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Abstract 
 

 Ran-binding protein M (RanBPM) is an evolutionarily conserved nucleocytosolic 

protein that has been proposed to regulate various cellular processes, including protein 

stability, gene expression, receptor-mediated signalling pathways, cell adhesion, 

development, and apoptosis.  Despite the multitude of functions attributed to RanBPM 

however, little is known regarding the precise mechanisms by which RanBPM executes 

these cellular roles.  In this work, we seek to address this matter by describing functions 

for RanBPM in the regulation of apoptotic and pro-survival signalling pathways, and in 

cellular transformation.   

 We first identify RanBPM as a pro-apoptotic protein that regulates the activation 

of the intrinsic apoptotic signalling pathway in response to DNA damage.  We show that 

RanBPM executes its pro-apoptotic functions by modulating the expression and 

localization of Bcl-2 family proteins.  Next, we demonstrate that RanBPM functions as a 

novel inhibitor of the ERK1/2 signalling cascade, and that RanBPM regulates the 

expression of Bcl-2 factors through repression of this pathway.  We also extend these 

analyses to show that RanBPM forms a complex with c-Raf, and that it prevents aberrant 

ERK1/2 signalling by destabilizing the c-Raf-Hsp90 complex, thus maintaining low 

cellular c-Raf expression.  Our studies also implicate an important function for RanBPM 

in the regulation of gene expression programs.  We find that disruption of RanBPM 

expression affects transcriptional networks involved in the regulation of organism 

development and tumourigenesis, and that decreased RanBPM levels alter the expression 

of factors involved in signal transduction through the Notch, Wnt, PI3K, and ERK1/2 

pathways.   Importantly, our work also reveals that the down-regulation of RanBPM 

expression is associated with the acquisition of markers of cellular transformation, 

specifically evasion from apoptosis, sustained proliferative signalling, and increased 

cellular migration and invasion, suggesting a novel tumour suppressor function for 

RanBPM. 

 Taken together, our studies provide insight into the molecular mechanisms by 

which may RanBPM mediate its diverse biological functions, and reveal that altered 

RanBPM expression may have important ramifications in the regulation of organism 

development and disease pathogenesis. 
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Chapter 1  

1.  Introduction 

1.1 General introduction 

 On average, the human body generates 60 billion cells per day, and must 

eliminate the same number of cells daily in order to maintain cellular homeostasis [1].  

This requires the balance between signals that stimulate cell proliferation and those that 

mediate cell death, and not surprisingly, deregulation of either of these processes can 

result in the pathogenesis of diseases such as cancer [1-3].  In humans, cancer 

development (tumourigenesis) occurs as a result of complex, multi-step genetic 

alterations that drive the progression from a normal cell to a transformed, malignant cell 

[4].  These alterations arise from genomic instability that causes gain-of-function 

mutations that generate proto-oncogenes and loss-of-function mutations in tumour 

suppressors, which together disrupt control over cellular growth and proliferation [4-6].  

Different combinations of mutations within these genes are attributed to the over 100 

different types of human cancers that have been identified to date [4]. Over the last thirty 

years, intensive studies on the mechanisms that govern malignant transformation have led 

to the proposal that cancer occurs as a result of broad genetic alterations that disrupt a 

small number of key cellular processes [4, 5].  Based upon this notion, in 2000 Hanahan 

and Weinberg proposed the six hallmarks of cancer, which were defined as: uncontrolled 

cellular replication, failure to respond to growth-suppressor signals, sustained 

proliferative signalling, evasion from apoptosis, increased angiogenesis, and enhanced 

cellular migration and invasion [5].  These hallmarks represent the changes in cellular 

physiology that mediate the progression of cells from a normal to a malignant state, via a 

series of intermediate stages that define the physiology of pre-metastatic disease [5].   

 At its core, cancer is a disease that occurs as a result of loss of cellular 

homeostasis.  Therefore, in order to understand how cancer develops, it is also necessary 

to attain a detailed understanding of how normal cells balance the numerous intrinsic and 

extrinsic signals that stimulate growth or promote death.  The current focus of many 

cancer researchers is to unravel the complex regulatory networks that mediate normal 
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cellular growth, proliferation, survival, and death, and couple this with elucidating the 

mechanisms by which cells disrupt control of these networks to become cancerous.  The 

aim of this thesis is to contribute to this field of research by characterizing a novel 

function for Ran-binding protein M (RanBPM, also called RanBP9) in the regulation of 

signalling pathways that govern cell survival and cell death, and the implications of this 

role for RanBPM in the regulation of cellular transformation.    

 

1.2 RanBPM 

1.2.1 Structure and proposed functions  

 RanBPM (also known as RanBP9) is a 90kDa nucleocytoplasmic protein, initially 

identified as a binding partner of the Ran GTPase that localized to the microtubule 

organizing centre (MTOC) [7].  These initial observations of RanBPM were later 

dismissed however [8], and subsequent studies on this protein have been aimed at 

identifying its cellular function.  The RanBPM protein is ubiquitously expressed [8, 9] 

and highly conserved, with RanBPM orthologues identified in plants [10], lower 

eukaryotes (known as Vid30/Gid1 in yeast) [11],  and vertebrates species [8], and is 

characterized by four well-conserved domains (Fig. 1.1).  The N-terminus of RanBPM 

contains a SPRY (Sp1A and ryanodine receptors) domain that is proposed to function as 

a protein-interaction module [12, 13].  SPRY domains have been identified in over 600 

eukaryotic proteins with diverse cellular roles such as calcium and cytokine signalling, 

and retroviral restriction [12, 13].  The presence of SPRY domains is believed to be of 

critical importance for the overall function of proteins that contain this domain [12, 13].  

For example truncation or deletion of the SPRY domain in the TRIM5 (tripartite motif 5) 

protein, which is involved in retroviral restriction in primates, completely abolishes its 

anti-viral activity and also inhibits the anti-viral activity of wildtype TRIM5 [14].  In 

addition, mutations in the SPRY domain of the Pyrin protein alter its function, and result 

in an auto-inflammatory condition called familial Mediterranean fever [12, 15, 16].  

Interestingly, deletion of the SPRY domain in RanBPM has been found to disrupt its 

interaction with several of its binding partners [12], suggesting that this domain may also 



3 
 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 RanBPM domain map.  The four conserved regions of the RanBPM protein 

are comprised of the SPRY, LisH, CTLH, and CRA domains.  The relative amino acid 

position in the human RanBPM protein is indicated for each domain.  Figure adapted 

from [17]. 
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be important for RanBPM function.   The central region of the RanBPM protein contains 

a LisH (Lissencephaly homology) domain that is involved in protein dimerization [18, 

19], and a CTLH (C-terminal to LisH) domain, for which a function is currently not 

known [18].  LisH domains have been found in more than 100 eukaryotic proteins, the 

majority of which are involved in regulation of microtubule dynamics [18].  Mutations in 

the LisH domain of proteins have been associated with disease development, including 

conditions that arise as a result of abnormal cell migration [18].  While a function for the 

CTLH domain has not been elucidated, structurally conserved CTLH complexes 

consisting of several LisH- and CTLH-domain containing proteins (including RanBPM) 

have been identified in plant, yeast, and mammalian cells [10, 20, 21].  The yeast CTLH 

complex was found to regulate proteasomal and vacuolar degradation of fructose-1,6-

bisphosphate [20], while in mammals a component of this complex was reported to 

participate in the lysosomal trafficking of ubiquitinated proteins [22].  The last 100 amino 

acids of RanBPM comprise an alpha-helical region called the CRA (CT11-RanBPM) 

domain, that is proposed to mediate protein-protein interactions [23], and has been 

identified in several proteins that are components of CTLH complexes [10, 20, 21].     

 RanBPM has been reported to function in a multitude of cellular processes 

including regulation of protein stability [24, 25], transcriptional regulation of steroid 

receptors [26-28], functioning as an adaptor/scaffold for receptor signalling pathways 

[29-32], and in the regulation of development [33-35] and apoptosis [36-39].  Despite 

these findings however, the precise modality by which RanBPM functions remains 

largely undetermined.   

 

1.2.2 Regulation of intracellular signalling pathways 

 Early studies on RanBPM revealed that the N-terminal region of the protein 

contains a long stretch of proline and glutamine residues [8]. It is well established that 

proteins which possess glutamine-rich regions form aggregates [40], a characteristic 

which has been attributed to the development of several pathological conditions including 

Huntington's Disease (HD) [40].  The presence of a glutamine-rich region in RanBPM 
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led to the hypothesis that protein-protein interactions may be important to its cellular 

function, a notion that was supported by the observation that RanBPM was a component 

of a large, multi-subunit protein complex exceeding 670kDa in size [8].  This also led to 

the suggestion that RanBPM may function as a scaffolding protein that integrates signals 

from multiple pathways within the cell [9, 41].   Consistent with such a role, RanBPM 

was proposed to localize to the plasma membrane and function as a scaffold for several 

cell-surface receptors, by coupling receptor activation to the induction of downstream 

signalling events.  For example, interaction of RanBPM with the intracellular kinase 

domain of the MET proto-oncogene (MET) receptor was found to stimulate extracellular 

signal-regulated kinase (ERK) 1/2 signalling, and to enhance cell migration [30].  

Further, its interaction with the intracellular kinase domain of the tropomyosin-related 

kinase (Trk) B receptor was found to promote ERK1/2 and Akt activation, and lead to 

neuronal differentiation [31].   In an opposing role, Cheng et al. reported that RanBPM 

interacted with the cytoplasmic domain of the neural cell adhesion molecule L1, and 

inhibited L1-mediated ERK1/2 activation and neurite outgrowth [29].   In studies with the 

LFA-1 (lymphocyte function-associated antigen-1) integrin, RanBPM was observed to 

bind the cytoplasmic domain of the β2integrin LFA-1 at the plasma membrane, and 

couple LFA-1 with intracellular signalling and transcriptional activation [9]. Together, 

these findings led to a model for RanBPM function, in which RanBPM mediates 

intracellular responses to extracellular cues that govern cell function and behaviour. 

 

1.2.3 Functions in developmental regulation 

 Most studies on RanBPM are centred upon the identification and characterization 

of its interaction partners, but fail to ascribe a biological significance to these 

interactions.  However, several recent reports have pointed to an important function for 

this protein in neuronal and germline development.  In support of a role in neuronal 

development, Brunkhorst et al. reported that RanBPM interacted with the transcriptional 

co-activator TAF4 (TATA box binding protein-associated factor 4) in neural stem cells 

and mediated neuritogenesis during differentiation [35].  Additionally, work by 

Scantlebury and colleagues determined that in the Drosophila nervous system, RanBPM 
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function was required for proper larval feeding behaviour, response to light, and for 

coordinated locomotion [42].  With regard to a function in germline development, 

RanBPM was found to regulate the size and morphology of the microenvironment (niche) 

that determines germline stem cell (GSC) fate in the Drosophila ovary, and to regulate 

the capacity of this niche for GSCs [34].   Moreover, recent studies using knockout mice 

demonstrated that RanBPM is critical for normal gonad development in mammals, as 

absence of RanBPM expression resulted in the loss of all germ cells in the gonads of 

male and female mice, and rendered them sterile [33].   

 The importance of RanBPM function in development is further substantiated by 

the observation that it is a vital gene in Drosophila, and that larvae expressing mutant 

forms of RanBPM exhibit feeding defects that cause them to be markedly smaller than 

control flies [34, 42].  RanBPM appears to be equally important for normal development 

in mammals, although unlike in Drosophila, deletion of RanBPM in mice is not lethal 

[33].  Intriguingly, in the study by Puverel et al., over half of RanBPM knockout mice 

died perinatally, and those which did survive were significantly smaller in size than their 

normal littermate controls [33].  While the causes of perinatal lethality and growth 

suppression in these mice have not yet been elucidated, they support the notion that 

perturbation of RanBPM expression has significant consequences for normal organism 

development. 

 

1.2.4 Functions in apoptotic signalling 

 RanBPM has also been linked to the regulation of apoptotic pathways.  It was 

reported to bind the intracellular death domain of the p75 neurotrophin receptor 

(p75NTR), a member of the tumour necrosis factor (TNF) superfamily that promotes 

apoptosis in neuronal cells [43]. It was also found to bind a caspase-cleaved fragment of 

cyclin-dependent kinase 11 (CDK11p46) that functions as an effector protein in receptor-

activated apoptotic signalling pathways [37].   Additionally, RanBPM interacts with 

factors involved in transcriptional regulation of intrinsic apoptotic signalling.  Kramer 

and colleagues reported that binding of RanBPM to the transcription factor p73 stabilized 
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the p73 protein, and enhanced its pro-apoptotic activity [25].  An interaction of RanBPM 

was also observed with homeodomain-interacting protein kinase 2 (HIPK2), which 

promotes p53-dependent apoptosis [38].  Recent studies have also identified a function 

for RanBPM in apoptotic regulation in diseased states. Alzheimer's Disease (AD) is a 

neurodegenerative disorder that is characterized by accumulation of the amyloid β (Aβ) 

protein in extracellular plaques, and by widespread neuronal and synaptic loss [44].  

RanBPM was found to enhance Aβ generation [45] and to augment Aβ-mediated 

apoptosis and neurodegeneration in neuronal cell lines [39].  

  

1.2.5 Summary 

 Since its initial discovery nearly 15 years ago, extensive efforts have been made 

to understand the cellular function(s) of RanBPM.  This has been complicated, however, 

by the fact that the majority of reports on RanBPM identify binding partners for this 

protein without providing insight into the functional consequences of these interactions.   

Nevertheless these observations have identified several processes in which RanBPM 

appears to have a critical role, including apoptosis and the regulation of diverse signalling 

pathways.  They also highlight an important role for RanBPM in development, and 

suggest a function for RanBPM in disease pathogenesis.  While it remains to be 

determined how RanBPM can govern so many distinct processes, it appears that 

elucidating the cellular functions of RanBPM may have great implications in 

understanding normal organism function and the development of pathophysiological 

conditions. 

 

1.3 Apoptosis 

1.3.1 Overview 

 Initially defined in 1972 as a counterbalance for cell proliferation, apoptosis is a 

process of programmed cell death that is critical to both physiological and pathological 

development [2].  Activation of apoptosis can be triggered either by extracellular stimuli 
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(extrinsic pathway) or intracellular stimuli (intrinsic pathway) that converge upon a 

family of cysteine proteases called caspases, which are responsible for the execution of 

cell death [46].  In the extrinsic apoptotic pathway, specialized immune cells produce 

death-inducing ligands that bind pro-apoptotic receptors at the cell membrane and 

activate intracellular signalling pathways that lead to caspase activation [46].  Conversely 

exposure of cells to stresses such as heat shock, growth factor withdrawal, or radiation-

induced DNA damage, activates the intrinsic apoptotic pathway that mediates caspase 

activation via disruption of mitochondrial function [46, 47].  Upon activation, caspases 

cleave specific cellular substrates to induce apoptotic cell death [47].  The end stages of 

apoptosis are characterized by chromatin condensation, nuclear fragmentation, cell 

shrinkage and fragmentation, and ultimately the engulfment and elimination of cells by 

phagocytosis [1].    

 

1.3.2 Intrinsic apoptotic pathway 

 DNA is under constant assault from environmental and intracellular factors, 

which pose a threat to the integrity of the genome [48].  Genotoxic agents such as 

ionizing radiation (IR) or reactive oxygen species (ROS) can generate DNA lesions and 

strand breaks [48, 49], the most dangerous form of which is DNA double-stranded breaks 

(DSBs) [50, 51].  If not repaired properly, DNA damage can lead to genomic instability 

and chromosomal rearrangements, both of which are critical features of cancer 

development [52].  Thus cells have developed intricate signalling pathways, collectively 

known as the DNA damage response (DDR), to sense and repair DNA strand breaks [51, 

52].  Alternatively when repair is not possible, the DNA damage response activates cell 

death pathways that eliminate damaged cells before the compromised genetic material 

can be propagated [51-53].  In the DDR, DNA lesions signal the recruitment and 

assembly of repair complexes at the sites of damage, and the activation of checkpoint 

signalling [53, 54].  Checkpoint signalling mediates cell cycle arrest in order to allow 

cells sufficient time to repair the damaged DNA and to restore genomic integrity [53, 54].  

Successful DNA repair causes the inactivation of checkpoint signalling and re-entry into 

the cell cycle [53, 54].  However, in instances where DNA damage exceeds a certain 
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threshold and is too extensive to be repaired, the intrinsic apoptotic pathway is activated 

to eliminate damaged cells (Fig 1.2) [52, 54].  DNA damage can signal apoptotic 

activation through several cellular factors including caspase-2, and the transcription 

factors p53 and E2F1 [49, 51, 55].  P53 is one of the key proteins involved in mediating 

DNA damage-induced apoptosis.  It has been extensively demonstrated to function as a 

critical tumour suppressor in cells that prevents genomic instability by promoting cell 

death in response to irreparable DNA damage [56]. Upon its activation by upstream DNA 

damage signalling cascades, p53 transactivates the expression of pro-apoptotic B-cell 

lymphoma 2 (Bcl-2) family factors.  Pro-apoptotic Bcl-2 proteins trigger mitochondrial 

membrane permeabilization (MMP), which causes mitochondrial dysfunction and marks 

the commitment of cells to apoptotic cell death [52].  Mitochondrial dysfunction results 

in the release of integral mitochondrial proteins such as cytochrome c (cyt c) from the 

intermembrane space into the cytoplasm [57].  Cytosolic cyt c then recruits the apoptotic 

protease-activating factor-1 (APAF-1), and the initiator caspase pro-caspase-9, and 

together these form the death signalling complex known as the apoptosome [57].  Within 

the apoptosome, pro-caspase-9 undergoes autocatalytic activation and cleaves and 

activates the effector caspases, caspase -3 and -7 [57, 58].  Effector caspases have a wide 

range of cellular targets, including factors involved in the cell cycle and DNA repair, as 

well as cytoskeletal and structural proteins.  Cleavage of these substrates promotes 

downstream signalling events that culminate in the execution of apoptotic cell death.   

 Apoptosis is a highly regulated process, and the ability to undergo apoptosis is 

pivotal to preventing genomic instability and chromosomal rearrangements, and to 

maintaining cellular and tissue homeostasis [1].  Consequently, deregulation of apoptotic 

pathways is associated with the occurrence of pathological conditions such as cancer.  

For example, somatic mutations in p53 are among the most common in cancer, occurring 

in nearly half of all human malignancies [59].  These mutations result in the simultaneous 

loss of the tumour suppressor activity of p53 and in the acquisition of oncogenic activity 

by p53, and are often associated with more aggressive and metastatic cancers [59]. 

Mutations in the expression and activity of several Bcl-2 family proteins have also been 

associated with the occurrence and progression of certain cancers, and are often
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Figure 1.2 Intrinsic apoptotic pathway.  In resting cells, Bcl-2 and Bcl-XL prevent 

mitochondrial membrane permeabilization by inhibiting Bax and Bak activity.  Induction 

of upstream apoptotic signalling leads to Bax and Bak oligomerization at the 

mitochondrial membrane, and cytochrome c (cyt c) release into the cytoplasm.  Together 

with APAF-1 and pro-caspase-9, cyt c forms a death signalling complex (apoptosome), in 

which caspase-9 is activated, and mediates cleavage and activation of the executioner 

caspases, caspase-3 and caspase-7.  
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