(F). Cells immunopositive for RHAMM (C,E, arrows) are also immunopositive for R[P 

@,F, arrows). G,H: Adjacent sections showing a sirnilar field in the brainstem reticular 

formation. Labeling of oligodendrocytes by PAP with R218 (G, arrows) is elirninated 

after antibody preadsorption with irnrnunizing peptide (m. Scale bars: A, 100 Pm; B-F, 

25 Pm; G,H, 75 Pm. 



Fig. 2 1. Immunofluorescence localization of RHAMM in cerebral cortex of neonatal rat 

brain. AJ3: Sections of cortex fkom 1 &y (A) and 5 day (B) old rats immunostained with 

anti-RHAMM R626. At postnatal day 1, most neurons in superficial cortical layers and a 

few in deeper layers exhibit moderate to dense labeling, while most in deeper regions 

display weak immunostaining. RHAMM distribution by postnatal day 5, shown in rnid- 

cortical layers, is similar to that seen in adult brain. C: Magnification of deep cortical 

neurons at postnatal day 5 demonstrating the typicai diffuse as well as granular 

appearance of RHAMM-ir localized to the somato-dendntic cornpartment Scale bars: A, 

100 pm; B, 50 pm; C, 10 p. 

Fig. 12. RNAMM locaiization in oligodendrocytes of neonatd rat brain. A,B: Areas in 

the internal capsule at postnatal day 3 (A) and corpus calIosum at postnatal day 10 (B) in 

sections immunostained with anti-RHAMM R626. Both labeling intensity and the 

number of  immunopositive oligodendrocytes (arrows) increased during the second 

postnatal week. Scale bar: 25 p. 
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Subceiiular distribution, calmodulin interaction and mitochondriaï association of 

the hyaluronan-binding protein RHAMM in rat brain 
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Abstract 

The CNS contains high levels of the glycosaminoglycan hyaluronan and neural cells 

express a variety of proteins that are members of the hyaladherin family of hyaluronan- 

binding proteins. We have previously shown that the hyaladhenn RHAMM (receptor for 

hyaluronan mediated motility, CD 168) is expressed by neural cells in culture, plays a role 

in astrocyte motility, neurite migration and axonal growth, and is widely distributed in 

neumns and oligodendrocytes of developing and adult rat CNS. Here we demonstrate 

differential localization of various foms of RHAMM in subcellular fractions of adult rat 

brain. Western blotting indicated the presence of 66, f i ,  and 80-90 kDa molecular weight 

RHAMM forms in whole brain homogenates. Subfhctioaation revealed e ~ c h m e n t  of 

the 66 and 85-90 kDa foms in soluble fractions, whereas the 75 kDa f o m  was enriched 

in rnitochondrial fractions. This latter forrn was retained in osmotically shocked 

mitochondria, but was liberated by aikali carbonate, suggesting a non-intrinsic 

rnitochondrial membrane association. By double immunohistochemical labeling for 

RHAMM and the mitochondrial marker cytochrome oxidase, RHAMM was localized to 

isolated mitochondria in vitro and to neuronal mitochondria in vivo. Hyaluronan- 

sepharose chromatography and cetylpiridiniurn chloride precipitation confïmed the 

hyaluronan-binding capacity of RHAMM forms. By calmodulin-affinity 

chromatography, endogenously expressed brain RHAMM was demonstrated to bind 

calrnodulin in a ca2' dependent manner. These results, together with reports of lWAh4.M 

association with actin and rnicrotubules in other systems, suggest a role of RHAMM in 

calmodulin-mediated ce11 signaling to cytoskeletal elements &or mitochondria in the 

CNS and invoke novel functions of its interactions with hyaluronan. 



Introduction 

Hyaluronan (HA), a high molecular weight glycosaminoglycan, is a ubiquitous 

component of the extracellular matrix (ECM) and contributes to regdation of ce11 

proliferation, ce11 migration, intercellular interactions, gene expression and ce11 signaling 

(UnderhiIl, 1989; Laurent and Fraser, 1992; Sherman et al., 1994; Entwistle et al., 1996; 

Cheung et al., 1999). These diverse functions are mediated in part by cell-surface HA 

receptors such as C M ,  HARLEC and other HA binding proteins (HABPs) collectively 

tenned hyaladherins (Toole, 1990; Cheung, 1999; Goodison et al., 1999; Zhou et al., 

1999). A role of hyaladherins and their interactions with HA in the C N S  is suggested by 

the high Ievels of HA in neural tissue (Fraser and Laurent, 1989) and by its widespread 

localization in neuronal pencellular matrk and in myelin-rich fiber tracts (Ripeliino et 

al., 1988, 1989; Bignami and Asher, 1992; Bignami et al., 1993; Deyst and Toole, 1995; 

Toole, 1997). The C N S  also contains a variety of hyaIadherins that have been implicated 

in axonal growth, gliogenesis, reactive gliosis and glioblastoma tumor invasion (Hagel 

and Stavrou, 1999; Jaworski et al., 1999; Schmalfeldt et al., 2000). The identification of 

both extracellular and intracellular pools of HA in the CNS and peripheral tissues 

(Bignami et al, 1993; Eggli and Graber, 1995, 1996; Collis et al., 1998; Evanko and 

Wight, 1999) and the growing list of hyaladherins that are localized intracelIularly 

(Grammatikakis et al., 1995; Deb and Datta, 1996; Huang et al., 2000) have suggested 

novel intracellular hc t ions  of HAmyaladhenn interactions. 

h o n g  the well characterized hyaladherins is the protein RHAMM (Receptor for HA 

Mediated Motility), so named because it was onginally found to mediate cellular 

responses to HA leading to enhanced ce11 motility (Hardwick et al., 1992). RHAMM was 



the k t  in a senes of hydadherins in which a novel HA binding domain was identified 

(Yang et al., 1994). Overexpression of RHAMM was reported to increase ce11 migration 

and mutant RHAMM lacking HA binding domaias abrogated this motile response (Hall 

et al., 1995). A variety of RHAMM isofoms have been identified and sorne of these 

appear to be generated by alternative splicing of RHAMM mRNA (Entwistle et al., 1995; 

Assmann et al., 1999; Crainie et al., 1999). Participation of RHAMM in ce11 signaling 

was suggested by its involvement in events leading to phosphorylation of ERKIR, 

paxillin and focal adhesion kinase (Hall et al., 1994; Lokeshwar and Selzer, 2000). In 

some systems, RHAMM has an extraceiiular, ce11 surface and intracellular distribution 

and a functional role of  cell surface RHAMM is supported by a number of studies (HaU 

et al., 1995; Zhang et al., 1998; Cheung et al., 1999; Gares and Pilarski, 1999; Till et al.. 

1999; Li et al., 2000a). Other recent reports descnbe an exclusively intracellula. 

localization, an association with cytoskeletal elements, and the capacity of in vitro 

translated RHAMM to bind calmodulin (CaM) (Assmann et al., 1998, 1999). 

RHAMM in neural cells was previousiy demonstrated to contribute to processes 

goveming astrocyte motility and newite migration in culture, and axonal growth in a 

brain transplant mode1 system (Turley et al., 1994; Nagy et al., 1995, 1998). Recently, we 

exarnined RHAMM expression in adult rat brain using a panel of anti-RHAMM 

antibodies and found multiple molecular weight foms  with a widespread distribution in 

ce11 bodies and initiai processes of neurons and oligodendrocytes ( L m  et al., 2001). III 

order to gain further understanding of RHAMM in brain, which may be reflected by both 

its cellular Iocalization and its interactions with other molecules, we describe the 

subcellular distribution of RHAMM toms in brain, the HA-binding and CaM-binding 



capacity of these fonns, and provide evidence for the association of RHAMM with brain 

mitochondria. 



Materials and Methods 

Antibodies 

Antibodies against peptides corresponding to amino acids 195-207 and 2 18-229 in the 

murine RHAMM sequence were generated in rabbits and designated anti-RHAMM RI95 

and R2 18, respectively. These affinity-purified antibodies were charactenzed for 

RHAMM detection by western blotting and irnmunohistochemistry with peptide 

adsorption controls using brain and perip heral tissue (unpubiished observations), and 

have been distributed to others (Zhang et al., 1998; Bagii et al., 1999; Cheung et al., 

1999). An additional anti-RHAMM antibody, designated R442, was generated against 

amino acids 442-461 in murine RHAMM. The peptide was conjugated to bovine senun 

albumin @SA) using carbodiimide and antibody was generated in sheep. Monoclonal 

antibody against cytochrorne oxidase (COX, subunit IV) was obtained fiom Molecular 

Probes (Eugene, Oregon) and monoclonal anti-Na,K-ATPase was obtained fiom the 

Developmentai Studies Hybndoma Bank (clone a6F, developed by D.M. Famrough; 

available from the University of Iowa, Department of Biological Sciences, Iowa City, 

LA) - 

Tissue Preparation . 

Subcellular hctionation of rat brain was conducted by established methods of 

discontinuous sucrose density ultracentrifugation (Carlin et. al., 1980). A total of 50 adult 

male Sprague Dawley rats were used in this study, and brains fiom 2-3 animals were 

pooled for preparation of tissue for subcellular fiactionation and other experiments, 



which were repeated at least 3 times and conducted in the presence of protease inhibitors 

(1 mM phenyhethylsulfonylfluoride, and 1 pg/mf of leupepth, pepstatin and 

apoprotinin). For fiactionation, brains f?om rats killed by decapitation were homogenized 

in 10 volumes of ice-cold buffer A (0.32-M sucrose, 1 mM NaHCO3, 1 mM MgCh, 0.5 

mM CaC12) using a Teflon-glass homogenizer. The homogenate was centrifbged at 1,400 

X g for 10 min and the nuclear pellet was re-homogenized and centrifbged. The 

supernatants were combined and centrifuged at 13,800 X g to yield the synaptosomal- 

- mitochondriai pellet (P2). The supernatant of P2 was centrifbged at 100,000 X g for 1 hr 

to obtain a peilet consisting of microsornal and plasma membranes (P3 bction). The P2 

pellet was resuspended in bufEer B (0.32 M sucrose, 1 mM NaHC03), overlaid onto a 

discontinuous 0.85 M, 1.0 M and 1.2 M sucrose density gradient and centrifiged at 

82,500 X g for 2 hr. Material banding at each sucrose density interface (P2A, P2B, P2C) 

and the pelleted matenal (P2D) were collected. 

The- P2C fraction containing synaptosomes was M e r  fi-actionated as previously 

described (Mizoguchi et. al., 1989). The P2C fkiction was lysed for 15 min at 4OC in 6 

rnM Tris-HCl pH 8.0 (10 mUg original tissue wet weight) and centrifbged. Pellets 

resuspended in buffer B were applied to sucrose density gradients as above. Following 

centrifugation, material banding at each sucrose interface (synA, synB, spC), and the 

pellet (synD) were collected homogenized and centnfiged at 150,000 X g for 1 hr. 

To determine the nature of RHAMM association with membranes, rnitochondrial and 

synaptosomal hctions were subject to alkaline extraction with carbonate buffer (Fujiki 

et al., 2982). Briefly, aliquots containing 200 pg of protein were resuspended in water to 

lyse intact synaptosomes and mitochondria and the pelleted membranes were 



resuspended and incubated in 1 ml of 100 mM sodium carbonate buffer at pH 8 or pH 11 

for 30 min at 4OC. Following centrifugation at 16,000 X g, the pellet was resuspended in 

SDS-PAGE sample buffer. 

Detennination of HA/RHAMM interaction 

HA affrnity chromatography was conducted as previously described (Turley et al., 

1987) with some modifications. Rats were deeply anesthetized with equithesin (Scadding, 

1981) and transcardially perfused with ice-cold 50 mM sodium phosphate buffer, pH 7.4, 

PB) containing 150 mM sodium chloride (PBS). Brains were removed and homogenized 

in 0.32 M sucrose containing 1 mM EDTA. Following centrifugation at 1000 X g for 10 

min, the supernatant was recentrifuged at 10,000 X g for 20 min. The resulting 

supernatant containing microsornes and soluble proteins was centrifuged at 100,000 X g 

for 60 min and the supernatant was dialyzed overnight (6000-8000 molecular weight 

cutoff tubing; Spectrum Laboratories Inc., Rancho Dominguez, CA) against cold PB 

containing 3 M sodium chloride. The retained matenal was applied to pre-equilibrated 

HA-Sepharose beads (Pharmacia Corp., Peapack, NJ), which were prepared as previously 

descnbed (Turley, 1982; Yang et. al., 1994). The mixture was stirred at 4"C, dialyzed 

overnight in PBS and then transferred to a 1.5 x 20 cm column. Packed beads were 

washed with PBS until constant baseline protein (absorbance at 750 nm) was obtained- 

HA binding proteins were eluted with PB containing 3 M NaCI. Fractions were collected 

(0.5 ml) until baseline protein levels were regained. Protein was determïned with a kit 

(Bio-Rad Laboratories Inc., Hercules, CA). Fractions containing maximum protein were 

pooled and taken for western blot analysis. 



HA binding capacity of RHAMM in synaptosomes was determined by the 

cetylpiridinium chioride (CPC) method which precipitates HA along with associated 

proteins (Sleeman et al., 1997). Aliquots of the synaptosomal P2C Eraction containing 

200 pg of protein were solubilized in buffer (20 mM Tris pH 7.4, 1 rnM EDTA) 

containing either 0.1% sodium deoxycholic acid @OC) or 1-0 % Triton X-100. 

Following a 30 min incubation at 4 T  with shaking, the solubilized matenal was 

centrifiiged at 16,000 X g for 20 min. The supernatant was incubated with or without HA 

(0.33 mgM, Sigma) for 1 hr at room temperature, M e r  incubated for 1 hr following 

the addition of 0.1% (w/v) CPC and precipitated matenal was collected by centrifugation. 

CaimoduIin Mbity  Chromatography 

Following decapitation, rat brains were homogenized as above in ice-cold buffer A 

containing protease inhibitors and centrifuged at 1400 X g for 10 min at 4°C. The 

resulting post-nuclear supernatant, diluted with an equal v o b e  of 40 mM Tris buf5er 

(pH 7.4) with or without 0.05 % (w/v) Triton-X-100, was incubated for 45 min at 4OC 

and centrifùged at 100,000 X g for 60 min. The solubilized proteins were diluted with an 

equal volume of ice-cold solution containing 2.4 mM CaCh, 2 mM MgC12, 300 mM 

NaCl and 14 mM 2-mercaptoethanol and applied to calmoduh-agarose beads (Sigma, 

S t  Louis, MO) on a cohmn pre-equilibrated with ice-cold buidïng buffer (20 m M  Tris 

pH 7.4, 1.2 m M  CaC12, 1 m M  MgC12, 150 rnM NaCl and 7 mM 2-mercaptoethanol). 

Following extensive washïng with binding buffer, proteins bound to calrnodulin were 

eluted with calcium-fke binding buffer containing 5 mM EGTA. 



Electrophoresis and Immunoblotting 

Equal protein fkom sarnples (10 pg/Iane) was electrophoresed on 10-15% SDS- 

polyacry lamide gels and transblo tted to nitrocellulose membranes (B io-Rad) in standard 

Tris-Glycine transfer buffer. For western blotting of COX IV, electrophoresis was 

conducted on L8% SDS-urea gels as described (Kadenbach et al., 1986). Membranes 

were stained with Ponceau-S (Sigma) to confm equal inter-Lane protein loading and then 

blocked for 1 hr at room temperature in 10 mM Tris buf3er pH 8.0 containing 150 mM 

NaCl (TBS) and 5% non-fat rnilk powder. Following a bnef wash in TBS containing 

0.2% Tween-20 (TBST), blots were incubated overnight at 4OC with primary antibodies 

diluted in TBS containhg 1% milk powder. Anti-RKAMM antibodies were used at a 

di1ution of 1500, anti-COX IV at  1:200 and anti-Na-ATPase at 1: 10. Membranes were 

washed in TBST and incubated with horseradish peroxidase-conjugated goat anti-rabbit 

or goat anti-mouse IgG (Sigma), washed and immunoreactivity was visualized by 

cherniluminescence (ECL) (Amersham PB Inc., Piscataway, NJ). 

The cherniluminescent signal nom blots of the four synaptosomal subfiactions probed 

with anti-R195, anti-COX IV and anti-Na,K-ATPase were scanned (Bio-Rad Multi- 

imager) at five different time points to insure iineariîy of signal at the data acquisition 

time points. For each blot and protein band of interest, intensities of the bands in 

subhctions were measured and expressed as a percentage of the summed intensity for 

each particular band in al1 the fractions. Data from at least three separate blots per 

antibody and at least three subhctionation expenments was analyzed by ANOVA and 

Students T test. 



Immunocytochemistry 

Rats deeply anesthetized with equithesin were perfused transcardially with PB 

containing 0.9% NaCl and then with 4% formaldehyde in 0.1 M PB. Brains were 

removed, post-hed for 2 hr and cryoprotected in 0.05 M PB containhg 25% sucrose and 

50 mM glycerol. Sections cut at a thickness of 20 pm were double-labeled with either 

anti-RtIAMM RI95 or anti-RHAMM R2 18, and simultaneously with monoclonal anti- 

COX N (marker for mitochondria). Antibodies were diluted 1500 in 50 mM Tris buffer, 

pH 7.4 containing 1.5% saline (TS), 0.3% Triton-X 100 (TST) and 2% normal goat semm 

(NGS). Following a 16 hr incubation, sections were washed in TST and incubated with 

Cy3-conjugated donkey d-rabbi t  IgG (Jackson Imrnunoresearch Laboratones hc., 

Westgrove, PA) and simdtaneously with FITC-conjugated horse anti-moue IgG (Vector 

Laboratories, Burlhgame, CA) in TST containhg 2% NGS. Sections were washed, 

rnounted onto glas slides, air-dried and coverslipped with anti-fade medium. For 

irnrnu~fluorescence involving isolated mitochondria, a 1 pI aliquot of the P2D pellet 

was applied ont0 gelatin-coated glass slides, air-dried, fixed for 2 min with 2% 

formaldehyde in 0.1 M PB, washed in 0.1 M PBS and then processed as above. Tissues 

were examined and images captured on an Olympus Fluoview 1x70 confocal laser 

scarming microscope (Olympus Amenca inc., Melville, NY). To avoid bleed-through of 

the FITC signal into the Cy3 channel, confocal images for FITC and Gy3 were acquired 

using single excitation of one or the other fluorochrome. 



Resulîs 

RHAMM in subcellular hctions of rat brain 

In western blots of whole brain and in the soluble, microsomal and 

synaptosomai/mitochondnal subfhctions of brain, two or three protein bands migrating 

in the range of 66 to 97 kDa were detected with anti-RHAMM RI95 (Fig. 1A) and R218 

(Fig 1B). Both antibodies consistently detected a 66 and 75 kDa form of RHAMM in 

whole brain homogenates as weli as in various subhctions. The 66 kDa form was found 

primarily in the soluble fiaction with minor amounts in mitochondrial/synaptosomal 

fraction, while the 75 kDa form sedimented exclusively in the latter hction. Additional 

proteins detected by only anti-R218 migrated at 40,58 and 90 kDa in the soluble hction. 

Additional species detected by o d y  anti-RI95 included a 70 kDa protein in the soluble 

hction, an 88 kDa protein in the microsomal hc t ion  and a 97 kDa protein in al1 

subfkactions with greatest enrichment in the microsornai fraction. 

To determine the distribution of RHAh4M in the P2 fiaction, this hct ion  was M e r  

hctionated to yield synaptosornes and mitochondria. Western blots of these fractions 

probed with anti-RI95 (Fig. 2A) and anti-R218 (Fig. 2B) indicated retention of the 75 

kDa RHAMM form in synaptosornal and mitochondnal subhctions, with slightly 

greater amounts in the latter. A 97 kDa band detected with anti-R195 was found 

excIusively in the synaptosomal subfhction. The 66 kDa f o m  of RHAMM seen in the 

P2 fiaction was barely detectable in synaptosomes, and was generally not seen in the 

mitochondrial fiaction. 

To determine the subcetlular localization of the 75 kDa form of RHAMM detected by 

both anti-RI95 and R218 in the synaptosomal fiaction, synaptosomes were 



subhctionated to separate membrane components and organelles. Western blots probed 

with antibody against Na,K-ATPase (Fig. 3A) and density scans of these blots (Fig. 4) 

indicated greatest enrichment of this plasma membrane marker in the lightest hction 

collected fiom sucrose gradients with progressively decreasing levels in heavier fractions. 

Conversely, blots probed with antibody against COX-IV (Fig. 3B) followed by density 

scanning (Fig. 4) indicated the greatest levels of this rnitochondrial marker in the heaviest 

hctions of the sucrose gradients with progressively decreasing arnounts detected in 

lighter fkctions. These results are consistent with previous hd ings  (Mizoguchi et al., 

1989) that have shown a relative e ~ c h m e n t  of synaptosomal plasma membranes in the 

synA fkaction and synaptosomal mitochondrial membranes in the synD hction with 

intervening fhctions containhg intermediate levels of each. The levels of the 75 kDa 

form of RHAMM in these fiactions probed with anti-RI95 (Fig. 3C) and analyzed by 

densitometry (Fig. 4) were greatest in the synD fiaction and progressively decreased in 

lighter fractions (Fig. 3C). A low level of the 66 kDa form was also detected in the synB 

and D fractions. Similar results were obtained with anti-RHAMM R218 (not shown). A 

representative coomassie-stained blot shows equivalent inter-lane protein loading (Fig. 

3D). These resdts indicate a relative enrichment of the 75 kDa RHAMM in 

mitochondrial subfkctions of rat brain. 

Alkali extraction of RHAMM 

The nature of RHAMM association with mitochondrial and synaptosomal membranes 

was examined by alkali carbonate extraction, which removes protein loosely associated 

with these membranes. As s h o w  by western blotting with anti-RHAMM RI95 (Fig. 51, 



dochoncirial (Fig. 5A) and synaptosomal (Fig. SB) membranes Lysed in water and 

treated twice with carbonate bdTer at pH 8 showed retention of the 75 kDa form of 

RHAMM. M e r  a single treatment with carbonate buffer at pH 1 1, RHAMM was largely 

elirninated in mitochondrial samples and completeiy absent in the synaptosomal 

preparations. This result indicates that the 75 kDa form of RHAMM is loosely associated 

with these membranes. 

HA and caimodului binding capacity of EULAMM 

To confhn the HA-bïnding capacity of the multiple RHAMM foms detected in brain 

with ad-RHAMM R195 and EU1 8 antibodies, we performed afnnity chromatography of 

solubilized brain hornogenates on HA-sepharose columns and subsequent western blot 

analysis with these antibodies (Fig. 6). Following application of a brain cytosolic hction 

and elution of unbound material, a peak of HA-binding proteins was eluted with 

application of hi@ salt containhg buffer (Fig. 6A). Western blots of this protein peak are 

shown in Figure 6B. In cornparison with RHAMM detected in whole brain homogenate 

with anti-RI95 and R218, the HABP fraction showed enrichment of corresponding bands 

at 66,75 and 85-90 m a .  Additional bands detected in the HABP hct ion  with anti-Rî 18, 

but not seen in whole brain, were those migrating at -50 and 56-60 m a .  The 97 kDa 

band detected in whole brain with anti-RI95 was not detected in the W P  fraction. 

The HA binding capacity of RHAMM in synaptosomes was determined by 

incubating synaptosomal extracts with HA followed by HA precipitation with CPC (Fig. 

7). Blots of precipitated material probed with anti-RI95 (Fig. 7A) and anti-R2 18 (Fig. 

7B) indicated detection of 75 kDa RHAMM in the presence of HA, but not in control 



samples where HA was omitted, indicating association of RHAMM with HA in the CPC 

precipitate. 

The CaM binding properties of RHAMM in whole brain were determined by CaM- 

affinity chromatography. Following application of a whole brain homogenate in a ca" 

containing b e e r  to a CaM-agarose column, the column was extensively washed in ca2+ 

containing buffer and material bound to CaM eluted with an EGTA-containing ca2'-fiee 

bufTer. Materiai eluted fiom the CaM afEnity column was probed with anti-RI95 (Fig. 

8A), anti-R218 (Fig. 8B) and anti-R442 (Fig. 8C). Al1 antibodies detected a comrnon 

protein band migrating -90 B a .  Anti-RI95 and R2 18 detected the 75 kDa RHAMM. An 

additional unique band migrating at -105 kDa was detected with anti-EU 18 and anti- 

R442. No bands were detected in lanes containing materiai fiom the Iast wash prior to the 

elution step and probed with anti-R195 and R218 or stained with coomassie blue 

indicating that unbound proteins were efficiently washed fiom the column during the 

wash step (not shown). The ca2+ dependency of RHAMM interactions with cahodulin 

was indicated by their retention on the colurnn following extensive washing in ca2' 

containing buffer, and subsequent elution in ca2' fiee bufEer containing EGTA. 

Immunofluorescence locaiization 

Association of RHAMM with mitochondna was examined by double 

immunofluorescence labeling for this protein in combination with COX IV. In slide- 

mounted rnitochondria isolated fiom rat bain and Unmunostained with anti-RI95 and 

COX N, substantial CO-localization was found between RHAMM Fig. 9A) and COX IV 

(Fig. 9B) as demonstrated by immunofluorescence in the overlay image (Fig. 9C). In 



sections of brain processed by immunofluorescence with anti-R218, neuronal RHAMM 

immunoreactivity was present throughout the C N S  and localized in cell bodies and initial 

dendrites as reported elsewhere (Lynn et al., 2001). As illustrated in motoneurons of the 

facial nucleus (Fig. 9D) and neurons of the substantia nigra (Fig. 9G), labeling had a dual 

granular, amorphous appearance. In the same neurons, irnrnunostaining with anti-COX 

IV (Fig. 9E,H) had a similar, although less granular, appearance as that of RHAMM. 

Overlay of these images (Fig. 9FJ) demonstrate partial CO-localization of RHAMM and 

COX IV as indicated by yellow. Similar results were obtained in neurons double-labeled 

for RHAMM and COX IV in other brain regions including cerebrd cortex, hippocampus, 

and subcortical structures, indicating association of RHAMM with mitochondria in vivo. 



Discussion 

RHAMM isofonns in neural tissues 

The present results extend previous molecular analyses showimg ba t  EUWMM cDNA 

denved fkom neural tissue encodes a protein of 82 kDa as weiI as anatomical 

observations showing localization of RHAMM in neurons and oliigodendrocytes of adult 

rat brain (Lynn et al., 2001). in this study, western blotting indicated the presence of 

RHAMM isoforms migrating at 66,75,80-90, and 97 kDa in s e v e d  subcellular fiactions 

of brain. Consistent with demonshations of HA-binding capaciw of RHAMM in other 

species (Hoare et al., 1993; Assmann et al., 1998; Hohanu e t  al., 1998b), the HA 

binding capacity of RHAMM f o m  in brain was confirmed w i b  the exception of that 

migrating at 97 kDa The lack of HA binding of this latter form may be due to 

posttranslational modifications, including glycosylation which regdates the HA-binding 

capacity of some isoforms of CD44 and aggrecan (Katoh et al., L995; Watanabe et al., 

1997; Day, 1999). 

RHAMM foms with apparent molecular weights (Mr) less than 82 kDa may anse by 

alternate splicing of RHAMM mRNA (Hall et al., 1995; Assman e t  al., f 999; Crainie et 

al., 1999), although we found no evidence for RHAMM splice variants in rat brain (Lynn 

et al., 200 1). Those forms with Mr greater than predicted fiom EWAAM cDNA sequence 

likely arise £iom posttranslational modifications, either alone or in aconcert with alternate 

splicing, that influence migration rates on SDS-PAGE gels. Prosite analysis of rat brain 

RHAMM sequence indicates consensus sites for glycosylation and for phosphorylation 

by protein kinase C, casein kinase II and tyrosine protein kinases. Mternatively RHAMM 

may undergo post-translational proteolytic processing. Indeed, amalysis of RHAMM 



sequence uidicates the presence of two potentia1 furin convertase cleavage sites. The 

presence of multiple forms of RHAMM in brain and the possibility of its 

posttranslational modification suggests that RHAMM is subject to potentially diverse 

regulation. 

Cornparisons of RHAMM isoforms in rat brain with those in other tissues and species 

is made dificuit by the above possibilities of alternate RHAMM splicing, molecular 

modifications and proteolytic processing as well as by sequence differences in rnouse, rat 

and human RHAMM ûanscripts that yield products with significant molecular weight 

differences (Lynn et al., 2001). In view of this, detection of RKAMh4 by western blotting 

with at least two antibodies directed against different RHAMM sequences increased 

confidence in identification of protein bands as RHAMM. Protein species recognized by 

only a single antibody may represent additional RHAMM f o m ,  but their assignment as 

such remains to be established by other methods. Lack of recognition of these latter 

species by one or the other of the antibodies employed may result fiom epitope blockade 

as some of the above descnbed potential modifications fa11 within or near sequences 

against which these antibodies are directed. 

RFfAMM subcellular localization and association with rnitochondria 

Subcellular hctionation of brain indicated 66 and 80-90 kDa WAMM in the 

membrane-free cytosol and the 75 kDa in cmde synaptosomaVmitochondria1 hctions. 

Further analysis of the P2 hc t ion  indicated RHAMM CO-sedimentation with 

mitochondria, including mitochondria within synaptosomes, rather than with' other 

soluble or membrane components of the synaptosomal fraction. These results are in part 



consistent with kciings of soluble RHAMM forms in other ce11 types (Assmann et al., 

1998; Hofinam et al., 1998b; Zhang et al., 1998) and support the contention that 

RHAMM in adult brain has a largely intracellular localization. However, we cannot rule 

out an intracellular or extracelIular plasma membrane localization of the 88 and 97 kDa 

foms detected with only one antibody in the P3 hction. 

A relationship of RHAMM with mitochondria has not been previously reported. By 

confocal iwnunofluorescence, only partial CO-iocalization of RJXAMM with cytochrorne 

oxidase was observed, which might be expected since subcellular fractions other than 

mitochondria contain RHAMM. isofonns and these have a broad cellular distribution as 

revealed imrnunohistochemically. The 75 kDa RHAMM in synaptosomes appeared to be 

associated largely with mitochondna since the percentage total of this RHAMM form in 

the synaptosomal subfiactions p d e l e d  that of the mitochondnal marker COX IV. 

RHAMM association with mitochondria is likely via membrane interactions as suggested 

by lack of RHAMM liberation following osmotic lysis. An integral mitochondnal 

membrane localization is improbable given the absence of hydrophobic membrane 

domains in RHAMM. bther ,  a loose membrane association is consistent with removal of 

RHAMM fkom mitochondnal membranes treated with alkali carbonate. 

It is noteworthy that RHAMM secondary structure has similarities to that of 

microtubule associated proteins (MAPs) and, when overexpressed, RHAMM interacts 

with microtubules via two helical structural domains (Assman et al., 1999). Microtubules 

are substrates for movement and positionhg of organelles, including mitochondria which 

nonnally has multiple attachments to this cytoskeletal constituent (Hollenbeck, 1996; 

Ligon and Steward, 2000). Mitochondria also contain specific MAP buidhg sites that are 



distinct fiom those mediating their association with tubulin (Linden et al., 1989; Letterier 

et al., 1994). Interaction of MAP2 with brain microtubules inhibits organelle migration 

(Lope2 and Sheetz, 1993; Ebneth et al., 1998), which has led to suggestions that MAPs 

act to positionally stabilize mitochondria (Martz et al, 1984; Linden et al., 1989) and that 

this regulation of mitochondrial motility might influence their dynamic relocalization to 

cellular sites of increased energy requirernents (Mattson and Partin, 1999). Given the 

present result showing association of the 75 kDa RHAMM with mitochondria, it is 

possible that this form fùnctions in a sirnila. fashion to MAPs in mitochondrial 

positioning. 

RHAMM interaction with CaM 

The present demonstration that the endogenously expressed 75 and 90 kDa EtKAMM 

forms are able to bind CaM extends observations of a similar CaM binding capacity of in 

vitro hanslated RHAMM (Assman et al., 1999). RHAMM binding to CaM was found to 

be ca2+ dependent, suggesting that cellular ca2+ regulates this interaction in vivo. A wide 

range of cellular processes are regulated by CaM in association with ca2', including the 

activity of various protein kinases and phosphatases (Wilmann et al., 2000). In the case of 

CaM-dependant kinases 1, II and IV, CaM binding Ieads to kinase activation or promotes 

kinase phosphorylation by other CaM-regulated proteins. Alternatively, CaM binding 

may have an inhibitory influence on protein activity, as in the case of G-protein-receptor 

kinases (Iacovelli et al., 1999). Some CaM binding proteins serve to sequester CaM in a 

Ca2+ dependent fashion (Chin and Means, 2000). hterestingly, one target of CaM and 

C M  kinase regulation is MAPZ (Walaas and Naim, 1989), phosphorylation of which by 



CAM kinase II reduces MAP2-mediated actin nlament cross-linking and increases 

disassembly of microtubules (Sobue et al., 1985; Yamamoto et al., 1985; Yamauchi and 

Fujisawa, 1988). Taken together, the structural similarities between RKAMM and 

members of the MAP family, the demonstrations of its association with microtubules and 

the actin cytoskeleton, and results showing that RHAMM interacts with CaM suggests 

participation of RHAMM in CaM signaling to the cytoskeleton. Since a significant 

proportion of total cellular CaM has also been found in association with mitochondria 

(Ruben et al,, 1980; Pardue et al., 1981) and may regulate cytoskeletal stability in the 

locale of these organelles, interactions between RHAMM, the cytoskeleton and 

mitochondna may be regulated at least in part by CaM. 

IntraceUular RHAMM and HA 

The intracellular localization of RHAMM in brain is of particular interest in light of 

increasing evidence for a cytoplasmic and nuclear distribution of HA in various ceIl types 

including neurons (Ripellino et al., 1988; Eggli and Graber, 1995; Evanko and Wight, 

1999). Unlike other glycosaminoglycans, which are exported to the ECM, HA is 

synthesized on the cytoplasmic face of the plasma membrane and is extmded from the 

ce11 during its synthesis (Weigel et al., 1997). Addition of exogenous HA to cultured 

fibroblasts was reported to result in rapid uptake and localization to ceil processes, 

perinuclear and nuclear sites (Collis et al., 1998). Further, mitogenic stimuli were found 

to increase intracellular HA and to cause its redistribution fkom the nucleolus to 

perinuclear and interchrornosornal regions (Evanko and Wight, 1999). Thus, HA may 

arrive intracellulady by cellular uptake. Alternatively, it was suggested that at least some 



intraceiiular HA occurs via its direct deposition into the cytoplasm following synthesis 

(Evanko and Wight, 1999). These findings support an intracellular role for HA and its 

intracellular binding proteins. However, specific intracellular hyaladherin/HA 

interactions have yet to be characterized in vivo. 



Figure Legends 

Fig. 1. Western blots showing the distribution of RHAMM in basic subcellular fiactions 

of rat brain. Lanes loaded with equal protein from whole brain homogenate (WB), 

- soluble fiaction (S), mitochondriai/synaptosornal fkiction (PZ) and microsomal fraction 

(P3) were probed with anti-RHAMM RI95 (A) and R218 (B). A 75 kDa form of 

RHAMM detected by both antibodies in whole brain homogenates sedimented in the P2 

hction, while a 66 kDa form recognized by both antibodies appears primarily in the 

soluble hc t ion  with minor amounts in the P2 hction. Both antibodies detect additional 

higher and lower molecular weight forms which may be modined or degradation 

RHAMM products. 

Fig. 2. Western blots showing the distribution of RHAMM in the P2 fraction cornPaGd 

with that in synaptosomal (syn) and mitochondrial (rnito) fkctions obtained by 

subfractionation of the P2 pellet. Lanes loaded with equal protein were probed with anti- 

RHAMM R195 (A) and R218 (B). The 75 kDa fom of RHAMM detected by both 

antibodies is present in both synaptosomal and mitochondrial fiactions with a slightly 

higher concentration in the latter. A 97 kDa form detected by antibody R195 is present 

only in the synaptosomal fiaction. 

Fig. 3. Western blots of synaptosomal sub£i-actions probed with anti-Na, K-ATPase (A), 

anti-cytochrome oxidase N (B) and anti-RHAMM RI95 (C). Blots were loaded with 

equal protein from subfhctions of synaptosomes (syn) collected nom discontinuous 

sucrose density gradients. The synA fraction is emiched in the plasma membrane marker 



Na, K-ATPase (A), and the s y n D  fiaction is enriched in the mitochondrial marker 

cytochrome oxidase (B). The 75 kDa form of RHAMM is absent in the synA hc t ion  and 

is progressively e ~ c h e d  the synB to synD subfhctions (C). Coomassie blue staining of a 

representative blot demonstrates equivalent inter-lane protein Loading nom synaptosomal 

subfhctions (D). 

Fig. 4. Densitomefric measurements of 75 kDa RKAMM, Na, K-ATPase and cytochrome 

oxidase (COX-IV) bands detected on Western blots of the synaptosomal subfictions 

shown in Figure 3. Data are presented as the percent of total density summed for each 

antibody in all fractions (mean + SEM). RHAMM is significantly enriched @ -= 0.001) in 

the synD compared with the synB and synC hctions. 

Fig. 5. Western blots showing the extractability of RHAMM fkom mitochondria and 

synaptosomal fractions by alkaline-carbonate treatment. Mitochondria isolated fiom 

whole brain (A) and synaptosomal fiactions (B) were treated with carbonate bufEer (pH 8 

or pH 11) and protein fiom pelleted membranes loaded onto Ianes as indicated were 

probed with anti-RHAMM R195. Compared with control conditions (pH 8), very little of 

the 75 kDa RHAMM was detected in either mitochondria or synaptosomes after akali 

treatment. 

Fig. 6. HA-sepharose chromatography of proteins extracted fkom rat brain and western 

blots of RHAMM in the HA-binding (HABP) fraction. Elution profile of proteuis nom 

HA-sepharose during a PBS wash and during application of PBS containhg 3 M NaCl 



shows a large protein peak after high salt application (A). Western blots showing 

RHAMM in whole homogenate of rat brain (WB) and in fractions fiom the HA- 

sepharose column containing eluted HA binding proteins (HABP). Blots were probed 

with anti-RHAMM R195 and R218 as indicated. Major forms of RHAMM detected with 

both antibodies in the column eluate and in whole brain homogenates include the 75 and 

66 kDa species as well as those rnigrating at 85-90 kDa. 

Fig. 7. Western blots showing HA binding of RHAMM following precipitation with 

cetylpiridinium chloride (CPC). Protein extracted fiom synaptosomes with deoxycholic 

acid were treated with CPC in the presence (CPC+HA) and absence (CPC) of HA as 

indicated and were analyzed by Western blotting with anti-RHAMM R195 (A) or R218 

(B). The 75 kDa fom of RHAMM is precipitated with CPC+HA, but not with CPC 

alone. 

Fig. 8. Western blot showing RHAMM binding to a calmodulin affinity column. Protein 

extracted from whole brain was chromatographed on calrnodulin-agarose in the presence 

of ca2' and bound material eluted with EGTA. Equal volumes of the eluate were blotted 

and probed with anti-RHAMM RI95 (A) and R218 (B) and anti-R442 (C). The 90 kDa 

form of RHAMM was clearly detected with al1 antibodies. The 75 kûa RHAMM form 

was detected with the RI95 antibody and weakly with antibody R218, and a RHAMM 

form that rnigrated at 105 kDa was detected with anti-R218 and ad-R442. 



Fig. 9. Laser scanning confocal photomicrographs showing RHAMM association with 

isolated rnitochondria isolated fiom rat brain (A-C) and with mitochondria in CNS 

neurons @-1). Iso Iated mitochondria double-labeled with anti-RHAMM R2 1 8 (A) and 

anti-cytochrome oxidase N (COX-IV) (B) shows CO-localkation of RHAMM with 

COX-IV-positive mitochondria as indicated by yellow in the merged overlay image (C). 

Sections of rat brah  double-Iabeled with anti-RHAMM RI95 @,G) and simultaneously 

with anti-COX-IV (E,H) show that a portion of RHAMM-positive structures in facial 

motoneurons @-F) and neurons in the substantia nigra (G-I) are aiso positive for COX- 

N (yeliow in merged overlay images F and I). Scale bars:. A-C, 5 pm; D-F, 10 Pm; G-1, 

10 p. 
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Abstract 

Differentiation of PC12 cells by NGF or FGF2 is dependent on signaling mediated by 

extracellular regulated kinase ( E X ) .  We investigated the involvement of RHAMM 

(receptor for hyaluronan mediated motility) in this signahg pathway. A single RHAMM 

3.2 kb transcript was detected in PC12 RNA. Reverse transcriptase-PCR generated a 

2141 bp cDNA that had identical sequence to rat brai. RHAMM and showed no evidence 

of alternate splicing. Several RHAMM species were identifieci by western blotting. 

Immunohistochemistry showed RHAMM localization to the cytoskeleton, neurites and 

growth cones. FoiIowing stimulation of PC12 cells with NGF or FGF2 RHAMM was CO- 

immunoprecipitated by phosphorylation-specific anti-ERK antibodies, indicating a role 

for RHAMM in ERK signaling in PC 12 cells. 



Introduction 

The hyaluronan (HA) binding protein RHAMM was originally characterized as a 

membrane associated hyaladherin that contributes to HA-mediated ce11 motility (Turley 

et al., L993). Several alternately spliced RHAMM isoforms have been identified and 

appear to be expressed in a cell type-specific manner (Assmann et al., 1999; Crainie et 

al., 1999; Entwistle et al., 1995). RHAMM- has an extracellular, ce11 surface and 

intmeilular distribution (Assmann et al., 1999; Cheung et al., 1999; Li et al., 2000). A 

role for RKAMM in signaling is suggested by its association with calmodulin and its 

participation in events leading to phosphorylation of ERKl and 2, paxillin and focal 

adhesion kinase (Assmann et ai., 1999; Hall et al., 1994; Lokeshwar and Selzer, 2000). 

During platelet derived growth factor (PDGF) receptor-mediated signahg in fibroblasts, 

RHAMM was dernonstrated to associate with ERKl and overexpression of a dominant 

negative RHAMM mutant caused abrogation of ERK signaling mediated by mutant 

active Ras, suggesting that RHAMM regulates ERK signaling in fibroblasts Zhang et al., 

1998b). RKAMM is expressed by most neurons and oligodendrocytes in adult brain 

(unpublished observations), where its function remains poorly understood. Anti- 

RHAMM antibodies were shown to stimulate or inhibit astrocyte migration and neurite 

extension in culture as well as axonal growth in a brain transplant mode1 (Nagy et al., 

1995, 1998; Turley et al., 1994). The rat pheochromocytoma ce11 line PC12 is widely 

used as a mode1 for studies of neuronal ce11 diflerentiation and signaling. When cultured 

in the presence of nerve growth factor (NGF) or fibroblast growth factor-2 (FGFZ) these 

cells develop a neuron-like phenotype, a process that is partially dependant on ERK 

(Grewal et al., 1999). In the present study, we characterized RHAMM in PC 12 cells and 



provide evidence for its interaction with ERK during growth factor-induced receptor 

tyrosine kinase (RTK) signaling. 



Methods, Results and Discussion 

PC12 cells were grown in Dulbecco's modined Eagle's medium (DMEM) 

supplemented with 5% fetal bovine se=, 10% horse serurn and penicillin-streptomycin. 

For differentiation, cultures were grown for three days in DMEM with 0.5% serurn and 

100 @ml NGF. PC12 RHAMM cDNA was generated by reverse transcriptase-PCR 

(RT-PCR) using a series of primers yielding overlapping fragments of the full length 

clone, and submitted for sequencing (Genbank accession #AF33 6825). RHAMM mRNA 

expression was analyzed by RNA (northem) blotting using a radiolabeled probe 

corresponding to nucleotides 782-1325 of rat brain EMAMM cDNA. Total RNA was 

separated electrophoretically in 1.2% agarose gels in the presence of 2.2 M formaldehyde 

and transferred to nylon membranes. Membranes were incubated for 24 hr at 42°C with 

106 cpm/ml of probe in hybridizaîion bufFer, washed at 65°C in 0.2 X SSC containing 

0.1% SDS and exposed to film for 4-7 days at -80°C. 

For -immunofIuorescence, PC 12 cells treated for 3 days with NGF were nnsed in 10 

mM phosphate buffer containing 0.9% saline (PBS) and fixed in ice-cold methanol. 

Cultures were incubated overnight at 4°C with anti-RHAMM R195 or R2 18 antibody 

diluted at 1:250 in 50 mM Tris buffer pH 7.5 containing 1.5% saline and 0.3% Tnton-X- 

100. Cultures were then washed, incubated with donkey anti-rabbit Cy3 (1:200), washed 

and coverslipped. 

For imrnunoprecipitation with anti-ERK antibodies, sub-confluent cultures of PC 12 

cens were serurn starved for 24 hr in DMEM supplemented with 0.5% serum. The 

medium was changed 30 min prior to treatment of the cells with 100 @ml NGF or 10 

ng/ml FGF2 for 30 min at 37OC. Cultures were rinsed in PBS and protease and 



phosphatase inhibitors, and cells lysed in RIPA b a e r  (PBS with O. 1% SDS, 0.5% DOC, 

1.0 % NP-40, protease inhibitors). The lysate was brieffy centrïfuged and LOO pl of the 

supernatant was taken for western analysis. The remaining supernatant was 

ïmmunoprecipitated with anti-ERK1 agarose beads (Santa Cm). Following ovemight 

incubation at 4OC, the beads were washed, boiled for 5 min in SDS electrophoresis 

sample buffer, and the immunoprecipitate (Ip) was taken for western blotting, dong with 

Ip fiom untreated cultures that served as control. 

Equal amounts of lysate or Ip were electrophoresed on 10% SDS-polyacrylamide gels 

and transblotted to nitrocellulose membranes. Membranes were blocked for 1 hr at room 

temperature in 10 rnM Tris buffer pH 8.0 containing 150 mM NaCl and 0.2% Tween-20 

(TBST) and 5% non-fat milk powder, washed in TBST, and probed with rabbit anti- 

RHAMM RI95 and anti-RHAMM R218 antibodies (1500) or rabbit anti- 

phosphorylation-specific anti-ERK (anti-p-ERK; 1 : 1000) (New England Biolabs) in 

TBST containing 1% non-fat milk powder. Membranes were then washed in TBST, 

incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG, washed and then 

reacted by cherniluminescence (ECL, Amersham). Blots of recombinant phosphorylated 

and non-phosphorylated ERK2 (New England Biolabs) served as controls for the 

specificity of anti-p-ERK. 

The full-length sequence of RHAMM cDNA nom PC12 cells was readily derived 

fiom the overlapping hgments generated by RT-PCR. There was no evidence of 

altemate spiicing in the products generated by each of the 6 sets of primers used. The 

sequence of 2141 nucleotides predicts a protein with molecular weight of 82.4 kDa, and 

is 100% homologous with RHAMM sequence denved fkom rat brain (Genbaok 



Accession MF133037). A number of altemately spliced isoforms of RHAMM have been 

reported that appear to be species, cell-type and culture-condition dependent (Assmann t 

al., 1999; Cheung et al., 1999). These results suggest that RHAMM is not alternately 

spliced in PC 12 ceils, at least foUowing differentiation into sympathetic neuron-like cells 

and under the culture conditions employed here. In accordance with sequence analysis, 

one RHAMM transcnpt of 3.2 kilobases was detected by northern analysis of PC12 RNA 

(Fig. 1A). 

Several EWAMM isofomis were detected in western blots of PC12 lysates probed 

with anti-RHAMM RI95 and R2 18 (Fig. 1B). These included forms migrating at 56 and 

75 kDa, the latter also behg detected in rat brain (Nagy et al., 1998). Anti-RI95 aiso 

detected two bands in the range of 80-85 kDa and R218 detected an additional RHAMM 

species at 90 kDa This expression profile was seen in lysates fkom differentiated and 

non-differentiated cells. Consistent with the likelihood that these forms &se by 

differential postbcanslational modification, sequence analysis of RHAMM indicates the 

presence of consensus sites for phosphorylation, glycosylation and proteolytic 

processing. 

RHAMM irnmunoreactivity (ir) in PC 12 cells probed with R2 18 (Fig. 2A) and RI95 

(Fig.3B) had a cytoplasmic distribution with granularity similar to that seen in brain 

neurons in vivo (iuipublished data). Consistent with previous observations on RHAMM 

in PC12 cells (Nagy et al., 1995), RHAMM-ir was particularly intense in growth-cones 

(Fig. 2A, B, arrows) and absent in nuclei. In addition, RHAMM-ir appeared concentrated 

in the corticai cytoskeleton and most notably in somatic, neUritic and growth cone 

filopodia (Fig. 2B, arrowheads). 



Stimulation of PC12 cells with NGF or FGF2 leads to activation of ERK and to 

differentiation in these cells (Grewal et al., 1999). The activation state of ERK is 

reflected in increased levels of phosphorylated-ERK @-ERIC) and was analyzed by 

probing westem blots of stimulated and non-stimulated PC12 lysates with anti-p-ERK 

antibody (Fig. 3A). Consistent with the low level of p-ERK in quiescent PC12 cells, no p- 

EREC was detected in unstimulated PC12 lysates, whereas stimulation with NGF and 

FGFZ resulted in robust phosphoryiation of ERK, with higher levels detected in NGF 

stimulated cells. As expected, p-ERK was not detected in ERK Ip kom quiescent cells, 

while Ip of celis treated with NGF or FGF2 contained activated ERK. In blots of 

recombinant pERK and ERK, antibody recognition of the former and lack of detection 

of the latter indicated its specifïcity for p-EX. 

To address the association of RHAMM protein isoforms with RTK/ERK signaling in 

neuronal cells, we examined ERK Ips fkom stimulated and non-stimulated ceUs for 

RHAMM in westem blots. When Ips of NGF or FGFZ stimulated PC12 cells were 

probed with anti-RHAMM antibodies (Fig. 3B), the 75, 80, 85 and 90 kDa RHAMM 

forms were detected, while no RHAMM was detected in Ip fiom non-stimulated cells. 

These results indicate an activation-dependant association of these RHAMM forms with 

ERK during RTK signaling in PC12 cells. 

In peripheral systems, RHAMM was found to associate with only a fraction of 

phosphorylated cellular ERK during PDGF-RTK signaling and overexpression of a 

RHAMM form constitutively activates ERK, implicating RHAMM in the regulation of 

ERK signaling (Zhang et al., 1998b). REMMM was found to associate with microtubutes 

and actin and has structural similarities to microtubule-associated proteins such as the 



ERK substrate MAR2 (Assrnaan et al., 1999). Activated ERK targeted to the nuclei, 

cytoskeleton and to pre-synaptic sites govems such processes as neuronal differentiation, 

neurite extension and motility, and growth cone and synaptic signaling (Grewal et al., 

1999; Kolch et al., 2000). Although the precise role(s) of RHAMM in neurons remains to 

be determineci, the previously demonstrated role of RHAMM in PC12 neurite extension 

and curent observations of RHAMM localization to PC12 growth cones, neurites and the 

cytoskeleton together with its association with activated ERK raises the possibility of an 

involvement of RHAMM in the regulation of neuronal ERK signahg at these sites. 



Figure Legends 

Fig. 1. RHAMM expression in PC12 cells. (A) Northem blot of total RNA extracted fiom 

PC12 cells and probed with a 32~-labeIled RHAMM cDNA showed a single RHAMM 

species of 3.2 kilobases (kb). (B) Western blots of PC12 lysates probed with anti- 

RHAMM antibodies RI95 and El$. Forms of RHAMM detected by both antibodies 

migrate at 75 and 56 kDa. RI95 also detects two forms 80 and 85 kDa, and R218 

detected an additional band at 90 kDa 

Fig. 2. Imrnunofluorescence showing RHAMM localization in NGF-differentiated PC12 

cells. (A) Anti-EU18 cytoplasmic immunoreactivity in ce11 bodies, neurites and growth 

cones (A, arrows). With anti-R195, labeling is seen in the cytoplasm, neurites, growth 

cones (B, arrows) and in the cortical cytoskeleton (B, arrowheads) Scale bars: A, 25 pm; 

B, 10 Fm. 

Fig. 3. (A) Westem blots of PC12 lysates (lysate) and ERK imrnunoprecipates (Ip) from 

NGF- or FGF2-stimulated (stim), or unstimulated PC12 cells (non-stim) were probed 

with an antibody specific for phosphorylated ERK @-ERIC). No p-ERK was detected in 

non-stim lysate or Ip while p-ERK was detected in lysates and Ips following NGF or FGF 

stimulation Antibody specificity for p-ERK is shown by lack of detection of recombinant 

ERK2 (rec-ERK2) and detection of recombinant p-ERK2 (rec p-ERKî). (El) Ip probed 

with anti-RHAMM RI95 and R218. Co-Ip of the 75,80,85 and 90 kDa RHAMM forms 



with ERK in Ip of NGF and FGF stixnulated ceIIs, but not in Ip of unstimulateci cells 

indicates association of these RHAMM foms with activated ERK @-ERK). 
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GENERAL DISCUSSION 

The aim of this thesis was to establish the presence of, and to characterize, the 

hyaladherin RHAMM in the CNS. A number of approaches were used to address basic 

questions regarding the expression and sequence of brain RHAMM, and the 

identification, distribution, HA-binding capacity and subcellular localization of its protein 

isoforms. Investigations of ca2'-calmodulin and ERK interactions with RHAMM 

extended this study into the realm of RHAMM fùnction in neural cells. Importantly, ERK 

and calmodulin are intracellular proteins and both have critical roles in cellular 

homeostasis. Association of RHAMM with mitochondria and the cytoskeleton and its 

apparent multivalency supports the possibility that it may serve as an anchoring protein, 

bringing signaling molecules together with cytoskeletal and mitochondriai substrates. The 

apparent dependence of RHAMM function on its ability to bind HA, its presently 

described intracelldar localization and identification of proteins with which RHAMM 

interacts collectively have implications on functions of intracellular HA. 

Molecular Characterization of CNS RHAMM 

At the omet of this study, reports on murine RHAMM indicated the existence of 

several alternately spliced RHAMM isoforms. Forms containhg or lacking exon7, exon8, 

and a truncated form lacking exons7-9 were reported (Figure 1, General Introduction 

page 28; exon designation according to Fieber et al., 1999). Overexpression of different 

RHAMM forms suggested a relationship between RHAMM function and alternate 

splicing of exon8. While ceUs expressing RHAMM that did not contain exon8 displayed 

a normal phenotype, cells overexpressing RHAMM that contained altemately spliced 



exon8 (RHAMMv4) exhibited a highly motile and transformed phenotype, and were 

turnorigenic when injected into nude mice (Hall et al., 1995). In addition, the highly 

motile Ras-transformed ce11 Iine C3 reverted to a normal phenotype when overexpressing 

a dominant-negative EWAMM mutant or when treated with RHAMM antisense. These 

results suggested that the expression of exon8 was required for RHAMM-mediated cell 

motility (Hall et al., 1995). The increased locomotion of cultured astrocytes and increased 

neurite extension of cultured neurons, in response to stimulatory RHAMM antibodies and 

stimulatory RHAMM peptides, as weil as loss of motile phenotype with inhibitory 

peptides (Turley et al., 1994; Nagy et al., 1995) suggested that neural cells expressed a 

form of RHAMM that contains exon8. Based on the foregoing, and on assumptions that 

the various RHAMM protein fomis identified in brain homogenates arose at least in part 

by means of alternate splicing, it was hypothesized that splice variants of RHAMM in 

adult brain participate in the temporally regulated motility of glia and neurons duri~g, for 

example, the structural rearrangernents of denciritic processes that contribute to neuronal 

plasticity. 

Using a sensitive PCR based approach, we determined RHAMM sequence in cDNA 

isolated fiom rat brain (Part I) and from differentiated PC12 cells (Part m). Similar to all 

RHAMM forms identified., brain RHAMM contains sequence encoding two BX7B HA- 

binding motifs, suggesting its HA-binding capacity. PC12 and rat brain RHAh4M 

sequence were 100% homologous and were highly homologous to human RHAMM 

(Wang et al., 1996; Assmann et al., 1998, 1999). The sequence of RHAMM isolated fiom 

rat smooth muscle has also been repûrted (Genbank accession # NMO 12964) and exhibits 

a unique feature in that its 5' untranslated region contains sequence coding for a 



mitochondriai tRNA (Figure 1, General Introduction, page 28). However, we failed to 

find this fom in rat brain when using PCR prirners designed to isolate this combination 

of RHAMM and RNA. PCR was conducted with a number of different primer pairs, 

including those based on sequence surrounding exon7, 8 and 9, but only one sequence 

was found in rat braidPC 12 cDNA. 

Recent sequence analyses of RHAMM in various murine ce11 lines indicate the 

presence of 500 bp of 5' coding sequence at the genornic and rnRNA levels that is not 

present in the onginaily pubiished murine RHAMM genomic sequence (Entwistle et al., 

1995), and it was suggested that the onginal genomic sequence is partly derived fiom 

truncated mRNA (Fieber et al., 1999). Moreover, others failed to duplicate resdts 

discussed above on aiternate splicing of exon8 (Hofinanu et al., 1998; Fieber et al., 

1998). These latter cited authors dete-ed that expression levels of RHAMM 

containhg exon8 did not correlate with the migratory or tumorigenic capacity of various 

tumor ce11 lines and suggested that the above discussed association of exon8 with 

enhanced cell migration and transformation was erroneous (Assmann et al., 1998; 

Hofmann et al., 1 W8a,b; Assman et al., 1999). However, they did not assess the effects 

of overexpressing truncated RHAMMv4, the endogenous expression of which may occur 

under certain conditions (Cheung et al., 1999). More recently, overexpression of 

R H M v 4  was shown to enhance the migratory potential of two astrocyte cancer ce11 

lines in an organotypic culture mode1 (Jung et al., 2001). Recent studies demonstrated 

altemate splicing of sequences in human RHAMM in regions corresponding to exons4 

and 13 of genomic murine RHAMM (Assmann et al., 1999) and these results have been 

c o n h e d  by others (Crase et al., 1999). In our lab, alternate spliced forms of RHAMM 



lacking exon4 were evident in RNA isolated nom the human cervical ce11 lùie HeLa, 

confirming the resuits of Assmann et al., (1999), but no evidence for altemate splicing of 

exons4 and 13 was found in brain or PC12 RNA. Our RT-PCR data thus suggests that 

RHAMM is not aitemately spiiced in brainlPCl2 cells. The apparent detection of only 

one RNA species in brain/PC 12 celis by RNA blottuig concm with the RT-PCR results. 

Caution is required in the interpretation of these data for two main reasons. First, 

reports indicate that alternate splicing of RKAMM is culture type-dependent. Splice 

variants of RHAMM were found to be expressed by certain human blood ce11 and human 

cancer ceil types, but not by other cells of the same heage  (Crainie et al., 1999; Fieber et 

al., 1999). Thus the lack of altemate spliced species indicated by our results in 

sympathetic neuron-like PC12 cells are not definitive for all types of neurons. Given o u  

hdings that RHAMM is present in most neurons of the CNS (Part 1), it is possible that 

alternate transcripts of RHAMM are expressed by a small number of neurons and as such 

may represent rare mRNA species that escaped detection by PCR of whole brain RNA. 

The same rationale is applicable to RHAMM expression in oligodendrocytes in different 

regions of brain. A thorough in-situ hybridization study of brain tissue probed with 

RHAMM sequences specific for alternate RHAMM species - is thus required. Second, 

detection of the RHAMMv4 transcript is apparently dependent on culture condition such 

that it is only expressed early after ce11 plating (Cheung et al., 1999). This condition 

would be dificuit to reproduce in adult brain tissue. However, it is possible that large- 

scale ce11 proliferation during CNS development may mimic this culture condition and 

result in the expression of the splice variant RHAMMv4 in developing brain. 



Alternatively, the expression of RHAMM.v4 by the Ras-transfonned murine fibroblast 

ce11 line C3, in which RHAMMv 

4 was identified, may prove to be an artifact of tissue culture or, as suggested by others, 

RHAMMv4 rnay be an incomplete cDNA resulting from sequencing error. In either case, 

the protein encoded for by RHAMMv4 may have no physiological relevance and data on 

RHAMM fünction where overexpression of RHAMMv4 was associated with 

transforming potential and enhanced ce11 migration may be more related to ectopic 

overexpression of a non-endogenous protein. 

REAMM protein expression in rat brain 

Characterization of RHAMM protein in rat brain was aided by the development of 

antibodies against specific sequence in RHAMM. Given the initial hypothesis that 

altemate spliced forms of RHAMM with various combinations of exon7 and exon8 were 

present -in brain, antibodies were generated specifically to sequence within these exons. 

We anticipated that these reagents would facilitate the delineation of cell-type expression 

and subcellular localization of RHAMM forms that either contained .or lacked these 

exons. These antibodies, namely anti-RHAMM RI95 and R218, were shown by us to 

recognize RHAMM forms previously identified in human ce11 lines using other reagents 

(Part 1) and, along with anti-RHAMM R626, have advanced the study of RHAMM in this 

as well as other laboratories (Zhang et al., L998b; Bagli et al., 1999; Cheung et al., 1999; 

Jung et al., 2001). However, our contribution involving the design and generation of 

antibodies was not acknowledged in these four published reports. 



Despite the demonstrated lack of alteniate splicing at the transcript level, we found 

that brain and PC12 Iysates contain several RKAMM protein isoforms distinguished by 

their molecular weights @arts 1, II and III). W h i b  alternate splicing of exonsi and 8 rnay 

be expected to give nse to proteins uniquely identified by either of the antibodies raised 

against sequence w i t h  these exons in RHAMM, our lack of detection of alternate 

splicing of RHAMM in brain and PC12 cells warranted caution in assignment of such 

species as arising fiom altemate splicing. The detection of correspondhg protein bands 

with both RI95 and R218 increased confidence that those proteins were indeed 

RHAMM. These included 66 and 75 kDa foms in brain homogenates (part 1 and II) and 

56 and 75 kDa forms in PC12 lysates (part m). Other protein species in the range of 80- 

97 kDa were detected with either RI95 or R.218, but not both. Prosite analysis indicates 

the RI95 and R218 epitopes contain closely neighboring consensus sequence for 

phosphorylation by creatïne kinase II, protein kinase C and tyrosine protein kinases. It is 

thus possible that phosphorylation at one or both of these sites in brain RKAMM blocks 

antibody recognition and that the presence or absence of detection of RHAMM reflects 

differential phosphorylation at these epitopes. Further, the species recognized with only 

one antibody, with the exception of the 97 kDa species, were found to bind HA and ERK 

(part II and III), consistent with the possibility that they are RHAMM isofonns. 

The 56, 66 and 75 kDa RHAMM species were al1 well below the 82.4 kDa size predicted 

from brain RHAMM cDNA coding sequence. Although these forms may arise fiom 

translation of altemately spliced RHAMM, CO-detection of these major RKAMM forms 

with antibodies against exon7 and 8 support our findings that these exons are not spliced 

out of at least the most abundant forms of RHAMM expressed in brain. Other 



mechanisms are Iikely responsible for generation of these foms. Indeed, RHAMM 

sequence contains glycosylation sites and has one consensus site for cleavage -by the 

convertase family of proteases. It is conceivable that proteolytic cleavage of the primary 

RHAMM translation product gives rise to a RHAMM form of lower molecular weight. 

Further, differential posttranslational modification of the resulting cleavage products by 

way of phosphorylation or glycosylation could lead to altered mobility on SDS-PAGE, 

and thus detection of several Mr RHAMM foms. Consistent with the Likelihood of 

posttransIational regulation of RHAMM, PC12 and brain RHAMM are identicai at the 

molecular level, yet RI95 and R2 18 CO-detect unique RHAMM fonns in PC 12 ceiis (56 

kDa) and brain (66 kDa). These results suggest that CNS RHAMM may be subject to 

diffkrential regulation at the protein level in a marner dependent on cell type and 

environment (culture conditions). 

RHAn@l anatomical and cellular localization 

Immunohistochemical analysis (Part I) indicated that RHAMM is broadly distributed 

in adult rat brain with expression in virtually al1 neurons and in many oligodendrocytes. 

RHAMM-ir appeared to be largely restricted to neuronal somata and main apical 

dendrites in cerebral cortex, and to neuronal ce11 bodies and initial dendritic segments in 

most other brain regions. Although R626 performed poorly for protein blotting, it gave 

the most robust RHAMM-ir that in brain was similar to that obtained with R195 and 

R.218, thus confirming RHAMM detection by al1 antibodies used in this study. The 

similarities in RHAMM-ir with RI95 and R218, which were raised against peptide 

sequence in exons7 and 8, further support the presence of these exons in the major 



RHAMM fonns detected in brain. The rack of exon4 was previously related to the 

nuclear localization of RHAMM in the huma. cervical carcinoma ce11 he. HeLa 

(Assmann et al., 1999). In the present study, however, nuclear RHAMM-u was lacking in 

brain and PC 12 cells, further suggesting that neural RHAMM contains exon4. 

A feature of RHAMM-ir was the heterogeneity of labeiing indicated by large 

variations in immunolabeling intensity among neuronal populations- In general, this 

heterogeneity did not correlate with any particular anatomical feahire o a  neurotransmitter 

phenotype. Nonetheless, dense RHAMM-ir distinguished specific ce11 populations in 

some regions. This was especidly striking in, for example, the stnatum where RHAMM- 

ir was greatest in presumptive choiinergic neurons, and in the hippocampus where dense 

RHAMM-ir was found in what appeared to be parvalbumin-containhg GABAergic 

neurons (Karmy et al., 199 1; Kosaka et al., 1987). The simplest explanation for this 

heterogeneity is that regulation of RHAMM expression occurs in neuroas. Alternatively, 

low levels of RKAMM-ir in certain cells may reflect its differential phosphorylation at or 

near antibody epitopes that render the epitope inaccessible. Our findinzg that RHAMM 

interacts with the signalhg molecules ERK and calmodulin raises the, possibility that 

RHAMM antibody epitopes are buried in complexes of proteins that sestrict antibody 

access resulting in weak RHAMM-ir. These possibilities extended to neurons of 

developing brain, particularly since heterogeneity of RHAMM-ir arnonlg neurons up to 

postnatal day 5 was much more evident than in adults. Heterogeneity in RHAMM-ir was 

also seen among PC12 cells (see Part III, Fig. 2A), and this did not appear to be related to 

PC12 morphological features including ce11 size, nurnber and presence of processes, or on 

the presence or absence of cell-ce11 contact, 



Regulation of RHAMM expression, its posm;uislational modification, its interactions 

with signaling molecules and its expression in oligodendrocytes indicate perhaps diverse 

fiuictional roles in processes that are not restricted to murons. Experiments directed at 

resolving conditions under which differential expression and particular p o s ~ l a t i o n a l  

modincations occur remain to be performed. To correlate regulated expression of 

RHAMM in brain with the heterogeneity of RHAMM-ir, in situ hybridization in 

conjunction with irnmunohistochemishy is necessary with the anticipation that lower 

levels of RHAMM message wiii positively correlate with Iow RHAMM-ir. 

Since oligodendrocytic RHAMM-ir was low during early postnatal development and 

markedly increased by postnatal day 10, an age correspondhg to oligodendrocyte 

maturation and onset of myehation, our results suggest a role for RHAMM in mature 

oiigodendrocytes. The regdation of ERK signaling by RHAMM in fibre blasts stimulated 
1 

with PDGF and a similar possibiiity in PC12 cells stimulated with FGF-2 and NGF (Part 

m), together with the role these trophic factors have in oligodendrocytic progenitor 

migration and differentiation (McKinnon et al., 1990; Baron et al., 2000; Scarlato et al, 

2000), raises the possibility of a signaling role for RHAMM in cells of the 

oligodendrocyte lineage. Further, ~Ligodendrocytes also express focal adhesion kinase 

which is associated with integrin-mediated ce11 migration, and is phosphorylated in 

response to interactions of RHAMM with HA (Hall et al., 1995; Kilpatrick et al., 2000). 

In vitro and in vivo studies indicate that cells differentiating into oiigodendrocytes pass 

through a number of well-dehed stages fiom progenitor cells to mature 

oligodendrocytes capable of myelination, and that each stage in this lineage is defined by 

the expression of certain protein markers (Orentas. and Miller, 1998). Using cultured 



oligodendrocytes, which exhibit varying degrees of differentiation depending on culture 

age, quantitative PCR in conjunction with double immunofluorescence of RHAMM and 

these markers, together with western blotting of RHAMM, would indicate the stage at 

which RHAMM is expressed and also provide insight b t o  the possible developrnentally 

regulated expression of RHAMM isofoms. 

IntraceUular Distribution 

Reports of RHAMM Localized at the ce11 surface, its proposed role in regulating HA- 

mediated ce11 motility and identification of intracellular RHPLMM in association with 

various signaiing molecules and the cytoskeleton suggested that it may have different 

function at different subceilular locations. Insight into neural RHAMM function could 

thus be gained through studies of its subcellular distribution in brain. The presence of 

both diffise and granular RHAMM-ir within neurons and oligodendrocytes suggested, at 

minimum, a dual subcellular localization. 

The 66 and 80-90 kDa RKAMM foms were found in the membrane-f?ee cytosol of 

rat brain and the 75 kDa form was found exclusively in rnitochondria isolated from whole 

brain and fkom synaptosomes (Part II). The soluble hc t ion  of rat brain contains proteins 

denved nom cellular cytosol and also secreted proteins, and there are reports of secreted 

RHAMM in the culture supernatant of fibroblasts (Turley et al., 1987). Thus, RHAMM 

found in the soluble fkaction of brain may, in part, represent its secreted foms. However, 

because RHAMM-ir in brain was strictly ce11 associated (Part l? and m), we conclude 

that the major RHAMM forms in the soluble fi-action of rat brain derive from their 

intracellular localization. Our findings concur with reports of an exclusively intracellular 



localization of RHAMM in murine cells and human breast cancer ce11 lines (Assmann et 

al., 1998; Hohann et al., 1998b). Consistent with reports of a dual cytoplasrnic and 

membrane RKAMM Iocalization in fibroblasts (Zhang et al., 1998a; Cheung et al., 1999), 

88 and 97 kDa proteins species were found enriched in the plasma membrane-containhg 

hction of rat brain. The failure of the 97 kDa form to bind HA (Part II) may indicate that 

the HA-binding capacity of RHAMM is reguiated by differential glycosylation, which 

has been demonstrated in the case of CD44 and versican (Katoh et al., 1995; Kincade et 

al., 1997; Lesley et al., 1995; Watanabe et al., 1997; Day et al., 1999). Confirmation that 

forms recognized with only one antibody are indeed RKAMM could be achieved by 

immunoprecipitation with anti-RHAMM antibodies foliowed by subsequent sequence 

identifîcation by m a s  spectromeûy. 

The cellular role of RHAMM in relation to its interaction with cytoskeletal 

constituents remains unclear, but may be similar to functions of other cytoskeleton- 

associated proteins, which inchide influences on intracellular trafficlùng of organelles 

and cytoskeletal integrity. Microtubdes in neurons lend structural support and form 

tracks on which axonal and dendritic transport occurs (Sheetz et al., 1989). The tubulin 

subunits formîng microtubules undergo depolymerization and repolyrnerization creating 

what is called dynarnic instability. This microtubule turnover contributes to ce11 polarity, 

neurite migration, organelle motiliw and differentiation, and is regulated by hibulin 

phosphorylation, acetylation and tyrosination (Diaz-Nido et al., 1990; Paturle et al.; 1994; 

Saragoni et al., 2000) as well as by microtubule-associated proteins such as tau and 



MAP2. These are subject to reversible phosphorylation, which appears to alter the 

affinity of MAPs for microhibules (Sanchez et al., 1 999). In low phosphorylation states, 

tau and MAP2 bind to microtubules and increase rnicrotubule assembly anaor stabiiïty. 

Phosphorylated MAPs have reduced affinity for microtubules nom which they 

consequently dissociate, resulting in decreased microtubule stability and decreased 

turnover (Herzog and Weber, 1978). It is well established that phosphorylation of MAPs 

is mediated in part by ERK (Hoshi et al., 1992). ERK association with microtubules 

(Fellous et al., 1994; Monshima-Kawashima and Kosik, 1996) and phospholylation of 

MAPs (Campbell et al., 1995) thereby directly regulates microtubule stability. 

The findings that RHAMM binds microtubules (Assrnann et al., 1999) and that celis 

treated with RHAMM antisense have more stable rnicrotubules (Turley, personal 

communication) as detected by the presence of acetylated tubulin, which is a 

modification found in stabilized microtubules, suggest that RHAMM has a role in 

microtubule disassembly. Indeed, RHAMM mediates the binding of a small amount 

(10%) of total cellular ERK to these structures (Turley, persona1 communication). In vitro 

translated human RHAMM (Assrnann et al., 1999) and endogenous bïain RHAMM were 

also found to interact with the calcium bindhg protein calmodulin (Part II). Calmodulin 

regulates the activiv of many proteins including ca2+-calmodulin-dependent protein 

kinase II (CAMK-II), which has also been linked to the regdation of rnicrotubule 

stability via phosphorylation of microtubule associated proteins (Sengupta et al., 1998; 

Grewal et ai., 1999). These latter kdings support the possibility that RHAMM serves to 

target andor anchor E R .  and/or calmodulin to rnicrotubules upon receipt of appropriate 



extraceilular signals. These signaling molecules then phosphorylate microtubule- 

associated proteins leading to microtubule destabilization and increased turnover. 

Microtubule stability is also regulated by the dephosphorylation of microtubule 

associated proteins. Various serine-threonine protein phosphatases, namely PP-1, PP-2A 

and PP-2B (calcineurin), have al1 been s h o w  to regulate the phosphorylation state of 

MAP2 and tau (Sanchez et al., 1999; ref for tau). PP-I is targeted to several cellular sites 

via its targeting subuni&, several of which have been identified (Egloff et al., 1997; Liao 

et al., 1998; Schillace et al., 2001). These subunits have no sequence homology, with the 

exception that most contain a consensus PP-1 binding motif, sites for interactions with 

other proteins, and sequences for targeting to specific cellular sites (Egloff et al., 1997; 

Armstrong et al., 1998; Van Eynde et al., 2000). Analysis of RHAMM sequence indicates 

that it contains a marnmaiian protein phosphatase (PP-1) binding motif ((R/K)(V/I)XF} 

(Egloff et al., 1997) at amino acids 279-282 (KVEF). Although the presence of this motif 

does not guarantee that RHAMM binds PP-1, PP-1 and RHAMM regulate sirnilar 

cellular processes or are in association with simiiar proteins and structures. Examples of 

this include: the association of PP-1 with focal adhesion kinase and the regulation of 

focal adhesion kinase phosphorylation by RHAMM (Hall et al,, 1994;Villa-Monizzi et 

al., 1998); the association of RHAMM with mitochondna and the PP-1 regulation of 

mitochondria-associated proteins (Cammarota et al., 1999); and the roles of PP-1 and 

RHAMM in the regulation of ERK signaling (Zhang et al., 1998b; Blanquet, 2000). 

These associations, albeit indirect, warrant investigations into RHAMMPP-I 

interactions. 



Our finding of RHAMM in association with mitochondria isolated from adult rat 

b r a h  suggests that it has a role in regulating mitochondrial fünction via the targeting of 

ERK and caimodulin to these organelles. ERK signaling is suggested to regulate the local 

stability of microtubules in the vicinity of mitochondria, thus intluencing the positioning 

of these organelles (Sobue et al., 1985; Yamamoto et al., 1985; Yamauchi and Fujisawa, 

1984). Several studies suggest that mitochondrial positioning is an important determinant 

of neuronal polarity. In cultured hippocampal neurons, mitochondria are observed to 

cluster at cellular protnisions that are destined to become axons (Mattson and Partin, 

1999). Similar mitochondrial clustering was observed at the axon hillock in cultured 

DRG neurons, and mitochondrial clustering was followed by subsequent axon extension 

(Dedov et al., 2000). The principal functions of neuronal mitochondria are to generate 

ATP and to reguiate levels of fkee intracellular ca2+ (Simpson and Russell, 1998). Thus, 

it was suggested that mitochondria localize at sites of axogenesis to fuifiIl energy and 

calcium requirements of events associated with axonal outgrowth (Mattson and Partin, 

1999; Dedov et al., 2000). ca2+ regulates microfilament and microtubule stability and 

membrane traficking, while ATP is required for kinase driven reactions and for the 

nuining of motor proteins involved in axonal transport (Mattson and Partin, 1999; 

Andersen and Bi, 2000). Given that similar events occur in dendrites, mitochondria Iikely 

have a role in the regulation of dendritic extension as well. 

In light of results indicating that anti-RKAMM antibodies inhibit neurite extension, 

and peptides correspondùig to sequence in RHAMM had inhibitory or stimulatory effects 

on neurite extension, it was suggested that influences of RHAMM on neurite extension 

involved interactions between surface RHAMM and HA (Nagy et al., 1995). However, 



under the conditions curreiitly employed, which were suficient for the elaboration of 

neuritic processes in PC12 cells, RHAMM-ir did not appear to be ce11 surface-associated, 

but was intracellular (Part III). Although our results conflict with assurnptions that 

RHAMM has a ce11 surface localization, they do not necessarily conflict with the 

conclusion made by Nagy et al., (1995) that RKAMM has a role in neurite extension. 

There is a growing body of evidence indicating that exogenously applied peptides 

translocate across cellular membranes of several marnmalian ce11 types (Oehlke et al., 

1997,1997a; Scheiler et al., 1999, 2000) and cellular uptake of normal IgG has been 

demonstrated in a number of systems (Stefaner et al., 1997). Thus, the influence on ce11 

migration and nemite extension of peptides correspondhg to sequence within RHAMM 
- 

and of anti-RHAMM antibodies could conceivably occur by their uptake and subsequent 

interference with intracellular RHAMM. The involvement of mitochondria, ERK and 

calmodulin in neurite extension, together with the demonstrated association of RHAMM 

with these cellular constituents suggests an alternative mechanism by which RHAMM 

exerts an influence on neunte extension, and one that does not involve RHPrMM 

localization to the outer leaflet of the plasma membrane. Intracellular RHAMM may 

anchor ERK, calmodulin and perhaps PP-1 to structures such as mitochondria and 

microtubules, thus mediating the celluIar localization of these enzymes to sites were they 

are required for alterations in cytoskeletal architecture that contribute to neurite 

extension. Such a mode1 may rnechanistically link intracellular RHAMM with not only 

neurite extension but to ce11 migration in general. 



Functional role of intracellular HA? 

Although HA is classically considered a component of the ECM, several recent 

studies have reported its additional intracellular localization. However, contributions of 

intracellular HA @HA) to ce11 physiology are currently poorly defined. In one study, 

addition of exogenous FITC-labeled HA to cultured fibroblasts was reported to result in 

rapid cellular uptake and localization to ceil processes, nuclear and perinuclear sites 

(Collis et al., 1998). In smooth muscle celis and fibroblasts, endogenous IHA was found 

to be distributed in the cytoplasm and nucleus where it was associated with nucleoli and 

nuclear clefts, and mitogenic stimulation resulted in an increase in cytoplasmic IHA 

(Evanko and Wight, 1999). These observations suggest that IHA has actions in quiescent 

as well as proliferating and/or migratory ceils. 

The identification of the basic HA-binding motif in RHAMM (Yang et al., 1993, 

1994) has contributed to the identification of other HA-binding proteins that contai. this 

motif. Many of these have an intracellular localization, including CD38, IHABP4, P-32 

and CDC37 mishina et al., 1994; Huang et al., 2000; Deb and Datta, 1996; Grammatakis, 

1995). Virtually nothing is known about the contribution of IHA to the function of these 

intracellular hyaladherins. Studies on RHAMM in peripheral systems suggest it to be 

functionally dependant on interactions with HA (Yang et al., 1993; Hall et al., 1995; 

Zhang et al., 1998b). RHAMM mutated in both of its B(X),B KA-binding motifs loçt its 

HA-binding capacity and acted in a dominant-negative fashion as evidenced by the 

ablation of both RHAMM mediated motility and RHAMM activation of ERK. Our 

fïndings of an intracellular localization of RHPLMM in brain, together with theif HA- 

binding capacity and demonstrations of IHA in neuronal and glial populations of adult 



C N S  @ippelino et al., 1988, 1989), collectively suggest an intracellular role for HA in 

processes in which RHAMM has been implicated. These observations, together with the 

present description of RHAMM in braiu, raise the possibility that HA/RHAMM 

interactions contribute to calmodub- and EX-mediated signaling to the cytoskeleton in 

neurons and oligodendrocytes. 

During the tenue of this project we have noted the presence of the B(X)B HA- 

binding motif in a number of proteins, many of which are intracellular, including, 

apolipoprotein E, PKC isoforms a, P, y, 6,  and E, murine protein tyrosine phosphatase, 

and in a putative cytoplasrnic domain of the muscarhic acetylcholine receptor M3. If 

these are found to bind HA, this will introduce a patadigm shifi in the role of intracellular 

HA and its potential capacity as a muitiprotein scaf5olding molecule. 
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