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F) 

 

Figure 3.11: The percentage of cells with n>1 centrosome is greatest in KO- 

RHAMMΔ163-L735R 

KO, KO- RHAMMΔ163, and KO- RHAMMΔ163-L735R expressing fibroblasts were grown 

to confluency overnight and subsequently scratched using a sterile pipette tip. Cells were 

fixed and stained with the centrosome marker, pericentrin, and DAPI to visualize the 

nucleus. Cells at the wound edge were imaged at 20x magnification and analyzed. 

Representative immunofluorescent images of A) mitotic figures that were not included in 

the analysis, B) KO- RHAMMΔ163-L735R, C) KO- RHAMMΔ163 and D) KO parental 

cells, where green represents pericentrin staining, blue represents DAPI staining, and the 

dashed line represents the wound edge E) The percentage of cells with n>1 centrosome 

was greatest in KO- RHAMMΔ163-L735R cells compared to KO or KO- RHAMMΔ163 

cells.  F) The orientation of the centrosome with respect to the cell nucleus was not 

altered in KO- RHAMM
Δ163

–L735R expressing cells compared to either KO- 

RHAMMΔ163 or parental KO cells. Data represents the percentage of the average number 
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of counted cells: 517 KO, 488 KO- RHAMMΔ163, and 483 KO- RHAMMΔ163-L735R; 

*p<0.05, n.s indicates no statistical significance compared to KO or KO- RHAMMΔ163 

where p>0.05. 
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Chapter 4  

4 General Discussion  

 

4.1 Role of RHAMM in mitotic functions 

 

Several reports have established a role for RHAMM in binding to and regulating mitotic 

spindle integrity (19, 20, 73). During the mitotic phase of the cell cycle, RHAMM 

localizes to the mitotic spindle along the length of microtubules and is particularly 

concentrated at the spindle poles (20, 69, 74). Genetic deletion or inhibition of 

endogenous RHAMM forms results in abnormal mitotic figures with multi-polar mitotic 

spindles (19, 20, 74). Silencing of RHAMM also impacts the kinetics of mitosis and 

results in a delay in spindle assembly and in mitotic completion (100), suggesting a role 

for RHAMM in mediating microtubule assembly. Further experiments reveal that 

RHAMM also impacts positioning of the mitotic spindle and thus helps establish an 

oriented bipolar spindle (93, 100). 

Consistent with RHAMM’s role in regulating mitotic spindle functions, the RHAMM 

gene is cell cycle regulated and its expression increases during G2/M, a stage in the cell 

cycle where a cell prepares for and subsequently undergoes mitosis (4, 111). Blocking 

cell surface or knockdown of intracellular RHAMM forms results in a slower progression 

of cells through G2/M and a fewer percentage of cells at G2/M, respectively (91, 109).  
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Previous literature utilizing deletion constructs of carboxyl terminal RHAMM fragments 

have narrowed down the last 100 amino acid residues containing a leucine zipper motif to 

be essential in localizing RHAMM to mitotic spindles (19). Mutational analysis of the 

leucine residues in the leucine zipper to arginines further revealed that this particular 

region serves a functional role in proper aster spindle formation in Xenopus egg extracts 

and was thus required for mitotic spindle integrity (20, 73, 100). The latter study made 

use of a C-terminal RHAMM peptide corresponding to the leucine zipper that when 

present in excess disrupts aster spindle formation. When mutated in the leucine zipper 

motif, however, the peptide does not display defects in spindle assembly. The effects of 

this regulation were dependent on the presence of BRCA1/BARD1 complex, whose role 

was predicted to safeguard the formation of a bipolar mitotic spindle (73, 78). The 

authors of the study concluded that the leucine zipper motif is therefore functionally 

important in regulating spindle integrity. Results from this study and other works 

showing that deletion of RHAMM has a similar effect on spindle integrity indicates that 

RHAMM levels must be tightly regulated throughout the cell cycle, since its deletion or 

forced high expression results in abnormal mitosis  

The mechanism by which RHAMM mediates spindle pole assembly and regulation is 

complex, involves numerous factors, and not fully understood. The literature, however, 

highlights an important role for the leucine zipper motif within RHAMM’s carboxyl 

terminus in mediating direct and indirect effects via its binding partners.  

Work in our lab has demonstrated a putative mechanism by which the carboxyl terminal 

of RHAMM directly regulates the mitotic spindle and this is through its direct 
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interactions with tubulin heterodimers [microtubules] as this interaction can be competed 

off using a synthesized peptide containing the leucine zipper sequence (20).    

Additionally, several reports have established that RHAMM/centrosome interactions, 

also mediated through the leucine zipper, are essential for mitotic spindle integrity in a 

variety of cell types (19, 84). Mutational analysis of the centrosomal binding region of 

RHAMM not only results in less RHAMM localized around centrosomes, but also 

spindle pole defects characterized by tetrapolar mitotic figures (84).  

Furthermore, recent work has identified a role of RHAMM leucine zipper to be essential, 

although not sufficient, in mediating interactions with the spindle assembly protein 

factor, TPX2. This study also proposed that the major effect of RHAMM on mitotic 

spindle function was mediated by TPX2, which binds to the leucine residues of the 

leucine zipper (73, 100). RHAMM/TPX2 interactions are seen in several cell types and 

are important for proper microtubule and spindle assembly (100). Mutation of the three 

conserved leucine amino acids of the leucine zipper sequence in RHAMM to arginines 

disrupted TPX2 localization at the spindle poles and consequently proper activation of 

AURKA kinase activity(100). AURKA is an important regulator of the cell cycle and is 

essential for progression through mitosis (17). 

Collectively, previous data suggests that RHAMM mediates binding to microtubule 

structures, centrosomes, and the spindle assembly protein factor TPX2 through its 

carboxyl terminal leucine zipper sequence and these interactions play a role in the 

regulation of the mitotic spindle. Although these studies established a critical role for 

leucine zipper sequence, they did not assess a role for its dimerization function; the 
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consequences of mutating only one leucine residue, which would have compromised the 

dimerization motif of a leucine zipper, was not reported in these studies.  

With this in mind, this study first aimed to assess if RHAMM/microtubule interactions 

were mediated through a leucine zipper function and to ascertain if an intact leucine 

zipper was required for mitotic spindle integrity. The experimental approach that was 

taken was to disrupt the leucine zipper by site mutating single leucine residues. In doing 

so, we could assess if the leucine zipper function of dimerization was responsible for 

interactions with microtubules and the mitotic spindle.  

RHAMM interactions with microtubules [tubulin heterodimers], in vitro, were first 

assessed using synthesized RHAMM peptides containing the leucine zipper, both 

mutated and wildtype sequences. The consequences of a mutated leucine zipper on 

mitotic spindle assembly in culture were not directly assessed due to the difficulty in 

expressing GFP-tagged RHAMMΔ163. The effects of the leucine zipper mutations on 

RHAMM/mitotic spindle integrity were therefore examined indirectly using cell 

proliferation, cell cycle progression, and apoptosis as surrogate markers. Based on 

previous literature, it was predicted that RHAMM’s interactions with microtubules and 

the mitotic spindle would be disrupted and that alterations in key cellular events would be 

evident. 

Studies confirmed that RHAMM/tubulin interactions occur directly through RHAMM’s 

carboxyl terminus, but most importantly showed that this binding was not mediated by 

the leucine zipper motif. Under the conditions of this study, the ability of the L735R 

mutant to bind to tubulin was not compromised since it bound in similar amounts as 
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wildtype and since wildtype RHAMM peptide retained an ability to compete with L735R 

for binding to tubulin. RHAMM/tubulin interactions therefore do not require 

dimerization through a leucine zipper; however, the C-terminal RHAMM peptide used in 

this assay contains a site for microtubule binding. 

Furthermore, studies showed that disruption of the leucine zipper motif did not appear to 

have significant effects on mitotic spindle functions as assessed using the surrogate 

markers of cell proliferation, cell cycle progression and apoptosis.   

A minor inhibition of proliferation was seen in RHAMMΔ163 –transfected cells, however, 

the differences in proliferation between RHAMMΔ163-L735R, RHAMMΔ163-

L728A/L735R, and RHAMMΔ163 –expressing fibroblasts were very subtle in both 10T1/2 

and RHAMM-/- cell backgrounds. There were, however, slight differences observed in 

cell growth between L735R- and L728A/L735R-RHAMMΔ163 forms. These disparities, 

combined with our studies showing the apparent reversion of the third leucine in the 

leucine zipper region under selection pressure, predict a functional role of individual 

leucine residues as opposed to a leucine zipper function during cellular processes. The 

leucine zipper domain partially overlaps with the ERK docking site and the HA binding 

region and thus mutation of specific residues could impact on these functions, as 

RHAMM dependent ERK activation and RHAMM-HA interactions are known to 

mediate cell proliferation in numerous cell backgrounds (67, 109, 130, 131). 

In addition, RHAMMΔ163 did not alter 10T1/2 cell cycle progression compared to 

parental cells and disrupting the leucine zipper via expression of L735R or L728A/L735R 

did not modify the percentage of cells in each stage of the cell cycle. Given that 
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RHAMM is tightly regulated throughout the cell cycle and peaks at G2/M, if mitotic 

spindle assembly were compromised due to disrupted RHAMM/mitotic spindle 

interactions, a block in the mitotic phase of the cell cycle would be evident. Cells would 

be expected to arrest at G2/M, however this did not seem likely given our data. 

Furthermore, while we did not look at the cell cycle profile of synchronized cells, it is 

possible that these mutations impact the rate of cell cycle progression in a minor way, 

which has been shown to be RHAMM regulated (100). 

Data presented here further suggests that mutations in the leucine zipper motif do not 

impact apoptosis since levels of cell death did not differ between wildtype and mutant 

RHAMMΔ163-transfected 10T1/2 cells. Defects in mitotic spindle assembly or regulation 

have the potential to trigger the apoptotic machinery (84), but this did not appear likely in 

these studies. 

The conflicting data in the literature pertaining to RHAMM’s role during cell 

proliferation and cell cycle progression could partially be attributed to the levels of 

RHAMM protein expression and to the numerous RHAMM isoforms present in cell lines 

and in human cancers. The levels of spindle assembly protein factors must be finely 

tuned since abundance or inhibition can abrogate their function and regulation of the 

mitotic spindle (132). Certainly, RHAMM protein levels could contribute to the 

differences between the work presented here and previous studies showing that cells 

arrest at G2/M when RHAMM was ectopically overexpressed. For example, this study 

showed that 2.8-fold overexpression of RHAMM does not have an impact on the 

percentage of cells in different stages of the cell cycle, whereas other studies show that a 

5-fold overexpression of RHAMM arrests cells in G2/M (19).  
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Although the mechanism underlying the expression pattern or presence of the different 

RHAMM isoforms is not well established, studies predict that specific forms are 

generated during particular responses, localize to distinctive subcellular compartments 

and the effects they exert are often context-dependent and cell-type specific (69, 92, 94). 

Additionally, previous works often fail to indicate which RHAMM isoform is being 

studied/investigated, thus making it difficult to establish the specific functions of each 

RHAMM form and to elucidate the effects they have during particular cell processes.   

The discrepancy in cell proliferation seen in this study and previous work showing 

RHAMM either promotes or has no effect on cell proliferation may largely be due to 

differences in cell backgrounds. Studies showing no effect on cell proliferation when 

RHAMM expression is downregulated do, however, show that cell migration and 

invasion is inhibited in invasive breast cancer cell lines (133). 

The proliferation data on fibroblasts in this study, however, are consistent with previous 

literature suggesting that RHAMM overexpression does not promote cell growth and may 

even have an inhibitory effect on proliferation (117). This effect is quite surprising and 

unexpected given that overexpression of wildtype and mutant RHAMMΔ163 forms 

transformed 10T1/2 fibroblast cell lines and formed tumors when cells were injected in 

NOG immune compromised mice. While this was not the major focus of this study, these 

results suggest that the effect of RHAMMΔ163 isoform on 10T1/2 cell transformation is 

therefore unrelated mechanistically to cell proliferation. To our knowledge, this is the 

first study relating the tumorigenic properties of RHAMMΔ163 isoform in 10T1/2 MEFs 

to cell proliferation. 
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4.2 Functions of RHAMM in directed cell migration 

 

RHAMM also plays an essential role during cell migration. Given that RHAMM binds to 

centrosomes via the leucine zipper motif and that an intact centrosome is required for 

proper cell migration (19, 42), the second aim of this thesis was to determine if RHAMM 

mutated in the leucine zipper impacts directed cell motility. An underlying defect seen in 

RHAMM-/- fibroblasts is their inability to resurface scratch wounds due to their decreased 

rate of motility compared to wildtype or RHAMM rescued counterparts (64). The defects 

seen in migration are known to be due to aberrant activation of ERK1,2, but also were 

hypothesized to be a result of defects in centrosome function (64). Centrosomes are the 

main constituents of the MTOC and play an integral role during directed cell migration 

by polarizing the cell and positioning the MTOC in the direction of migration relative to 

the cell nucleus (124). RHAMM has been shown to not only regulate the position and 

function of centrosomes, but also cell polarization during migration (124).  

RHAMMΔ163-L735R-transfected RHAMM-/- fibroblasts showed a defect in cell migration 

that was characterized by fewer migrating cells into the scratch wounds and that was not 

attributed to a difference in cell proliferation. The alteration in migration could account 

for a reduced cell motility rate or aberrant directional cell migration. Tracking the 

motility of individual cells at the wound edge established that L735R- RHAMMΔ163 

transfected fibroblasts traveled shorter distances from the cell origin, with decreased, yet 

comparable motility rates as RHAMMΔ163 expressing cells. Whereas RHAMMΔ163 –

rescued cells moved into the scratch wounds, a portion of L735R- RHAMMΔ163 

expressing cells were directionally impaired as these cells traveled back into the 
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monolayer before moving into the scratch wound space. Interestingly, expression of 

L735R mutant resulted in the appearance of a small subset of cells with polycentrosomes 

during interphase. While a number of RHAMMΔ163 expressing cells also had more than 

one centrosome, the percentages were not different from RHAMM-/- parental fibroblasts.  

Previous studies had established a role for RHAMM in regulating centrosome volume in 

multiple myeloma plasma cells, but not centrosome number (81). Data from this study 

was based on experiments showing that centrosome number was not altered when 

RHAMM levels were overexpressed (81). This is consistent with work presented here in 

that overexpression of RHAMMΔ163 did not show an impact on centrosome number in 

RHAMM-/- cells, however, when mutating the centrosome binding region (i.e. leucine 

zipper) we saw an increase in the number of centrosomes per cell, suggesting a functional 

role of the leucine zipper in centrosome regulation, perhaps affecting centriolar 

replication. RHAMM is a known constituent of the pericentriolar material surrounding 

centrioles in the MTOC and regulation of PCM proteins is essential during centrosome 

duplication and separation; slight differences in the levels and function of PCM 

components have been shown to impact cell polarity (134, 135). Whether RHAMM plays 

a role in centrosome replication remains to be determined, but results here hypothesize 

that it is likely contributing and thus affecting cell directionality.  

Furthermore, while the majority of L735R- RHAMMΔ163 fibroblasts were front-

polarized, there was a trend for a greater number of cells that were rear-polarized (i.e. 

centrosome behind the nucleus), however, the percentages were not drastically different 

from RHAMMΔ163 or parental RHAMM-/- cells. This trend is consistent with RHAMM’s 
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role in regulating the position of centrosomes (84) and also suggests that this regulation 

partially depends on an intact leucine zipper motif. 

While the work presented here showed that expression of RHAMMΔ163-L735R in 

RHAMM-/- increases the number of polycentrosome cells, it did not establish whether 

this defect is associated to the directional defects seen in cell migration. Given that 

centrosomes help polarize and direct the cell during migration, we predict that the 

centrosome defect in L735R- RHAMMΔ163 cells may account for a defect in directional 

migration. Collectively, these results and hypothesis are supported by data showing that 

disrupted centrosomes in an epithelial cell line migrate at slower rates, though not 

significantly different from control cells, and in a disoriented direction away from the 

scratch wound, due to loss of polarity (42).  

It is well established that polycentrosomic cells contribute to defects in spindle pole 

assembly during mitosis (84, 135). However, the effects of polycentrosomes during 

interphase on non-mitotic functions are not well known. Recent work has identified that 

supernumery centrosomes impact directed cell migration of endothelial cells (135). 

Excess centrosomes, even one extra, resulted in altered directed cell migration with 

reduced distance traveled from cell origin into a scratch wound. Centrosome positioning 

was perturbed and centrosomes were more scattered; these defects could be partially 

rescued by ablating excess centrosomes and were shown to be independent of mitotic 

functions(135).  

This seemingly contradictory data suggests that polycentrome cells would result in multi-

pole mitotic spindles, though it doesn’t appear likely from our data. It is important to 
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note, however, that mitotic spindle and migration studies were investigated in 10T1/2 and 

RHAMM-/- fibroblasts, respectively. The distinctive cell backgrounds could contribute to 

the difference in results but warrants further investigation. 

An alternate interpretation for our results is that the defect in RHAMM’s regulation of 

centrosomes via its leucine zipper motif could have subtle affects on rate of cell cycle 

progression. Centrosomes begin replication during the S phase of the cell cycle, alongside 

DNA replication, and begin to separate during prophase of mitosis to initiate a bipolar 

mitotic spindle. A minor defect in the replication/separation of centrosomes could 

account for the presence of numerous cells with more than one centrosome. Future work 

will aim to investigate the contributing factors to migration defects and to elucidate 

RHAMM’s regulation of centrosome replication during mitosis and migration. 

Taken together, the data here suggests that the leucine zipper motif is critical for directed 

cell migration in fibroblasts. Despite mutations in the leucine zipper, expression of 

L735R- RHAMMΔ163 was able to rescue the rate of motility defect, though not 

directionality of RHAMM-/- fibroblasts. Further studies are needed to reveal a mechanism 

for RHAMM leucine zipper and centrosome interaction in directed cell migration and 

polarity. Previous work in our lab has established a role of RHAMM in random and 

directed motility that is dependent on RHAMM regulated ERK activation and subcellular 

localization (64). Future work will examine the impact of and the levels of ERK 

activation in mutant RHAMMΔ163-expressing fibroblasts.  
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4.3 Summary and future studies  

 

Our work suggests that the mechanism by which RHAMM regulates mitotic spindle 

integrity is very complex and involves multiple regulatory factors. To our knowledge, 

this is the first RHAMM study directly assessing a role for its leucine zipper dimerization 

motif on mitotic spindle functions and migration. While previous literature has no doubt 

established a vital role for leucine zipper sequence of RHAMM in maintaining mitotic 

spindle integrity, results here suggest that the leucine zipper isn’t functioning as a classic 

dimerization motif in mitotic spindle regulation. In previous studies, mutations of leucine 

residues to large arginine residues within this region may have altered the conformation 

of RHAMM protein and thus disrupted binding sites that may or may not overlap the 

leucine zipper region. Results presented here demonstrate that site mutating single 

leucine residues establish a role for the leucine zipper dimerization motif in directed cell 

migration. 

Recent work has identified a role of the leucines in the leucine zipper region of RHAMM 

in TPX2 interactions and for its proper localization and activation of AURKA (100). The 

consequence of TPX2/AURKA mislocalization has been shown to result in abnormal 

mitosis, characterized by shortened/compressed mitotic spindles giving rise to mitotic 

failure (100, 136). As proper positioning and alignment of the spindle poles relative to 

each other determine spindle length (137), it is likely that RHAMM’s role in maintaining 

spindle orientation is partially through its interactions with TPX2. Furthermore, TPX2 

has functions in mitotic spindle integrity that are independent of AURKA(11) and these 

functions may be in part mediated through RHAMM activity. Although it is assumed, 
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these studies have not established whether the leucine zipper is functioning as a 

dimerization motif in TPX2 interactions or if it is specific to leucine residues or 

overlapping binding sites. It is therefore difficult to predict whether our mutations, 

L735R or L728A/L735R, will contribute to TPX2 mislocalization and future studies will 

need to address this.  

Whether TPX2 is in fact regulating the major effect of RHAMM on mitotic spindles, has 

yet to be examined. Work in our lab has also shown that RHAMM’s effect on mitotic 

spindle assembly is indirectly through MEK1 activity since mutant active MEK1 has the 

ability to rescue mitotic defects seen in RHAMM-/- fibroblasts.  

Our studies also revealed an important role of the leucine zipper in directed cell motility, 

and thus future studies will need to address the role of RHAMM/TPX2 interactions on 

cell migration. The role of TPX2 in cell migration is an understudied area of research, but 

has been shown to regulate migration and invasion of colon cancer cell lines (138). A 

mechanism linking TPX2 and ERK, if any, with regards to mitotic spindle functions and 

migration will need to be elucidated. A full understanding of how RHAMM regulates 

these cell processes including mitosis and migration can provide insight on RHAMM’s 

role during cancer initiation and progression. 

 

Conclusions  

Results of this study show that RHAMM directly binds tubulin heterodimers in vitro via a 

carboxyl terminal sequence and further, that this interaction is not mediated by the 
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leucine zipper dimerization motif. Evidence presented in this study suggests that 

disrupting the leucine zipper by site mutating single leucine residues does not affect the 

binding of RHAMM to tubulin and importantly has no detectable effects on mitotic 

spindle integrity as assessed using the surrogate markers of cell cycle progression, cell 

proliferation, and apoptosis. However, ablating the leucine zipper function did aberrantly 

increase centrosome number in interphase cells and disrupted directed cell migration, 

which is a centrosome function. Our results, combined with previous work, suggest a 

model wherein extracellular RHAMM/ERK impacts rate of motility, while intracellular 

RHAMM interacts with centrosomes to control directed cell migration (Figure 4.1). 

 

Limitations 

Although this study provided data based on using a surrogate approach to assess whether 

RHAMM/mitotic spindle interactions were abolished, studies are needed to confirm 

direct effects in cell culture. Surrogate markers can provide insight albeit not definite 

results. Furthermore, while in vitro studies displayed that point mutations in the leucine 

zipper region do not disrupt binding to tubulin heterodimers, in vitro, we need to confirm 

it in cell culture. The lack of reliable RHAMM antibodies for immunofluorescence makes 

it challenging since expression of GFP tagged-RHAMM in cell lines is difficult.  
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Figure 4.1: Proposed model for RHAMM-regulated cell migration 

Cell surface RHAMM regulates ERK activation, which impacts rate of cell motility, 

while intracellular RHAMM forms interact with centrosome structures and affect polarity 

and directed cell migration 
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Appendices 

A) Experiment 1: Xenograft tumor formation summary 

 
B) Experiment 2: Xenograft tumor formation summary 

 

C) Experiment 3: Xenograft tumor formation summary 
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Appendix A Wet weights of wildtype and mutant 10T1/2-RHAMMΔ163 xenograft 

tumors  

10T1/2 RHAMMΔ163 expressing, wildtype or mutant, fibroblasts were subcutaneously 

injected in the flank of NSG immune compromised mice and tumor growth was 

monitored over 6 weeks. Mice that developed tumors were sacrificed and tumor wet 

weights were measured. Three separate experiments were carried out (A), B), and C)) 

with n=3 mice per cell line injected per experiment. Each bar under a given cell line 

represents the wet weight of a single tumor formed from an individual mouse from each 

experiment. Lack of bars or less than 3 bars under a given cell line identify that tumors 

did not form or that tumors did not form in all experimental mice, respectively. The 

differences in tumor weights between cell lines could not be compared as tumor-forming 

capabilities varied between experiments. Studies in our lab are currently underway to 

investigate the discrepancies in this data.     

 

 


