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Abstract  

Motor neuron disease (MND) is an umbrella term for many neurodegenerative disorders that 

are characterised with a range of symptoms and signs, from dysfunction to an individual’s 

locomotion to abnormalities in cognitive functions. Two fatal neurodegenerative diseases that 

share molecular and pathogenic characteristics are amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD), which have been shown to present dysfunction in mechanisms 

that regulate protein homeostasis (proteostasis). Dysfunction of proteostasis may arise due to 

the presence of aggregated protein inclusions, potentially an underlying cause of ALS/FTD 

pathology. Recently, the CCNF gene has been identified to present various ALS/FTD mutants, 

that have been discovered in both familial and sporadic cases. The CCNF gene encodes for 

cyclin F, a protein involved in cell-cycle processes and ubiquitylation, specifically a module of 

the Skp1-Cul1-F-Box (SCF) E3 ubiquitin ligase complex, which is involved in quality control 

mechanisms that regulate proteostasis levels.  

 

Recent studies have focused on the familial cyclin FS621G mutation, demonstrating hyper-

ubiquitylation due to autophagy pathway dysfunction and impairment of regulatory 

phosphorylation. However, further research is needed to identify whether other CCNF mutants, 

such as the sporadic cyclin FE624K mutant presents with similar or different familial ALS/FTD 

pathogenesis. For this thesis, the aim is to generate and characterise the cyclin FE624K mutant in 

HEK293 cells and investigate whether it causes any perturbations to cellular pathways as well 

as perturbed protein-protein interactions that may be shared or unique to the familial cyclin 

FS621G mutant and cyclin F wild-type. Expression of sporadic cyclin FE624K mutant revealed a 

decrease in phosphorylation and no change in K48-ubiquitylation of proteins. Global proteomic 

analysis revealed inhibition of pathways involved in actin cytoskeleton regulation. Proteomic 

analysis of immunoprecipitated cyclin FE624K identified proteins that clustered within a 

ubiquitin- and proteasome-associated protein network and proteins that clustered within the 

oxidative stress response. Perturbed cyclin FE624K protein interactors involved in these networks 

suggests dysregulation may lead to cellular proteostasis impairments and ultimately lead to 

neurodegeneration. Comparative analysis with the familial cyclin FS621G mutant elucidates 

differences in cellular mechanisms between sporadic and familial mutations that govern 

ALS/FTD pathology. 
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1. Introduction 

Motor neuron disease (MND) is an umbrella term for many neurodegenerative disorders that 

are characterised with a range of symptoms and signs, from dysfunction to an individual’s 

locomotion to abnormalities in cognitive functions. Two fatal neurodegenerative diseases that 

share molecular and pathogenic characteristics are amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD) (1, 2).  

  Amyotrophic Lateral Sclerosis (ALS) background and epidemiology 

ALS (or Lou Gehrig’s disease in the US, named after the renowned 1930s American baseball 

player who was diagnosed with the disease) was first described between 1865 to 1869 by the 

“Father of Neurology”, Professor Jean-Martin Charcot (3-5). Professor Charcot made 

significant ALS history by using thorough clinical observation and made histological 

recordings to distinguish the pathophysiology of ALS from other neurological diseases (5). He 

highlighted the pathological link between limb spasticity and lateral columns lesions in the 

spinal cord (4). It was not until 1874 that Professor Charcot termed the disease “Amyotrophic 

lateral sclerosis”, “amyotrophic” referring to muscle weakness and atrophy, and “lateral 

sclerosis” referring to tissue stiffening in the lateral columns (5, 6). Although, over the years 

the understanding of ALS pathology has advanced, the original descriptions of ALS 

pathophysiology still remains unchanged (4).  

ALS presents as a rapidly aggressive neurodegenerative disease that is characterised with upper 

and lower motor neuron death in the brain and spinal cord (8). It affects more than 2,000 

individuals within the Australian population, with ~60% being male and 40% being female (7). 

The average expected survival after onset is between 3-5 years but there are rare cases where 

patients have survived longer (8). The prevalence of familial ALS (fALS) is ~10%, whilst ~90% 

of ALS cases occur sporadically (sALS) or have an unknown cause (3). The phenotypic 

symptoms of familial and sporadic ALS in patients is clinically indistinguishable. Genetic 

mutations are highly useful to recapitulate features of ALS, that has enabled the development 

of models to allow researchers to distinguish the causative mechanisms that underlie familial 

and sporadic ALS pathogenesis.  
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  Frontotemporal Dementia (FTD) history and epidemiology 

FTD is the second leading cause of young onset dementia, behind Alzheimer’s disease (9). It 

was first identified by Arnold Pick in 1892, in which clinical features were described as 

behavioural alterations, progressive aphasia, and progressive apraxia, together with lobar 

atrophy (10). The histopathology of FTD was identified in 1911 by Alois Alzheimer, where he 

reported aggregates of argyrophilic neuronal inclusions in the frontal and temporal lobes of the 

brain, naming them “Pick’s bodies” (11).  

FTD is characterised by neurodegeneration in the frontal and temporal lobes of the brain 

presenting alterations in patient’s behaviour and personality, as well as language difficulties 

(12). FTD can be distinguished into three distinct subtypes: behavioural and language variant; 

semantic dementia; and progressive non-fluent aphasia. Patients can present with either one 

subtype or an overlap of subtypes as the disease progresses (13). Survival after onset does vary 

as it reflects whether the patient presents with any other underlying pathologies (12). In 

addition, ~15% of ALS patients are also diagnosed with FTD, which can shorten the survival 

rate to a three-year average (14).  

  Overlap of genetic mutations associated with ALS and FTD 

In ALS research, the primary gene that has been focused on extensively is the antioxidant 

enzyme superoxide dismutase 1 gene (SOD1), where mutations within this gene account for 

more than 20% of fALS (15). SOD1 mutants have reported structural instability within neuronal 

cells, as mutations discovered within this gene causes the enzyme to mis-fold and aggregate 

within neurons and glial cells in the central nervous system (16). Some of the proposed 

hypotheses for the underlying cause of ALS in mutant SOD1 cases include oxidative stress, 

axonopathy, and mitochondrial abnormalities (17-19). However, what stands out in mutant 

SOD1 pathophysiology of ALS-causative cases is the presence of protein aggregates, 

promoting an imbalance in protein homeostasis (proteostasis). This underlying causative 

mechanism proposes a toxic gain-of-function as transgenic mouse models with mutant SOD1 

displayed motor dysfunction with the presence of cytoplasmic aggregated protein inclusions 

(20). 

Other mutated genes associated with ALS and/or FTD pathology, such as FUS, TARDBP and 

CCNF, also present with cytoplasmic protein aggregates, elucidating such aggregations as a 

potential pathological hallmark for ALS/FTD (14, 21, 22). Interestingly, in almost all cases of 

ALS and in ~40% of FTD cases, transactive response DNA binding protein 43 (TDP-43), 
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encoded by the TARDBP, is present in protein aggregates - a breakthrough discovery that links 

the disease mechanisms for both neurodegenerative diseases (1, 23).  

TDP-43 is a 414 amino acid protein that acts as a highly conserved predominant nuclear factor 

involved in RNA metabolism (24). Under normal conditions, TDP-43 is localised in the 

nucleus, however in the majority of ALS and FTD cases TDP-43 is mis-localised to the 

cytoplasm of affected neurons (2). Notably, only 1-2% of fALS and sALS are caused by 

variants in TARDBP (25). Both normal and abnormal TDP-43 aggregated protein inclusions 

were identified in motor neurons. Abnormal TDP-43 consisted of characteristics such as 

phosphorylation, ubiquitylation, or truncations (2). The presence of cytoplasmic aggregated 

protein inclusions suggests proteostasis impairment, a common theme that underlies the 

causative mechanism behind ALS/FTD pathology. Although it is unclear the linkage between 

the development of proteostasis dysfunction and ALS/FTD pathogenesis, recent studies in 

models recapitulating genetic mutations have provided some insight into the mechanisms. 

  Proteostasis 

Proteins are part of the highly complex network known as the proteome, essential for regulating 

various major cellular processes to maintain optimal functioning and cell viability (26). The 

proteome maintains optimal cellular health by relying on the highly controlled systems that 

synthesise and degrade proteins. This is particularly important for neuronal cells (post-mitotic 

cells) where the cells cannot undergo mitosis to generate new healthy cells to counteract 

irreversible neurotoxic affects such as the formation of aggregates protein inclusions (27). 

Therefore to maintain optimal neuronal cell survival, proteostasis is essential (28).  

Proteostasis is defined as the balance of proteins levels that have efficiently been synthesised 

and folded correctly for their designated roles, as well as the regulatory degradation of impaired 

and unwanted proteins (29). Proteins perform various functions to regulate a wide range of 

cellular processing systems. Thus, they continuously turn over at different rates which naturally 

leads to misfolding and generation of toxic insoluble aggregates (30, 31). In normal cellular 

conditions, proteins are folded correctly in their native conformation, this usually consists of an 

external hydrophilic surface and an internal hydrophobic core. However, during protein 

translation ~30% of proteins are misfolded, which can result in altered conformational changes 

in proteins (e.g. their hydrophobic cores are exposed) (28, 32). This can generate aberrant 

protein-protein interactions (PPIs) between proteins and create the toxic insoluble aggregates 

that can compromise cell viability and survival. The rise in toxic cytoplasmic aggregated 

protein inclusions in neurons is not only identified in ALS/FTD but is also prominent across 
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other various neurodegenerative diseases such as Alzheimer’s disease, Huntington’s disease, 

and Parkinson’s disease (33-35). To prevent a build-up of such aggregates, protein quality 

control systems are enforced to regulate the production and degradation of proteins for cells to 

function efficiently (31).  

1.4.1. Protein quality control systems 

Protein quality control systems are particularly important for neuronal cells as they limit the 

irreversible neurotoxic damage that misfolded protein aggregates can cause (27). This system 

involves three main pathways that consists of molecular chaperones and protein degradation 

clearance mechanisms to maintain proteostasis (26, 30). These pathways are the endoplasmic 

reticulum associated degradation (ERAD) pathway, the autophagy-lysosomal pathway, and the 

ubiquitin proteasome system (UPS).  

1.4.1.1. Endoplasmic Reticulum Associated Degradation (ERAD) 

pathway  

The endoplasmic reticulum (ER) organelle is involved in three different major processes: 

protein folding and secretion; calcium storage and release; and, lipid biogenesis (36). It is where 

one third of the human proteome is synthesised for compartmentalisation or secretion (37). 

Together with chaperone systems, proteins are folded into their conformational state, followed 

by post-translational modifications, to be released for their specialised biological function (38). 

Under pathophysiological conditions, where an accumulation of misfolded proteins may arise, 

an ER stress signal is activated via the stress sensors ATF6, PERK, IRE1 (39). The activation 

of any of the ER stress sensors induces a complex signalling network that counteracts the 

excessive load capacity of misfolded proteins in the ER, referred to as the unfolded protein 

response (UPR) (38). This response mediates the ERAD pathway, in which misfolded proteins 

are re-directed to the cytoplasm for protein degradation via the UPS (40). However, if 

proteostasis is not restored by the ERAD pathway, the ER stress signalling complex can then 

trigger apoptosis, thus consequently leading to neuronal cell death, as seen in various 

neurodegenerative diseases (38). 

1.4.1.2. The Ubiquitin Proteasome System (UPS) 

The UPS begins with the ubiquitin cascade, a three-step system of enzymes that conjugates 

ubiquitin to specific protein substrates prior to protein degradation. The ubiquitin cascade 

begins with the activation of the ubiquitin molecule. Ubiquitin is activated by binding to the 
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ubiquitin-activating enzyme (E1) at the C-terminal glycine residue via the transfer of ATP. The 

activated ubiquitin molecule is then transferred to the ubiquitin-conjugating enzyme (E2) on a 

cysteine residue, generating a thioester intermediate. The E2 acts as a carrier for the activated 

ubiquitin molecule as it is then recruited by the ubiquitin ligase complex (E3) (41). For example, 

the Skp1-Cul1-Fbox (SCF) ubiquitin ligase complex is one of many E3s that catalyses ubiquitin 

molecules to specific substrates (42). Within this SCF E3 complex, mono- or poly- ubiquitin 

chains, depending on substrate specificity, is transferred from E2 to the target substrate, which 

is recruited to the E3 via a substrate adaptor (43). Substrate specificity and the binding of mono- 

or poly- ubiquitin chains arises from the covalent attachment of ubiquitin to a specific lysine 

residue (K) on the protein substrate. Different lysine residues attach to specific ubiquitin chain 

types in which results in distinct functional outcomes. For example, substrates that are K48 

ubiquitylated are more often directed to the proteasome degradation pathway, whereas 

substrates that are K63 ubiquitylated are directed to the autophagy-lysosomal pathway (42, 44). 

However, it is important to note that the cell’s compensatory system can allow either K48/K63-

specific ubiquitylated substrates to follow either degradation pathway (45-47). 

In the UPS, proteins are degraded by the 26S proteasome, a sophisticated complex that consists 

of multiple subunits that make up its barrel-like structure (48). Primarily this proteolytic 

machinery is arranged with a 20S proteasome consisting of a catalytic core particle and two 

terminal 19S regulatory particles, driven by adenosine triphosphate (ATP) energy (49). Once 

protein substrates are ubiquitylated, they are transferred to the 26S proteasome. The regulatory 

particle recognises the ubiquitylated proteins and processes them to be de-ubiquitylated, so that 

the ubiquitin molecules are recycled. Proteins are then unfolded and translocated to the catalytic 

core particle of the proteasome (Figure 1-1). The arrangement of the core particle includes two 

outer alpha-rings and two inner beta-rings. Proteolytic activity occurs within the catalytic core 

where the proteins are degraded (30).  

Studies have demonstrated that the 26S proteasome is a crucial component associated with 

neurodegeneration. A Cre/loxP ATPase knock-out mouse model revealed neuronal protein 

inclusions that caused extensive neurodegeneration in the mice (50). Similarly, a conditional 

knock-out mouse model for the proteasome subunit (Rpt3) specific to motor neurons displayed 

phenotypic locomotor dysfunction and progressive motor neuron loss. In addition, it was 

accompanied with TDP-43 rich protein aggregates mis-localised in the cytoplasm of motor 

neurons (51). As demonstrated with mouse models, dysfunction to the UPS can lead to the 

formation of cytoplasmic protein aggregates that seed biological processes leading to 

neurodegeneration.  
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Figure 1-1. Schematic diagram of the UPS.  
The UPS is initiated with the ubiquitin cascade and ubiquitylated proteins are transferred to the 26S 

proteasome. Proteins are unfolded and ubiquitin molecules are recycled followed by the degradation of 

the protein substrates. 

1.4.1.3. Autophagy-lysosomal pathway  

The autophagy-lysosomal pathway is the second major degradative process where selective 

proteins and other dysfunctional components are removed from the cell (52). The three 

autophagy pathways include macro-autophagy, micro-autophagy, and chaperone-mediated 

autophagy. Although each type of autophagy has mechanistic differences, they all play the same 

role delivering unwanted and dysfunctional cellular contents to the membrane-bound organelles 
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known as lysosomes via the double-membrane phagophore. The phagophore fuses with the 

lysosome, which consists of hydrolytic enzymes for proteolytic degradation (53).  

Recent studies have suggested that defective autophagy is linked to the pathogenesis of 

cytoplasmic protein aggregates in the presence of ALS/FTD-causative gene mutations, such as 

p62/SQSTM1 and CCNF (54, 55). The p62/SQSTM1 gene encodes a 440 amino acid protein 

that acts as a crucial component for the autophagy pathway. Its role is to target and bind to 

ubiquitylated protein substrates and deliver it to autophagic machinery (56). In a zebrafish 

p62/SQSTM1 knock-down model, zebrafish displayed phenotypic dysfunction in motor 

locomotion, indicating defective autophagic machinery results in neurodegeneration (55). 

Moreover, a recent study showed that a mutation in the CCNF gene, which encodes cyclin F, a 

key component to the SCF E3 ligase complex in the ubiquitin cascade, displayed abnormal 

hyper-ubiquitylation of protein aggregates associated with impairment of the autophagy 

pathway. This suggests mutations in the CCNF gene may cause proteostasis dysfunction that 

contributes to ALS/FTD pathology (54). 

  Cyclin F 

The CCNF gene consists of 17 exons and encodes cyclin F, a 786 amino acid protein first 

reported in 1994 by Bai et al (57). Cyclin F consists of a cyclin box, PEST 

region, a F-box, and two nuclear localisation signals (NLS) (Figure 1-2). The structural 

components of cyclin F designates its two primary functional properties: cell-cycle regulation 

and mediating ubiquitin-degradation systems.  

 

Figure 1-2. Schematic diagram of the Cyclin F protein.  
The CCNF gene consisting of a 786 amino acid protein, that consists of two nuclear localisation 

signals (NLS), a F-box motif, cyclin box, and a PEST region. 

1.5.1. Cyclin box 

Cyclins are important regulators for the cell division cycle, as they act as regulatory subunits 

for cyclin-dependent kinases (CDKs). Essentially, the cell cycle is controlled by the sequential 
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activation and inhibition of CDKs at different checkpoints during the cell cycle (58). As cyclin 

F consists of the conserved cyclin box region, it is part of the cyclin family that regulates cell-

cycle events, such as genome stability and maintenance of DNA replication and repair (57, 59). 

Like most other cyclins, cyclin F produces oscillating characteristics during the cell-cycle, 

where it is expressed during the S phase and peaks at the G2 phase (57). However, cyclin F 

differs to other cyclins as it is CDK-independent, meaning it does not rely on kinases for protein 

phosphorylation in the regulation of cell-cycle transitions (60). Instead it relies on independent-

cell cycle kinases to regulate ubiquitylation when acting as the substrate adaptor for the E3 

SCFcyclin F ligase complex (61).  

1.5.2. The Proline-Glutamic Acid-Serine-Threonine (PEST) region 

The PEST region in cyclin F (582-766) is a structural element that is located at the C terminus 

of the protein (Figure 1-3) (62). It was first described by Rogers et al in 1986 as a proteolytic 

signal peptide for rapid protein degradation as well as a region that provides stability, proposing 

the “PEST hypothesis” (63). However, the mechanism behind this hypothesis is still unclear as 

not all PEST regions in proteins are required for rapid proteolytic degradation, as seen with 

calpain-mediated proteolysis of the proto-oncogene c-fos (64). It is also believed to be a 

regulatory phosphorylated area as most serine and threonine amino acid residues are localised 

in this region (65). Notably, cyclin F contains five phosphorylation sites within the PEST 

region, that may contribute to its hypothesised functional properties in maintaining protein 

stability and acting as a protein degradation signal (Figure 1-3). The phosphorylation sites 

include: theronine-588, theronine-590, serine-621, serine-709, serine-713, and serine-754 (61).  

 

Figure 1-3. Phosphorylation sites on the PEST region.  
Five phosphorylation sites within the PEST region (582–766) of the cyclin F protein were discovered. 

The phosphorylation sites include: theronine-588, theronine-590, serine-621, serine-709, serine-713, 

and serine-754. Adapted from reference (61).  
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1.5.3. F-box domain and the SCFcyclinF E3 ubiquitin ligase complex 

Another important cyclin F feature is the F-box domain, which is one of 69 substrate adaptors 

that are part of the F-box protein family (57). This F-box domain is essential for the binding of 

Skp1, a component that takes part in the E3 ligase complex known as SCFcyclin F E3 ubiquitin 

ligase. The SCFcyclin F E3 ligase is a multi-protein enzyme complex that formulates the last step 

of the ubiquitin cascade (43). Cyclin F is one of many protein adaptors that specifically bind to 

Skp1 to form this E3 ubiquitin ligase complex. Skp1 also binds to Cul1 with Rbx1, which acts 

as a loading station for E2 to initiate ubiquitylation of proteins (Figure 1-4) (66). Within the 

SCFcyclin F complex, the proteins recruited by cyclin F are ubiquitylated to either form mono- or 

poly- ubiquitylated chains to signal for degradation (43). The ubiquitin molecule is a highly 

conserved 76 amino acid polypeptide that is mainly known for mediating protein degradation 

via the ubiquitin cascade (Figure 1-5) (67).  

 

Figure 1-4. Schematic diagram of the SCFcyclin F E3 ligase complex. 

The SCFcyclin F E3 ligase complex is a multi-protein complex that acts as a loading station for the E2 

subunit. It consists of the Rbx1, Cul1, Skp1 and cyclin F protein. This complex initiates the binding 

between ubiquitin molecules and the target protein leading to degradation. Adapted from reference (43).  
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Figure 1-5. Schematic diagram of the protein ubiquitylation cascade. 

E1 initiates the protein ubiquitylation cascade by attaching to a ubiquitin molecule. The E2 replaces the 

E1 in this cascade and carries the ubiquitin molecule to the E3 ligase complex. The E3 ligase complex, 

consisting of a cyclin F protein, assists with the binding of the ubiquitin molecule to a protein. The 

protein with the ubiquitin molecule then follows either the UPS or autophagy pathway for degradation. 

Adapted from (41).  

 

  The role of Cyclin F in ALS/FTD pathology 

Recent studies have investigated the role of the cyclin FS621G mutant, a familial candidate 

identified in a large Australian family cohort with ALS and FTD affecting four generations. In 

the 2016 study, CCNF variants were discovered, including the familial cyclin FS621G mutant, 

using whole exome sequencing within 16 diverse cohorts (14). The novel variant amino acid 

substitutes within the CCNF gene were found to be highly conserved across various species. In 

addition, the familial ALS/FTD mutations displaying frequencies ranging from 0.6 to 3.3%, 

comparable to familial cohorts of the TARDBP and FUS mutants (68). Analysis within a 

replication cohort also identified rare protein-altering variants in sALS, validating that CCNF 

variants are found both in familial and sporadic ALS/FTD cases (14). As the cyclin F protein 

is a component of the SCF ubiquitin ligase complex, it was proposed that the presence of toxic 

cytoplasmic protein aggregates may be the result of UPS dysfunction, thus contributing towards 

the proteostasis impairment theory that leads to the neurotoxicity observed in ALS/FTD 

pathology (23). Using a green fluorescent degron reporter (GFPu) assay, researchers were able 

to determine that various novel familial and sporadic ALS/FTD mutants were associated with 

significant increases in UPS inhibition, independent of cyclin F expression levels. This 
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indicated that CCNF mutations leads to UPS dysfunction. Further examination using ubiquitin-

independent proteasome activity assays, determined that UPS impairment did not arise as a 

result of altered proteasome activity but instead abnormal ubiquitylation or impairments to 

proteasome transport for the familial cyclin FS621G mutant (14). Furthermore, the presence of 

high levels of ubiquitylated TDP-43 indicated that altered SCF cyclin F ligase machinery may 

be a contributing factor towards the proteostasis impairment theory (2, 14).  

1.6.1. Aberrant ubiquitylation of aggregated proteins 

Cyclin F plays an essential role in the ubiquitylation of proteins, therefore, any impairments to 

this multi-step quality control system can lead to proteostasis impairments, which in turn can 

cause neurotoxicity and ultimately neurodegeneration (43). To further understand the 

association of cyclin F and the presence of protein rich aggregates presented in ALS/FTD 

pathology, the familial cyclin FS621G mutation was investigated. In a recent study, hyper-

ubiquitylation activity of K48 polyubiquitin was demonstrated to be associated with autophagic 

machinery impairment with neuronal cells expressing cyclin FS621G (54). This highlighted that 

variants in the cyclin F protein, a protein that is an essential component of quality control 

systems to maintain proteostasis, can lead to hyper-ubiquitylation of aggregated proteins in 

neuronal cells, a hallmark of ALS/FTD pathology.  

1.6.2. Alteration of Cyclin F phosphorylation  

The familial cyclin FS621G mutation is located in one of seven phosphorylation sites on the cyclin 

F protein sequence. Interestingly, it is also one of five of the seven phosphorylation sites that 

lie within the PEST region (Figure 1-3) (61). The amino acid substitution made by this 

mutation, where the serine (S) residue is replaced by the glycine (G) residue inhibits 

phosphorylation at the Serine-621 (S621) site by casein kinase (CKII). This inhibition, elevates 

ubiquitylation activity of cyclin F and increases lysine48 (K48) ubiquitylated proteins (61). 

This disruption to phosphorylation at S621 caused by this CCNF mutation overall alters protein 

stability in regulating proteostasis, therefore it may generate toxic cytoplasmic environments 

within motor neurons. 

1.6.3. The Cyclin FS621G mutant leads to increased apoptosis 

Further investigation by Hogan et al., into the mechanisms of the familial cyclin FS621G mutant 

was made with both in vitro and in vivo models. The in vitro cell culture model used a proteomic 

approach to determine the cellular pathways which are affected in cyclin FS621G compared to 
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the cyclin F wild-type (WT). The in vitro proteomics data revealed increased caspase-3 activity, 

which was further validated within an in vivo zebrafish model (69). Overexpression of the 

familial ALS/FTD-linked cyclin FS621G mutant in the zebrafish model elucidated motor neuron 

axonopathies as a result of up-regulated caspase-3 activity. This overexpression displayed 

decreased cell viability in the spinal cord, abnormal axonal outgrowth and an overall decrease 

in motor function.  

  Proteomic studies in ALS/FTD 

Proteomic-based techniques are a powerful approach for in-depth analysis into understanding 

pathogenic mechanisms. Proteomics is a large-scale screening and protein profiling method that 

provides a biological perspective of the complex proteome system. Proteomics often uses mass 

spectrometry (MS) technology that combines liquid chromatography (LC) for peptide 

separation. The mass spectrometer measures the  mass-to-charge ratio (m/z) of each ion that is 

derived from the peptide sample (70). This generates a swathe of mass spectra corresponding 

to the analysed peptides samples followed by processing and searching of the data with 

algorithmic programs that incorporate protein databases. Thus, identifying and profiling highly 

abundant proteins within the sample. With this information, combined with genomic data, this 

technique has enabled predictions of pathways that may be associated with neurodegenerative 

diseases, and potentially provide a targeted approach for an ALS/FTD biomarker or drug target. 

This is further discussed in Publication I: “Proteomics approach for biomarker and drug target 

discovery in ALS and FTD” (Appendix B).  

Significant contributions have been made with proteomic-based techniques in identifying 

proteostasis dysfunction as an underlying mechanism of ALS and FTD, such as disruption to 

ubiquitylation and phosphorylation processes, observed in the familial cyclin FS621G mutant (14, 

54, 61, 69). Although this familial cyclin F mutant has provided pathological insight into 

ALS/FTD pathology, further investigation into the CCNF gene is essential to not only validate 

the pathogenesis but also determine whether sporadic mutations display a similar pathogenic 

pathway that causes proteostasis dysfunction. Therefore, the sporadic cyclin FE624K mutant was 

investigated in this thesis using a combination of ELISA-based ubiquitylation activity assays, 

unbiased label free quantitative proteomics, immunoprecipitation techniques, and biochemical 

analysis.  
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 Hypothesis and Aims  

It is hypothesised that the sporadic cyclin FE624K mutant causes perturbations to cellular 

pathways and protein networks similar to the well-characterised familial cyclin FS621G mutant 

(18, 54, 61). This has been proposed as the sporadic cyclin FE624K mutant is present within a 

CKII consensus motif for phosphorylation (618DQESEGEKEG627) in cyclin F. As the cyclin 

FE624K mutant is within this phosphorylation motif and within the PEST region, a decrease in 

phosphorylation at the S621 site and an increase in K48 ubiquitylation was expected, as 

observed by the familial cyclin FS621G mutant (54, 61). Thus, the sporadic cyclin FE624K mutant, 

may indirectly affect ubiquitylation activity as the CKII loses its ability to phosphorylate at this 

specific S621 site. 

There are four aims described to address the hypothesis proposed:  

1. To generate the sporadic cyclin FE624K mutant sequence with the addition of a FLAG 

epitope tag via site-directed mutagenesis.  

2. To determine different or similar cellular pathway changes in HEK293 cells expressing 

the sporadic cyclin FE624K mutant compared to cyclin FWT and familial cyclin FS621G 

mutant, using unbiased label-free global proteomics.  

3. To identify PPIs in HEK293 cells expressing the sporadic cyclin FE624K mutant and 

evaluate whether these protein interactors display novel or similar protein interactors to 

those bound to cyclin FWT and the familial cyclin FS621G mutant, using unbiased label-

free quantitative proteomics combined with immunoprecipitation techniques.  

4. To assess the ubiquitylation levels in HEK293 cells expressing the sporadic cyclin 

FE624K mutant using the E3 ubiquitin ligase activity assay.  
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2. Methods 

2.1.  Plasmid preparation 

The CCNF transgenes consisted of a fused FLAG epitope tag (1012Da). Details of each 

construct are presented in Table 2-1.  

 

Table 2-1. Summary of constructs used. 

Construct ID Vector Tag Mutation 

Site 

Antibiotic Source 

Empty Vector pcDNA3.1 n/a n/a Ampicillin Invitrogen Cat# 

V79020 

CCNF WT-FLAG pcDNA3.1 FLAG n/a Ampicillin Custom generated 

from GenScript 

CCNFS621G-FLAG pcDNA3.1 FLAG S621G Ampicillin Custom generated 

from GenScript 

CCNFE624K-FLAG pcDNA3.1 FLAG E624K Ampicillin Q5 site-directed 

mutagenesis made 

during this thesis 

 

2.2.  Site-directed mutagenesis 

All constructs except CCNFE624K-FLAG were sourced from either Invitrogen or custom made 

from GenScript. The CCNFE624K-FLAG construct was generated using the Q5 site-directed 

mutagenesis kit (New England Biolabs). The forward primer (5’ACAGCTCCCAGCGGCATC3’) 

and reverse primer (5’GCCCTCACTCTCCTGGTC3’) were designed and obtained from Sigma-

Aldrich. The plasmid used for the site-directed mutagenesis protocol was the pcDNA3.1 vector 

with the CCNFWT backbone that contained the FLAG epitope tag at the C terminus (Figure 

1-1). For the polymerase chain reaction (PCR) step the PCR thermal master mix (Eppendorf) 

was used. Initial denaturation temperature was set at 98°C for 30 seconds. The annealing 

temperature was set to 68°C for 10-30 seconds. This consisted of 25 cycles. Elongation 

temperature was set at 72°C for 20-30 seconds. DpnI was used to cleave methylated recognition 

sites of DNA. Sequence verification was processed by Macrogen, Inc (Korea).  
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Figure 2-1. Plasmid map of CCNFWT-FLAG construct in the pcDNA3.1 vector. 

2.3.  Transformation 

Following the Q5 site-directed mutagenesis kit manual (New England Biolabs), approximately 

25μl of Invitrogen One shot INVF chemically competent Escherichia coli (E. coli) cells were 

mixed with 1μl of DNA and incubated on ice for 30 minutes. Cells were heat shocked for 30 

seconds at 42°C and immediately placed on ice for 5 minutes. Approximately 950μl of SOC 

media was added and the mixture incubated for 1 hour at 37°C shaking at 300 revolutions per 

minute (rpm). Approximately 90μl of mixture was spread onto an ampicillin (100μg/ml) agar 

plate and incubated at 37°C overnight to select for colonies containing the plasmid DNA. 

2.4.  Plating constructs from glycerol stocks 

The empty vector, CCNFWT-FLAG, and CCNFS621G-FLAG constructs were plated from their 

E. coli glycerol stocks. Approximately 5μl of the E. coli glycerol stock was incubated at 37°C 

for 7 hours in 5ml of Luria broth (LB) media. Approximately 90μl of the inoculated media was 

plated on ampicillin (100μg/ml) agar plates and incubated for ~12 hours at 37°C.  
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2.5.  Preparation for midi-prep DNA purification 

A single colony was selected from the agar plates containing the transformed E. coli cells. 

Incubation time consisted of 8 hours in LB media containing ampicillin. Dilutions of the starter 

culture (1:500) was made and was further incubated for 12-16 hours at 37°C. The E.coli cells 

were centrifuged at 3,700rpm at 4°C and the bacterial pellet was either stored at -80°C or 

proceeded immediately to midi-prep DNA purification step.  

2.6.  Midi-prep DNA purification and quantification of DNA concentration 

Plasmid DNA purification was conducted with the QIAGEN Plasmid Midi Kit, following the 

manufacturer’s instructions using the high yield protocol. The bacterial pellet lysed in Buffer 

P1 (lysis buffer) followed by buffer P2 (wash buffer) and buffer N3 (neutralisation buffer). The 

lysed cells were centrifuged at 13,000rpm for 10 minutes at room temperature. 800μl of 

supernatant was added to QIA prep 2.0 spin columns with buffer PB (binding buffer to allow 

DNA to bind to filter in spin columns) and centrifuged at 13,000rpm for <1 minute. Flow 

through was discarded and spin columns were washed with wash buffers and centrifuged at 

13,000rpm for <1 minute. Buffer EB (10mM TrisCl, pH 8.5) was used to elute DNA for each 

sample. DNA concentration was calculated using the NanoDrop 2000 spectrophotometer 

(Thermo Scientific).  

2.7.  Mammalian cell culture 

For this study, HEK293 cells were selected due to the ease in efficient transfection as these 

cells have a fast growth and long survival rate, beneficial for the limited time given for this 

research project (71). The HEK293 cells were obtained at a low passage from American Type 

Culture Collection (ATCC). The cells were maintained in T75 flasks (Thermo Scientific) with 

Dulbecco’s modified eagle medium (DMEM; Thermo Scientific) supplemented with 10% 

foetal bovine serum (FBS; Sigma-Aldrich) without antibiotics. The flasks were kept in 37°C 

incubators with 5% CO2 and 95% humidity. Passaging of cells occurred every 3-4 days or once 

cells reached 70-80% confluency. Cells were washed in pre-warmed PBS and detached with 

2ml of pre-warmed trypsin prior to seeding. 
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2.7.1. Cell density calculations 

Cell counting was required for seeding and transfection preparation. Cells that had reached 80-

90% confluency were prepared for transfections. After cells were washed with pre-warmed 

PBS and detached with trypsin, a 1:1 dilution of cell suspension and trypan blue (Thermo 

Scientific) was made. Following the manufacturer’s instructions, 10μl of cell suspension and 

trypan blue dilution was loaded onto a cell counting chamber slide and was inserted into the 

CountessTM automated cell counter (Thermo Scientific). The calculations for the required cell 

volume are as follows: 

 

 
 

Various desired cell density concentrations were used for the optimisation of obtaining the most 

suitable cell density in seeding cells for transfections into 10 cm Corning plastic culture dishes 

(Sigma-Aldrich). The most suitable cell density concentration was obtained at 1.6 x 106.  

2.7.2. Transfections 

Plates were seeded with 1.6 x 106 cells with DMEM + 10% FBS and incubated for 48 hours at 

37°C and 5% CO2. For transfections, an optimised protocol was used. Opti-MEM media 

(Thermo Scientific) and Lipofectamine 2000 (Thermo Scientific) were used with optimised 

concentrations for the HEK293 cells. For each sample, 325μl of Opti-MEM media was 

combined with 25μl of Lipofectamine 2000 for each plate. 10μg of prepared DNA combined 

with 305μl of Opti-MEM media was prepared and combined with the Opti-

MEM/Lipofectamine media and was incubated for 20 minutes at room temperature. DMEM+ 

10% FBS media was removed from cells and cells were washed with pre-warmed PBS. This 

was followed with adding prepared DNA with Opti-MEM/Lipofectamine media to each plate 

for transfection. Newly transfected cells were left for 37°C incubation for 4-5 hours in Opti-

MEM media. After incubation the cells were washed with pre-warmed PBS and the Opti-MEM 

media was replaced with DMEM + 10% FBS. Three replicates were carried out for each sample.  

2.8.  Cell harvesting and cell lysis  

The transfected HEK293 cells expressing empty vector and CCNF-FLAG transgenes were 

harvested at 80% confluency. Cells were scraped from the plates using ice cold PBS and 

collected with their respective supernatant. Cells and supernatants were centrifuged at 1,500 
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relative centrifugal force (rcf) to collect whole cells, supernatants were removed, and pellets 

were snap frozen on dry ice and stored at -80°C until required. 

 

Frozen cell pellets were resuspended with Nonidet P-40 1% (NP40) lysis buffer, pH 7.4 (1.5mM 

NaCl, 50mM Tris-Cl) containing protease and phosphatase inhibitors (Roche) and left to thaw 

on ice. Cells were intermittently vortexed for 10 seconds every 10 minutes for 30 minutes. 

Sonication was performed using the Sonic Ruptor 250 (Omni-Inc) on setting 3 for 10-20 

seconds. This was followed by centrifugation at 14,000rcf for 10 minutes at 4°C to collect 

cellular debris. Whole cell lysates were either stored at -80°C or quantified. Three replicates 

were collected for each sample.  

2.9.  Bicinchoninic acid (BCA) assay 

Protein quantification was performed on samples using the Pierce bicinchoninic acid (BCA) 

protein assay kit (Thermo Scientific), following the manufacturer’s instructions. Samples were 

prepared in triplicates of 1:3 dilutions in milliQ water. Bovine serum albumin (BSA) standard 

concentrations were prepared with NP40 lysis buffer to generate a standard curve for protein 

quantification measurements to be fitted on. Measurements were read at 562nm absorbance 

with the PHERAstar FS plate reader (BMG Labtech). This provided an accurate quantification 

of the protein content for each sample. 

2.10. Sample preparation and immunoblotting 

Immunoblotting preparation involved separating proteins for each sample using sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Approximately 20μg of 

protein lysate was combined with 10x NuPAGE Dithiothreitol (DTT) reducing agent 

(Invitrogen), 4x NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Invitrogen), and milliQ 

water to adjust for identical volumes across all samples. Samples were heated at 95°C for 5 

minutes. The Invitrogen tanks (Thermo Scientific) were used for the SDS-PAGE with NuPAGE 

4-12% Bis-Tris Midi protein 20-well gels. Approximately 20μl of samples and 3μl of Precision 

Plus Protein Dual Color Standards ladder (Bio-Rad) was loaded into wells. SDS-PAGE ran at 

60 volts (V) for 10 minutes and was increased to 120V for ~1 hour. Gels were then rinsed in 

Transblot Turbo transfer buffer (Bio-Rad) and stacked against a nitrocellulose membrane and 

transfer stacks. Following the manufacturer’s instruction, a semi-dry transfer (Bio-Rad) was 

performed for 10 minutes on high molecular weight (MW) setting (25 V, 2.5 A). 
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2.11. Protein visualisation 

Following the protein transfer, the nitrocellulose membrane was rinsed in Tris-buffered saline 

(TBS) and blocked in the Odyssey Licor blocking buffer (1:1, with TBS) for 45 minutes, 

shaking at room temperature. Primary antibodies of different species were then added to 

membrane blots with either overnight incubation, shaking at 4°C or ~1-hour incubation, 

shaking at room temperature. Details of antibodies used are presented in Table 2-2. 

 

The primary antibodies were removed, washed 3x with TBS containing 0.2% (v/v) tween 20 

(TBS-T) and secondary Licor antibodies were added to membranes at 1:10,000 dilution, 

probing for anti-species of the primary antibodies at either 800nm or 680nm wave length. In 

between antibody incubations and after secondary antibody incubation, membranes were 

washed 3x for 5 minutes with TBS-T to remove any residual antibodies. Prior to imaging, 

membranes were washed in TBS and milliQ water and left to dry in the dark. Imaging was 

performed with the Licor Odyssey CLx scanner. For statistical analysis, a paired t-test was 

calculated using the GraphPad Prism 8 software. 
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Table 2-2. List of primary antibodies used for immunoblotting specific proteins. 

Table consists of antibody type, the species the antibody was hosted in, dilution, and the company source.  

Primary Antibody Antibody type Species Host Dilution Source 

Anti-FLAG Monoclonal Mouse 1:1000 Sigma-Aldrich (USA) 

Anti-lysine-48 (K48) Ubiquitin Monoclonal Rabbit 1:1000 Millipore Corp. (USA) 

Anti-lysine-63 (K63) Ubiquitin Monoclonal Rabbit 1:500 Millipore Corp. (USA) 

Anti-IgG Monoclonal Mouse  Cell Signalling (USA) 

Anti-beta-actin Monoclonal Mouse 1:500 Sigma-Aldrich (USA) 

Anti-beta-tubulin Polyclonal Rabbit 1:500 Abcam (UK) 

Anti-phospho cyclin F S621 Polyclonal Rabbit 1:500 Bethyl (USA) Custom designed 

Anti-non-phospho cyclin F S621 Polyclonal Rabbit 1:500 Bethyl (USA) Custom designed 

Anti-Cyclin F Polyclonal Rabbit 1:500 Bethyl (USA) 
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2.12. Immunoprecipitation (IP) 

For the IP assay, 500μg of protein lysate in NP40 lysis buffer and 1μg of anti-FLAG antibody 

was used. An anti-IgG pre-immune antibody with all combined samples was also used as a 

control. Prior to adding anti-FLAG antibody, 20μg of starting material (SM) was saved in 

separate microcentrifuge tubes. IP samples were then incubated overnight at 4°C, with rotating. 

This was followed by adding protein A/G magnetic beads (Pierce) to isolate the antibody: 

protein complex. For two hours the IP samples with magnetic beads underwent further 

incubation. After incubation, flow through (FT) was collected. To efficiently remove non-

specific proteins, magnetic beads were washed with NP40 lysis buffer and washed twice with 

TBS. Approximately 20% of IP sample was saved for immunoblotting, whilst ~80% was 

prepared for MS. 

2.13. Mass spectrometry (MS) preparation 

MS preparation for whole lysate samples and IP samples were prepared via in-gel trypsin 

digestion and in-solution trypsin digestion, respectively. Whole lysate samples consisted of 

empty vector, cyclin FWT-FLAG, cyclin FS621G-FLAG, and cyclin FE624K-FLAG. IP samples 

consisted of NP40 lysis buffer (negative control), IgG sample, empty vector, cyclin FWT-FLAG, 

cyclin FS621G-FLAG, and cyclin FE624K-FLAG. Each sample consisted of three biological 

replicates.  

2.13.1. In-gel trypsin digestion 

Proteins were separated via SDS-PAGE, as described in section 2.10. After removing the gel 

from the cassette, the gel was fixed in fixing solution (50% (v/v) methanol, 10% (v/v) acetic 

acid) for 5-10 minutes. This solution was removed and incubated with the Coomassie blue G-

250 (Bio-Rad) for 30 minutes. De-staining solution (25% (v/v) methanol) was then added for 

an overnight incubation to absorb any excess blue staining. This was followed by slicing each 

gel lane into three fractions and further slicing each fraction into 2-4mm gel pieces. Gel pieces 

were buffer exchanged in 50mM ammonium bicarbonate for 10 minutes, followed by 

dehydrating the gel pieces in 50mM ammonium bicarbonate, 50% (v/v) acetonitrile (ACN) for 

10 minutes. This was then replaced with 100% (v/v) ACN for 30 seconds. The in-gel protein 

samples were then reduced and alkylated with 10mM DTT for 45 minutes at 37°C, and 20mM 

iodoacetamide (IAA) for 45 minutes in the dark, respectively. Samples were then digested with 

trypsin (1:50, trypsin: protein) for an overnight incubation at 37°C. Peptides were extracted 
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with 50% (v/v) ACN, 2% (v/v) formic acid (FA) for 15 minutes shaking, followed by 100% 

(v/v) ACN for 15 minutes shaking. The peptides were pooled and evaporated by vacuum 

centrifugation in an Eppendorf Concentrator 5301. Peptide samples were then stored at -80°C. 

2.13.2. In-solution trypsin digestion  

Following IP as described in section 2.12, the samples were washed in PBS. IP samples were 

then reduced and alkylated with 10mM DTT for 45 minutes at 37°C and 20mM IAA for 45 

minutes in the dark, respectively. This was followed by digestion with trypsin (1:50, trypsin: 

protein) for an overnight incubation at 37°C.  

2.13.3. Peptide clean-up 

Prior to peptide de-salting, peptide samples were resuspended in 0.1% (v/v) FA. Using C18 zip 

tips (Agilent Technologies), that were pre-equilibrated, the peptide samples were pushed 

through the tips with 0.1% (v/v) FA. To elute peptides from the C18 column zip tips, 50% (v/v) 

ACN, 0.1% (v/v) FA was used. To elute peptides from the C18 column zip tips, 50% (v/v) ACN, 

0.1% (v/v) FA was used. This eluate was evaporated by vacuum centrifugation using an 

Eppendorf Concentrator 5301. Peptide samples were then resuspended in 0.1% (v/v) FA 

solution for MS analysis.   

2.14. Mass spectrometry (MS)  

Quantitative proteomics was performed on whole cell lysates and IP samples of empty vector 

and CCNF transgenes. 

2.14.1. Global proteomic parameters 

The three fractions of each three biological replicates expressing the CCNF transgenes in the 

HEK293 cell line were analysed using C18 reverse phase nanoscale liquid chromatography 

tandem Q-Exactive mass spectrometer (Thermo Scientific). The peptide samples were injected 

into the 0.5mm C-18 reverse phase Orbitrap Velos (Thermo Scientific) and desalted at a low 

rate of 15μl/minute with buffer A (0.1% (v/v) FA) for 3.9 minutes. The desalted peptides were 

then separated on an Acclaim PepMap 100 C18 LC column (3μm particle size, 75μm x 150 

mm length, Thermo Scientific) using buffer B (80% (v/v) ACN/0.1% (v/v) FA) for ~40 minutes 

at a 0-33% gradient. Between 40 to 50 minutes, the gradient increased to 63%, and between 50 

to 57 minutes the gradient reached 95%. The flow rate is at 300nL/min.  
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The MS scan range was between 400 to 2,000 m/z at a resolution of 70,000 for precursor ions 

and a resolution of 17,500 for product ions. Acquisition was set to positive charge mode with a 

default charge state of 2, focusing on doubly charged ions. The automatic gain control (AGC) 

for precursor ions was set to 1x106, and AGC for product ions was set to 2x104. The mass 

spectrometer was calibrated to collect for 30 milliseconds in its precursor acquisition mode 

before selecting the top 10 peptides for fragmentation. These top 10 peptides in this mode 

underwent subsequent scanning in the product ion acquisition mode (MS/MS scan) for 50 

milliseconds with an isolation window of 2 m/z. The normalised collision energy (NCE) was 

set at 27 and charge exclusion was set at 1, >6.  

2.14.2. Immunoprecipitation (IP) proteomic parameters  

Three biological replicates of the IP samples expressing the CCNF transgenes in the HEK293 

cell line were analysed using C18 reverse phase nanoscale liquid chromatography tandem mass 

spectrometry. Peptide samples were fractionated using the same setup as described in section 

2.14.1. 

 

The MS scan range was between 400 to 2,000 m/z at a resolution of 70,000 for precursor ions 

and a resolution of 17,500 for product ions. Acquisition was set to positive charge mode with a 

default charge state of 2, focusing on doubly charged ions. The AGC for precursor ions was set 

to 5x105, and AGC for product ions was set to 1x105. The mass spectrometer was calibrated to 

collect for 50 ms in its precursor acquisition mode before selecting the top 10 peptides for 

fragmentation. These top 10 peptides in this mode underwent subsequent scanning in the 

product ion acquisition mode (MS/MS scan) for 110 ms with an isolation window of 1.5 m/z. 

Charge exclusion was set at 1.  

2.15. Proteomic data analysis  

The MS data obtained for whole cell lysates and cyclin F immunoprecipitants were analysed 

using the Sequest algorithm software coupled to a bioinformatics database searching software, 

Proteome Discoverer (PD) 2.3 (Thermo). Peptide samples were searched against the Homo 

sapiens protein SwissProt database (2017) that consisted of 42,253 sequence entries using the 

following parameters. The peptide identifications were determined using a 20-ppm precursor 

mass tolerance a 0.01 Da MS/MS fragment mass tolerance. For static modifications the 

carbamidomethylation modification of cysteines was used. Oxidation of methionine and 

acetylation of protein N-terminus was considered dynamic modifications with a maximum of 
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three equal modification per peptide, and a maximum of two missed cleavage sites with trypsin 

selected as the enzyme. PD and excel files of proteomic data can be accessed from: 

https://cloudstor.aarnet.edu.au/plus/s/ioX19GQvg1cs6P5. 

 

Using the PD 2.3 incorporating Minora Feature detection node for label-free quantitation, three 

biological replicates from three transfection replicates were analysed. The default quantitation 

settings were applied to group the abundances for all identified peptides for each protein and 

the median peptide values was used to represent the relative protein abundance ratios as 

determined by the PD 2.3 software. 

 

Using the PD 2.3 software, statistical analysis using a heat map was generated. Protein distance 

parameters were based on the Euclidean function using a complete linkage method. Samples 

were clustered using a hierarchical cluster analysis. This was based on the different abundant 

raw values from proteins to provide an overview on proteome similarities between the up- and 

down-regulated proteins quantified.  

 

Using the PD 2.3 software, statistical analysis with volcano plots were generated to display 

comparisons between the CCNF mutants relative to cells expressing the cyclin FWT. Proteins 

based on their abundance log2 ratio were plotted against the P-values in log10. The volcano plots 

were generated with R, based on the software default parameters. For global proteomic data, 

this indicated whether cells expressing the cyclin F mutant proteins were down- or up-regulated 

relative to cells expressing the cyclin FWT. For IP proteomic data, this indicated whether cells 

expressing protein interactors displayed loss-of-binding or enhanced-binding to the cyclin F 

protein relative to cells expressing the cyclin FWT. Proteins that displayed a log2 ratio value of 

-6.64 and 6.64 were significant proteins that were either not identified or identified, respectively 

relative to cells expressing the cyclin FWT. 

 

Gene ontology (GO) analysis was performed with the PANTHER GO classification system 

database (72). GO charts were exported for data analysis. The Ingenuity Pathway Analysis® 

(IPA) determined specific networks that were either activated or inhibited in HEK293 cells 

expressing cyclin FWT, cyclin FS621G, and cyclin FE624K. This was based on the log abundance 

values for the proteins identified in both global proteomic and IP proteomics data sets. IPA 

networks and pathways were determined based on proteins that clustered towards a specific 

protein network and/or pathway.  

 

 

https://cloudstor.aarnet.edu.au/plus/s/ioX19GQvg1cs6P5
http://www.pantherdb.org/
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2.16. E3 ubiquitin ligase activity assay 

The ELISA-based ubiquitylation activity assay was performed with the E3LITE Customizable 

Ubiquitin Ligase Kit (EnzoLifeSensors), following manufacturer’s instructions. The empty 

vector, cyclin FWT-FLAG, cyclin FS621G-FLAG, and cyclin FE624K-FLAG, E3 ligase buffer 

negative control, and E1-E2-E3 positive control were prepared as IP samples (as described in 

section 2.12) for this E3 ubiquitin ligase activity assay. The ubiquitin E2 conjugating enzyme 

selected for this protocol was the UBE2D3. Magnetic beads were first washed in PBS, followed 

by assay buffer (100mM Tris-HCl, 10mM MgCl2, 0.2mM DTT, pH 8.0). To each well of the 

microtiter plate, which was precoated with LifeSensor’s proprietary polyubiquitin capture 

reagent, the enzyme cocktail (E1-E2-ubiquitin in assay buffer) was added. This was followed 

by the immunoprecipitated cyclin F samples and the positive control E1-E2-E3 solution. To 

initiate the enzymatic reaction, 0.4mM ATP was added and incubated at room temperature for 

45 minutes. This was followed by an incubation with the detection solution for 1 hour, and 

further incubation with streptavidin-HRP for 1 hour. ECL reagent was added to each well and 

chemiluminescence was measured at a gain level of 1000 with the PHERAstar FS plate reader 

(BMG Labtech).  
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3. Results 

3.1.  Site-directed mutagenesis of CCNFE624K -FLAG 

Site-directed mutagenesis was performed to generate the ALS/FTD-causative gene mutation 

CCNFE624K-FLAG. Together with PCR machinery and oligonucleotide primers designed, the 

controlled and precise point mutation (A1882G) within the PEST region (1746-2289) of the 

CCNFWT DNA sequence was generated. To validate that this PCR product was sequenced 

successfully, a 2μg sample of the whole plasmid consisting of the site-directed mutation was 

sent to Macrogen Inc. (South Korea). The results confirmed the A1882G mutation in the DNA 

sequence within the CCNFE624K -FLAG sequence, where the CCNFE624 WT codon GAG was 

modified to the CCNFE624K codon AAG. This allowed the translation from glutamic acid (E) to 

the lysine (K) residue at the 624 position (E624K) of the cyclin F protein sequence, thus 

successfully generating a site-directed mutagenesis sequence of CCNFE624K -FLAG (Figure 

3-1).  

 

 

Figure 3-1. Sequence alignment of CCNFWT and CCNFE624K DNA sequences. 
CCNFE624K mutant and CCNFE624 WT sequence alignments that display the A1882G point mutation in 

the CCNF-FLAG DNA sequence, where the CCNFE624 WT codon GAG was modified to the CCNFE624K 

codon AAG. This allowed the substitution of a glutamic acid (E) to a lysine (K) residue at the 624 

position (E624K) of the cyclin F protein sequence. 
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3.2. Validating cyclin F-FLAG expression in HEK293 cells via 

immunoblotting 

HEK293 cells were grown to ~80-90% confluence and transfected with pcDNA 3.1 empty 

vector, CCNFWT-FLAG, CCNFS621G-FLAG, and CCNFE624K-FLAG constructs for ~18 hours. 

To validate transfection efficiency of the FLAG tagged CCNF constructs within the HEK293 

cells, immunoblotting and statistical analysis for FLAG and cyclin F were performed (Figure 

3-2). The molecular weight of cyclin F is ~87 kDa, and the FLAG tag epitope is 1012Da, 

therefore the expected molecular weight (MW) for FLAG tagged cyclin F is ~88 kDa.  

 

Immunoblotting for FLAG revealed overexpression of FLAG tagged cyclin F in lanes 

corresponding to samples transfected with CCNFWT, CCNFS621G and CCNFE624K, with no 

expression of FLAG observed in the empty vector control lane. Alternatively, immunoblotting 

for cyclin F also revealed overexpression of cyclin F as expected in samples transfected with 

CCNF transgenes, while low level of expression was observed in empty vector controls, which 

are indicative of endogenous cyclin F expression. The beta-actin loading control was used and 

displayed similar expression levels across all samples. (Figure 3-2.A).  

 

Statistical analysis for FLAG and cyclin F fold changes were performed to determine 

transfection efficiencies of CCNF transgenes expressed in the HEK293 cells. The transfection 

of CCNFS621G-FLAG (1.07-fold) and CCNFE624K-FLAG (1.13-fold) were measured and 

normalised to CCNFWT-FLAG (1-fold). The empty vector control revealed that no expression 

of cyclin F-FLAG was detected when probing, using the anti-FLAG antibody (Figure 3-2.B). 

Cyclin F overexpression for CCNFWT (16.55-fold), CCNFS621G (20.01-fold) and CCNFE624K 

(17-fold) revealed similar overexpression levels of cyclin F compared to the empty vector 

control (1-fold) when probing, using the anti-cyclin F antibody (Figure 3-2.C). 
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Figure 3-2. CCNF-FLAG expression levels of FLAG and Cyclin F are present in 

transfected cell lysates. 
A) Immunoblot of FLAG and cyclin F expression levels are relatively consistent across lanes for cells 

expressing cyclin FWT, cyclin FS621G and cyclin FE624K. In the empty vector control lane, there was no 

presence of FLAG and very low expression of cyclin F. The beta-actin loading control was used and 

displayed similar expression levels across all samples.  B) Statistical analysis of transfected CCNFS621G-

FLAG (1.07-fold) and CCNFE624K-FLAG (1.13-fold) were measured and normalised to CCNFWT-FLAG 

(1-fold). The empty vector control revealed that no expression of cyclin F-FLAG was measured. C) 

Statistical analysis of Cyclin F overexpression for CCNFWT (16.55-fold), CCNFS621G (20.01-fold) and 

CCNFE624K (17-fold) revealed similar overexpression levels of cyclin F compared to the empty vector 

control (1-fold). For all statistical analyses, n=3.  
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3.3.  Characterisation of Cyclin FE624K by unbiased proteomics analysis 

Unbiased label-free global proteomic analysis was performed on cellular lysates of HEK293 

cells expressing pcDNA 3.1 empty vector, cyclin FWT, cyclin FS621G and cyclin FE624K to 

characterise differentially expressed proteins that may cluster to specific cellular pathways. 

Using this data, predictions and comparisons were made between the different signalling 

pathways that are affected in cells expressing the sporadic cyclin FE624K mutant compared to 

cells expressing cyclin FWT and the well-characterised familial cyclin FS621G mutant. For the 

following global proteomic analysis, the cyclin FWT was used as the baseline control relative to 

cyclin FS621G and cyclin FE624K to determine the abundance ratios of all quantifiable proteins.  

 

Across all three biological samples, a total of 4,269 proteins were identified for all four samples. 

The empty vector control sample identified 49 unique proteins (1.1%), the cyclin FWT sample 

identified 24 unique proteins (0.5%), the cyclin FS621G identified 24 unique proteins (0.5%), and 

cyclin FE624K identified 28 unique proteins (0.6%) (Figure 3-3). Although ~3% of unique 

proteins were identified between the empty vector and CCNF transgenes, this analysis revealed 

~93% of the proteome coverage was shared. Thus, demonstrating the consistency between 

identified proteins with the cells transfected with empty vector and CCNF transgenes, and 

indicates that label-free quantitative proteomics would be beneficial to determine the 

differentially expressed proteins of the remaining ~ 7% of the proteome. 
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Figure 3-3. Quantified shared and unique global proteins identified from all four 

samples. 
Venn diagram illustrating the quantified shared and unique proteins from whole cell lysates in HEK293 

cells transfected with empty vector control, cyclin FWT, cyclin FS621G, and cyclin FE624K (n= 3). Venn 

diagram generated with Venny 2.1. (73). 

 

To gain a more consistent insight into the differences between the CCNF transgenes, the 

quantified proteins of HEK293 cells transfected with the empty vector from the analysis was 

removed (Figure 3-4). Thus, comparing quantified proteins from only cells expressing CCNF 

transgenes, a total of 4,298 proteins (94.6%) were identified across all three biological samples. 

Of these 4,298 proteins, 42 proteins (1.0%) were unique to cyclin FWT, 32 proteins (0.7%) were 

unique to cyclin FS621G, and 54 proteins (1.3%) were unique to cyclin FE624K. Between each 

sample, cyclin FWT shared 28 proteins (0.7%) with cyclin FS621G, cyclin FS621G shared 48 

proteins (1.1%) with cyclin FE624K, and cyclin FE624K shared 41 proteins (1%) with cyclin FWT. 

Here, ~3% of unique proteins were quantified in cells transfected with CCNF transgenes and 

~2.5% of shared proteins between the CCNF transgenes. In total shared identifiable proteins 

covered ~94.5% of the proteome whereas ~5.5% of identified proteins were differentially 

expressed in the CCNF transgenes. 

 

http://bioinfogp.cnb.csic.es/tools/venny/
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Figure 3-4. Quantified shared and unique global proteins identified in cells expressing 

CCNF transgenes. 
Venn diagram illustrating the quantified shared and unique proteins identified in cells transfected with 

cyclin FWT, cyclin FS621G, and cyclin FE624K. For all statistical analysis, n=3.Venn diagram generated with 

PD 2.3. 

 

3.4.  Gene ontology (GO) analysis of differentially expressed proteins in CCNF 

mutants  

To determine the specific biological processes and pathways that are initiated in cells 

expressing differential proteins, GO analysis using PANTHER was employed. The PANTHER 

GO classification system clusters proteins into specific biological processes. Five different GO 

categories of biological processes and pathways were identified using data sets that consisted 

of unique and shared differentially expressed proteins from HEK293 cells expressing cyclin 

FWT, cyclin FS621G and cyclin FE624K (Figure 3-5). In the GO categories “Response to stress” 

(e.g. NYFA, ANKZF1), “Huntington’s disease” (SP1 and ACTA2), and “Ubiquitin ligase 

complex” (UBR2) displayed more abundant proteins expressed in the cyclin FE624K mutant. 

Whereas differentially expressed cyclin FWT displayed a higher abundance of proteins in the 

“Cell death” GO category (ADAM10 and ADAM9). In total nine proteins were identified in 

specific biological processes using the PANTHER GO analysis (Table 3-1). 
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Figure 3-5. Unique and shared proteins identified CCNF transgenes categorised in GO 

biological processes. 
Each biological process and pathway are categorised with a different colour. The column graphs 

measure the number of enriched differently expressed proteins identified in HEK293 cells expressing 

cyclin FWT, cyclin FS621G, and cyclin FE624K. 
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Table 3-1. Unique and shared proteins identified CCNF transgenes categorised in GO biological processes. 

 

 

 

 

 

 

UniProt ID Protein Name GO Biological Process 
Found in 

Cyclin FWT 

Found in Cyclin 

FS621G 

Found in Cyclin 

FE624K 

P23511 
NFYA - Nuclear transcription factor Y subunit 

alpha 
Response to stress No No Yes 

Q9H8Y5 
ANKZF1 - Ankyrin repeat and zinc finger domain-

containing protein 1 
Response to stress No No Yes 

O14672 
ADAM10 - Disintegrin and metalloproteinase 

domain-containing protein 10 
Cell death Yes No Yes 

Q13443 
ADAM9 - Disintegrin and metalloproteinase 

domain-containing protein 9 
Cell death Yes No No 

P07864 LDHC - L-lactate dehydrogenase C chain Oxidation-reduction process Yes No Yes 

P08047 SP1 - Transcription factor Sp1 Huntington’s disease No Yes Yes 

P62736 ACTA2 - Actin, aortic smooth muscle Huntington's disease No No Yes 

Q8IWV8 UBR2 - E3 ubiquitin-protein ligase UBR2 Ubiquitin ligase complex No No Yes 
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3.5.  Unbiased proteomics reveal differentially expressed proteins 

To gain insight into the level of up- and down-regulated proteins across the four transfected 

samples a heat map was generated with hierarchical clustering to determine comparable 

samples, using the PD 2.3. The heat map displayed down-regulated proteins (red) measured 

with a z-score range between -1.5 and 0.0 and displayed up-regulated proteins (blue) measured 

with a z-score range between 0.0 and 1.5 (Figure 3-6). This demonstrates that there were 

differences across all four transfected samples, with the two cyclin F mutants clustered together 

closely indicating their proteome similarities compared to the proteome similarities between 

empty vector and cyclin FWT. 

 

 

Figure 3-6. Heat map displaying up- and down-regulated global proteins. 
The heat map displayed down-regulated proteins (red) measured with a z-score range between -1.5 and 

0.0 and displayed up-regulated proteins (blue) measured with a z-score range between 0.0 and 1.5. 

HEK293 cells expressing empty vector (EV. Sample) and cyclin FWT (WT. Sample) clustered together, 

and cells expressing cyclin FS621G (S621G. Sample) and cyclin FE624K (E624K. Sample) clustered 

together. Heat map generated using PD 2.3. 
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In order to identify specific up- and down-regulated enriched proteins in cells expressing the 

familial cyclin FS621G and sporadic cyclin FE624K mutants, volcano plots were generated using 

the log2 ratio of every quantitated protein (Figure 3-7). The volcano plots display the 

relationship between the p-value (<0.05) and log2 abundance ratios >1-fold (actual abundance 

ratio of >2-fold) for each cyclin F mutant. The cyclin FE624K vs cyclin FWT volcano plot 

displayed a total of 254 enriched regulated proteins (Figure 3-7.A). A total of 111 up-regulated 

proteins had a log2 ratio >1-fold (actual abundance ratio of >2-fold) with a statistical 

significance of p<0.05, and a total of 143 down-regulated proteins had a log2 abundance ratio 

of < -1-fold (actual abundance ratio of <0.5-fold) with a statistical significance of p<0.05. The 

cyclin FS621G vs cyclin FWT volcano plot displayed a total of 331 enriched regulated proteins. A 

total of 105 up-regulated proteins had a log2 abundance ratio >1-fold (actual abundance ratio 

of >2-fold) with a statistical significance of p<0.05, and a total of 226 down-regulated proteins 

had a log2 abundance ratio < -1-fold (actual abundance ratio of <0.5-fold) with a statistical 

significance of p<0.05 (Figure 3-7.B). Overall, the cells expressing cyclin FS621G displayed a 

greater abundance of enriched proteins that were either up- or down- regulated compared to the 

enriched proteins in cells expressing cyclin FE624K. 
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Figure 3-7. Volcano plots of differentially expressed proteins in cells expressing Cyclin F 

mutants. 
A) The cyclin FE624K vs cyclin FWT volcano plot displayed the number of down- and up-regulated 

proteins that had a log2 abundance ratios of < -1 and > 1 respectively that were statistically significant 

(p-value <0.05). B) The cyclin FS621G vs cyclin FWT volcano plot displayed the number down- and up-

regulated proteins that had a log2 abundance ratios of < -1 and > 1 respectively that were statistically 
significant (p-value <0.05). 
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3.6. Gene ontology (GO) analysis of up-regulated protein expressed in CCNF 

mutants  

To determine whether specific biological processes are initiated in cells with up-regulated 

proteins expressed in the CCNF mutants, GO analysis using PANTHER was employed. A total 

of eight differentially expressed up-regulated proteins that were categorised into four different 

biological processes were identified amongst the up-regulated proteins identified in cyclin 

FE624K and cyclin FS621G (Figure 3-8). In the “Response to stress” GO category, the cyclin FE624K 

identified four up-regulated proteins (ANKZF1, TMX4, EPPK1, and LIMD1) whilst cyclin 

FS621G identified three proteins (IGHA1, TMX4, and EPPK1). Two up-regulated proteins each 

were identified in the “Apoptosis signalling pathway” (BAG4 and MAP4K5) and “Cell death” 

(TMX4 and BAG4) GO categories. Interestingly the cyclin FE624K identified one up-regulated 

protein (e.g. SDHD) in the “Oxidation-reduction process” whilst cyclin FS621G identified none. 

Overall, a high abundance of up-regulated proteins expressed in the cyclin FE624K mutant and 

the cyclin FS621G mutant compared to the cyclin FWT, was clustered into the “Response to 

stress”, “Apoptosis signalling pathway”, “Cell death” and “Oxidative-reduction biological 

process” GO categories. This demonstrates that cells expressing both the sporadic and familial 

mutant may be inducing various stress signalling pathways including cell death. 

 

 

Figure 3-8. GO analysis of up-regulated differentially expressed proteins from global 

proteomic analysis. 
Each biological process and pathway are categorised with a different colour. The column graphs 

measure the number of proteins identified as up-regulated in HEK293 cells expressing cyclin FS621G and 

cyclin FE624K relative to cyclin FWT.  
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 Table 3-2. GO analysis of up-regulated differentially expressed proteins from global proteomic analysis. 

UniProt ID Protein Name Gene Ontology Biological Process Found in cyclin FS621G Found in cyclin FE624K 

Q9H1E5 TMX4 -Thioredoxin-related transmembrane protein 4 
Response to stress Yes Yes 

Cell death Yes Yes 

P58107 EPPK1 - Epiplakin Response to stress Yes Yes 

Q9UGP4 LIMD1 - LIM domain-containing protein 1 Response to stress No Yes 

Q9H8Y5 
ANKZF1 - Ankyrin repeat and zinc finger domain-

containing protein 1 
Response to stress No Yes 

O95429 BAG4 - BAG family molecular chaperone regulator 4 
Cell death Yes Yes 

Apoptosis signaling pathway Yes Yes 

O14521 
SDHD - Succinate dehydrogenase [ubiquinone] cytochrome 

b small subunit, mitochondrial 
Oxidation-reduction process No Yes 

Q9Y4K4 
MAP4K5 - Mitogen-activated protein kinase kinase kinase 

kinase 5 
Apoptosis signaling pathway Yes Yes 
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3.7. Ingenuity pathway analysis (IPA) of label-free quantitative proteomics 

data 

IPA predictions and comparisons for canonical pathways and disease/function mechanisms 

were made for cells expressing the sporadic cyclin FE624K mutant compared to the familial 

cyclin FS621G mutant and cyclin FWT.  

3.7.1. Canonical pathway analysis of Cyclin FE624K proteins 

For the canonical pathways, the Fischer’s Exact test scoring method with statistical significance 

(p<0.05) was applied to predict over-represented pathways using the IPA protein database. To 

determine whether these pathways are predicted to be inhibited or activated, z-scores were 

applied. The z-score measures the match between expected relationship direction and observed 

protein expression. Z-score values above 1 predicts the pathway to be activated (orange) and a 

z-score value below -1 is predicted to be inhibited (blue). 

 

The HEK293 cells expressing cyclin FE624K predicted 20 canonical pathways being either 

activated or inhibited (Figure 3-9), whilst cells expressing cyclin FS621G predicted six canonical 

pathways being inhibited (Figure 3-10). Within these pathways, proteins that were identified in 

cells expressing the cyclin F mutants were measured based on the IPA log2 fold change. 

Proteins measured with log2 6.64-fold or -6.64-fold were identified as proteins present or not 

present, respectively, in cells expressing either cyclin F mutant relative to cyclin FWT control. 

 

The second most statistically significant canonical pathway predicted in cells expressing cyclin 

FE624K was the PTEN signalling, a pathway involved in apoptosis and cell migration (74). It 

was the only predicted active (z-score=1.633, p=4.63x10-04) pathway based on the eight 

identified proteins, where seven proteins (e.g. NFKB2, PTK2) displayed up-regulation and one 

protein (RPS6KB1) displayed down regulation (Table 3-3). The remaining 19 canonical 

pathways were predicted to be inhibited, with Rac signalling (z-score=-2.53, p=1.27x10-05) 

being the most statistically significant pathway inhibited based on the 10 proteins identified 

(Table 3-4). The down-regulated (NFKB2) and loss-of-binding proteins (PIK3C2A, PTK2, 

PIP51A) were clustered around Rac and predicted to affect actin cytoskeleton regulation and 

cell viability (Figure 3-11). In addition, the actin signalling pathway (z-score=-2.714, 

p=1.64x10-04) was also predicted to be inhibited, with 12 down-regulated proteins identified 

(Table 3-5).  
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Like the cyclin FE624K, the actin cytoskeleton signalling pathway was also predicted to be 

inhibited (z-score = -2.5, p=4.08x10-07) in cells expressing the familial cyclin FS621G mutant. 

Although similar down-regulated proteins (e.g. CYFIP1, ROCK2, VCL) were identified 

between the two cyclin F mutants, the PIP5K1A protein was up-regulated in cells expressing 

cyclin FS621G (log2 2.21-fold, p=0.0368), whereas it was not identified in cells expressing cyclin 

FE624K (log2 -6.64-fold, p=3.5x10-16). 
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Figure 3-9. Top canonical pathways identified for cells expressing Cyclin FE624K. 

Figure generated with IPA. 
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Figure 3-10. Top canonical pathways identified for cells expressing Cyclin FS621G. 

Figure generated with IPA. 
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Table 3-3. PTEN signalling proteins identified in cells expressing Cyclin FE624K. 
Up-regulated (red) and down-regulated (green) proteins based on IPA log2 fold change. Normalised to 

cyclin FWT.  
UniProt ID Protein Name Log2 Fold 

Change 

(EK/WT) 

p-value 

(EK/WT) 

P08069 IGF1R - insulin like growth factor 1 receptor -6.64 3.5x10-16 

P11717 IGF2R - insulin like growth factor 2 receptor -1.623 0.0314 

P05556-1 ITGB1 - integrin subunit beta 1 -1.65 0.00339 

Q5TCQ9-1 MAGI3 - membrane associated guanylate kinase, WW and PDZ 

domain containing 3 

-6.64 3.5 x10-16 

Q02750 MAP2K1 - mitogen-activated protein kinase kinase 1 -2.257 0.0291 

Q00653-1 NFkB2 - nuclear factor kappa B subunit 2 -2.358 0.0435 

Q05397-5 PTK2 - protein tyrosine kinase 2 -6.64 3.5 x10-16 

P23443-1 RPS6KB1 - ribosomal protein S6 kinase B1 2.279 0.00627 

 

Table 3-4. Rac signalling proteins identified in cells expressing Cyclin FE624K. 
Up-regulated (red) and down-regulated (green) proteins based on IPA log2 fold change. Normalised to 
cyclin FWT. 

UniProt ID Protein Name Log2 Fold 

Change 

(EK/WT) 

p-value 

(EK/WT) 

Q7L576-1 CYFIP1 - cytoplasmic FMR1 interacting protein 1 -1.792 8.77x10-05 

Q9Y4H2 IRS2 - insulin receptor substrate 2 -4.95 0.00128 

P05556-1 ITGB1 - integrin subunit beta 1 -1.65 0.00339 

Q02750 MAP2K1 - mitogen-activated protein kinase kinase 1 -2.257 0.0291 

Q00653-1 NFkB2- nuclear factor kappa B subunit 2 -2.358 0.0435 

P42356 PI4KA -phosphatidylinositol 4-kinase alpha -1.757 0.0213 

O00443 PIK3C2A - phosphatidylinositol-4-phosphate 3-kinase catalytic 

subunit type 2 alpha 

-6.64 3.5x10-16 

Q99755 PIP5K1A - phosphatidylinositol-4-phosphate 5-kinase type 1 alpha -6.64 3.5x10-16 

Q05397-5 PTK2 - protein tyrosine kinase 2 -6.64 3.5x10-16 

P23443-1 RPS6KB1 - ribosomal protein S6 kinase B1 2.279 0.00627 
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Figure 3-11. Rac signalling pathway 
Down-regulated and non-identified proteins (green) in cells expressing cyclin FE624K. Proteins identified in cells 

expressing cyclin FWT, cyclin FS621G, and cyclin FE624K (grey) and predicted proteins/complexes in signalling 

pathway (white). Predicted inhibition (blue) for actin cytoskeleton regulation and cell viability mechanisms. 

Pathway generated using IPA. 
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Table 3-5. Actin cytoskeleton signalling proteins identified in cells expressing Cyclin FE624K and Cyclin FS621G. 
Up-regulated (red) and down-regulated (green) proteins based on IPA log2 fold change. Normalised to cyclin FWT. 

UniProt ID Protein Name Log2 Fold 

Change 

(EK/WT) 

p-value 

(EK/WT) 

Log2 Fold 

Change 

(SG/WT) 

p-value 

(SG/WT) 

Q7L576-1 CYFIP1 - cytoplasmic FMR1 interacting protein 1 -1.792 8.77x10-05 -1.898 0.00184 

Q9Y4H2 IRS2 - insulin receptor substrate 2 -4.95 0.00128 
  

P05556-1 ITGB1 - integrin subunit beta 1 -1.65 0.00339 -1.715 0.0117 

Q02750 MAP2K1 - mitogen-activated protein kinase kinase 1 -2.257 0.0291 
  

Q7Z406-2 MYH14 - myosin heavy chain 14 -1.577 0.00752 
  

O00443 PIK3C2A - phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 alpha -6.64 3.5 -6.64 3.07 x10-16 

Q99755 PIP5K1A - phosphatidylinositol-4-phosphate 5-kinase type 1 alpha -6.64 3.5x10-16 2.21 0.0368 

O14974 PPP1R12A - protein phosphatase 1 regulatory subunit 12A -1.558 0.00361 
  

Q05397-5 PTK2 - protein tyrosine kinase 2 -6.64 3.5 x10-16 
  

O75116 ROCK2 - Rho associated coiled-coil containing protein kinase 2 -1.739 0.00611 -2.075 0.0034 

Q9Y490 TLN1 - talin 1 -1.502 0.0116 -1.901 0.00139 

P18206 VCL - vinculin -1.55 0.00608 -1.555 0.0313 

P12814-1 ACTN1 - actinin alpha 1 
  

-1.689 0.0102 

O43707 ACTN4 - actinin alpha 4 
  

-1.667 0.0122 

P25054-1 APC - Adenomatous polyposis coli protein 
  

-3.257 0.0143 

O60610-1 DIAPH1 – protein diaphanous related formin 1 
  

-2.045 0.000479 

P21333 FLNA - filamin A 
  

-1.838 0.00247 

P35580 MYH10 - myosin heavy chain 10   -1.916 0.00118 

Q7Z406-2 MYH14 - myosin heavy chain 14   -2.066 0.000455 

P35579-1 MYH9 - myosin heavy chain 9   -1.912 0.00121 

Q9Y2A7-2 NCKAP1 - NCK associated protein 1   -1.835 0.00865 

Q99570 PIK3R4 - phosphoinositide-3-kinase regulatory subunit 4   -2.037 0.0372 

O14974 PPP1R12A - protein phosphatase 1 regulatory subunit 12A   -1.689 0.0117 

 

  



 

 

46 

3.7.2. Disease/Function analysis of cells expressing Cyclin FE624K proteins 

Using IPA, comparative analysis for disease/function mechanisms were predicted with 

quantitative proteomic data from HEK293 cells expressing empty vector, cyclin FS621G, and 

cyclin FE624K, that were normalised to the cyclin FWT control. Using the z-score measurement 

(>1-fold), various disease/function mechanisms were predicted to be inhibited (blue) or 

activated (orange). Three disease/function processes were selected for this comparative 

analysis. These processes included cell viability, cell death, and apoptosis (Figure 3-12). 

Interestingly, expression of cyclin FE624K and cyclin FS621G predicted the activation of apoptosis 

(z-score=1.29, p=4.29x10-05 [E624K]; z -score=1.905, p=3.6x10-08 [S621G]) and cell death (z-

score=1.726, p=1.2x10-06 [E624K]; z-score=2.725, p=3.85x10-09 [S621G]) and predicted the 

inhibition of cell viability (z-score=-4.024, p=3.51x10-05 [E624K]; z-score=-4.414, p=3.51x10-

10). Notably, no activation or inhibition of disease/function processes were predicted when 

comparing the empty vector to cyclin FWT.  

 

To gain further insight into which differentially expressed cyclin FE624K proteins were involved 

and to determine whether these proteins were up- or down-regulated, clustered protein networks 

were generated. A total of 54 proteins contributed to the inhibition of cell viability; six proteins 

were selected and displayed in a protein network (Figure 3-13.A). Up-regulation was identified 

in BIRC2 (log2 4.852-fold, p=2.43x10-10), and KEAP1 (log2 6.64-fold, p=3.5x10-16) that act as 

activators for cell viability. Down-regulation was identified in HIP1 (log2 -2.037-fold, 

p=0.0435), HSPA6 (log2 -6.64-fold, p=3.5x10-16), NFKB2 (log2 -2.358-fol, p=0.0435), and 

USP10 (log2 -1.678-fold, p=0.00686) that act as activators for cell viability.  

 

A total of 114 proteins contributed to the activation of cell death activity, of which eight proteins 

were selected and displayed in a protein network (Figure 3-13.B). Up-regulation was identified 

in BAG4 (log2 2.37-fold, p=0.0104), BIRC2 (log2 4.852-fold, p=2.43x10-10), KEAP1 (log2 6.64-

fold, p=3.5x10-16), UACA (log2 2.005-fold, p=0.0122), and UBR2 (log2 6.64-fold, p=3. 5x10-

16) that acted as activators for cell death. Down-regulation was identified in HIP1 (log2 -2.037-

fold, p=0.0138), NFKB2 (log2 -2.358-fold, p=0.0435), and USP10 (log2-1.678-fold, p-

value=0.00686) that acted as activators for cell death.  

 

A total of 88 proteins contributed to the activation of apoptosis activity. Of the 88 proteins, five 

proteins were selected and displayed in a protein network (Figure 3-13.C). Up-regulation was 

identified in BAG4 (log2=2.371, p=0.0104), BIRC2 (log24.852-fold, p=2.43x10-10), KEAP1 

(log26.64-fold, p=3.5x10-16), and UBR2 (log26.64-fold, p=3.5x10-16) acting as activators for 
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apoptosis. Down regulation was identified in NFKB2 (log2 -2.358-fold, p=0.0435) acting as an 

activator for apoptosis.  

 

 

Figure 3-12. Disease/Function comparative analysis of cells expressing empty vector and 

Cyclin F mutants. 
Heat map generated with IPA to predict the activation inhibition of biological processes in the cellular 

lysates of cells expressing empty vector control (EV), cyclin FS621G (S621G) and cyclin FE624K (E624K), 

normalised to cyclin FWT (WT) control. Inhibition of cell viability was predicted in cyclin FS621G and 

cyclin FE624K. Activation of cell death and apoptosis was predicted in cyclin FS621G and cyclin FE624K. No 

prediction was made for empty vector control in all biological processes.  
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Figure 3-13. Cyclin FE624K differentially expressed proteins predicted in cell viability 

inhibition, cell death activation and apoptosis activation. 
The log2 fold change and p-values are listed for cells expressing the sporadic cyclin FE624K mutant and 

familial cyclin FS621G mutant for each of the corresponding disease/function mechanisms. A) Clustered 

protein network for the cyclin FE624K differentially expressed proteins identified in cell viability 

inhibition, displaying up-regulation (red) and down-regulation (green). B) Clustered protein network for 

the cyclin FE624K differentially expressed proteins identified in cell death activation, displaying up-

regulation and down-regulation. C) Clustered protein network for the cyclin FE624K differentially 

expressed proteins identified in apoptosis activation, displaying up-regulation and down-regulation. 

Figure generated with IPA.  
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3.8. Validation of Cyclin F immunoprecipitations to characterise the 

interactome 

Immunoprecipitations of cyclin F followed by MS was used to reveal whether the sporadic 

cyclin FE624K mutation promoted a gain- or loss- of interaction with its putative protein partners 

and potentially new protein interactors. Prior to MS analysis, immunoprecipitation for cyclin-

FLAG was carried out for HEK293 cells transfected with pcDNA3.1 empty vector, cyclin FWT, 

cyclin FS621G, and cyclin FE624K. Two additional negative controls were added to the 

immunoprecipitation procedure, a negative control that consisted of NP40 lysis buffer and an 

IgG negative control that consisted of all transfected samples to identify non-specific proteins. 

To validate that immunoprecipitation of cyclin F-FLAG was successful, immunoblotting and 

verifying known cyclin F protein interactors were performed.  

 

Immunoblotting for FLAG revealed overexpression of the FLAG tagged cyclin F in lanes 

corresponding to immunoprecipitant samples (IP) which consisted of the anti-FLAG antibody 

attached to cyclin F-FLAG protein and its interactors. The protein levels in the starting material 

(SM) and flow through (FT) lanes display decreased levels compared to the IP lane indicating 

a high amount of enrichment from the IP. The SM samples demonstrate that cyclin F-FLAG is 

present in original cell lysates, and the FT demonstrates that almost all cyclin F-FLAG was 

immunoprecipitated and consisted of mainly non-specific proteins. Cyclin F-FLAG proteins in 

the FT lanes is expected as the cells were transfected with overexpressed cyclin F-FLAG. 

Immunoblotting for negative control (lysis buffer) and empty vector control lanes revealed no 

expression and immunoblotting of IgG control expressed non-specific binding proteins. 

Immunoblotting for beta-tubulin was used as a loading control (Figure 3-14.A) The 

immunoprecipitation efficiency of cyclin F-FLAG in cyclin FWT (42.7-fold), cyclin FS621G 

(34.3-fold) and cyclin FE624K (32.3-fold) revealed overexpression of immunoprecipitated cyclin 

F-FLAG compared to the empty vector controls (Figure 3-14.B). For all statistical analyses, 

n=3. 

 

According to the STRING biological database, a prediction site for PPIs, there are ten known 

cyclin F protein interactors. Of the ten cyclin F protein interactors, four protein interactors 

(FBXW11, CUL1, UBE2S, and SKP1) in the HEK293 cells expressing CCNFWT using label-

free immunoprecipitation proteomic analysis were identified (Table 3-6). Proteins measured 

with 6.64-fold were identified as proteins present in cells expressing the cyclin FWT and was 

not identified in the negative control consisting of NP40 lysis buffer. Thus, the 

https://string-db.org/cgi/network.pl?taskId=pnQSlSjkxuvI&allnodes=1
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immunoprecipitation of cyclin F data is confirmed with its validated and published protein 

interactors. 

 

 

Figure 3-14. Cyclin F-FLAG expression levels present in Cyclin F immunoprecipitants. 
A) Immunoblot of cyclin F-FLAG expression levels are relatively consistent across lanes CCNF 

transgenes. In the negative control (lysis buffer) and empty vector control lane, there was no presence 

of cyclin F-FLAG. In the IgG control lane displayed expression of non-specific proteins. The beta-

tubulin loading control was used and displayed similar expression levels across all samples. B) 

Statistical analysis of the cyclin F-FLAG expression levels for all samples normalised to empty vector  

control. For all statistical analyses, n=3. 

 

Table 3-6. Published Cyclin F protein interactors. 
Cyclin F protein interactors that were present in label-free proteomic analysis of immunoprecipitated 

protein lysates. The fold change of cyclin FWT normalised to negative control (lysis buffer). 

UniProt ID Protein Name 
Log2 Fold Change 

(WT/Neg. Ctrl) 

Q9UKB1-1 FBXW11 - F-box/WD repeat-containing protein 11 6.64 

Q13616 CUL1 - Cullin-1 6.64 

Q16763 UBE2S - Ubiquitin-conjugating enzyme E2 S 6.64 

P63208 SKP1 - S-phase kinase-associated protein 1 6.64 
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3.9.  Characterisation of enriched Cyclin F protein interactors from 

immunoprecipitated samples 

Unbiased label-free proteomic analysis was performed on immunoprecipitated cyclin F from 

the HEK293 cells expressing pcDNA3.1 empty vector, cyclin FWT, cyclin FS621G, and cyclin 

FE624K to characterise cyclin F protein interactors. Using this data, predictions and comparisons 

can be made between the differentially expressed cyclin F protein interactors that may be 

altering cyclin F’s interactome. Thus, ultimately affecting various signalling pathways and 

disrupting the proteostasis of cells. For the following immunoprecipitation proteomic analysis, 

the cyclin FWT was used as the baseline for comparisons to cyclin FS621G and cyclin FE624K to 

determine the abundance ratios of all quantifiable proteins that are indicative of enhanced 

(actual abundance > 2-fold) or reduced (actual abundance < 0.5-fold) protein-protein 

interactions. For proteomic analysis of the three biological immunoprecipitated replicates from 

three transfection replicates, equivalent default quantitation settings using the PD 2.3 were 

applied, as described in section 2.15. 

 

Across all three biological samples, a total of 2,317 proteins were identified in IPs from cells 

expressing empty vector, cyclin FWT, cyclin FS621G, and cyclin FE624K. Between all four samples, 

the empty vector sample identified 116 unique proteins (5%), the cyclin FWT sample identified 

49 unique proteins (2.1%), the cyclin FS621G identified 83 unique proteins (3.6%), and cyclin 

FE624K identified 26 unique proteins (1.1%) (Figure 3-15). 
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Figure 3-15. Quantified shared and unique Cyclin F immunoprecipitant proteins 

identified in all four samples. 
Venn diagram illustrating the quantified shared and unique proteins identified in cyclin F 

immunoprecipitants from the HEK293 cells transfected with empty vector control, cyclin FWT, cyclin 

FS621G, and cyclin FE624K. For all statistical analyses, n=3. Venn diagram generated with Venny 2.1 (73) 

 

 

To gain a more consistent insight into the differences in IPs between the CCNF transgenes and 

to compare the mutants to a single control, cyclin FWT, the protein identifications from 

transfected with the empty vector was removed (Figure 3-16). Comparing protein 

identifications of the IPs from only cells expressing CCNF transgenes, a total of 2,367 proteins 

were identified across all three biological samples. Of these 2,367 proteins, 77 were unique 

cyclin FWT proteins (3.3%), 122 were unique cyclin FS621G proteins (5.2%), and 53 were unique 

cyclin FE624K proteins (2.2%). Between each sample, the cyclin FWT shared 104 proteins with 

cyclin FS621G (4.4%), the cyclin FS621G shared 54 proteins with cyclin FE624K (2.3%), and the 

cyclin FE624K shared 50 proteins with the cyclin FWT (2.1%). 

 

 

http://bioinfogp.cnb.csic.es/tools/venny/
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Figure 3-16. Quantified shared and unique proteins identified in Cyclin F 

immunoprecipitants in cells expressing CCNF transgenes. 
Venn diagram illustrating the number of shared and unique proteins identified from cyclin F 

immunoprecipitants of cells expressing cyclin FWT, cyclin FS621G, and cyclin FE624K. For all statistical 

analysis, n=3. Venn diagram generated using PD 2.3.  

 

3.10. Unbiased immunoprecipitation of Cyclin F proteomics reveal 

differential binding activity between CCNF mutants 

In order to identify specific enhanced-binding and reduced-binding cyclin F protein interactors 

enriched in HEK293 cells expressing the familial cyclin FS621G mutant and the sporadic cyclin 

FE624K mutant, volcano plots were generated using a log2 ratio of every quantitated IP protein 

(Figure 3-17). The volcano plots display the relationship between the p-value (<0.05) and log2 

abundance ratios >1-fold (actual abundance ratio of >2-fold) for each cyclin F mutant. The 

cyclin FE624K vs cyclin FWT volcano plot displayed a total of 322 enriched proteins. A total of 

155 proteins displayed enhanced binding activity between cyclin F and its interactors with log2 

ratio >1-fold (actual abundance ratio of >2-fold) with a statistical significance of p<0.05, and a 

total of 167 proteins displayed reduced binding activity between cyclin F and its interactors 

with a log2 abundance ratio of < -1-fold (actual abundance ratio of <0.5-fold) with a statistical 

significance of p<0.05. (Figure 3-17.A). The cyclin FS621G vs cyclin FWT volcano plot displayed 

a total of 313 enriched proteins. A total of 190 proteins displayed enhanced binding activity 

between cyclin F and its interactors with a log2 abundance ratio >1-fold (actual abundance ratio 

of >2-fold) with a statistical significance of p<0.05, and a total of 123 proteins displayed 
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reduced binding activity between cyclin F and its interactors with a log2 abundance ratio >1-

fold (actual abundance ratio of >2-fold) with a statistical significance of p<0.05 (Figure 3-17.B 

Overall the sporadic cyclin FE624K mutant displayed differences in the cyclin F interactome 

compared with the familial cyclin FS621G and cyclin FWT IPs. This suggests that different 

pathways may be initiated or altered with the expression of the sporadic cyclin FE624K mutant. 

 

 

Figure 3-17. Volcano plots displaying enhanced-binding and reduced-binding Cyclin F 

protein interactors. 
A) The cyclin FE624K vs cyclin FWT volcano plot displayed the number enhanced-binding and reduced-
binding proteins that had a log2 abundance ratios of < -1 and > 1 respectively that were statistically 

significant (p-value <0.05). B) The cyclin FS621G vs cyclin FWT volcano plot displayed number enhanced-

binding and reduced-binding proteins that had a log2 abundance ratios of < -1 and > 1 respectively that 

were statistically significant (p-value <0.05). 
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3.11. Gene ontology (GO) analysis of Cyclin F protein interactors  

To determine the specific biological processes and pathways that are initiated with the 

immunoprecipitated cyclin F protein interactors in cells expressing cyclin FWT, cyclin FS621G 

and cyclin FE624K, GO analysis using PANTHER was employed on two differentially expressed 

data sets. The first GO analysis was made with the unique and shared proteins between CCNF 

transgenes. The second GO analysis was on the enhanced-binding cyclin F protein interactors 

between cyclin FS621G and cyclin FE624K mutants.  

 

Seven different biological processes and pathways were identified for the enriched unique and 

shared cyclin F protein interactors, based on protein abundance in each category (Figure 3-18). 

Across the different biological processes and pathways, one or more unique and/or shared 

proteins were identified in each category for the cyclin FE624K mutant. For cells expressing the 

cyclin FE624K mutant, the most abundant cyclin F protein interactors were clustered to the 

“Parkinson’s disease” GO category. This included four proteins (HSPA14, PSMB3, STX12, 

and MAPK1) suggesting that it contributes to the interactome of this neurodegenerative disease. 

Whereas, the cyclin FE624K mutant displayed a low abundance of one cyclin F protein interactor 

(HSPA14) in “Protein folding”, one cyclin F protein interactor (VAT1) in “Huntington’s 

disease”, and one cyclin F protein interactor (PSMD7) in the “Ubiquitin proteasome pathway”. 

 

The GO categories of interest included “Response to stress”, “Cell death”, “Apoptosis 

signalling” and “Parkinson’s disease”. Depending on which GO category, cells expressing the 

cyclin FE624K mutant shared an equal abundance of cyclin F protein interactors with cyclin FWT 

or the familial cyclin FS621G mutant. In the GO category “Response to stress”, three different 

cyclin F protein interactors (SOD1, HMGB1, and HSPA14) were identified in the cyclin FE624K 

mutant and the cyclin FWT (HSPA6, PRDX4, and PIK3CB). In the “Cell death” GO category, 

two cyclin F protein interactors were identified in the cyclin FE624K mutant (STAT3, and 

ADAM9), the cyclin FS621G mutant (STAT3, and ADAM9), and the cyclin FWT (FIS1, and 

TXNDC12). In the GO category “Apoptosis signalling pathway”, two cyclin F protein 

interactors were identified in the cyclin FE624K mutant (MAPK1, and HSPA14) and the cyclin 

FWT (HSPA6, and HSPA14). In total 23 cyclin F protein interactors of the CCNF transgenes 

were identified in specific biological processes using PANTHER GO (Table 3-7).  
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Figure 3-18. GO analysis of enriched unique and shared Cyclin F interactors. 
The unique and shared quantified cyclin F interactors identified in the CCNF transgenes are categorised 

into biological processes and/or pathways. Biological processes and pathways of interest boxed in red.  
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Table 3-7. Enriched unique and shared Cyclin F protein interactors in CCNF transgenes. 

UniProt ID Protein Name 
Gene Ontology Biological 

Process 

Found in Cyclin 

FWT 

Found in Cyclin 

FS621G 

Found in Cyclin 

FE624K 

P17066 
HSPA6 - Heat shock 70 kDa protein 

6 

Response to stress Yes Yes No 

Protein folding Yes Yes No 

Apoptosis signalling Yes Yes No 

Parkinson’s disease Yes Yes No 

Q13162 PRDX4 - Peroxiredoxin-4 Response to stress Yes Yes No 

P42338 

PIK3CB - Phosphatidylinositol 4,5-

bisphosphate 3-kinase catalytic 

subunit beta isoform 

 

Response to stress Yes No No 

Apoptosis signalling Yes No No 

P00441 
SOD1 - Superoxide dismutase [Cu-

Zn] 
Response to stress No Yes Yes 

Q0VDF9 

 

HSPA14 - Heat shock 70 kDa protein 

14 

 

Response to stress No Yes Yes 

Parkinson's disease 

 
No Yes Yes 

P09429 

 

HMGB1 - High mobility group 

protein B1 

 

Response to stress No No Yes 

Q9Y3D6 

 

FIS1 - Mitochondrial fission 1 protein 

 

Cell Death 

 
Yes No No 

O95881 

 

TXNDC12 - Thioredoxin domain-

containing protein 12 

 

    Cell Death 

 
Yes No No 

P40763 

 

STAT3 - Signal transducer and 

activator of transcription 3 

                        Cell Death 

 
        No          Yes Yes 
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Q13443 

 

ADAM9 - Disintegrin and 

metalloproteinase domain-containing 

protein 9 

 

Cell Death 

 
No Yes Yes 

P62942 

 

FKBP1A - Peptidyl-prolyl cis-trans 

isomerase FKBP1A 

Protein Folding 

 
Yes Yes No 

P28482 

 

MAPK1 - Mitogen-activated protein 

kinase 1 

 

Apoptosis Signalling 

 
Yes No Yes 

Parkinson’s disease Yes No Yes 

P84095 

 

RHOG - Rho-related GTP-binding 

protein RhoG 

 

Huntington's Disease 

 
Yes Yes No 

P62330 

 

ARF6 - ADP-ribosylation factor 6 

 

Huntington's Disease 

 
Yes Yes No 

Q99536 

 

VAT1 - Synaptic vesicle membrane 

protein VAT-1 homolog 

 

Huntington's Disease 

 
No Yes Yes 

Parkinson’s disease No Yes Yes 

P61006 

 
RAB8A - Ras-related protein Rab-8A 

Huntington's Disease 

 
No Yes No 

O15143 

 

ARPC1B - Actin-related protein 2/3 

complex subunit 1B 

Huntington's Disease 

 
No Yes No 

Q9NPD8 

 

UBE2T - Ubiquitin-conjugating 

enzyme E2 T 

 

Ubiquitin Proteasome Pathway 

 
Yes No No 

P61086 

 

UBE2K - Ubiquitin-conjugating 

enzyme E2 K 

Ubiquitin Proteasome Pathway 

 
Yes Yes No 

P51665 

 

PSMD7 - 26S proteasome non-

ATPase regulatory subunit 7 

Ubiquitin Proteasome Pathway 

 
No Yes Yes 

P60900 

 

PSMA6 - Proteasome subunit alpha 

type-6 

Parkinson’s Disease 

 
Yes Yes No 



 

 

59 

P49720 

 

PSMB3 - Proteasome subunit beta 

type-3 

Parkinson’s Disease 

 
Yes No Yes 

Q86Y82 

 

STX12 - Syntaxin-12 

 

Parkinson’s Disease 

 
No No Yes 
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3.12. Enhanced Cyclin F mutant protein interactors cluster in 

neurodegenerative diseases 

To determine whether enhanced cyclin F protein interactors are involved in neurodegenerative 

disease, a comparative analysis was generated using PANTHER GO (Figure 3-19). The 

comparative analysis measured the abundance of enhanced cyclin F protein interactors between 

the familial cyclin FS621G mutant and the sporadic cyclin FE624K mutant normalised to the cyclin 

FWT control. Proteins measured with a log2 6.64-fold were identified as proteins co-

immunoprecipitated with cyclin F in cells expressing the transgene mutant but not bound to 

cyclin F in cells expressing the cyclin FWT control. A high abundance of enhanced cyclin F 

protein interactors in the cyclin FE624K mutant were identified in “Parkinson’s disease” (STX12, 

HSPA14, and PSMA2) and “Alzheimer’s disease” (MAPK1 and KLC2). Whereas, a high 

abundance of enhanced cyclin F protein interactors in the cyclin FS621G mutant were identified 

in the “Huntington’s disease” GO category (ARL1 and CAPNS1). In total 9 enhanced cyclin F 

protein interactors of the sporadic cyclin FE624K mutant were identified in neurodegenerative 

diseases category using PANTHER GO (Table 3-8). 

 

 

Figure 3-19. Comparative analysis of enhanced Cyclin F interactors associated with 

neurodegenerative diseases in Cyclin F mutants. 
The cyclin F mutants are normalised to cyclin F WT and proteins expressed in sporadic cyclin FE624K are 

compared to proteins expressed in familial cyclin FS621G for each GO category.  
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Table 3-8. Enhanced Cyclin F protein interactors associated with neurodegenerative 

diseases in sporadic Cyclin FE624K mutant. 

UniProt 

ID 
Protein Name 

Log2 Fold 

Change 

(EK/WT) 

Log2 Fold 

Change 

(SG/WT) 

Neurodegenerative 

Disease 
Reference 

P40616 
ARL1 - ADP-ribosylation 

factor-like protein 1 
1.22 1.56 Huntington’s disease (75) 

Q86Y82 STX12 - Syntaxin-12 6.64  Parkinson’s disease (76) 

P28482 
MAPK1 - Mitogen-

activated protein kinase 1 

  Parkinson’s disease (77) 

6.64  Alzheimer’s disease (78) 

Q0VDF9 
HSPA14 - Heat shock 70 

kDa protein 14 
6.64 6.64 Parkinson’s disease (79) 

P25787 
PSMA2 - Proteasome 

subunit alpha type-2 
1.134 0.415 Parkinson’s disease (80) 

Q9H0B6 

 

KLC2 - Kinesin light 

chain 2 
6.64 6.64 Alzheimer’s disease (81) 
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3.13. Ingenuity pathway analysis (IPA) of label-free quantitative 

immunoprecipitated proteomics data 

IPA software was used to predict the disease/function mechanisms that were either inhibited or 

activated and what protein networks were identified in the sporadic cyclin FE624K mutant. This 

provides insight into what signalling pathways the cyclin F protein interactors may be altering 

in response to cells expressing the cyclin FE624K mutant in comparison to cells expressing cyclin 

FS621G mutant. The relative abundance ratios (fold-change) for both cyclin FS621G and cyclin 

FE624K mutants were compared to the cyclin FWT control. 

3.13.1. Cyclin F interactors activate motor dysfunction in cells 

expressing Cyclin FE624K 

Using IPA, a disease/function comparative analysis was made with the quantitative data 

obtained from label-free proteomics of HEK293 cells expressing empty vector, cyclin FS621G, 

and cyclin FE624K, that were normalised to the cyclin FWT control. The same parameters were 

used as in section 3.7.2. The expression of cyclin FE624K predicted the activation of motor 

dysfunction (z-score=2.387, p=4.1x1003) (Figure 3-20). Notably, no activation or inhibition of 

motor dysfunction pathways were predicted for cyclin F protein interactors identified from 

empty vector control and cyclin FS621G samples (Figure 3-20.A). A total of 33 cyclin F protein 

interactors were identified, in which IPA has predicted the activation of motor dysfunction 

(Table 3-9). Of these 33 proteins, six were selected based on the literature that reveals their 

association with neurodegenerative diseases. This was displayed in Figure 3-20.B. Proteins 

with reduced-binding in regulating motor function were identified with BAX (log2 -6.64-fold, 

p=1.04x10-16), UQCRB (log2 -6.64-fold, p=1.04x10-16) and CTSD (log2-6.64-fold, p=1.04x10-

16) that act as inhibitors for motor dysfunction. Enhanced-binding protein interactors that  

regulate motor function were identified: SOD1 (log2 6.64-fold, p=1.04x10-16), SGTA (log2 1.68-

fold, p=2.58x10-02) and HSPB1 (log2 1.75-fold, p=0.025).  
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Figure 3-20. Disease/function analysis of Cyclin F protein interactors expressed in 

Cyclin FE624K mutant. 
A) Heat map displays activation and inhibition of motor dysfunction. Activation is identified in HEK293 

cells expressing cyclin FE624K (E624K) and no activity determined for empty vector control (EV) and 

cyclin FS621G (S621G). All samples are normalised to cyclin FWT control (WT). B) Motor dysfunction 

disease protein network that displays cyclin F protein interactors, reduced-binding (green) and 

enhanced-reduced-binding (red). Figures generated using IPA. 

 

Table 3-9.Cyclin F protein interactors activating motor dysfunction expressed in the 

Cyclin FE624K mutant. 
The log2 fold change and p-value determined for cells expressing cyclin FE624K (EK). Reduced-binding 

cyclin F protein interactors highlighted in green and enhanced-binding highlighted in red. Normalised 

to cyclin FWT control (WT). 

UniProt ID Protein Name 
Log2 Fold Change 

(EK/WT) 
p-value 

(EK/WT) 
Q07812 BAX - BCL2 associated X, apoptosis regulator -6.64 1.04x10

-16
 

P07339 CTSD - Cathepsin D -6.64 1.04x10
-16

 

P14927 UQCRB -Cytochrome b-c1 complex subunit 7 -6.64 1.04x10
-16

 

P04792 
HSPB1 - Heat shock protein family B (small) member 

1 
1.75 0.025 

O43765 
SGTA - Small glutamine rich tetratricopeptide repeat 

containing alpha 
1.68 0.026 

P00441 SOD1 - Superoxide dismutase 1 6.64 1.04x10
-16

 

 

3.13.2. Protein networks detected in cells expressing Cyclin FE624K 

Further analysis was made using IPA to determine whether any of the cyclin F protein 

interactors involved in the activation of motor dysfunction were predicted to cluster into 

specific protein networks. Protein networks were predicted based on the enhanced- (red) or 

reduced-binding (green) with the sporadic cyclin FE624K mutant and were normalised to the 

cyclin FWT control.  
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Interestingly, one protein network identified four cyclin F protein interactors (BAX, CTSD, 

HSB1, and UQCRB) that were also identified in motor dysfunction activation (Figure 3-21).  

Within this protein network, various cytochrome b-c1 and cytochrome-c oxidase complexes 

were identified that made direct (solid line) and indirect (dashed line) interactions with other 

complexes and cyclin F protein interactors. The BAX, CTSD, CYCS, and UQCRB displayed 

reduced-binding (green), whereas the HSPB1 cyclin F protein interactor displayed enhanced-

binding (red) within the clustered protein network. The PDCD6, PARP and COX6B1 protein 

interactors were identified in cells expressing cyclin F mutants and the empty vector control, 

with no differential binding activity between them. Overall, this protein network identified in 

the sporadic cyclin FE624K mutant show that various cyclin F protein interactors, including the 

three protein interactors (BAX, CTSD, and HSB1) involved in activating motor dysfunction, 

have both direct and indirect interactions with the Akt signalling pathway and the family of 

NFkB proteins.  
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Figure 3-21. Immunoprecipitated Cyclin FE624K protein interactors clustering in a 

cytochrome c oxidase protein network. 
Immunoprecipitated cyclin F protein interactor displaying reduced-binding (green) and enhanced-

binding (red) in HEK293 cells expressing the sporadic cyclin FE624K mutant. Immunoprecipitated cyclin 

F protein interactors were identified in cells expressing empty vector, cyclin FS621G mutant, and cyclin 

FE624K mutant (grey), and protein/complexes were predicted by IPA (white). Direct (solid) and indirect 

(dashed) interactions were also predicted. Figure generated using IPA.  

 

In another protein network, the SGTA cyclin FE624K protein interactor that was identified in 

activating motor dysfunction, was clustered within a protein network that consisted of 

ubiquitin- and proteasome-associated proteins (Figure 3-22). Within the ubiquitin-associated 

protein network, the Ubiquitin molecule and UBE2 groups were identified and created both 

direct and indirect interactions between various cyclin FE624K protein interactors. The FAF1, 

PJA2, UBE2K and UBE2T are the ubiquitin-associated proteins that displayed reduced 

binding, whereas, the EI24 and UBE2D1 displayed enhanced-binding with the cyclin FE624K 

mutant. Within the proteasome-associated protein network, the 26S Proteasome complex was 

identified and created direct interactions between various cyclin FE624K protein interactors. The 
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PSMA6, PSMB7, PSME2, and PSMA are proteasome subunits that were identified with 

reduced-binding. The SGTA was the only cyclin F protein interactor that displayed high 

binding activity with direct interaction to the 26S proteasome. Overall, sporadic cyclin FE624K 

protein interactors were identified in a ubiquitin and proteasome protein network that displayed 

mainly reduced-binding and clustered around the NFkB complex.  

 

 

 

Figure 3-22. Immunoprecipitated Cyclin FE624K protein interactors clustering in 

proteasome and ubiquitin protein network. 
Immunoprecipitated cyclin F protein interactor displaying reduced-binding (green) and enhanced-

binding (red) in HEK293 cells expressing the sporadic cyclin FE624K mutant. Immunoprecipitated cyclin 

F protein interactors were identified in cells expressing empty vector, cyclin FS621G mutant, and cyclin 

FE624K mutant (grey), and protein/complexes were predicted by IPA (white). Direct (solid) and indirect 

(dashed) interactions were also predicted. Figure generated using IPA. 
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3.14. Decreased protein fold stability for sporadic Cyclin FE624K mutant 

To determine whether cyclin F protein fold stability is affected by the sporadic missense 

mutation, the STRUM protein fold stability online predictor tool was used (82). Predictions 

were measured using free energy differences (ΔΔG). The cyclin FE624K mutation revealed a -

0.7 ΔΔG for the missense mutation that changed the wild-type glutamic acid (E) amino acid 

residue to the mutant lysine (K) amino acid residue. The cyclin FS621G mutation revealed a -

0.57 ΔΔG for the point mutation that changed the wild-type serine (S) amino acid residue to 

the mutant glycine (G) amino acid residue.  

3.15. Decreased phosphorylation at Serine 621 predicted in cells 

expressing Cyclin FE624K 

To determine whether phosphorylation of cyclin F at Serine 621 is affected by the sporadic 

cyclin FE624K mutation (and potentially subsequent E3 ubiquitin ligase activity), predictions 

were made using the phosphorylation predictor site NetPhospho 3.1 (83) (Figure 3-23). Based 

on protein phosphorylation prediction algorithm, significant phosphorylation sites were 

determined with a prediction score of >0.5 (threshold). The scores revealed that predicted 

phosphorylation occupancy decreased with the presence of the cyclin FE624K mutant (0.619) 

compared to the cyclin FWT (0.983) at the serine 621 site (S621) with unspecified kinase 

phosphorylating this site. Based on casein kinase 2 (CKII) phosphorylation at the S621 site, 

phosphorylation decreased in cells expressing cyclin FE624K (0.695) compared to cells 

expressing cyclin FWT (0.532) (Table 3-10).  

  

https://zhanglab.ccmb.med.umich.edu/STRUM/
http://www.cbs.dtu.dk/services/NetPhos/
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Figure 3-23. Predicted phosphorylation sites for Cyclin F. 

Potential phosphorylation sites are predicted above the threshold (pink line) with unspecified 

kinases. Decrease phosphorylation is predicted in cells expressing cyclin FE624K (0.619) 

compared to cyclin FWT (0.983). Figures generated using NetPhospho3.1.  

 

Table 3-10. Phosphorylation predictions scores for phosphorylation site S621 in Cyclin 

FE624K and Cyclin FWT based on CKII binding. 

Sequence Kinase Prediction score 

Cyclin FWT CKII 0.695 

Cyclin FE624K CKII 0.532 
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3.16. Validating decreased phosphorylation in the sporadic Cyclin FE624K 

mutant 

To validate whether phosphorylation at S621 had decreased in the cyclin FE624K mutant 

compared to the cyclin FWT, immunoblotting and statistical analysis was performed using anti-

FLAG, anti-phosphorylation S621 (custom rabbit antibody raised against 

618DQES(PO4)EGEKEG627), and anti-non-phosphorylation S621 antibodies (custom rabbit 

antibody raised against 618DQESEGEKEG627) (Table 2-2). Immunoblotting for FLAG revealed 

expression of FLAG tagged cyclin F proteins in the cyclin FWT, cyclin FS621G and cyclin FE624K 

lanes (Figure 3-24.A). For cyclin FE624K, immunoblotting of the phosphorylated S621 revealed 

a 0.096-fold (p<0.0001) decrease compared to the cyclin FWT (Figure 3-24.B), and non-

phosphorylated S621 revealed a 0.025-fold (p<0.0001) decrease compared to the cyclin FWT 

(Figure 3-24.C). For cyclin FS621G, immunoblots of phosphorylated S621 revealed a 0.740-fold 

(p=0.0117) decrease compared to the cyclin FWT, and non-phosphorylation at the S621 site 

revealed a 0.621-fold (p=0.0006) decrease compared to the cyclin FWT. 
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Figure 3-24. Cyclin FE624K affects the phosphorylation of S621. 
A) Immunoblots of cyclin F-FLAG expression in CCNF transgenes reveals phosphorylated cyclin F 

S621 expression in cyclin FWT, decreased expression in cyclin FS621G and no expression in cyclin FE624K. 

Non-phosphorylated cyclin F S621 expression decreased in cyclin FWT and cyclin FS621G and no 

observable detection was apparent cells transfected with cyclin FE624K. The beta-tubulin loading control 

was used and displayed similar expression levels across all samples. B) Relative fold change of 

phosphorylated-cyclin F S621 to cyclin F-FLAG for cyclin FE624K decreased to 0.096-fold (p<0.0001) 

and cyclin FS621G decreased to 0.74-fold (p<0.0117). C) Relative fold change of non-phosphorylated-

cyclin F S621 to cyclin F-FLAG for cyclin FE624K decreased to 0.025-fold (p<0.0001) and cyclin FS621G 

decreased to 0.621-fold (p<0.0006). For all statistical analysis, n=3. 
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3.17. Ubiquitylation specificity in cells expressing Cyclin FE624K 

To determine the differential ubiquitylation levels in the HEK293 cells expressing empty vector 

control, cyclin FWT, cyclin FS621G, and cyclin FE624K, immunoblotting for whole cell lysates was 

used to determine differences in specific ubiquitin linkages in K48 and K63 ubiquitylation. 

Immunoblotting for global K63-specific ubiquitin revealed decreased ubiquitylation for cyclin 

FE624K (0.65-fold; p=0.0003) and cyclin FS621G (0.809-fold; p=0.0083) compared to cyclin FWT 

(1-fold) (Figure 3-25). Immunoblotting for global K48-specific ubiquitin revealed increased 

ubiquitylation for cyclin FE624K (1.297-fold; p=0.0003) and cyclin FS621G (1.211-fold; p=0.0135) 

compared to cyclin FWT (1-fold) (Figure 3-26).  

 

 

 
Figure 3-25. Decreased global K63 ubiquitylation in cells expressing Cyclin FE624K and 

Cyclin FS621G. 
A) Immunoblots for global K63 ubiquitylation revealed relatively low expression in HEK293 cells 

expressing CCNF transgenes. The beta-tubulin loading control was used and displayed similar 

expression levels across all samples. B) Relative fold change of K63 ubiquitin normalised to beta-
tubulin revealed decreased ubiquitylation by 0.65-fold for cyclin FE624K compared to cyclin FWT, and 

decreased ubiquitylation by 0.809-fold for cyclin FS621G compared to cyclin FWT. For all statistical 

analysis, n=3.  
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Figure 3-26. Increased global K48 ubiquitylation in cells expressing Cyclin FE624K and 

Cyclin FS621G. 
A) Immunoblots for global K48 ubiquitylation revealed relatively high expression in HEK293 cells 

expressing CCNF transgenes. The beta-tubulin loading control was used and displayed similar 

expression levels across all samples. B) Relative fold change of K48 ubiquitin normalised to beta-

tubulin revealed increased ubiquitylation by 1.297-fold for cyclin FE624K compared to cyclin FWT, and 

increased ubiquitylation by 1.211-fold for cyclin FS621G compared to cyclin FWT. For all statistical 

analysis, n=3.  

 

3.18. No significant change in K48 ubiquitylation in the Cyclin FE624K 

mutant using E3 ubiquitin ligase assay 

To determine whether the E3 ubiquitin ligase activity in the HEK293 cells expressing the cyclin 

FE624K protein interactors increases or decreases K48-specific ubiquitylation, the ELISA-based 

ubiquitylation activity assay was used. The ubiquitylation levels were measured based on 

luminescence expression (A.U) and the cyclin F mutants were normalised to cyclin FWT to 

determine the relative fold change (Figure 3-27).  K48 ubiquitylation decreased (0.98-fold; 

591,026 A.U) with no significant difference for cells expressing cyclin FE624K compared to 

cyclin FWT (1-fold; 608,458 A.U) was observed. K48 ubiquitylation increased (1.119-fold; 

678,012 A.U) with no significant difference for cells expressing cyclin FS621G compared to 

cyclin FWT (1-fold; 608,458 A.U) was observed. The empty vector control (0.183-fold; 111,459 

A.U), and negative control containing E3 ligase buffer (0.193-fold; 116,023 A.U) displayed 

relatively low expression of K48 ubiquitylation compared to cyclin FWT (1-fold; 608,458 A.U). 
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The positive control containing E1-E2-E3 displayed a relatively low expression (0.682-fold; 

410,140 A.U.) of K48 ubiquitylation compared to cyclin FWT (1-fold; 608,458 A.U). 

 

 

Figure 3-27. E3 ubiquitin ligase activity of K48 ubiquitylation of immunoprecipitant 

Cyclin F protein interactors in cells expressing empty vector and CCNF transgenes. 

Decreased ubiquitylation (0.98-fold; 59,1026 A.U) is determined for cyclin FE624K compared 

cyclin FWT (1-fold; 60,8458 A.U). Increased ubiquitylation of (1.119-fold; 67,8012 A.U) is 

determined for cyclin FS621G compared to cyclin FWT (1-fold; 60,8458 A.U). For statistical 

analysis, n=3.
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4. Discussion 

The objective of this study was to investigate functional perturbations of the cellular pathways 

and protein networks caused by the sporadic cyclin FE624K mutant, a causative missense 

mutation of ALS/FTD (14). The data obtained from this thesis provided the first 

characterisation and comparative analysis between the novel sporadic cyclin FE624K mutant and 

the previously well-characterised familial cyclin FS621G mutant, as well as the cyclin FWT. 

Together with MS and biochemical analysis, the data generated determined different and 

similarly affected pathways, demonstrated a significant decrease in phosphorylation at the S621 

phosphorylation site, assessed ubiquitylation activity, and identified both putative and novel 

PPIs. These findings demonstrate that proteostasis dysfunction arises in cells expressing 

sporadic cyclin FE624K mutant, however revealed differences in perturbed mechanisms that 

ultimately contribute to ALS/FTD neurodegeneration. 

 

In ALS/FTD research, familial mutations have been mainly focused on to generate and employ 

in vitro and in vivo models to expose novel pathogenic cellular mechanisms that allow the rapid 

progression of the highly fatal disease (84-86). The use of familial mutations to generate 

ALS/FTD models are based on the premise that familial mutations recapitulate clinical features 

that are representative of symptoms displayed in both familial and sporadic patients, as the 

clinical features of familial and sporadic ALS and/or FTD are indistinguishable (87). However, 

the study described in this thesis, which compares a familial cyclin FS621G to a sporadic cyclin 

FE624K in HEK293 cells demonstrates that whilst these mutations both cause ALS and/or FTD, 

the cellular pathways and protein interactions differ and potentially trigger different biological 

processes. For example, this is demonstrated where the PTEN signalling pathway was predicted 

to be activated in cyclin FE624K compared to cyclin FS621G, and the cyclin FE624K protein 

interactome displayed a reduced-binding with oxidation-phosphorylation processes. 

4.1.  Site-directed mutagenesis of the CCNFE624K provides the experimental 

foundation for this study  

The first aim was to generate the sporadic CCNFE624K mutant with the FLAG epitope tag 

attached to the C-terminus using the Q5 site-directed mutagenesis (New England BioLabs). For 

this study, site-directed mutagenesis involved the substitution of a single nucleotide (A1882G) 

within the CCNFWT -FLAG DNA sequence for the generation of the sporadic CCNFE624K 

mutant. Using this methodology, the highly evolutionary conserved target site in the cyclin F 
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PEST region was altered to generate the sporadic cyclin FE624K mutation (14). Therefore, the 

site-directed mutagenesis experiment provided the basis for experimental study in replicating 

and investigating the altered cellular mechanisms of the sporadic ALS/FTD causative cyclin 

FE624K mutant. 

4.2.  Global proteomics  

For a general overview on whether cellular pathways were affected with the expression of 

cyclin FE624K in whole cell lysates, unbiased label-free global proteomic analysis was 

performed. Based on this data, IPA predictions and comparisons were made between different 

canonical pathways that were affected in cells expressing the sporadic cyclin FE624K mutant 

compared to the familial cyclin FS621G mutant, that were normalised to the cyclin FWT. The 

following global proteomic analysis revealed that the majority of significant canonical 

pathways were inhibited and disease/function predictions for apoptosis and cell death were 

activated whilst cell viability was inhibited in cells expressing cyclin FE624K and cyclin FS621G.  

4.2.1. Activation of PTEN signalling in cells expressing Cyclin FE624K  

IPA revealed that most canonical pathways are inhibited, however the phosphate tensin 

homolog (PTEN) signalling was the only activated and second most statistically significant 

canonical pathway in cells expressing the sporadic cyclin FE624K mutant (Figure 3-9). PTEN is 

a tumour repressor that interacts with various signalling pathways that regulates cellular 

development, apoptosis and cell migration (74). PTEN is mainly known for down-regulating 

PI3K/Akt phosphorylation activity, specifically on the phosphatidylinositol 3,4,5-

trisphosphate (PIP3) (88, 89). Some studies have demonstrated neuroprotective roles in 

PTEN inhibition and regulation of PI3K/Akt pathways. In an Alzheimer’s disease cell 

culture model, PTEN inhibitors were shown to reduce the tau hyperphosphorylation, an 

underlying mechanism for tauopathy-related neurodegenerative disorders (90). Furthermore, 

in a spinal muscular atrophy mouse model, the loss of PTEN function was shown to rescue 

the survival rates of mice with this neurodegenerative disorder via PI3K/Akt signalling (91). 

Therefore, the activation of the PTEN signalling pathway suggests attenuation of 

neuroprotective roles associated with the PI3K/Akt signalling. Notably the NFkB2 protein 

was also identified in this canonical pathway, providing rationale that apoptosis is potentially 

induced as a result of this activation. Although these studies provide evidence of the linkage 

between PTEN signalling and neurodegeneration, further investigation is required to determine 
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cyclin F’s role in this canonical pathway, which may be investigated with IP proteomics to 

determine whether cyclin F enriches proteins that interact with this pathway.  

4.2.2. Inhibition of cell survival response via Rac signalling 

The Rac signalling pathway was the most statistically significant canonical pathway identified 

in cells expressing cyclin FE624K. In this pathway, down-regulated proteins were enriched as 

well as significant proteins that were not identified (log2 -6.64-fold) in the pathway (Table 3-4). 

The proteins of interest displayed connections to the Rac (RAC1) protein, a protein that is part 

of the Rho family of GTPases (Figure 3-11). This family of proteins involved in Rac signalling 

are known for controlling numerous downstream signalling pathways including cell viability 

and cytoskeleton regulation (92). One of the ten proteins displayed in the Rac signalling 

pathway is the nuclear factor-kappa-B p100 subunit 2 (NFkB2) protein. NFkB2 is a component 

of the transcription factor complex (NFkB) known to express various genes in response to 

oxidative stress (93). It mediates both pro-apoptotic and anti-apoptotic responses that drives 

many biological processes including cell survival (94). Further investigation by Matos and 

Jordan, identified that Rac1-associated proteins are located upstream of the NFkB complex, 

and with Rac1 repression it led to an apoptotic response (95). Therefore, the down-regulation 

of the NFkB protein may promote apoptosis activation and inhibit cell viability via the Rac 

signalling pathway, as it regulates anti-and pro-apoptotic responses. Although apoptosis is an 

activated signalling network in neurodegenerative diseases, further investigation is still 

required to determine the linkages between cyclin F’s functional role in the Rac signalling 

pathway, which may be investigated with IP proteomics to determine whether cyclin F enriches 

proteins that interact with this pathway. 

4.2.3. Inhibition of actin cytoskeleton regulation via Rac signalling and 

actin cytoskeleton signalling  

Both Rac signalling and actin cytoskeleton signalling canonical pathways involved in actin 

cytoskeleton reorganisation, were predicted to be inhibited in cells expressing cyclin FE624K 

(96). Notably within these canonical pathways, three significant kinases (PIK3C2A, PIP5K1A, 

and PTK2) were not identified (log2-6.64-fold) in the cells expressing cyclin FE624K, in which 

they are found in cells expressing cyclin FWT (Table 3-4;Table 3-5). The phosphatidylinositol 

4-phosphate 3-kinase C2 domain-containing subunit alpha (PIK3C2A) along with RAC1 

proteins have previously been identified as regulators for cell growth and cell proliferation, 

cellular processors that are involved in actin cytoskeleton regulation (97). Therefore, this 
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suggests that the cyclin FE624K protein’s altered interactome may be influencing actin 

cytoskeleton regulation. The phosphatidylinositol-3-kinase (PI3K) family is composed of 

serine/threonine kinases including the phosphatidylinositol kinases (98). The 

phosphatidylinositol 4-phosphate 5-kinase type-1 alpha (PIP5K1A) is an essential class 1A 

kinase composed of p85 and p110 regulatory subunits that mediate the regulation of various 

pathways including actin cytoskeleton reorganisation through Rac protein activity (99).  

 

Finally, the focal adhesion kinase 1 (PTK2) acts as a substrate for the neuron-specific Rac 

effector cyclin-dependent kinase 5 (CDK5), an important kinase for actin reorganisation (100, 

101). Further investigation by Xie et al, demonstrated that PTK2 is a phosphorylated substrate 

for CDK5, an important regulator for actin reorganisation in neuronal cells and human cancer 

cells (101, 102). As the three kinases were not identified in the signalling networks for both 

canonical pathways this suggest that actin cytoskeleton regulation is impaired, thus predicting 

inhibition for both pathways in cells expressing the sporadic cyclin FE624K mutant. However, 

further investigation is needed to identify the role of cyclin FE624K in regard to the non-identified 

kinases, which may be investigated with IP proteomics to determine whether cyclin F enriches 

proteins that interact with these kinases.  

 

Similarly, inhibition was predicted for the actin cytoskeleton signalling canonical pathway in 

cells expressing cyclin FS621G. However, it differed to cells expressing cyclin FE624K as the 

PIK3C2A and PIP5K1A were the only kinases listed in this canonical pathway (Table 3-5). 

The PIP5K1A kinase displayed up-regulation (log2 2.21-fold; p=0.0369) suggesting that cells 

expressing the familial cyclin FS621G mutant was not affected, and the PIK3C2A (log2 -6.64-

fold; p=3.07 x10-16) was not identified in cells expressing the familial cyclin FS621G mutant. 

Thus, there are differences in the underlying mechanisms that dysregulate actin cytoskeleton 

signalling between the familial cyclin FS621G mutant and the sporadic cyclin FE624K mutant.  

4.2.4. Activated apoptosis and cell death and inhibited cell viability 

represented in cells expressing Cyclin FE624K  

Activation and inhibition predictions were made for specific disease/function mechanisms, 

providing insight into the overall health of the cell that may predict the outcomes of 

dysregulated actin cytoskeleton signalling. HEK293 cells expressing the sporadic cyclin FE624K 

mutant, predicted activation of apoptosis and cell death as well as cell viability inhibition 

(Figure 3-12).  

 



 

 

78 

Baculoviral inhibitor of apoptosis (IAP) repeat-containing protein 2 (BIRC2), was identified in 

all three disease/function predicted mechanisms. This multifunctional protein, originally 

thought to only regulate caspase-dependent apoptosis, can act as an E3 ubiquitin ligase that 

activates the NFkB complex. As discussed previously, NFkB mediates both pro-apoptotic and 

anti-apoptotic responses that drives many cellular processes including cell survival (94). The 

NFkB2 protein subunit was also identified in all three disease/function predicted mechanisms. 

The ubiquitin-associated domain with the BIRC2 protein allows it to acts as an E3 ubiquitin 

ligase for the regulation of caspases-associated and NFkB-associated proteins (103, 104). 

Therefore, any disturbances that may affect BIRC2 or NFkB functions may change proteostasis 

impairment with prolonged dysfunction leading to apoptosis, and ultimately compromise cell 

viability.  

 

The E3 ubiquitin-protein ligase UBR2 was identified in apoptosis and cell death activation for 

cells expressing cyclin FE624K. UBR2 is a key component for protein quality control 

mechanisms in maintaining proteostasis in neuronal cells as it ubiquitylates crucial transcription 

factors (e.g. RPN4) that are involved in expressing proteasome subunit genes (105, 106). 

Interestingly, UBR2 was also expressed in peripheral blood lymphocyte samples of sALS 

patients (107). This could suggest that dysregulation of the E3 ubiquitin protein ligase may be 

exclusive to sALS pathology, therefore an E3 ubiquitin ligase activity assay using the UBR2 

E3 ubiquitin ligase may assist in determining whether ubiquitylation is unique to sporadic ALS 

pathology compared to familial ALS. 

 

Kelch-like ECH-associated protein 1 (KEAP1) was also significantly identified in all three 

disease/function predicted mechanism in cells expressing cyclin FE624k and cyclin FS621G. It acts 

as a substrate adaptor for an E3 ubiquitin ligase that maintains NRF2 levels, a key transcription 

factor known to respond to oxidative stresses and protect against ROS damage (108, 109). The 

up-regulation of KEAP1 may elucidate that oxidative damage is present in cells expressing the 

sporadic cyclin FE624K mutant. Furthermore, a study by Fan et al, identified KEAP1 and 

SQSTM1/p62 protein interactions (110). The SQSTM1/p62 protein is known for its autophagy-

assisted clearance of misfolded and aggregated proteins, and KEAP1 has been shown to 

enhance this process in neurodegenerative conditions (110, 111). This is further supported by 

analysis of post-mortem brain samples of patients presenting with neurodegenerative diseases, 

where KEAP1 was localised in aggregated protein inclusions (112). Overall, dysfunction to 

KEAP1 may preclude SQSTM1/p62-mediated autophagy in neurotoxic conditions, thus 

resulting in proteostasis impairment, a known underlying mechanism that inhibits cell viability 
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and activate apoptosis and cell death signalling pathways. The up-regulation of KEAP1 in cells 

expressing the sporadic cyclin FE624K mutant may suggest that it is rescuing SQSTM1/p62 

ubiquitylated substrates from residing in the cytoplasm to form aggregated protein inclusions. 

To determine whether KEAP1 is acting as a protective molecule and aggregated protein 

inclusions are forming without KEAP1 assisting SQSTM1/p62-mediated autophagy, a small 

interference RNA (siRNA) knockdown of KEAP1 expression in cells expressing cyclin FE624K 

is suggested for future investigation. 

 

The heat shock 70kDa protein 6 (HSPA6) stress-induced molecular chaperone was not 

identified (log2-6.64-fold; p=3.5x10-16) in the predicted inhibition of cell viability for cells 

expressing cyclin FE624K, whereas it was identified in cells expressing cyclin FS621G relative to 

cyclin FWT(log2-1.046-fold; p=0.997). The HSPA6 is part of the well-known HSP70 chaperone 

family of heat-shock proteins that shares high homology with one of the major stress-inducible 

HSP70 family member, HSPA1 (113). The HSPA6 have been localised in high neurotoxic areas 

during neuronal differentiation for human neuroblastoma cells (114). This suggests the loss of 

this molecular chaperone in cells expressing the cyclin FE624K may prevent protein degradation 

and potentially contribute to neurotoxicity within cells. This may be investigated with co-

localised studies to determine whether HSPA6 is present in aggregate protein inclusions for 

cells expressing the sporadic cyclin FE624K mutant.  

 

Although inhibition of various significant canonical pathways and disease/function predictions 

provides a general insight into what cellular processes are perturbed in cells expressing cyclin 

FE624K compared to cells expressing cyclin FS621G, the understanding of cyclin F’s role in these 

pathways are limited. Therefore, to further elucidate cyclin F role in the predicted dysregulated 

pathways/mechanisms, analysis of the structural integrity of cyclin FE624K was investigated to 

determine whether changes in cyclin F’s protein fold stability affects its functional role in 

ubiquitylation of protein substrates and/or its protein interactome.  

4.3. Protein fold stability is affected in the Cyclin FE624K mutant 

The cyclin F protein, as mentioned in section 1.5, is an essential substrate adaptor in the 

SCFcyclin F E3 ubiquitin ligase complex for ubiquitylating protein substrates that are directed to 

protein degradation clearance systems (e.g. UPS and/or autophagy-lysosomal pathway) (43). 

Hence, cyclin F is essential in protein quality control systems to maintain cellular proteostasis 

networks to prevent neurotoxic conditions in motor neurons (14). Compromising protein fold 

stability that may arise due to a missense mutation within the cyclin F DNA sequence could 
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therefore have detrimental effects on the protein’s function. Cyclin FE624K protein’s fold 

stability predictions were made using the STRUM predictor tool. This revealed decreased fold 

stability for the sporadic cyclin FE624K mutant when compared to the cyclin FWT. Interestingly, 

it also predicted a higher protein fold instability when compared to the familial cyclin FS621G 

mutant. For further insight into whether this protein fold instability in the cyclin FE624K mutant 

led to a loss- or gain-of-function effects on the proteome, the phosphorylation at the nearby 

S621 phosphorylation site was investigated.  

4.4.  Decreased phosphorylation at S621 site due to protein fold instability in 

the sporadic Cyclin FE624K mutant 

As previously mentioned in section 1.5.2, the PEST region is a structural element located at the 

C-terminus of the cyclin F protein, a heavily phosphorylated region due to the abundance of 

serine and threonine amino acid residues (65). The S621 site is one of the seven phosphorylated 

sites that were identified, which displayed relatively low phosphorylation in the familial cyclin 

FS621G mutant (61). As the cyclin FE624K mutation lies within the phosphorylated S621 motif 

(618DQESEGKKEG627) it predicted decreased phosphorylation at the S621 site (Figure 

3-23;Table 3-10). NetPhos 3.1 predicted that the serine/threonine-selective kinase known as 

casein kinase 2 (CKII) phosphorylates at the S621 site and in the presence of the cyclin FE624K 

mutant, the likelihood for phosphorylation to occur is decreased (Table 3-10). This was 

confirmed with immunoblots that probed for both the phosphorylated S621 motif 

(618DQES(PO4)EGEKEG627) and non-phosphorylated S621 motif (618DQESEGEKEG627) in 

the cyclin F protein using custom made rabbit antibodies (Figure 3-24). The immunoblot data 

validates this prediction as a significant decrease was observed in the cyclin FE624K mutant 

compared to the cyclin FWT (Figure 3-24). This suggests that the mutational change from the 

negatively charged glutamic acid (E) to the positively charged lysine (K) loses its ability to  

bind to the phosphorylated and non-phosphorylated motifs in the antibodies, an essential 

requirement for CKII binding and phosphorylation which may also confer changes to the 

protein’s function (115).  

4.5. Insight into the K48 ubiquitylation activity in cells expressing the Cyclin 

FE624K mutant  

Previous literature, has shown that phosphorylation at the S621 site regulates the ubiquitylation 

activity of the E3 SCFcyclin F ubiquitin ligase complex (61). As a result of the significantly 

decreased phosphorylation at the S621 site in HEK293 cells expressing the cyclin FE624K 
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mutant, global ubiquitylation was investigated using immunoblots. This determined whether 

alterations in substrate ubiquitylation was present with the sporadic cyclin FE624K mutant, as 

cyclin F is an essential component of the E3 SCFcyclin F ubiquitin ligase complex in the 

ubiquitylation pathway (43). Overall, increased global K48-ubiquitylation levels were observed 

for the cyclin FE624K mutant compared to the cyclin FWT, and similarly were observed in the 

cyclin FS621G mutant. This provided rationale to measure the K48 ubiquitylation activity of 

immunoprecipitated cyclin F and its protein interactors using an E3 ubiquitin ligase activity 

assay. However, these results revealed no significant difference in cells expressing cyclin FE624K 

when compared to the K48 ubiquitylation activity for cyclin FWT (Figure 3-27). To rule out 

whether this was the result of an experimental error, triplicates of the immunoprecipitated 

cyclin F was measured and the increase in K48 ubiquitylation for the cyclin FS621G mutant in 

this study reflected previous research that also revealed increases in K48 ubiquitylation for the 

familial mutant (54). Therefore, the disparity observed for the immunoblotting (shown to 

increase in global K48-ubiquitylation) and E3 ubiquitin ligase activity assay (no difference in 

K48-specific ubiquitylation activity) of the cyclin FE624K mutant, suggests that the structural 

change affecting phosphorylation at the S621 site could instead cause changes to the cyclin F 

protein interactome.  

4.6.  The protein interactome differs in cells expressing the Cyclin FE624K 

mutant 

Unbiased label-free proteomic analysis for immunoprecipitants provided insight into what 

putative and/or novel PPIs were made with sporadic cyclin FE624K mutant. Here we evaluate 

whether these PPIs are involved in specific pathways altering the cellular interactome that may 

influence proteostasis in cells and ultimately lead to neurodegeneration.  

4.6.1. Cyclin FE624K protein interactors involved in neurodegenerative 

diseases 

The IP proteomic analysis identified a total of 322 cyclin F protein interactors in HEK293 cells 

expressing the sporadic cyclin FE624K mutant that displayed both enhanced and non-enhanced 

binding activity compared to cells expressing cyclin FWT (Figure 3-17.A). Upon further 

investigation using PANTHER GO, it was revealed that the enhanced protein interactors 

clustered towards pathways involved in neurodegenerative diseases (Figure 3-19). The 

neurodegenerative diseases identified included “Parkinson’s disease”, “Alzheimer’s disease”, 

and “Huntington’s disease”. Interestingly, enhanced-binding cyclin F protein interactors 
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included PSMA2, a protein that displayed greater enhanced-binding to cyclin FE624K 

(log21.134-fold) compared to the cyclin FS621G (log20.415-fold), and HSPA14 that was 

identified in both cyclin F mutants (log26.64-fold) (Table 3-8).  

 

The PSMA2 protein is proteasome α-subunit (type 2) that regulates the catalytic core of the 20S 

proteasome, a regulatory component for the ubiquitin-dependent 26S proteasome (116, 117). 

Previous literature has revealed that a loss of proteasome α-subunits in dopaminergic neurons 

located in the substantia nigra pars compacta is linked to proteostasis impairments, a common 

hallmark of Parkinson’s disease (80, 118, 119). Although beta-subunits are the catalytic sites 

for proteasome machinery, the loss of alpha-subunits of the proteasome can consequently 

impair the proteasome functional activity, as they take part in regulating proteasome assembly 

(120). In this data, the PSMA2 was identified as an enhanced cyclin FE624K protein interactor 

compared to the cyclin FS621G. This could indicate that enhanced binding to the sporadic mutant 

could potentially be interfering with proteasome assembly by sequestering the subunit, a 

difference between the cyclin F mutants. Impairments or losses to the proteasome can therefore 

preclude degradation of unwanted and misfolded proteins, thus forming aggregated protein 

inclusions, a hallmark for not only Parkinson’s disease but other neurodegenerative disease 

such as ALS and FTD (121, 122).  

 

The heat shock 70kDa protein 14 (HSPA14) is a component of the Hsp70s chaperone family, 

essential in early protein folding and with additional co-chaperones, such as the c-terminal 

HSP70-interacting protein (CHIP), can direct misfolded proteins for protein degradation (123, 

124). Specifically, the HSPA14 is a component of the mammalian ribosome-associated 

complex (RAC) with its main functional role in folding and maintaining the folded state for 

nascent polypeptides (125). Investigation by Roodveldt et al, revealed that decreased HSP70 

activity may directly result in aggregated amyloid inclusions that consist of the toxic α-

synuclein, a significant constitute of Lewy bodies in Parkinson’s disease and TDP-43-

associated neurodegenerative diseases (79, 126). In the data, the HSPA14 was identified 

exclusively in the cyclin F mutants, suggesting that binding of mutant cyclin F to this HSP70 

chaperone may interrupt the protein folding activity and/or protein degradation signalling 

associated with CHIP. As CHIP also associates with ubiquitin ligases, interference in HSP70 

activity could potentially lead to poor protein quality control and therefore proteostasis 

imbalance (124, 127).  
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Based on the cyclin FE624K protein identified in neurodegenerative diseases, the data obtained 

demonstrates that mutations in cyclin F may be associated with dysregulation of the molecular 

chaperones and the UPS, specifically the structural assembly of the proteasome. This suggests 

that instead of affecting the ubiquitylation of proteins the cyclin FE624K mutant may be binding 

to chaperones and proteasome subunits and therefore alter the function(s) of these components 

that are essential for cellular homeostasis. 

4.6.2. Ubiquitin and proteasome protein-protein interactions (PPIs) 

identified in cells expressing Cyclin FE624K  

Regulation of the cellular proteostasis network is heavily influenced by the ubiquitin-

conjugating E2 enzymes (that make up the ubiquitin cascade) and the proteasome, which 

together consists of the UPS (128).  Therefore, further investigation into the cyclin F PPIs 

involved in the UPS-associated proteins enriched in cells expressing cyclin FE624K was of great 

of interest. An E3 ubiquitin ligase enzyme (PJA2), a proteasome subunit (PSMA6) and co-

chaperone (SGTA) that were enriched as cyclin FE624K protein interactors and clustered together 

in the ubiquitin- and proteasome-associated protein network were investigated further (Figure 

3-22). 

 

The E3 ubiquitin-protein ligase Praja-2 (PJA2) is expressed in neuronal synapses in the brain 

(129). Although there is limited research on PJA2, it is an E2-dependent E3 ligase enzyme 

related to the family of RING finger proteins, a well-characterised domain that is found in most 

E3 ubiquitin ligases (130, 131). In the data obtained, the PJA2 displayed reduced-binding to 

the cyclin FE624K protein relative to cells expressing cyclin FWT. This suggests that due to altered 

structural state as a result of the mutation, the decreased interaction between PJA2 and the 

cyclin FE624K protein may affect protein ubiquitylation and potentially lead to poor protein 

quality control, promoting proteostasis imbalance. 

 

The proteasome subunits identified (PSMA6, PSME2, and PSMB7) displayed reduced-binding 

with the cyclin FE624K mutant relative to cells expressing cyclin FWT. This suggests that possibly 

transport of ubiquitylated substrates of cyclin FE624K to the proteasome may be perturbed and/or 

that the proteasome subunits may be defective. As previously discussed, recent studies have 

shown proteasome dysfunction as a result of impaired proteasome subunits, which can also 

dysregulate proteostasis and exhibit neurodegenerative characteristics (80, 118). For example, 

the PSMC1 proteasome subunit of the 26S proteasome was conditionally knocked out in mice 

to demonstrate proteasome dysfunction in neurons, thus resembling aggregation of protein 



 

 

84 

inclusions as seen in many neurodegenerative diseases (50). Although loss-of-binding 

interactions is not as substantial as total depletion of proteasome subunits, it may provide insight 

into the association between cyclin F and UPS dysfunction. 

 

The proteasome subunit alpha type-6 (PSMA6) was also discovered to have PPIs with proteins 

that are included in the core component of the SCF E3 ligase complex, CUL1 (132). Co-

immunoprecipitated CUL1 identified PSMA6 as one of the three proteasome subunits in the 

study Bloom et al (133). Thus, demonstrating that the association between the proteasome and 

E3 SCF ligase complexes, such as SCFcyclin F, are targeting ubiquitylated substrates for 

degradation. The result in this protein network, could indicate that reduced-binding of cyclin 

FE624K with PSMA6 may preclude the transport of ubiquitylated proteins for degradation by the 

proteasome, as the cyclin F protein may act as an upstream regulator for PSMA6 in protein 

degradation. This may be investigated with a ubiquitin-independent 26S proteasome activity 

assay could be used to determine proteasome dysfunction.  

 

Notably the small glutamine-rich tetratricopeptide repeat-containing protein alpha (SGTA) was 

enriched in this proteasome network, where it displayed enhanced-binding with cyclin FE624K 

and made a direct interaction to the 26S Proteasome complex (Figure 3-22). It was also 

predicted as an activator for motor dysfunction activation (Figure 3-20). The SGTA acts as a 

co-chaperone for cytoplasmic hydrophobic misfolded proteins where they are delivered and 

processed to the ER, via the tail-anchored (TA) pathway (134). Together with another TA 

protein (BAG6), this SGTA-BAG6 complex sorts the ubiquitylated substrates to the 

proteasome for degradation, when delivery to the ER fails (e.g. ER stress) (135). Furthermore, 

SGTA association with the activation in motor dysfunction was revealed in a study by Chen et 

al (136). In this study co-localisation of SGTA and CASP3 in a spinal cord injury mouse model 

was presented, indicating SGTA may be interacting with neuronal apoptosis-induced motor 

dysfunction. Taken together with the results obtained from this present study, this suggests that 

the enhanced binding of SGTA to the cyclin FE624K mutant may interfere with ERAD and UPS 

delivery of misfolded proteins, thus generating a proteostasis imbalance in the cells. 

 

Based on the ubiquitin- and proteasome-associated protein network that was 

immunoprecipitated in cell expressing cyclin FE624K, a toxic reduced-binding for PJA2 and 

PSMA6 and toxic enhanced-binding for SGTA may consequently lead to proteasome 

dysfunction which may be an underlying causative mechanism for ALS/FTD pathogenesis in 

this sporadic mutation.  
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4.6.3. Oxidative stress related protein-protein interactions (PPIs) in cells 

expressing Cyclin FE624K 

Oxidative stress is one of the many molecular mechanisms associated with neurodegeneration, 

in which mitochondrial dysfunction results in an imbalance of overproduced reactive oxygen 

species (ROS) and the inability to remove or repair the damage caused by the ROS (137). This 

can also impair ATP production that is generated from the mitochondrial oxidative 

phosphorylation process (138). The proteomic analysis of immunoprecipitated cyclin F data 

revealed several proteins and protein networks that are associated with oxidative stress response 

and oxidative stress-induced apoptosis. In the PANTHER GO analysis for the enriched unique 

and shared cyclin FE624K protein interactors, SOD1 and HMGB1 were two of three represented 

proteins in the response to stress category (Figure 3-18;Table 3-7).  

 

SOD1 was identified as a cyclin F protein interactor in both the familial and sporadic mutants, 

whereas it did not bind to cyclin FWT (Table 3-7). It was also identified as a motor dysfunction 

activator in the IPA predictions for disease/function analysis (Figure 3-20). The main function 

of SOD1 is to act as a defence mechanism to protect against oxidative damage that may be 

caused by ROS, a by-product of the oxidative phosphorylation process that occurs in the 

mitochondrial (139). Mutations in SOD1 account for ~20% of fALS and have revealed linkages 

between increased oxidative stress and neurodegeneration (140). Mutations in SOD1 expressed 

in transgenic mouse models for ALS have shown a toxic gain-of-function, however the 

pathophysiological mechanisms that leads to neurodegeneration remains unclear (141-143). 

Although ALS-associated SOD1 research is focused on mutants causing a toxic gain-of-

function, there is evidence to suggest linkages between a toxic loss-of-function in SOD1 

activity and neurodegeneration (144). An in vitro study, demonstrated that mutant SOD1 

aggregations with amyloid-beta plaques decreases the SOD activity in human neuroglioma cell 

culture (145). Furthermore, an overexpressed SOD1WT transgenic mouse study by Graffmo et 

al, displayed SOD1 protein aggregations in brain and spinal cord tissues with no changes in 

superoxide dismutase activity (146). Although no reduction in SOD1 activity was identified, 

the formation of aggregates can alter the structural-functional properties and perturb other 

proteins it aggregates with. Furthermore, studies have shown that SOD1 aggregations were 

prominent in sporadic ALS cases, highlighting that this may be a common underling 

mechanism in the pathogenesis of sALS (147, 148). Therefore, it would be interesting to 

distinguish whether SOD1 aggregates with the sporadic cyclin FE624K and the familial cyclin 

FS621G mutants are formed and disrupting SOD1’s function in oxidative stress conditions. This 
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could provide rationale for the oxidative stress response that is occurring in cells and display 

an enhanced-binding toxicity in cells expressing the sporadic cyclin FE624K mutant.  

 

The high mobility group protein B1 (HMGB1) is a multifunctional protein that mainly acts as 

a DNA chaperone in the nucleus (reduced-state) and an extracellular signalling molecule in the 

cytoplasm (oxidised-state) (149, 150). The accumulation of oxidised HMGB1 in the cytoplasm 

can initiate an oxidative stress response if the capacity of this oxidised protein overcompensates 

thioredoxin availability to maintain HMGB1 in its reduced state (151). HMGB1 was identified 

as a cyclin FE624K protein interactor, which suggests when oxidised HMGB1 is over-expressed 

it may lead to an oxidative stress response. A protein carbonyl assay using immunoblotting 

techniques may assist to determine whether oxidised HMGB1 are present in cells expressing 

the sporadic cyclin FE624K mutant, as well as immunohistochemistry analysis to determine 

whether the oxidised HMGB1 is localised in the cytoplasm.  

4.6.4. Oxidative stress-induced apoptosis in cells expressing Cyclin FE624K 

The IPA data revealed an immunoprecipitated protein network that consisted mainly of loss-

of-binding proteins associated with cytochrome c oxidase proteins in cells expressing the cyclin 

FE624K (Figure 3-21). The cytochrome c oxidase complex is a crucial component of the electron 

transport chain which takes part in oxidative-phosphorylation processing along the 

mitochondrial membrane (152). The protein network identified consists of several complexes 

and subunits that are essential for mitochondria function, including cellular ATP production 

and maintaining ROS levels (153, 154). The cyclin FE624K protein interactors that were of 

interest included the UQCRB and CYCS. Loss-of-binding between both cyclin FE624K and 

UQCRB and cyclin FE624K and CYCS was observed. The cytochrome b-c1 complex subunit 7 

(UQCRB) is an essential subunit for the cytochrome b-c1 complex (or complex III in the 

oxidative-phosphorylation system), with its role in redox-linked proton pumping in the electron 

transport chain (155). Deficiencies in the cytochrome b-c1 complex have been linked to 

neurodegeneration, where patients with neuromuscular disorders were screened for dysfunction 

in the cytochrome b complex (156). Consistent with the IPA results, the UQCRB was also 

identified in the activation of motor dysfunction for cyclin FE624K immunoprecipitants (Figure 

3-20).  

 

The cytochrome c protein (CYCS) acts as an electron carrier to the cytochrome c complex (or 

complex IV) in the electron transport chain (157). When released from the mitochondria into 

the cytoplasm, CYCS can promote apoptotic cell death (158). The upstream regulators (CTSD 
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and BAX) of CYCS were also identified in this protein network, which are known to respond 

to oxidate stress (e.g. increase production of ROS) and induce apoptosis in neuronal cells (159). 

In addition, upstream from these proteins is the NFkB complex, a transcription factor complex 

known to express various genes in response to oxidative stress (108). The identification of this 

complex indicates that oxidative stress is evident in cells expressing the sporadic cyclin FE624K 

mutant, suggesting that it may be a key pathogenic mechanism in sporadic ALS/FTD patients.  

4.6.5. Motor dysfunction is activated in protein-protein interactions (PPIs) 

for cells expressing Cyclin FE624K 

As mentioned in previous sections of this discussion, IPA data has identified linkages between 

motor dysfunction and some cyclin FE624K proteins interactors. A total of 33 cyclin F protein 

interactors were identified and six proteins of interest were selected: SOD1, BAX, CTSD, 

SGTA, HSPB1, and UQCRB (Figure 3-20).  

 

The apoptosis regulator BAX has been shown to promote apoptosis in the presence of 

mitochondrial dysfunction, as it acts a pro-apoptotic protein upstream of cytochrome c-induced 

apoptosis in response to oxidative stress (160). In a Parkinson’s disease mouse model, the 

removal of BAX was shown to attenuate neurodegeneration of dopaminergic neurons in the 

substantia nigra pars compacta of the brain (161). Although it does not cause motor dysfunction, 

high levels of BAX were also supported by the analysis of brain samples of patients with 

Alzheimer’s disease, strengthening the link between dysregulation of BAX levels and 

neurodegeneration (162). 

 

The cathepsin D (CTSD) acid protease is an upstream regulator, along with BAX, that promotes 

oxidative stress-induced apoptosis by releasing cytochrome c from the mitochondria (159). 

Deficiencies in CTSD that are BAX-independent for apoptosis, can induce an autophagic stress 

response that can lead to proteostasis dysfunction. This was demonstrated in a mouse model 

where phenotypic characteristics including motor dysfunction were presented as a result of 

depleted CTSD (163). Also CTSD deficiencies were found in human neurodegenerative 

disorders where protein degradation processes were defected (164). 

 

The molecular chaperone (HSPB1) mainly functions to maintain proteostasis with its protective 

role in heat shock and oxidative stress conditions (165). However, recent studies have shown 

linkages between mutations of HSPB1 and axonopathy (166, 167). This additional role in 

mediating myelination of axons, provides insight into the molecular mechanisms that this 
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chaperone plays in neurodegeneration. The immunoprecipitated proteins identified demonstrate 

that cyclin FE624K protein interactors can induce apoptosis and exhibit disastrous effects in motor 

neurons and ultimately lead to motor dysfunction, a well-known characteristic for many 

neurodegenerative diseases including ALS.  
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Figure 4-1. Summary of findings. 
Global proteomic data displayed HEK293 cells expressing cyclin FE624K activating PTEN signalling (orange) and inhibiting Rac and actin cytoskeleton signalling (blue). PTEN and Rac 

signalling share the down-regulated NFkB complex in their signalling networks, a protein complex involved in regulating apoptosis which was activated. Activation of apoptosis leads to 

activation of cell death and inhibition of cell viability. Inhibition of Rac and actin cytoskeleton signalling led to dysregulation of actin cytoskeleton organisation, which can potentially exhibit 

activated cell death and inhibit cell viability. Protein fold instability was predicted, and further investigation discovered decreased phosphorylation at the S621 site of the cyclin F protein. No 

change in K48-specific ubiquitylation was determined despite the significant decrease in phosphorylation, this suggested that the structural change affecting phosphorylation at the S621 site 



 

 

90 

could instead affect the differences in the cyclin F protein interactome, which was further investigated with IP proteomics. The investigation of PPIs revealed protein interactors associated 

with neurodegenerative diseases, activation of motor dysfunction, deregulation of proteasome subunits, and oxidative stress. The findings from the IP proteomic data supports the underlying 

causative mechanisms of proteostasis dysfunction in ALS/FTD pathology.  
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4.7.  Limitations & future directions 

A main limitation of this study was the transfection of the CCNF transgenes in HEK293 cells. 

HEK293 cells were selected due to the ease in efficient transfection as the cells have a fast 

growth and long survival rate, beneficial for the limited time given for this research project 

(71). However, the cell line does not fully recapitulate the dynamics of a neuron in how it 

expresses gene mutations in a manner that is similar to motor neurons of ALS/FTD patients. 

Instead human neuroblastoma cells such as SH-SY5Y cells or primary neurons may be an 

appropriate in vitro model to study the perturb cellular pathways and unique PPIs that were 

demonstrated in the sporadic cyclin FE624K mutant and should be considered for future 

investigations.  

 

Another limitation was the excessive number of immunoprecipitated proteins that were 

identified in the MS analysis. Over 2,000 protein were quantified, which may be because the 

CCNF gene is part of an E3 ligase complex where it binds and aggregates to many proteins or 

gives indication that many non-specific proteins were identified. The overexpression of the 

CCNF transgenes may also contribute to the excessive number identified. To prevent this in 

future studies, the generation of stable cell lines using a cell-based system such as Flp-In T-Rex 

system which incorporates only one gene to control the CCNF expression levels (168).  

 

The other reason is due to non-specific proteins identified, as the mass spectrometer analyses 

the most abundant proteins, the non-specific proteins may have overshadowed other cyclin F 

specific protein interactions that may have a key role in the underlying pathogenic mechanisms 

of ALS/FTD pathology. Suggestions to overcome this limitation includes longer washing steps 

in the immunoprecipitation methodology, as well as alternative proximity-ligation approaches 

such as the biotin ligase proximity protein labelling technique (BioID) and ascorbate peroxidase 

proximity protein labelling technique (APEX) could be used to alleviate the potentially high 

amount of non-specific interactions (169). However, non-specific proteins may be beneficial as 

it may indicate proteome reproducibility in cells that can serve as a quality control. This coupled 

to an intensity profile analysis may assist in identifying weaker interactions, a proteomic 

approach that can be used in future studies (170).  

 

The E3 ubiquitin ligase activity assay demonstrated non-significant changes in E3 ligase 

activity for cyclin FE624K and cyclin FS621G mutants compared to cyclin FWT. Although three 

replicates were performed, it may be beneficial for future studies to increase the number of 
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replicates and include longer incubation times in the methodology, to determine whether a 

significant difference in K48 ubiquitylation is observed between cyclin F mutants and cyclin 

FWT.  

 

From this research project, several hypotheses can be considered for future directions with the 

investigation into the sporadic cyclin FE624K mutation in ALS/FTD pathology. The first 

hypothesis is that the sporadic cyclin FE624K mutation affects the fold stability of the protein and 

limits the K48-specific ubiquitylation. As the CKII does not bind to the phosphorylated S621 

site, this may be due to alteration in the biochemistry of the cyclin F protein, where the 

negatively charged glutamic acid (E) residue is mutated to the positively charge (K) lysine 

residue, and therefore may limit ubiquitylation. X-ray crystallography provides structural 

determination of a protein as it generates a three-dimensional molecular structure in crystal 

form, therefore comparative analysis using this technique can determine the structural integrity 

of the sporadic cyclin FE624K mutant compared to cyclin FWT (171). 

 

The second hypothesis is that the sporadic cyclin FE624K mutant interacts and alters proteasome 

machinery via the PPIs that were identified with this data. The protein interactions made with 

cyclin FE624K may perturb the functional properties of the proteasome subunits identified and 

lead to proteostasis impairment in motor neurons. It would be worth investigating as this may 

explain that the fold instability is not affecting the ubiquitylation role of SCFcyclin F complex, 

but instead losing protein interactions that are regulating the proteasome for efficient 

degradation of ubiquitylated proteins. A ubiquitin-independent 26S proteasome activity assay 

could be used to measure hydrolysis of a fluorophore substrate that is released during 

proteolytic activity (172).  

  

The third hypothesis is that oxidative stress-induced apoptosis is an underlying pathogenic 

mechanism in sporadic ALS/FTD patients with the CCNF mutations. The numerous oxidative 

stress-related protein interactors identified in cells expressing the sporadic cyclin FE624K mutant 

provides rationale that a toxic enhanced-binding of oxidised proteins and toxic loss-of-function 

for SOD1 is elucidated in sporadic ALS/FTD pathology. To strengthen this hypothesis, a 

protein carbonyl assay using immunoblotting techniques may assist in determining oxidised 

cyclin FE624K protein interactors, and an siRNA knockdown of SOD1 in cells expressing cyclin 

FE624K may determine whether SOD1 interactions with cyclin FE624K are limiting its function in 

regulating oxidative-phosphorylation processes when compared to siRNA knockdown of 

SOD1 cells expressing the cyclin FWT.
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5. Concluding Statements 

This study has investigated for the first time the similarities and differences in both cellular 

pathways and protein-protein interactive networks in the sporadic cyclin FE624K mutant. 

Comparative analysis with cyclin FWT and the recently-characterised familial cyclin FS621G 

mutant assisted in determining novel and similar perturbed cellular pathways to elucidate 

differences in pathogenic mechanisms between familial and sporadic ALS/FTD. The proteomic 

data obtained has suggested that proteostasis imbalances in cells expressing the sporadic cyclin 

FE624K are the result of perturbed protein stability, oxidative stress, and dysregulation of the 

proteasome machinery. In addition, the use of proteomic-based techniques described in this 

thesis can elucidate and discriminates on a biological level the differences between familial and 

sporadic ALS/FTD pathogenic mechanisms. Together with this data and the future directions 

listed, this study shows promising evidence that may contribute to a better understanding in the 

underlying cellular mechanisms that distinguish familial with sporadic ALS/FTD pathology 

and may ultimately assist in the development of sporadic-based ALS/FTD therapeutics. 
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Appendix B. Publication I. Proteomics approaches for understanding the pathogenesis of ALS/FTD 
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