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Abstract 

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) are 

debilitating neurodegenerative diseases that are now considered to exist on a disease 

continuum due to shared genetic, pathologic, and symptomatic overlap. Mutations in the 

SQSTM1 gene, which encodes the autophagy receptor protein p62, have been identified in 

both FTLD and ALS patients, however the role of these mutations and their contribution to 

disease pathogenesis remains unclear. p62 contains several functional domains that allow it 

to execute various functions. This study sought to determine how mutations affecting these 

various domains alter p62 function, whether they exhibit a unified mechanism of 

pathogenesis, and ultimately, how they may contribute to ALS and FTLD pathogenesis. ALS-

associated variants in the kinase TBK1, which modulates p62 function, were also 

characterised.  

 

NF-κB is a transcription factor that upregulates expression of both pro- and anti-apoptotic 

genes in response to various stimuli. Altered NF-κB signalling is implicated in the 

pathogenesis of ALS and FTLD. Expression of ubiquitin-associated (UBA) domain p62 mutant 

proteins, which are associated with Paget’s disease of bone and ALS and FTLD, had a reduced 

ability to down-regulate NF-κB signalling compared with wild type p62. This study 

investigated the effect of ALS and FTLD-associated variants affecting distinct domains of p62 

on NF-κB signalling. While expression of p62 wild-type downregulated NF-κB signalling, 

expression of various p62 variants had different effects. The p62 variant p.R110C increased 

NF-κB signalling in comparison to wild type, while p62 p.K238E and p.P228L exhibited 

reduced NF-κB signalling. Thus, p62 variants did not exhibit a unified mechanism of action 

for altered p62 function in this instance. 
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Further, I show that the p.K238E and p.P228L TBS-variants also exhibit reduced binding to 

TRAF6, an E3-ubiquitin ligase that promotes NF-кB signalling. p62 can either positively or 

negatively regulate TRAF6 function through changes to its ubiquitination status, however I 

show that the two TBS-variants have no impact on TRAF6 polyubiquitination, solubility or 

degradation. My data shows that p62 mutant proteins can decrease NF-κB signalling via 

decreased TRAF6 binding, suggesting a potential role for these variants in TRAF6-mediated 

NF-κB signalling in ALS pathogenesis.  

 

The NF-κB and the Nrf2 transcription factors are co-regulated. In response to oxidative stress 

Nrf2 promotes transcription of antioxidant genes and downregulates NF-κB signalling. Work 

presented in this thesis provides further evidence of this co-regulatory relationship and 

suggests that p62 plays a key role in this relationship. p62 promotes Nrf2 signalling by binding 

to the Nrf2-inhibitory protein Keap1. In response to cellular stress, p62 binds to Keap1 via its 

Keap1-interacting region (KIR). Previously, two ALS and FTLD-associated p62 mutants located 

within the KIR exhibited decreased Keap1-binding and subsequently reduced Nrf2 activation. 

I found that in addition to increasing NF-κB signalling, the p.R110C p62 variant exhibits 

reduced Keap1-binding and Nrf2 activation in comparison to wild-type p62, despite the 

mutation occurring outside of the KIR. Altered signalling was associated with reduced 

phosphorylation of p62 at Serine residues -349 and -403, which enhances the binding affinity 

of p62 for Keap1.  

 

TBK1 is a kinase that modulates p62 function via phosphorylation at p62 Serine residue 403, 

increasing p62 ubiquitin-binding affinity which subsequently induces autophagic flux and 

promotes downstream phosphorylation of p62 at Ser-349. This study examined the role of 

an ALS-associated TBK1 variant located in the kinase domain of TBK1, p.G175S, to determine 
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its effect on p62 function. Like the kinase-deficient mutant p.K38A TBK1, p.G175S TBK1 was 

unable to phosphorylate p62 at Ser-403. Further, while wild type TBK1 promoted 

downstream phosphorylation of p62 at Ser-349, p.G175S TBK1 expressing cells exhibited 

reduced Ser-349 phosphorylation. The kinase function appeared to be linked with its effects 

on cell signalling, as expression of wild type TBK1 increased NF-κB signalling ~300 fold in 

comparison to empty vector cells, whereas p.G175S TBK1 and p.K38A TBK1 were unable to 

promote NF-κB signalling above levels observed in empty vector transfected cells. Further, 

we found a hitherto unknown role for TBK1 as a down regulator of oxidative stress signalling 

and show that p.G175S TBK1 and p.K38A TBK1 expressing cells lost this function, indicating 

that the kinase function of TBK1 is critical to Nrf2 regulation.   

 

Co-expression of p.G175S TBK1 with p62 led to decreased autophagy induction in 

comparison to co-expression of p62 with TBK1 wild type, confirming a role for abrogated 

phosphorylation of p62 in autophagic dysfunction, suggesting TBK1 mutations may 

contribute to ALS via alterations in p62-mediated autophagy. In contrast, p62 p.R110C did 

not exhibit reduced binding to the autophagy protein LC3 nor did it affect autophagic flux. 

Overall, the results of this thesis do not support the hypothesis that mutations in SQSTM1 or 

TBK1 share a unifying mechanism of disease pathogenesis through increased NF-κB signalling 

or decreased autophagic function. 
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Chapter 1  

Introduction  

The role of SQSTM1/p62 in amyotrophic lateral sclerosis and frontotemporal 

dementia pathogenesis 

Some of the work presented in this chapter has been accepted for publication as: 

Foster, A. and Rea SL. The role of SQSTM1/p62 in amyotrophic lateral sclerosis and 

frontotemporal lobar degeneration pathogenesis. Neural Regen Res. 2020. Accepted 

The accepted manuscript is located in Appendix 1.1 

Abstract 

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) are 

multifaceted diseases with genotypic, pathological and clinical overlap. One such overlap is 

the presence of SQSTM1/p62 mutations. While traditionally mutations manifesting in the 

ubiquitin-associated domain of p62 were associated with Paget’s disease of bone, mutations 

affecting all functional domains of p62 have now been identified in ALS and FTLD patients. 

p62 is a multifunctional protein that facilitates protein degradation through autophagy and 

the ubiquitin-proteasome system, and also regulates cell survival via the Nrf2 antioxidant 

response pathway, the NF-κB signalling pathway and apoptosis. Dysfunction in these 

signalling and protein degradation pathways has been observed in ALS and FTLD, and 

mutations that affect the role of p62 in these pathways may contribute to disease 

pathogenesis. In this review we discuss the role of p62 in these pathways, the effects of p62 

mutations and the effect of mutations in the p62 modulator TBK1, in relation to ALS-FTLD 

pathogenesis.  
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1.1. Amyotrophic lateral sclerosis and frontotemporal lobar degeneration  

1.1.1. ALS 

Amyotrophic lateral sclerosis (ALS), the most common form of motor neuron disease, is a 

severe neurodegenerative disorder marked by progressive muscle weakness and paralysis 

caused by selective loss of motor neurons in the brain and spinal cord. The average survival 

time post-diagnosis is 2-3 years, with death most commonly caused by respiratory failure [1]. 

ALS can be classified as either sporadic, with no previously reported family history of the 

disease, or as familial. 

 

1.1.1.1. Clinical features 

ALS leads to the progressive degeneration of both upper and lower motor neurons that 

innervate voluntary muscles, including the respiratory muscles. Progressive weakness is the 

most common initial complaint and is usually noticed in the distal arms or legs [2-4]. 

Weakness worsens in the affected segment before spreading over time to involve other 

areas of the body. Bulbar dysfunction, including dysphagia and/or dysarthria is the second 

most common onset, which affects approximately one third of patients [2, 5]. Complaints of 

respiratory weakness including shortness of breath, orthopnoea, morning headache and 

drowsiness are the least common forms of primary presentation, affecting 1-3% of patients 

[6]. Other symptoms can include cramps, muscle fasciculations, emotional lability, and 

weight loss [5, 7].  Approximately 50% of patients exhibit some form of cognitive decline, 

with around 15% also meeting the diagnostic criteria for frontotemporal lobar degeneration 

(FTLD) [8, 9]. ALS is a progressive disease, and while the rate of progression is variable, 

patients eventually lose the ability to walk, speak, swallow, and breathe. Motor neurons 

innervating the extraocular muscles and autonomic motor neurons in the nucleus of Onuf 
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usually remain intact, thus sparing control over eye movements, bladder, and bowel 

functions [5].   

Evidence of lower motor neuron (LMN) impairment include weakness, hyporeflexia, muscle 

atrophy and fasciculations, which can initially go unnoticed by the patient [2]. Upper motor 

neuron (UMN) dysfunction can be observed by slowness of movement, increased muscle 

tone, hyperreflexia, poor dexterity, and spastic gait with poor balance. LMN dysfunction in 

the bulbar segment can cause facial weakness, dysarthria, weak tongue pulsions, and tongue 

atrophy, whereas UMN dysfunction in the bulbar segment can include slow and spastic 

speech, slowed tongue movements, jaw jerk, and exaggerated or asymmetric facial reflexes 

[2]. The pseudobulbar affect, which manifests as inappropriate laughter, crying, or yawning, 

is also a frequent bulbar UMN symptom, which can manifest either in early phases or late 

stages of the disease [10, 11].  

 

In order to meet the clinical diagnosis for ALS according to the Revised El Escorial World 

Federation of Neurology Criteria, there must be evidence of both LMN and UMN injury upon 

clinical examination or electrophysiological testing, as well as progression of symptoms 

either within or to other body regions [2]. Electrophysiological testing to assess nerve 

conduction to rule out other conditions aids in confirming an ALS diagnosis [2].  

 

1.1.1.2. Prevalence and prognosis 

The incidence of ALS ranges from 1.5-2.7 per 100,000 in Europe and North America, with 

prevalence rates ranging from 2.7-7.4 per 100,000 [12-16], however increased incidence is 

observed in specific geographic hotspots in Japan, Guam, and Papua New Guinea [17-19].  

Familial ALS (fALS) accounts for approximately 5-10% of cases, while the remaining 90-95% 
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of cases are classified as sporadic (sALS). The average survival time after symptom onset is 

2-3 years, however certain variants exhibit different survival times. Bulbar onset, older age, 

and poor motor function are associated with shorter survival times, while limb-onset, 

younger age, better motor function, higher breathing capacity, and stable weight are 

associated with longer survival times [5, 20].  

 

The incidence of ALS is higher in men compared to women [13], and in the US rates of ALS 

are higher among the non-Hispanic Caucasian population compared to other ethnic groups 

[14, 15]. The peak incidence of ALS falls between 60 and 79 years of age [16, 21], with the 

global average age of onset ranging from 46-66 years. However, incidence ranges from 55.7-

59.9 in the US [22], and is reported to be as low in 46.2 years in India [23], and 52.4 years in 

China [24].  

 

There is currently no cure for ALS, and the only approved treatment in Australia, Riluzole, 

extends life for approximately 2-3 months [25, 26]. More recently, a new drug, Edaravone, 

was approved in Japan in 2015, and in the US in 2017, and was found to modestly slow the 

rate of decline in ALS patients [27]. However, no effect on survival time has been reported, 

and it is also noteworthy that the effects of Edaravone were primarily seen in patients in the 

early stages of disease with a definite or probable diagnosis of ALS [28, 29], and the efficacy 

of the drug on patients in later stages of disease is yet to be demonstrated. Other ALS 

treatments are aimed at controlling symptoms such as respiratory insufficiencies and pain 

related to immobility and cramp [2], as well as end of life choices to maintain quality of life 

as much as possible.  
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1.1.1.3. Protein pathology 

A common pathological feature of ALS is the accumulation of insoluble protein aggregates 

within motor neurons. These aggregates are made up of ubiquitinated and often misfolded 

proteins transcribed from common ALS genes which contribute to cytotoxicity by promoting 

abnormal protein interactions or by sequestering proteins within aggregates, thereby 

disrupting their normal function [30]. 

 

Transactive Response (TAR) DNA Binding Protein 43 (TDP-43) is a 43-kDa ubiquitously 

expressed nuclear protein that may function as a transcription suppressor and regulator, and 

has been identified as the major component of such protein inclusions in up to 97% of fALS 

and sALS patients [31-33]. TDP-43-positive aggregates commonly contain the 25 and 35-kDa 

cleaved protein, which are also believed to be pathogenic [31, 32]. TDP-43 is normally a 

primarily nuclear protein, although it can shuttle from the nucleus to the cytoplasm. In sALS 

and FTLD, cytoplasmic accumulation of wild type TDP-43 occurs, however ALS-causing 

mutations in TARDBP, coding for TDP-43, also result in the accumulation of insoluble TDP-43 

within the cytoplasm [34]. Interestingly, patients that exhibit SOD1 aggregates do not exhibit 

TDP-43-positive inclusions [35].    

 

Mutations in the superoxide dismutase 1 (SOD1) gene were the first to be identified in fALS 

patients [36, 37]. Aggregates containing SOD1 have been identified in motor neurons from 

transgenic mice expressing various SOD1 mutant proteins [38, 39], and both fALS and sALS 

patients [36, 37, 40], however thus far SOD1 aggregates have only been observed in ALS 

patients containing a SOD1 mutations [41]. Post-mortem tissue from patients harbouring 

mutations in Fused in sarcoma (FUS) revealed the incorporation of the FUS protein in 
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cytoplasmic inclusions within motor neuron and glial cells [42], and FUS-positive inclusions 

have been observed in both sALS and non-SOD1 fALS cases [43, 44].  

 

Autophagy receptor proteins including p62, optineurin, valosin-containing protein (VCP), and 

ubiquilin-2, have all been identified in pathological inclusions, and mutations in each gene 

have also been identified in ALS patients [45, 46]. p62 has been identified in almost all 

pathological inclusions regardless of the underlying genotype, while optineurin has been 

identified in non-SOD1 and non-FUS fALS and sALS cases [47, 48].  

 

1.1.1.4. Environmental risk factors  

The only established risk factors for ALS are age and family history, however several 

environmental risk factors have been associated with ALS. Increased risk of ALS is associated 

with cigarette smoking, consumption of β-N-methylamino-L-alanine (BMAA) from the cycad 

plant [49], and exposure to heavy metals, pesticides, head trauma, professional sports and 

military service. However, the role of these factors in ALS pathology is controversial [50-58]. 

Interestingly, some data indicate a higher mortality from ALS among people working higher 

socioeconomic jobs that are less likely to be exposed to toxins, whereas ALS mortality is 

decreased among people with lower socioeconomic jobs with a higher likelihood of exposure 

to toxins [59]. Due to the relatively low number of ALS cases, assessing the full effect of these 

factors is difficult and requires further investigation.  

 

1.1.1.5. Genetic risk factors 

Mutations in over 40 genes have been associated with ALS, with the most common ALS-

linked mutations found in the hexanucleotide repeat expansion of chromosome 9 open 
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reading frame 72 (C9orf72), SOD1, TARDBP, and FUS [60, 61]. Mutations have also been 

identified in ANG, OPTN, SETX, SQSTM1, TBK1, ATXN2, C21orf2, and NEK1, in both fALS and 

sALS patients. In one study, up to 27.8% of sALS patients were found to carry potentially 

pathogenic novel or rare coding variants in ALS-associated genes, and 3.8% had variants in 

more than one ALS-associated gene [62]. For a full summary of genes currently associated 

with ALS see [63].  

 

1.1.2. Frontotemporal lobar degeneration 

Frontotemporal lobar degeneration (FTLD), the third most common cause of dementia [64], 

is an umbrella term that encompasses a range of diseases marked by progressive loss of 

neurons in either one or both the frontal and temporal lobes, including frontotemporal 

dementia (FTD) [65, 66]. FTLD patients generally present with behavioural and personality 

changes, and similarly to ALS, can be classified as either familial or sporadic [67]. 

 

1.1.2.1. Clinical features 

FTLD is heterogeneous not only in its pathological and genetic presentation, but also in its 

clinical presentation. Symptomatically, FTLD is characterized by the progressive 

deterioration in behaviour, personality and/or language, while in comparison to Alzheimer’s 

Disease (AD), memory function initially remains intact [68]. FTLD can be classified into three 

main clinical variants; behavioural variant FTD (bvFTD), semantic dementia (SD) and 

progressive nonfluent aphasia (PNFA), with two additional classifications, FTLD-MND, and 

FTLD-corticobasal degeneration (CBD), for patients that have both FTD and motor neuron 

disease [69], or CBD respectively [70].Patients with FTLD and progressive supranuclear palsy 

(PSP) have also been reported [71]. 
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The most common form of FTLD is frontotemporal dementia (FTD), which is characterized 

with alterations in personality and behaviour, with patients exhibiting dis-inhibition, lack of 

insight, apathy, and are often socially inappropriate [72]. FTD is characterized by bilateral 

atrophy of the frontal and anterior temporal lobes. The sub-variant bvFTD accounts for up to 

70% of FTLD cases and has been reported to be four times more common than the primary 

progressive aphasias [73], and has a faster rate of decline than AD [72]. 

 

PNFA involves asymmetrical atrophy of the left anterior hemisphere, and affects expressive 

language [72]. PNFA can manifest as defects in language articulation, object naming, syntax 

or word comprehension, and diagnosis of PNFA relies on language impairment being the 

most prominent feature [74]. These symptoms along with difficulties in semantic knowledge, 

repetition and reading and writing abilities are all evaluated in PNFA diagnoses. 

 

SD is the third clinical group of FTLD and can be classified as a primary progressive aphasia 

which involves asymmetrical atrophy of the temporal neocortex, with either left- or right-

sided emphasis affecting the clinical presentation [68]. Patients with SD lose the ability to 

understand the meaning of words, faces, objects or sensory stimuli [72]. Left temporal lobe 

variant presents with mainly linguistic semantic loss, whereas right temporal lobe variant 

presents with behavioural changes [75]. To differentiate between SD, PNFA and their sub-

variants, the presence or absence of characteristic language features are heavily evaluated. 

 

Diagnosis of FTLD involves a combination of clinical observations and neuroimaging. In order 

to meet the clinical diagnosis of FTLD, the main clinical profile must involve character change 

and disordered social conduct as the dominant features both initially and over the course of 
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the disease [72]. Generally, in order to make a diagnosis of FTLD the following criteria are 

usually assessed; early and progressive change in personality or language, impairment in 

social and occupational functioning, gradual and progressive course of disease, presence of 

deficits in the absence of delirium [76, 77], and exclusion of other causes including psychiatric 

disturbances. Supportive diagnostic features can also include physical signs such as primitive 

reflexes, incontinence, akinesia, and low blood pressure [77]. Findings of focal points of 

degeneration in the frontal or temporal lobes via neuroimaging aid in clinical diagnosis [72]. 

As the disease progresses the symptoms from each clinical variant can converge as the 

initially focal sites of degeneration spread to affect greater areas of the frontal and/or 

temporal lobes.  

 

1.1.2.2. Prevalence and prognosis 

FTLD is considered the third most common cause of dementia after AD and vascular 

dementia, and is considered the second leading cause of early onset dementia in patients 

under 65 years of age [78]. Collectively, FTLD accounts for approximately 10% of dementia 

cases under the age of 65 [73], with an estimated prevalence between 1 and 15 cases per 

100,000 [72, 73, 79, 80].  Through examination at autopsy it has been discovered that several 

cases of FTLD had been misdiagnosed as AD [81], making an exact estimation of disease 

prevalence difficult.  

 

Due to inconsistencies in diagnostic standards, the proportion of FTLD cases is unknown, and 

the degree to which clinical and pathological FTLD subtypes co-occur is also unclear [70]. 

Limitations in assessing the prevalence and incidence rate of FTLD exist in the clinical 

diagnostic criteria used by researchers due to inconsistencies in assessing symptoms and 
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their significance [73]. Post-mortem findings indicate that the diagnostic criteria used in 

research studies lack sensitivity, with up to 52% of autopsy-confirmed FTLD cases failing to 

meet some of these criteria [73].  

 

FTLD is usually diagnosed in patients between the ages of 45-65 years, with a mean age of 

clinical onset around 55 years [82]. The mean survival time from symptom onset is estimated 

to be between 6 and 11 years [83]. Presence of neurological deficits, dysphagia, or 

pronounced reduction in speech are associated with shorter survival time, while behavioural 

or emotional features are associated with longer survival time [82], and FTLD-MND has a 

median survival time of only three years [83].  

 

Management of FTLD generally involves use of support networks including social, psychiatric, 

and voluntary services, which usually progress to use of facilities from day care to live-in 

residential care. Pharmacological treatment of FTLD symptoms is difficult as patients are 

susceptible to adverse side effects of medications used to treat behavioural symptoms. Such 

adverse side effects include paradoxical behavioural reactions, extrapyramidal side effects, 

confusion, sedation, and even increased mortality.  Medication to treat behavioural systems 

has been utilised in the form of selective serotonin reuptake inhibitors (SSRI), which have 

been shown to have a mean improvement on behavioural impairments associated with 

bvFTD [84-86], however psychotic features that do not respond to SSRIs may require the use 

of antipsychotics. No medications have been found to improve or stabilise cognitive deficits.  
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1.1.2.3. Protein pathology 

Like ALS, FTLD is characterized by protein inclusions accumulating within degenerating 

neurons. FTLD variants are named according to the implicated protein. These include; FTLD-

TDP, FTLD-tau, FTLD-FUS, or FTLD-ubiquitin-proteasome system (UPS) which is characterised 

by inclusions containing proteins of the UPS, and dementia lacking distinct histopathology 

(DLDH) or FTLD with no inclusions (FTLD-ni) [68]. Approximately 60% of FTLD patients have 

protein inclusions that stain positive for ubiquitin [32]. Although specific protein pathologies 

have been observed more frequently in certain disease sub-types (e.g. Pick SD), the presence 

of a particular neuropathology has not been shown to reliably predict the clinical FTLD 

variant [74]. 

 

FTLD-TDP is the most common neuropathology found in FTLD cases. FTLD-TDP cases can be 

sporadic or familial [32, 87], and are associated with mutations in the progranulin and VCP 

genes or hexanucleotide repeat expansions in C9orf72 [88]. FTLD-TDP inclusions usually 

contain abnormally phosphorylated TDP-43 [87], and ubiquitinated TDP-43 has been 

observed in several morphologies including; neuronal cytoplasmic and intranuclear 

inclusions, dystrophic neurites, and glial cytoplasmic inclusions [89]. TDP-43 inclusions are 

also present in the spinal cord of patients diagnosed with FTLD-MND [88, 89]. 

 

FTLD-tau is the second leading pathological cause for FTLD, and accounts for approximately 

40-50% of FTLD cases [74]. Diseases which involve pathological accumulation and 

aggregation of microtubule-associated protein tau (tau) are known as tauopathies and are 

responsible for a number of FTLD diseases including; progressive supranuclear palsy (PSP), 

Pick’s disease (PiD), CBD, as well as accounting for 50% of bvFTD cases. Tau is also observed 
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in intracellular inclusions in AD, forming characteristic lesions known as neurofibrillary 

tangles. Tau protein is alternatively spliced into six isoforms, two of which are designated the 

three- and four-repeat isoforms (3R and 4R, respectively). In control samples the ratio of 3R 

to 4R tau is equal, however this ratio is altered in FTLD-tau pathology. Interestingly some 

studies have shown that tau-positive pathology is linked with increased survival time and 

later disease onset in comparison to tau-negative cases [70, 83].  

 

FTD-FUS is the third most common neuropathology of FTD, and FUS positive inclusions have 

been identified in both FTLD and ALS [42, 90]. The FUS protein is an RNA binding protein, 

and its aggregation in FTLD has been characterized in early onset cases in patients with an 

average onset of 38-41 years of age [90]. FTD-FUS results in prominent psychiatric symptoms 

such as delusions and hallucinations. 

 

1.1.2.4. Genetic risk factors 

Approximately 20-40% of FTLD cases present with a family history of the disease [80, 91], 

with approximately 10-25% of patients exhibiting an autosomal dominant pattern of 

inheritance [91]. Mutations in the MAPT gene, encoding tau, have been found in up to 32% 

of patients with familial FTLD, while MAPT mutations in sporadic FTLD cases are rare [80]. 

Over forty different mutations have been identified in the MAPT gene and are hypothesised 

to affect the ratio of 3R to 4R tau.  

Mutations affecting progranulin (GRN), VCP, charged multivesicular body protein 2B 

(CHMP2B), TANK-Binding Kinase 1 (TBK1), TARDBP (TDP-43), FUS, and the C9ORF72 

hexanucleotide repeat expansion have been identified in familial FTLD cohorts [92, 93]. The 

C9ORF72 expansion is the most common genetic cause of familial FTLD, and is found in 



13 
 

approximately 25% of these cases [94]. While there are instances where mutations have 

been linked with certain clinical phenotypes, FTLD-linked mutations have been identified in 

all clinical subtypes of the disease. Thus, mutations are not predictive of clinical disease 

subtype, however, are predictors of neuropathological subtype. 

 

1.1.3. The ALS-FTLD continuum  

While the main symptom of ALS is progressive muscle paralysis, up to 50% of patients will 

also develop cognitive impairment, with up to 15% of ALS patients meeting the diagnostic 

criteria for FTLD [8, 9]. Conversely, up to 40% of FTLD patients exhibit ALS symptoms, while 

15% meet the diagnostic criteria for ALS [95]. Additionally, there is overlap in protein 

pathology. Pathological protein inclusions containing TDP-43 or tau have been identified in 

both ALS and FTLD patients [32, 96-99]. Patients diagnosed with FTLD-MND have a 

significantly shorter average survival time of approximately three years in comparison to 

patients diagnosed with FTLD alone who live between 6-11 years post diagnosis [83].  

 

1.1.3.1. Genetics of FTLD and ALS 

While mutations in the SOD1 gene appear to be unique to ALS and mutations in MAPT 

(coding for tau) are identified solely in FTLD patients [100], commonly associated genes have 

been identified. For example, the hexanucleotide repeat expansion in chromosome 9 open 

reading frame 72 (C9ORF72) is the most common genetic cause of both ALS and FTLD, having 

been identified in 30-40% of familial ALS and up to 25% of familial FTLD cases [94, 101]. 

Repeat expansions have also been identified in sporadic ALS and FTLD [101, 102]. Co-

occurrence of FTLD and ALS is most frequently caused by mutations in C9orf72, and is also 

associated with mutations in VCP and TBK1 [68].  
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Other genes implicated in both diseases include those coding for the autophagy receptors 

(ARs) SQSTM1/p62, optineurin, VCP and UBQLN2 [103-108]. The function of these ARs is to 

sequester and remove old or damaged/aggregated proteins and organelles via the 

autophagy-lysosome system. In addition to variants in ARs, mutations in TBK1, a kinase that 

modifies the function of both optineurin and SQSTM1/p62, have also been identified in ALS 

and FTLD [109-112].   

1.1.3.2. General disease mechanisms of ALS and FTLD 

Due to the genetic, phenotypic, and clinical variability between patients, and the role that 

both genetic and environmental risk factors play, it is likely that multiple disease mechanisms 

contribute to ALS and FTLD pathogenesis. Alterations in several cellular processes have been 

identified in both diseases, including dysfunctional cell signalling, impaired protein 

degradation, altered RNA metabolism, excitotoxicity, mitochondrial dysfunction, aberrant 

axonal and nucleocytoplasmic transport, oxidative stress and neuroinflammation [63].  

Dysregulated RNA metabolism is linked with mutations in the genes coding for the RNA-

binding proteins TDP-43 and FUS, which affect splicing, transcription, transport and 

translation of RNA transcripts. Altered RNA metabolism is also affected by the formation of 

stress granules within neurons, which sequester RNA and proteins which subsequently 

inhibits their function [113].  

Impaired proteostasis, or the accumulation of damaged proteins is a hallmark of ALS, FTLD, 

and other neurogenerative diseases. As well as impaired protein degradation (discussed 

further in 1.2.1.1.), mislocalisation of proteins has also been identified in ALS pathology 

[114]. For instance, the nuclear depletion and movement of TDP-43 to the cytoplasm is linked 

with both gain and loss of TDP-43 function and leads to an impaired stress response [114].   
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Excitotoxicity is the overstimulation of glutamate receptors that results in neuronal 

degeneration and is believed to contribute to the pathogenesis of not only ALS, but stroke, 

neurotrauma and other neurodegenerative disorders [115]. Excitotoxicity occurs either as a 

result of increased extracellular glutamate levels or when postsynaptic neurons become 

vulnerable to normal glutamate levels. Both increased release from presynaptic terminals or 

decreased re-uptake from the synaptic cleft can elevate extracellular glutamate 

concentrations, as can injury to neurons, astrocytes and microglia [63]. For a review on 

excitotoxicity and ALS pathogenesis see [115] and [116].  

The remaining ALS and FTLD disease mechanisms associated with p62, including impaired 

proteostasis, altered cell signalling, and mitochondrial dysfunction are discussed further in 

section 1.2. For a more in-depth review of ALS disease mechanisms see [63].  

 

1.2. SQSTM1/p62 in ALS and FTLD  

SQSTM1/p62, henceforth referred to as p62, is a scaffold protein that has roles in various 

signalling pathways and protein degradation. Loss of p62 enhances the rate of 

neurodegeneration in a number of disease models; p62 knockout mice exhibited increased 

accumulation of hyperphosphorylated tau and subsequent neurodegeneration [117], while 

absence of p62 in SOD1H46R mice lead to increased motor neuron degeneration [118], 

enhanced α-synuclein pathology in a Lewy Body Disease (LBD) mouse model [119], and 

exacerbated motor phenotypes and neuropathological outcomes in a Spinal and bulbar 

muscular atrophy (SBMA) mouse model [120].  

 

Mutations in the SQSTM1 gene are commonly identified in Paget’s disease of bone (PDB) 

[121-123], but have more recently been identified in both ALS and FTLD patients [104, 105, 
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124-128]. Unlike mutations associated with PDB, which cluster within the C-terminal 

ubiquitin-associated (UBA) domain, ALS and FTLD-associated mutations affect various 

domains throughout the entire protein (Table 1.1). Further evidence of p62 involvement in 

ALS and FTLD is the observation of p62-positive inclusions in patient samples [129, 130]. 

While the role of ALS and FTLD-associated p62 variants and their contribution to disease 

onset and progression remains unclear, recent research demonstrates that pathogenic p62 

mutant proteins alter signalling pathways involved in cell survival and differentiation. 

Table 1.1 – SQSTM1 variants detected in patients with ALS and/or FTLD  

Mutation Exon Change (bp) p62 Domain ALS FTLD PDB Controls Allele Freq. 

(gnomADl) 

A16V 1 c.47C>T – Yesh Yesh – –  

A33V 1 c.98C>T PB1 Yesb Yesb, k – Yesh 7.47×10-4 

A53T 1 c.157G>A PB1 Yesc – – –  

D80E 1 c.240C>G PB1 – Yesh – –  

E81K 2 c.241G>A PB1 Yesi – – – 6.98×10-6 

M87V 2 c.259A>G PB1 Yese – – – 6.98×10-6 

V90M 2 c.268G>A PB1 Yesd, h – – – 2.09×10-5 

I99L 2 c.295A>C PB1 Yesf – – – 4.89×10-5 

K102E 3 c.304A>G C-terminal 

to PB1 

Yesc – – –  

R107W 3 c.319C>T – Yesh – – – 1.4×10-5 

R110C 3 c.328C>T – – Yesk – – 3.35×10-4 

D129N 3 c.358G>A ZZ Yesh – – – 1.24×10-4 

V153I 3 c.457G>A ZZ Yesb, d – – Yesh 2.93×10-4 

E155K 3 c.463G>A ZZ Yesg –  – 6.98×10-6 

R212C 4 c.634C>T – Yesh Yesh – – 6.98×10-5 

G219V 4 c.656G>T – – Yesh – –  

S226P 5 c.676T>C TBS – Yesh – –  

P228L 5 c.683C>T TBS Yesb – – Yesa, g, k 4.89×10-5 

P232T 5 c.694C>A TBS – Yesh – –  

K238E 5 c.712A>G TBS Yesa Yesk – Yesh, k 2.3×10-3 

K238del 5 c.714–

716delGAA 

TBS Yesb – – Yesh 6.98×10-6 

N239K 5 c.717C>A TBS Yesi – – –  

D258N 6 c.772G>A – Yesh – – – 3.49×10-5 

V259L 6 c.775G>C – – Yesa – –  

E274D 6 c.822G>C PEST 1 Yesa, g, h Yesa, h, k – Yesa, h, k 1.53×10-2 

E280del 6 c.838-

840delGAG 

PEST1 – Yesh – – 2.3×10-4 

G297S 6 c.889G>A Close to 

PEST1 

Yesi – – –  
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R312H 6 c.1029A>G – – Yesk – – 1.74×10-4 

S318P 6 c.952T>C – Yesb  – –  

E319K 6 c.955G>A – – Yesa – Yesh 1.39×10-2 

R321C 6 c.961C>T – Yesb – – Yesh 9.23×-3 

R321H 6 c.962G>A – – Yesh – – 6.28×10-5 

D329G 7 c.986A>G LIR – Yesh – – 4.89×10-5 

D337E 7 c.1011C>G LIR Yesf – – –  

L341V 7 c.1021C>G LIR Yesf – – – 1.19×10-4 

K344E 7 c.1032A>G Close to 

LIR/KIR 

– Yesa – –  

P348L 7 c.1044C>T KIR Yesa Yesh – – 2.09×10-5 

S370P 7 c.1108T>C PEST 2 Yesb – – Yesh 2.17×10-3 

E372D 7 c.1116G>C PEST2 Yesi – – –  

A381V 7 c.1142C>T Close to UBA – Yesk Yes – 2.09×10-5 

P387L 7 c.1160C>T Close to UBA – Yesh, k – – 1.4×10-5 

P388S 7 c.1162C>T Close to UBA Yesi – – –  

A390X 7 c.1165+1G>A Intronic Yese – Yes –  

P392A 7 c.1174C>G UBA – Yesj – –  

P392L 8 c.1175C>T UBA Yesb, c, g, 

h, i 

Yesh, k Yesk Yesh, k 1.28×10-3 

G411S 8 c.1231G>A UBA Yesb – Yes – 6.28×10-5 

G425R 8 c.1273G>A UBA Yesb – Yes Yesh 2.09×10-5 

T430P 8 c.1288AA>C UBA – Yesh – –  

P438L 8 c.1313C>T C-terminal 

region 

Yesa – – Yese, h 2.79×10-5 

P439L 8 c.1316C>T C-terminal 

region 

Yesc Yesh – Yesh 6.98×10-5 

Table 1: SQSTM1/p62 variants identified in ALS or FTLD patients. Domains: Phox and Bem1p (PB1), zinc finger 

(ZZ), TRAF6 binding sequence (TBS), Proline, Glutamate, Serine and Threonine rich sequence (PEST), LC3-

interacting region (LIR), Keap1-interacting region (KIR), ubiquitin-associated (UBA).    

a Rubino, Raniero et al. 2012 [128]  

b Fecto, Yan et al. 2011 [126]  

c Hirano, Nakamura et al. 2013 [127]  

d Shimizu, Toyoshima et al. 2013 [131]  

e Teyssou, Takeda et al. 2013 [132]  

f Chen, Zheng et al. 2014 [125]  

g Kwok, Morris et al. 2014 [106] 

h van der Zee, Van Langenhove et al. 2014 [133] 

I Yang, Tang et al. 2015 [134] 

j Blauwendraat, Wilke et al. 2018 [105] 

k Le Ber, Camuzat et al. 2013 [104] 

l Karczewski, Francioli et al. 2020 [135] 
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1.2.1. p62 structure and function  

The functions of p62 are executed through protein-protein interactions, facilitated by various 

domains. The role of p62 as an autophagy receptor is mediated through several domains; 

p62 first binds to ubiquitinated substrates via its UBA domain and subsequently binds to the 

autophagosome membrane-protein microtubule-associated protein 1A/1B-light chain 3 

(LC3) via its LC3-interacting region (LIR) [136]. The PB1 domain of p62 mediates self-

oligomerisation, which can play an important role in the degradation of specific substrates 

by either macroautophagy [137, 138] or the UPS [139]. 

 

 

Figure 1.1: Schematic of p62 domains. p62 self-oligomerizes via its PB1 domain. The LC3-interacting 
region (LIR) is required for p62 binding to the autophagosome membrane protein LC3, and p62 binds 
to ubiquitinated substrates via the ubiquitin associated (UBA) domain. p62 regulates Nrf2 signalling 
through interaction with inhibitory protein Keap1 via the Keap1 interacting region (KIR) domain, and 
regulates NF-κB signalling via TRAF6 binding through the TRAF6 Binding Sequence (TBS) and 
interaction with RIP via the ZZ domain. Adapted from Ichimura and Komatsu. 2018[140].   
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p62 also regulates several signalling pathways important for neuronal health, namely those 

that activate the transcription factors Nrf2 and nuclear factor kappa B (NF-κB). The Nrf2 

pathway is the main response to oxidative stress in neurons and knockdown of Nrf2 leaves 

cells susceptible to neurotoxic insult [141, 142]. Under normal conditions Kelch-like receptor 

protein 1 (Keap1) binds to and inhibits the action of the transcription factor, Nrf2. Upon 

cellular exposure to stress conditions, p62 expression is increased and p62 binds to Keap1 

via the Keap1-interacting region (KIR) of p62 [137, 141, 143, 144]. This frees Nrf2 to enter 

the nucleus and promote the transcription of antioxidant and protective genes such as Heme 

Oxygenase 1 and NAD(P)H quinone oxidase 1 [145-148]. The other main signalling pathway 

that p62 regulates is NF-κB, which is pathologically upregulated in ALS [149]. The role of p62 

in this pathway has mainly been characterised with respect to mutations that cause PDB, a 

chronic and progressive skeletal disorder that involves increased osteoclastic bone 

resorption and deposition, leading to focal lesions of increased bone turnover. PDB-

associated mutations primarily affect the UBA domain of p62, as either missense or 

truncating mutations that result in the removal of most or the entire domain. Very few PDB-

associated mutations have been identified outside of the UBA domain, however those that 

have are located within approximately 50 residues of the UBA domain. [150]. PDB research 

shows that overexpressed mutant p62 proteins do not inhibit NF-κB, in contrast to over-

expression of wild type p62 [151, 152]. The effect of increased NF-κB signalling due to 

SQSTM1/p62 mutations in an ALS and FTLD context could increase the production of pro-

inflammatory cytokines with adverse effects on neuronal health [153]. 

 

It is important to note that p62 has been shown to be involved in positive regulation of NF-

κB. Thus, p62 has a dual role in NF-κB regulation that may be dependent on p62 

concentration or may be temporally regulated. The overall effect of these mutations on PDB 
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pathogenesis is still under investigation, however there is strong evidence to suggest they 

contribute significantly to the disease, as patients with SQSTM1 mutations experience 

greater disease severity compared to patients without SQSTM1 mutations [150, 154]. The 

main effect of SQSTM1/p62 mutations appears to be on autophagy [123, 155] and NF-κB 

signalling [151, 156], both of which play a role in the pathogenesis of ALS and FTLD.  

 

 

 

Figure 1.2. The effect of p62 on Nrf2 and NF-κB signalling. Upon exposure to oxidative stress, p62 is 
phosphorylated at Serine residues 403 and 349, and binds to the Nrf2-inhibitory protein Keap1, 
shuttling it to the autophagosome for degradation. This frees Nrf2 to enter the nucleus and promote 
the transcription of ARE-genes, including p62, which can also downregulate NF-κB signalling.  
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1.2.1.1. p62 and proteostasis 

The cell utilises two systems to degrade misfolded or damaged proteins; the ubiquitin-

proteasome system (UPS) and macroautophagy, hereafter referred to as autophagy. While 

the UPS mainly degrades short-lived proteins, and autophagy degrades long-lived or 

aggregated proteins, bacteria, and organelles, both systems have the ability to degrade 

misfolded proteins, and both systems recognise ubiquitin as a marker for degradation. A 

major hallmark of ALS and FTLD is the accumulation of misfolded, ubiquitinated proteins in 

damaged neurons [157-160], indicating a role for malfunctioning protein degradation 

systems in pathogenesis. The accumulation of protein aggregates are linked with cell death 

[33, 161, 162]. p62 is a cargo protein for both systems [139].  

 

1.2.1.1.1. p62 and aggregate/inclusion body formation  

p62 has been identified as a major component of aggregates from a number of 

neurodegenerative diseases; from neurofibrillary tangles in AD [163, 164], and ubiquitin-

positive inclusions in Parkinson’s Disease [165], FTLD [164], and Dementia with Lewy bodies 

[163], to SOD1 aggregates in ALS [166], and even Mallory bodies in hepatocytes [167]. While 

the presence of toxic protein aggregates inevitably leads to further damage to cellular 

organelles and subsequent cell death, it is possible that protein aggregate formation is an 

attempt at cellular protection. p62 was found to selectively form aggregates with mutant 

SOD1, but not wild-type SOD1, and these aggregates were not found to be directly toxic to 

the cell [166]. Likewise, p62 was observed to form a shell around mutant huntingtin, and 

interference with p62 function lead to increased cell death [168]. Depletion of p62 in spinal 

muscular bulbar atrophy mouse models exacerbated motor phenotypes via accumulation of 

toxic mutant androgen receptor protein, whereas increased p62 expression induced 

cytoprotective inclusion formation and subsequent improved phenotype [120]. In SOD1H46R 
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mice, p62 suppression lead to an increase in insoluble mutant SOD1 and ubiquitinated 

proteins [118].  

 

It is not clear whether p62 initiates aggregate formation, however it does appear to bind to 

toxic misfolded proteins in an attempt to isolate them from the cell, a process that is 

enhanced by substrate ubiquitination [166, 167]. Thus, p62 may play a protective role in 

preventing further cell damage by toxic misfolded proteins, as cells that retain this p62 

function exhibit increased survivability over cells that do not [166, 168-170]. On one hand 

p62 may bind to aggregates in order to prevent further accumulation of misfolded proteins 

to the aggregate [167], or more likely, binds toxic proteins and holds them in a less active 

state in order to prevent them from causing further damage to the cell in their unbound 

form, until clearance is possible. 

 

1.2.1.1.2. p62, the UPS, and neurodegeneration  

The UPS facilitates the degradation of K48- and K63-linked polyubiquitinated substrates that 

are shuttled to the proteasome by cargo proteins [139]. UPS dysfunction is a hallmark of a 

number of neurodegenerative diseases [171-173], including ALS and FTLD [174-176]. 

Accumulation of UPS-specific substrates and proteins involved in UPS function into cellular 

inclusions provides evidence of UPS dysfunction [177]. Further, aggregation of ALS-

associated proteins leads to an accumulation of UPS-specific substrates, indicating that 

protein aggregation directly impedes UPS function [177] and deletion of a proteasome 

subunit, Rpt3, but not the critical autophagy protein Atg7, was sufficient to cause an ALS-like 

phenotype in mice [178]. Thus, proteasome function may be critical to ALS and FTLD 

pathogenesis. 
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p62 is a cargo protein that shuttles the AD and FTLD-associated protein tau to the 

proteasome for degradation [179]. Through the PB1 domain p62 directly interacts with the 

26S proteasome [139, 180], whereas the UBA domain of p62 recognises ubiquitinated 

substrates. Thus, it is possible that a mutation affecting either domain may impede p62-

mediated degradation of substrates via the proteasome. Mutations to the UBA domain of 

p62, some of which have been identified in ALS and FTLD patients, reduce or abolish p62 

ubiquitin-binding [181, 182]. Thus, shuttling of ubiquitinated substrates to the UPS or 

autophagy is likely to be impeded. Intriguingly, either a loss of p62 [139] or an increase in 

p62 [183] can abrogate UPS function, and both p62 suppression and overexpression can 

cause accelerated disease onset and shortened lifespan in ALS-mouse models [118, 184]. 

Together, these studies indicate a fine balance between p62 levels and both UPS function 

and disease pathogenesis.  ALS and FTLD-associated SQSTM1 mutations that affect the cargo 

function of p62, or perhaps p62 protein levels, may contribute to disease pathogenesis by 

upsetting this balance.  

For a more in depth review of the interplay between the UPS and autophagy see [185].  

 

1.2.1.1.3. p62, autophagy, and neurodegeneration  

Basal autophagy is vital for maintaining neuronal health, and suppression of basal autophagy 

is sufficient to cause neurodegeneration in mice [186, 187]. Deficiencies in autophagy have 

been implicated in a number of neurodegenerative diseases; including AD [188], FTLD [189], 

ALS [190], Huntingtin’s disease [191, 192], spinocerebellar ataxia type 7 [193] and across 

several tauopathies including CBD, and progressive supranuclear palsy [194, 195]. Inhibition 

of autophagy leads to accumulation of a number of proteins involved in neurodegenerative 

diseases including hyperphosphorylated tau [117, 196], α-synuclein [197], and TDP-43 [198], 

and accelerates disease onset in SOD1G93A mice [199]. In contrast, pharmacological 
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enhancement of autophagy in several mouse models has proven effective at enhancing 

clearance of mutant SOD1 [200], as well as TDP-43 and FUS-positive inclusions [198, 201, 

202]. Promotion of autophagy via lithium treatment in SOD1G93A mice and subsequent clinical 

trials in ALS patients slowed disease progression compared to age-matched controls [203], 

however other Phase II and III trials failed to demonstrate any effect on survival [204, 205]. 

Further trials examining the efficacy of other autophagy enhancing agents, such as 

Rapamycin [206], are ongoing [207].  

 

The formation of polyubiquitinated-inclusion bodies and their subsequent removal by 

autophagy are dependent on p62 [136], this includes the clearance of mutant SOD1 via 

autophagy, which is facilitated by p62 binding to mutant SOD1 [208]. p62 itself is degraded 

by autophagy, but not the proteasome [209], and as such autophagy inhibition leads to an 

accumulation of p62 [210]. This is problematic, as increased p62 can delay the delivery of 

ubiquitinated substrates to the proteasome, eventually compromising the UPS [183]. Unlike 

the ability of autophagy to compensate for a UPS failure, the UPS is unable to compensate 

for a failure in autophagy [211]. The effect of p62-overexpression on protein degradation 

was demonstrated in p62-overexpressing SOD1H46R mice. These mice had accelerated disease 

onset and reduced turnover of SOD1H46R by either the UPS or autophagy [184]. However, 

p62-ablation in the same mouse model lead to a worsened disease phenotype and shortened 

lifespan [118]. This highlights that alterations in p62 levels may affect protein degradation, 

overall autophagic flux, and ALS and FTLD disease progression.  

 

Due to the significant role of p62 in autophagy, SQSTM1 mutations that may affect p62 

function are of interest in ALS and FTLD. A number of mutations affecting the PB1 domain of 

p62 have been identified in both ALS and FTLD patients [104, 125, 134], and deletion of the 
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PB1 domain prevents p62 binding to mutant SOD1 [208]. p62 utilises its PB1 domain to 

facilitate self-oligomerization during autophagy [138]. Due to the proximity of functional 

binding sites, p62 is not always able to bind multiple substrates at once. One such example 

is Keap1, a Nrf2 inhibitory protein that is degraded by autophagy in a p62-dependent 

manner. Due to the proximity of the Keap1-interacting region and the LC3-interacting region, 

one p62 monomer bound to LC3 will bind to another p62 monomer that is bound to Keap1, 

and in this way facilitates Keap1 degradation via autophagy [137]. Mutations affecting the 

PB1 domain of p62 may affect functions other than dimerisation; an FTLD-associated p62 

variant, p.R110C, which is located just outside of the PB1 domain, is unable to promote Nrf2 

signalling in line with p62 wild-type, and is associated with increased NF-κB signalling, while 

having no observed effect on dimerization [212], thus indicating further roles for the PB1 

domain in p62 function. p62 can bind to LC3 on the isolation membrane through the LC3-

Interacting Region (LIR) as well as ubiquitinated cargo through the UBA domain [213]. 

Mutations affecting the LIR of p62 have been identified in ALS patients, p.D337E, and p.L341V 

[125]. In vivo analyses demonstrated that a reduction in p62 LC3-binding ability leads to p62 

accumulation in ubiquitinated-inclusions, yet the mutant p62 proteins were unable to be 

degraded by autophagy [214]. Further, removal of the UBA domain or the LIR domain of p62 

reduces the ability of p62 to clear TDP-43 aggregates [198]. Thus, mutations to the LIR or 

UBA domains of p62, or the PB1 domain, which is also important for autophagy, may 

contribute to ALS and FTLD pathology through a build-up of aggregated TDP-43.   

 

However, upregulation of autophagy does not provide a simple solution to reducing disease 

progression. Inhibition of autophagy in SOD1G93A mice leads to increased survival time via 

reduced glial inflammation [199], while upregulated autophagy increased symptom 

progression and motor neuron degeneration via increased mitochondrial depletion and 
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increased apoptosis in the same mouse model [200, 215]. Overexpression of p62 in SOD1H46R 

mice lead to accelerated disease onset [184], indicating a fine balance between over- and 

underactive autophagy and p62 levels.  

 

Additionally, p62 plays a role in the interplay between autophagy and the UPS. Of note, 

proteotoxic stress caused by proteasome inhibition can activate autophagy through p62 

phosphorylation, however increased p62 levels can lead to delayed delivery of ubiquitinated 

substrates to the proteasome, causing UPS impairment despite an intact proteasome [185]. 

This indicates that p62 variants that lead to abrogated p62 function may simultaneously 

affect both autophagy and the UPS by upsetting the interplay between the two. For a more 

in depth review of the interplay between the UPS and autophagy see [185].  

 

1.2.1.1.3.1. p62 and mitophagy  

Fragmentation and changes to mitochondrial morphology have been extensively 

documented in ALS [216, 217], and are linked with aberrant oxidative metabolism and 

greater production of reactive oxygen species [217, 218]. Clearance of mitochondria occurs 

by a form of autophagy known as mitophagy. Defects in mitophagy are observed in ALS, and 

lysosomal defects were observed along with accumulation of damaged mitochondria in 

motor neurons of SOD1G93A mice [190]. The role of p62 in the removal of dysfunctional 

mitochondria is controversial. While some studies indicated that p62 is essential for the final 

clearance of mitochondria [219, 220], other studies suggest that p62 is responsible for the 

aggregation and autophagosomal engulfment of mitochondria, but is not essential for their 

ultimate removal via mitophagy [221-223]. It is possible that, like its role in inclusion body 

formation, p62-mediated aggregation of mitochondria into tight clusters is a cytoprotective 
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attempt at preventing further mitochondrial access to substrates and thereby limiting the 

spread of mitochondria-derived ROS throughout the cell [221]. Mutations that cause a loss 

of p62 function could prevent mitochondrial aggregation and reduce turnover of 

dysfunctional mitochondria, exposing the cell to further assault by ROS. Mutations in 

modifiers of p62, such as Tank Binding Kinase 1 (TBK1), may also decrease p62 function as 

ablation of TBK1-mediated phosphorylation of Serine residue 403 (Ser-403) of p62 results in 

reduced autophagosomal engulfment of mitochondria [223]. Thus, it is possible that TBK1-

mutations lead to ALS pathogenesis partly via reduced p62 phosphorylation.  Of note, the 

p.G427R mutation of p62 was reported to lead to decreased phosphorylation at Ser-403 and 

Ser-349, which was associated with dysregulated cell signalling [224].   

 

1.2.1.2. The effect of p62 mutations on cell signalling 

1.2.1.2.1. Nrf2 signalling 

Nuclear-erythroid factor-2 (Nrf2) is a transcription factor that is normally sequestered in the 

cytosol, however under conditions of oxidative stress it is translocated to the nucleus where 

it promotes the expression of genes involved in the stress response, including Heme 

oxygenase 1, NAD(P)H quinone oxidase 1 (NQO1), glutathione-s-transferase and nuclear 

respiratory factor-1 (Nrf-1) [141, 148]. The Nrf2 response is the primary mechanism utilised 

by neurons to protect against oxidative stress [225]. Nrf2 over-expression has been shown 

to slow disease progression in ALS animal models [226, 227]. Further, Nrf2-deficient cells are 

more susceptible to exposure to reactive oxygen species [141], and spinal cord from 

SOD1G93A mice demonstrate impaired induction of protective genes by the Keap1/Nrf2 

system [142]. Thus, the Keap1-Nrf2 system may be an important pathway in ALS-FTLD 

pathogenesis. 
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As an early stress response gene p62 promotes Nrf2 signalling. Under basal conditions Nrf2 

is bound to the inhibitory protein Keap1, which shuttles Nrf2 to the proteasome for 

degradation [141, 146, 228, 229]. p62 has a Keap1-interacting region (KIR) that mediates p62 

binding to Keap1 [137, 225]. The interaction between p62 and Keap1 is essential for p62-

dependent Nrf2 signalling, and ALS and FTLD-associated mutant proteins that exhibit 

reduced p62-Keap1 binding also have a reduced ability to activate Nrf2 [137, 143, 212, 225]. 

This includes mutations affecting the KIR region of p62, such as p.P348L and p.G351A [230], 

and p.R110C, a mutation affecting the PB1 domain (outside of the KIR) [212]. In the absence 

of a PB1 domain, or in the presence of point mutations within the PB1 domain (p.R21A and 

p.D69A), activation of the NQO1 anti-oxidant response element luciferase reporter was 

greatly diminished, indicating that a fully functioning PB1 domain is required for p62-

dependent upregulation of Nrf2 [137]. Pharmacological induction of Nrf2 was sufficient to 

restore NADH and FAD pools and cellular respiration in p62-deficient SHSY-5Y cells and FTLD 

patient fibroblasts expressing p62 variants p.A381V and p.K238del [124]. Thus, activation of 

Nrf2 may be an important avenue of research for ALS and FTLD therapeutics. 

 

Selective autophagy and p62-dependent induction of Nrf2 may also be linked to p62 

phosphorylation at Serine residue 349 (Ser-349), which is phosphorylated in an mTORC1-

dependent manner, and increases p62 binding affinity for Keap1 and subsequently increases 

Nrf2 signalling [231]. Inhibition of mTORC kinase by rapamycin (and subsequently induction 

of autophagy) decreased p62 Ser-349 phosphorylation and resulted in decreased Heme 

oxygenase-1 expression and Nrf2 activity [231]. Further, autophagy inhibition increases p62-

dependent Nrf2 activity [137]. Thus, it is clear that autophagy and the Nrf2 response are 

linked via p62 activity.  
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Mutations in genes that code for post-translational modifiers of p62, such as TBK1, may also 

affect p62-mediated Nrf2 signalling. The phosphorylation of Ser-349 of p62 increases the 

binding affinity of p62 for Keap1 [231], and thus promotes Nrf2 signalling. A protein with the 

FTLD-associated variant p.R110C substitution had reduced phosphorylation of serine 

residues 403 and 349 (351 in mice), and while it did not demonstrate altered autophagic flux, 

did exhibit reduced ability to stimulate Nrf2 [212]. Mutations in TBK1, which is responsible 

for the phosphorylation of p62 at Ser-403 [223, 232, 233], have been identified in ALS and 

FTLD patients [109, 234]. Phosphorylation of Ser-403 [223, 232, 233] is a preceding step for 

Ser-349 phosphorylation [231], therefore mutations in kinases such as TBK1 may play a role 

in altered cell signalling in ALS/FTLD via changes to p62 phosphorylation.  

 

1.2.1.2.2. NF-κB signalling 

NF-κB is a transcription factor responsible for promoting expression of both pro-survival and 

pro-inflammatory genes. Under basal conditions, NF-κB is bound to the inhibitory proteins 

IκBα, β, and ε, which prevent translocation of NF-κB into the nucleus and thereby block 

transcriptional effects. Under stimulation from a number of sources, such as bacterial and 

viral infections, pro-inflammatory cytokines, and oxidative stress, the IκB proteins are 

phosphorylated and degraded via the proteasome, allowing NF-κB to move into the nucleus 

and promote transcription. Constitutive NF-κB signalling is required for neuronal survival and 

induction of NF-κB activity occurs in response to oxidative stress [235, 236].  

 

The potential role of NF-κB signalling in ALS is complex. NF-κB is upregulated in the spinal 

cords of ALS patients and SOD1G93A mice [149, 237]. However, while inhibition of NF-κB in 

ALS astrocytes did not prevent motor neuron death, selective inhibition of NF-κB in microglia 

prevented microglial-mediated death in vitro, impaired pro-inflammatory microglial 
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activation and increased survival time in ALS mice [149]. Constitutive expression of NF-κB in 

microglia is sufficient to induce gliosis and motor neuron death [149], while increased NF-κB 

activity promoted survival of cells exposed to oxidative stress and NF-κB inhibition resulted 

in greater toxicity [238]. Astrocytic NF-κB activation upregulated microglial proliferation in 

SOD1G93A mice, and this response delayed muscle denervation and prolonged the 

presymptomatic phase, while inhibition of the early microglial response resulted in acute 

detrimental effects [239]. Interestingly, astrocytic NF-κB activation accelerated disease 

progression in the symptomatic phase of SOD1G93A mice [239], however inhibition of NF-κB 

in astrocytes in the same mouse model did not show any change in disease onset or 

progression [240]. ALS-associated proteins FUS, TDP-43 [237, 241], and UBQLN2 [242] all 

promote NF-κB signalling, and either astrocytic- [243] or microglial-induced motor neuron 

death [241].   

p62 has a dual role in the regulation of NF-κB signalling and dysregulation of NF-κB has been 

associated with PDB associated UBA domain p62-variants, which have a decreased ability to 

inhibit NF-κB compared with p62 wild type [150]. While over-expressed wild type p62 inhibits 

NF-κB, p62 has also been reported to play an essential role in positively regulating NF-κB 

signalling in relation to osteoclastogenesis, bone homeostasis, and in cancer [244-246]. 

Genetic ablation of p62 was shown to decrease IKK activation and subsequently inhibited 

NF-κB translocation both in vitro and in vivo in mice [245], and p62 downregulation 

abrogated tumour necrosis factor receptor 6 (TRAF6) and IL-1 mediated NF-κB signalling 

[247], further demonstrating a role for p62 in NF-κB activation outside of 

neurodegeneration. Ubiquitin-binding affinity affects p62-regulated NF-κB signalling as p62 

dimerisation via the UBA domain and ubiquitin-binding are mutually exclusive [248]. Non-

disease associated mutations within the UBA domain that prevent dimer formation increase 

p62 binding to polyubiquitin and subsequently decrease NF-κB signalling. Consistent with 

this finding, p62 UBA domain variants have a reduced ability to bind ubiquitin and impaired 
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negative regulation of NF-κB signalling [249]. However, the PDB-associated non-UBA domain 

mutant p.P364S exhibits increased NF-κB signalling similar to p62 UBA-domain variants, 

despite retaining full affinity for ubiquitin-binding [151], indicating that the role of p62 in 

regulating NF-κB signalling is not solely due to its ability to bind ubiquitin.  

 

 

Figure 1.3: The effect of mutant p62 on Nrf2 and NF-κB signalling in ALS and FTLD pathogenesis. 
Several ALS and FTLD-associated variants exhibit reduced Keap1-binding, preventing Nrf2 from 
entering the nucleus and promoting protective genes, predisposing the cell death upon exposure to 
ROS. Upregulation of Nrf2 signalling downregulates NF-κB signalling, indicating that p62 variants that 
fail to promote Nrf2 signalling may also lead to a concomitant increase in NF-κB signalling. 
Additionally, several p62 variants are unable to regulate NF-κB signalling, which could potentially lead 
to increased transcription of pro-inflammatory and pro-apoptotic factors, predisposing the cell to 
death.  
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p62 interacts with TRAF6, an adaptor protein and E3 ubiquitin-ligase that regulates NF-κB, 

via its TRAF6-binding sequence (TBS), and mutations within this domain of p62 have been 

identified in ALS and FTLD [104, 128]. TRAF6 polyubiquitination is associated with increased 

NF-κB and is promoted by p62, as evident in p62 knockout mice, which exhibit no 

polyubiquitinated TRAF6 in brain tissue and also exhibit neurofibrillary tangles and 

neurodegeneration [250]. However, p62 also facilitates TRAF6 de-ubiquitination by forming 

a scaffolding complex linking the de-ubiquitinating enzyme CYLD with TRAF6 [251, 252]. 

Interestingly, Dobson-Stone and colleagues recently demonstrated a role for CYLD mutations 

in ALS and FTLD via increased K63 deubiquitinase activity and subsequent inhibition of NF-

κB signalling [253], suggesting a role for the p62-CYLD-TRAF6 ternary complex in ALS 

pathogenesis. Expression of a p62 UBA-deletion construct abolished TRAF6 

polyubiquitination, as did a p62 PB1-deletion construct. Nerve growth factor treatment of 

PC12 cells induces TRAF6 polyubiquitination and formation of the p62-TRAF6-IKK-PKC iota 

complex, which leads to NF-κB activation, and inhibition of p62-TRAF6 interaction blocks 

both TRAF6 polyubiquitination and complex formation [250]. Deletion of the TRAF6 binding 

region of p62 was sufficient to block TRAF6-mediated NF-κB induction. TRAF6 exhibits a low 

basal level of polyubiquitination, however co-expression with p62 enhances TRAF6 

polyubiquitination [250]. Therefore, TBS domain variants in ALS-FTLD may alter NF-κB 

signalling and thereby contribute to ALS-FTLD pathogenicity.  

 

1.3. Concluding remarks 

In this review we have summarised the current understanding of the role of p62 in ALS and 

FTLD pathogenesis, and how mutations in various domains of the protein may contribute to 

disease onset.  
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While SQSTM1 mutations identified in PDB cases primarily affect the UBA domain, the 

variants identified in ALS or FTLD patients span the entirety of the protein. As p62 is a 

multifunctional protein that exerts its effects through numerous functional domains, 

mutations affecting these domains can have an effect on both autophagy and cell signalling 

pathways such as the Nrf2 and NF-κB pathways, and are likely to also affect mitophagy and 

aggregate/inclusion body formation. ALS and FTLD-associated p62 variants may therefore 

contribute to ALS and FTLD pathogenesis via reduced degradation of toxic proteins as well 

as via a reduced ability to mount a suitable stress response, leaving cells more susceptible to 

neurotoxic insult. The role of p62 and modifiers such as TBK1 in a functioning autophagy 

lysosome system are well established, however further research into how mutations that 

affect mitochondrial turnover and altered NF-κB signalling in regard to neuronal health and 

survival is required. As failure of autophagy can disturb the UPS and lead to increased 

dysfunctional mitochondria and increased ROS production, further investigations into 

modulation of autophagy and mitophagy to identify potential therapeutic approaches for 

ALS-FTLD are needed. 

  



34 
 

1.4. Central hypothesis and aims 

This study sought to determine how mutations affecting various distinct domains of p62 alter 

its function and ultimately how they may contribute to ALS and FTLD pathogenesis. In 

addition, we aimed to determine whether TBK1 mutations similarly affect p62 function. As 

the p62 variants selected in this study are i) rare, ii) identified solely in sporadic patients, and 

iii) some are present in control individuals, the central hypothesis of this thesis was that these 

ALS-FTLD-associated p62 variants are not solely causative, but instead may be predisposing 

to disease onset. 

In order to address this hypothesis, the aims were to;  

1. Characterise the p.R110C variant located near the PB1 domain to determine which 

p62 functions were affected. 

2. Determine whether altered interaction of p62 with target substrates, such as Keap1, 

would lead to impediment of p62 functions. 

3. Characterise TRAF6 binding domain variants to determine whether they have similar 

impacts on p62 functions as variants that affect distinct domains, i.e. whether the 

ALS-associated p62 variants tested in this study exhibit a reduced ability to 

downregulate NF-κB signalling. 

4. Determine whether TBK1 variants alter p62 phosphorylation and subsequently 

impair p62-mediated induction of autophagic flux.  

5. Determine whether alterations in TBK1-mediated phosphorylation of p62 has 

downstream effects on p62 function in cell signalling cascades. 
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Chapter 2  

General Methods  

Below are general methods utilised in all chapters of this thesis. Specific details, for example 

antibodies or plasmid constructs used in individual experiments are listed in the methods 

section of individual chapters. Information on general reagents and their suppliers can be 

found in appendix 1.3.  

 

2.1. Cell culture and plasmids  

HEK293 cells were a kind gift from Professor Kevin Pfleger (Harry Perkins Institute of Medical 

Research) were maintained in Dulbecco’s modified Eagle’s medium, supplemented with 10% 

foetal calf serum and 1% penicillin/streptomycin. Cells were seeded 24 hours prior to 

transfections, which were performed using Lipofectamine 2000 (Invitrogen) according to 

manufacturer’s specifications. Cells were incubated in transfection media for 4-6 hours 

before media was replaced with fresh full growth media. 

 

NSC-34 cells were a kind gift from Professor Justin Yerbury (Illawarra Health and Medical 

Research Institute) and were maintained in Dulbecco’s modified Eagle’s media with F-12 

HAM, supplemented with 10% foetal calf serum. Cells were seeded out at approximately 50% 

confluence and transfected the following day. Transfections were performed using 

Lipofectamine 3000 (Invitrogen) according to manufacturer’s specifications. Briefly, cells 

were seeded at approximately 50% confluence and incubated overnight before transfection 

the following day. Cells were incubated in transfection media for 18 hours before media was 

replaced with fresh full growth media. 
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pcDNA3.1 N-terminal His-FLAG-tagged (HFN-) p62 plasmids were a kind gift from Professor 

Robert Layfield. Mutations were introduced into the pCMV-HA-TBK1 wild type plasmid (MRC 

PPU Reagents and Services) using site directed mutagenesis (Qiagen) and checked for 

sequence integrity by Sanger sequencing.  

Primers for site-directed mutagenesis of pCMV-HA-TBK1 wild type are as follows: 

Forward – 5 ' - a g a a g a t g a t g a g c a g t t t g t t t c t c t g t a t a g c a c a g a a g a a t a t t t - 3 '  
 
Reverse – 5 ’ - a a a t a t t c t t c t g t g c t a t a c a g a g a a a c a a a c t g c t c a t c a t c t t c t - 3 '  
 

2.2. Dual luciferase reporter assays  

Nrf2 reporter assays were performed as described previously [48], with the exception that 

NSC-34 cells, a more ALS-relevant cell line, were used. Briefly, NSC-34 cells were seeded in 

96-well plates at approximately 3 × 104 cells per well before transfection the following day. 

Cells were transfected with 40 ng of NQO1-ARE (or NQO1 non-functional mutant for negative 

control) or 3κB-SV40 Firefly luciferase reporter and 10 ng Renilla luciferase reporter, and a 

total of 100 ng of gene of interest (specifics are detailed in individual chapters) using 

Lipofectamine 3000® according to manufacturer’s protocol. 24 hours post-transfection cells 

were assessed for luciferase activities using the Dual Glo Luciferase Assay (Promega) 

according to manufacturer’s instruction with a BMG Polar-Star plate reader. Experiments 

were performed in triplicate and assays repeated on three independent occasions. For both 

Nrf2 and NF-κB reporter data, the Firefly luciferase activity was normalised to Renilla 

luciferase activity within the same transfections and relative luciferase activity was 

expressed with the value for wild type sample set at 1.0. Within each experiment the Renilla 

normalised values of the triplicates were averaged, the data presented are the mean of 

triplicate independent experiments ± SEM. 



50 
 

2.3. Co-immunoprecipitations  

NSC-34 or HEK293 cells were co-transfected with plasmids for the genes of interest (specified 

in individual chapters). 48 hours post-transfection cells were lysed in RIPA buffer (50 mM Tris 

Cl pH 8.0, 150 mM NaCl, 1% v/v Triton X-100, 0.1% w/v SDS, 0.5% w/v Sodium deoxycholate) 

containing complete mini protease inhibitors (Roche), and were passed through a 21-guage 

needle 10 times and then centrifuged at 17, 562 × g for 20 minutes at 4 °C. Clarified lysates 

were then pre-cleared of non-specific binding proteins by incubation with 50 L washed 

Sepharose G bead slurry for 2 hours at 4 °C with rotation. After centrifugation, lysates were 

incubated overnight with 1-10 L of antibody specific to the target protein (specified in 

individual chapters) at 4 °C with rotation. Antibody bound proteins were captured with 50 

µL washed Sepharose G bead slurry for 2 hours at 4 °C with rotation. Beads were washed 

three times and bound proteins eluted with 2x SDS sample buffer (1M Tris Cl, pH 6.8, 5% w/v 

SDS, 26% v/v Glycerol). Proteins were separated through 12% SDS TGX-stain free 

polyacrylamide gel (Bio-Rad) electrophoresis and transferred to nitrocellulose membrane. 

Membranes were imaged for stain free total protein prior to blocking for western blot 

analyses.  

 

2.4. Fractionation of cell lysates  

NSC-34 cells were transfected with specified plasmids (Chapters 3 and 4). 48 hours post-

transfection cells were lysed in RIPA buffer, as described above. After isolation of the RIPA-

soluble fraction, the insoluble pellet was solubilised by addition of 1% SDS in 1× PBS and 

incubation for 1 hour at 60°C. Subsequently, RIPA-insoluble fractions were collected by 

centrifugation at 15,000 × g for 30 minutes at 4° C. Proteins were separated through 12% 

SDS TGX-stain free polyacrylamide gel (Bio-Rad) electrophoresis and transferred to 
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nitrocellulose membrane. Membranes were imaged for stain free total protein prior to 

blocking for western blot analyses.  

 

2.5. Western blot analyses 

Western blot protocols are summarised below in Table 2.1. Briefly, antibodies were 

purchased from Sigma-Aldrich, Santa Cruz Biotechnology, MBL, and Cell Signaling, as 

indicated in Table 2.1. Prior to incubation with primary antibody, all membranes were 

incubated for 1 hour at room temperature (RT) in blocking solution (Table 2.1), with the 

exception of pSer403-p62, which was blocked in PBS with 10% skimmed milk (SM) powder.  

Membranes were washed three times after primary antibody incubation in blocking solution. 

Species appropriate HRP-conjugated secondary antibodies (Table 2.1) were incubated at 

1:10,000 for 1 hour at room temperature. Membranes were washed three times and 

developed using Enhanced chemi-luminescence reagent (Perkin Elmer) and visualised using 

a Bio-Rad ChemiDoc. Densitometry was performed using the Lab Image software (Bio-Rad).  

Table 2.1. General western blot protocol  

Antibody Supplier 
Primary 
Dilution 

Blocking 
Solution 

Primary 
Incubation 

Secondary 
Antibody 

FLAG Sigma Aldrich 1:1000 3% SM in TBS 1 h at RT Goat anti-mouse 

p62 BD Biosciences 1:1000 3% SM in TBS 1 h at RT Goat anti-mouse 

α tubulin Sigma Aldrich 1:10,000 3% SM in TBS 1 h at RT Goat anti-mouse 

GFP 
Santa Cruz 

Biotechnology 
1:1000 5% SM in TBS-T 1 h at RT Goat-anti mouse 

pSer403 p62 MBL 1:2500 1% SM in PBS 2 h at RT Goat-anti rat 

Keap1 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

LC3 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

TBK1 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

pSer349 p62 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

TRAF6 Cell Signalling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

K63-Linked 
Ubiquitin 

Cell Signalling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 
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Table 2.2. Source of secondary antibodies 

Antibody Supplier Secondary Dilution Blocking Solution 

Goat anti-mouse IgG horseradish 
peroxidase conjugated antibody 

Sigma-Aldrich 1:10,000 
Same as primary blocking 

solution 

Goat anti-rabbit antibody Promega 1:10,000 
Same as primary blocking 

solution 
Goat anti-rat IgG horseradish 

peroxidase conjugated antibody 
Cell Signalling 1:10,000 

Same as primary blocking 
solution 
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Chapter 3 

An FTLD-associated SQSTM1 variant impacts Nrf2 and NF-κB signalling and is 
associated with reduced phosphorylation of p62  

This chapter was published as: 

Foster, A., Scott D., Layfield R., Rea SL. An FTLD-associated SQSTM1 variant impacts Nrf2 and 

NF-kappaB signalling and is associated with reduced phosphorylation of p62. Mol Cell 

Neurosci. 2019. 98: 32-45  

DOI: 10.1016/j.mcn.2019.04.001 

Abstract 

Elevated oxidative stress has been implicated in the pathogenesis of amyotrophic lateral 

sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). In response to oxidative 

stress, the Nrf2 transcription factor activates protective antioxidant genes. A critical 

regulator of Nrf2 is the inhibitory protein Keap1, which mediates Nrf2 degradation. In 

response to cellular stress an interaction between Keap1 and SQSTM1/p62 (p62), a signalling 

adaptor protein, allows for increased Nrf2 signalling as it escapes degradation. Mutations in 

SQSTM1 (encoding p62) are linked with ALS-FTLD. Previously, two ALS-FTLD-associated p62 

mutant proteins within the Keap1 interacting region (KIR) of p62 were found to be associated 

with decreased Keap1-p62 binding and Nrf2 activation. Here we report that a non-KIR 

domain FTLD-associated variant of p62 (p.R110C), affecting a residue close to the N-terminal 

PB1 oligomerisation domain, also reduces Keap1-p62 binding in cellulo and thereby reduces 

Nrf2 activity in reporter assays. Further, we observed that expression of p.R110C increased 

NF-κB activation compared with wild type p62. Altered signalling appeared to be linked with 

reduced phosphorylation of p62 at Serine residues -349 and -403. Our results confirm that 

ALS-FTLD mutations affecting multiple domains of p62 result in a reduced stress response, 

suggesting that altered stress signalling may directly contribute to the pathology of some 

ALS-FTLD cases.  

https://doi.org/10.1016/j.mcn.2019.04.001
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3.1. Introduction   

Amyotrophic lateral sclerosis (ALS), or motor neuron disease, is a neurodegenerative 

disorder characterized by the loss of motor neurons in the brainstem, spinal cord, and motor 

cortex. Despite extensive research, the cause of the disease is still unknown, with only 

approximately 10% of ALS cases found to be familial, and the remainder “sporadic” with no 

apparent genetic inheritance.  Frontotemporal lobar degeneration (FTLD) is the third most 

common form of dementia in people over 65 years and is characterised by the loss of 

neurons in the frontal and/or temporal lobes of the brain. Approximately 50% of ALS patients 

develop cognitive impairment over the course of the disease, with 15% meeting the 

diagnostic criteria for FTLD [1, 2]. Similarly, approximately 15% of FTLD patients meet the 

criteria for ALS diagnosis, with up to 40% of FTLD patients showing potential signs of motor 

neuron disease [3]. ALS and FTLD are now considered to exist on a disease continuum as they 

share phenotypic, pathological and genetic similarities [4-9]. Protein pathology overlaps 

between the diseases, with pathological inclusions containing Tau and TDP-43 identified in 

tissue from both ALS and FTLD patients, suggesting similar pathological molecular 

mechanisms. While some genetic factors appear distinct, with no identified SOD1 mutations 

in FTLD and no MAPT mutations identified in ALS, genetic overlaps are observed. The most 

commonly identified genetic cause of both ALS and FTLD is hexanucleotide repeat expansion 

of chromosome 9 open reading frame 72 (C9orf72) [8, 10], identified in 30-40% of familial 

ALS and approximately 25% of familial FTLD cases [9]. C9orf72 repeats have also been 

identified in apparently sporadic cases of ALS (5-10%) [8, 9] and FTLD (6%), further 

demonstrating the genetic link between the two diseases. C9orf72 mutations are not 

completely penetrant [9, 11]. Mutations in TARDP, FUS, OPTN, C9orf72, VCP, SQSTM1, 

UBQLN2, and PFN1 are found in ALS and FTLD [8, 10, 12-17] [18, 19], with new studies 

continually revealing more [20].  
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The majority of research into causation has focused on mutations of genes with an 

autosomal dominant effect, but the effect of polygenic contributions may explain the onset 

of sporadic ALS and FTLD cases. Genome-wide association studies have found approximately 

100 genetic loci that predispose individuals to ALS [21], variants at these sites appear to 

demonstrate reduced penetrance, and may provide minor contribution to disease 

pathogenesis on their own [21, 22].  

 

SQSTM1 encodes for the protein SQSTM1/p62 (henceforth referred to as p62). Variants in 

SQSTM1 have been identified in numerous ALS and FTLD cohorts. Mutations in the ubiquitin-

associated (UBA) domain of p62 have long been identified in Paget’s disease of bone (PDB) 

patients [23], whereas the mutations identified in ALS and FTLD patients affect additional 

domains throughout p62. However, how these ALS-FTLD p62 variants contribute to disease 

pathology is unclear [24].  p62 is a scaffold protein for multiple signalling pathways important 

for cell survival and differentiation and has multiple interaction domains for cellular 

signalling intermediates. p62 facilitates substrate-specific degradation through both the 

ubiquitin-proteasome system through its Phox1 Bem1p (PB1) domain [25], and autophagy, 

via the LC3-interacting region (LIR) [26], which includes ubiquitin-independent degradation 

of ALS-mutant SOD1 [27]. This PB1 domain also allows p62 to form self-oligomers and to 

interact with other proteins (such as cAMP-dependent protein kinase and atypical protein 

kinase C) [28, 29]. Additionally, p62 has a Keap1-interacting region (KIR), which allows p62 to 

bind to the Nrf2 inhibitory protein Keap1 [30, 31] thus linking p62 to the Keap1-Nrf2 

signalling pathway. Under normal conditions Keap1 binds to the transcription factor Nrf2 

[32], promoting its proteasomal degradation [33-35]. Upon exposure to stress conditions 

Nrf2 is freed from Keap1 [36, 37], this liberation allows Nrf2 to enter the nucleus and 

promote the transcription of antioxidant and protective genes [32, 38], such as Heme 
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Oxygenase 1 and NAD(P)H quinone oxidase 1 (NQO1), glutathione-s-transferase and also 

SQSTM1 [30], thus forming a positive feedback loop.  

 

This process is dependent on the physical interaction between p62 and Keap1 [30], which if 

abolished can prevent Nrf2 transcriptional activity [31, 39]. The Keap1 binding sites for p62 

and Nrf2 overlap and p62 outcompetes Nrf2 for binding to Keap1, particularly when p62 is 

phosphorylated at Serine 349 (Ser-349) [40]. Phosphorylation of Ser-349 under normal 

conditions leads to increased expression of antioxidant and anti-inflammatory enzymes to 

promote cell survival [40]. Phosphorylation of Serine 403 (Ser-403) regulates ubiquitin-

binding affinity of the UBA domain and may precede phosphorylation of Ser-349, as 

phosphorylation of Ser-403 appears to occur while p62 is bound to ubiquitinated cargos [40]. 

Phosphorylation of Ser-403 and Ser-349 can be mediated by several kinases [40-42], 

including TANK-binding Kinase 1 (TBK1) [43-45], mutations of which have been identified in 

ALS and FTLD patients [46, 47].  

 

Of the variants of p62 that have been identified in individuals with ALS-FTLD, mutations 

affecting the KIR of p62 have been shown to decrease the Nrf2 stress response via reduced 

Keap1-interaction [48]. This is of particular interest as oxidative stress has an important role 

in neurodegeneration. The Nrf2 response is one of the mechanisms utilised by neurons to 

protect against oxidative stress [31], and Nrf2 over-expression has been shown to slow 

disease progression in ALS animal models [49, 50]. Further, Nrf2-deficient cells are more 

susceptible to exposure to reactive oxygen species [32], and spinal cord from SOD1G93A mice 

demonstrate impaired induction of protective genes by the Keap1/Nrf2 system [51]. Thus, 

the Keap1-Nrf2 system may be an important pathway in ALS-FTLD pathogenesis. 
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The broader effect of SQSTM1 mutations on ALS-FTLD pathogenicity is largely unknown, and 

to date functional studies have mostly focused on mutations affecting the LIR and KIR [48, 

52, 53]. Carrol et al. examined the role of Cysteine residues in oxidative stress signalling and 

showed that Cysteine to Alanine substitutions in the PB1 domain inhibit p62 oligomerisation 

in response to oxidation and thereby impact autophagosome formation [54]. Importantly, 

many of the SQSTM1 variants affecting the PB1 domain have a high predictable pathogenicity 

by in silico modelling. The p.R110C variant, which is located just outside of the PB1 domain, 

was discovered in a French FTLD patient with a family history of dementia and Paget’s disease 

of bone, and was predicted to be pathogenic by in silico modelling [55]. Given the importance 

of the PB1 domain for signalling complex formation [56], we hypothesised this variant may 

be involved in the Keap1-Nrf2 or NF-κB p62 signalling pathways. p62 self-oligomerisation via 

the PB1 domain is also important for autophagy [57]. Thus, we performed a detailed 

characterisation of the impact of the FTLD-associated p.R110C mutation on these pathways.  
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3.2. Methods 

3.2.1. Cell culture and treatments 

NSC-34 and HEK293 cells were maintained as described in section 2.1. Cells were seeded 24 

hours prior to transfections, which were performed using Lipofectamine 3000 (Promega) 

according to manufacturer’s specifications. Cells were incubated in transfection media for 18 

hours before media was replaced with fresh full growth media. For cell treatments, cells were 

treated 24 hours post-transfection with either 400 nM Bafilomycin (Sigma Aldrich) for 4 

hours, or 100 nM Rapamycin (Sigma Aldrich) for 4 hours.  

 

3.2.2. Nrf2 and NF-κB reporter assays  

Nrf2 reporter assays were performed as previously described [48], except with NSC-34 cells 

as described in Chapter 2. Cells were transfected with 100 ng HFN-p62 pcDNA3.1 construct 

(empty pcDNA3.1 used in controls), 40 ng of NQO1-ARE (or NQO1 non-functional mutant for 

negative control) or 3κB-SV40 Firefly luciferase reporter and 10 ng Renilla luciferase reporter 

using Lipofectamine 3000® (ThermoFisher Scientific) according to manufacturer’s protocol. 

24 hours post-transfection cells were assessed for luciferase activities. Experiments were 

performed in triplicate and assays repeated on three independent occasions. The data 

presented are the mean of replicate experiments ± SEM.  
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3.2.3. Co-immunoprecipitations  

NSC-34 cells were co-transfected with HFN-tagged p62 (wild type or mutant) and either GFP-

LC3 or HA-TBK1 as indicated. 48 hours post-transfection cells were lysed, and co-

immunoprecipitations performed according to section 2.3. HFN-p62 was isolated with 

overnight incubation with 1 µL anti-FLAG antibody (Sigma Aldrich). HFN-p62 and bound 

proteins were eluted with 2× SDS sample buffer and separated by SDS polyacrylamide gel 

electrophoresis prior to being transferred to nitrocellulose membranes for western blot 

analyses. Membranes were imaged for stain free total protein prior to blocking for western 

blot analyses. 

 

3.2.4. Fractionation of cell lysates 

NSC-34 cells were transfected with HFN-tagged p62 (WT or p.R110C). 48 hours post-

transfection cells were lysed in RIPA buffer, and the insoluble pellet solubilised as described 

in section 2.4.  

 

3.2.5. Western blot analyses 

Western blot protocols are summarised in Section 2.5, with specific antibody protocols 

summarised below in Table 1. Prior to incubation with primary antibody, all membranes 

were incubated for 1 hour at room temperature (RT) in blocking solution (Table 3.1), with 

the exception of pSer403-p62, which was blocked in PBS with 10% skimmed milk (SM) 

powder.  Species appropriate HRP-conjugated secondary antibodies (Table 3.1) were 

incubated at 1:10,000 for 1 hour at room temperature.  
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Table 3.1. Western blot protocol 

Antibody Supplier Primary Dilution Blocking Solution 
Primary 

Incubation 
Secondary 
Antibody 

FLAG Sigma Aldrich 1:1000 3% SM in TBS 1 h at RT Goat anti-mouse 

GFP 
Santa Cruz 

Biotechnology 
1:1000 5% SM in TBS-T 1 h at RT Goat-anti mouse 

pSer403 p62 MBL 1:2500 1% SM in PBS 2 h at RT Goat-anti rat 

Keap1 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

LC3 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

TBK1 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

pSer349 p62 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

α Tubulin Sigma Aldrich 1:10,000 3% SM in TBS 1 h at RT Goat anti-mouse 

 

 

3.2.6. Confocal microscopy 

NSC-34 cells were co-transfected with GFP-tagged p62 wild type and HFN-tagged p62 wild 

type or p.R110C. Cells were later seeded out onto glass coverslips. 48 hours post-transfection 

cells were fixed with 4% Paraformaldehyde in PBS and permeabilised in PBS supplemented 

with 0.1% Triton X-100 (Sigma Aldrich) for 5 minutes at room temperature. After washing, 

cells were blocked with PBS supplemented with 5% donkey serum for 30 minutes at room 

temperature. After removing the blocking solution, the cells were incubated with anti-FLAG 

(Sigma Aldrich) at a dilution of 1:1000 for 2 hours, followed by incubation with a secondary 

Alexa fluor-647 conjugated antibody at 1:800 for 1 hour (Life Technologies). Cells were 

extensively washed, and the coverslips then mounted onto slides using Prolong Gold antifade 

mounting media (ThermoFisher Scientific). Imaging was performed on a Nikon A1Si confocal 

microscope. Analysis of images was performed using a custom macro in Fiji to determine the 

number and size of inclusions per cell. Triplicate independent experiments were performed, 

with a minimum of ten cells analysed per sample per experiment.  



61 
 

3.2.7. Statistical analysis 

Statistical analyses were performed using a one-way ANOVA (GraphPad Prism 7) with 

significance set at p < 0.05, to determine the level of significance of differences between 

values for p62 WT and ALS-FTLD variants. To account for variability within the cell line, values 

were normalised to WT and represented as the fold change relative to WT. For example, to 

assess Keap1 interaction with p62, the amount of Keap1 detected was first normalised to the 

amount of p62 pulled down, and the difference in Keap1 binding was determined as the 

proportion of bound-Keap1 in ALS-FTLD variants relative to the WT. As such, the value of WT 

was set to 1.0 and these values used for one-way ANOVA, using the Geisser-Greenhouse 

correction for unequal variance with significance set at p < 0.05.  Data presented are the 

mean of replicate experiments ± SEM. 
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3.3. Results  

3.3.3. p.R110C-p62 expression activates NF-κB signalling to a greater extent than wild 

type p62 

ALS and PDB-associated mutations affecting the p62 UBA domain are known to increase NF-

κB signalling relative to wild type p62 in reporter assays in HEK293 cells [58]. We have 

observed that these mutations also increase NF-κB signalling in NSC-34 cells, a hybrid spinal 

cord × neuroblastoma cell line that is a more relevant cell line to ALS due to several shared 

morphological and physiological properties with motor neurons (MNs) [59, 60]. We 

therefore decided to investigate the effect of p.R110C expression on NF-κB signalling in NSC-

34 cells. We observed that there was a 40% increase (p = 0.005) in NF-κB activity in p.R110C 

expressing cells when compared with WT expressing cells (Figure 3.1), indicating a reduced 

ability of p.R110C to inhibit NK-κB signalling in comparison to wild type p62. Both p.R110C 

and wild type p62 inhibited NF-κB compared to empty vector transfected cells.   
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Figure 3.1. The effect of p.R110C on p62-mediated NF-κB signalling. NSC-34 cells were co-transfected 
with HFN-p62 pcDNA3.1 vectors as indicated and empty vector (EV) pcDNA3.1 control, along with 

3B-Firefly luciferase reporter and a Renilla luciferase plasmid. Cells were harvested 48 hours post-
transfection and luciferase activity was measured, with Firefly luciferase values normalised to Renilla 

values. Data presented is the average of three repeats ±SEM. ** for p < 0.005 

 

3.3.2. p.R110C variant reduces p62-mediated Nrf2 activation  

Due to the inter-regulatory nature of Nrf2 and NF-κB, increased NF-κB activity can occur due 

to decreased transcription by Nrf2, especially as both pathways are regulated by p62 [58, 77, 

78]. Therefore, we investigated the effects of p.R110C-p62 expression on Nrf2 activity in 

NSC-34 cells. We found that expression of the p.R110C variant is associated with a reduction 

in Nrf2 activation of 30% (p = 0.019) compared with wild type p62 expressing cells (Figure 

3.2). We previously reported that the ALS-associated p.P348L and p.G351A mutations, which 

directly affect the Keap1-interacting region (KIR) of p62, were associated with reduced Nrf2 

activation compared to wild type p62 in similar reporter assays [48]. We included the p.P348L 

variant as a control and observed a similar reduction in Nrf2 activity.  
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Figure 3.2. p.R110C reduces p62-mediated Nrf2 signalling relative to WT. NSC-34 cells were co-
transfected with HFN-p62 pcDNA3.1 vectors as indicated and empty vector (EV) pcDNA3.1 control, 
along with NQO1-ARE Firefly luciferase reporter and a Renilla luciferase plasmid. Negative controls 
were co-transfected with a mutant NQO1-ARE reporter, empty pcDNA3.1 vector, and a Renilla 
luciferase plasmid. Cells were harvested 48 hours post-transfection and luciferase activity was 
measured, with Firefly luciferase values normalised to Renilla values. Expression of wild type (WT) p62 
increased ARE-mediated luciferase activity relative to empty vector control; expression of p.P348L 
(control) and p.R110C variants were associated with reduced ability to activate Nrf2 signalling in 

comparison to WT p62. Data presented is the average of three repeats ±SEM. * p < 0.05, and ** p < 

0.005. 
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3.3.3. p.R110C mutation is associated with a reduction in Keap1 binding by p62 

Given its effects on Nrf2 signalling we examined whether the p.R110C variant impacted p62-

Keap1 binding by co-immunoprecipitation. HFN-p62 was expressed in NSC-34 and 

immunopurified with anti-FLAG antibody, following subsequent wash steps eluted proteins 

were separated by SDS polyacrylamide electrophoresis. Western blotting for Keap1 showed 

endogenous Keap1 in all cell lysates except for the empty vector control, indicating that p62 

upregulates Keap1 expression at the protein level. A slower-migrating oxidised form of Keap1 

(described further in [61], which appeared as higher bands (Figure 3.3a) was also detected. 

Keap1 was detected in all precipitates except for the empty vector control. Keap1 binding 

was reduced by approximately 30% (p = 0.043) in HFN-p62 p.R110C-expressing NSC-34 cells 

in comparison to those expressing wild type p62 (Figure 3.3b).  As previously reported, the 

p.P348L variant also displayed reduced Keap1 binding consistent with reporter assays [48]. 

While the increased expression of endogenous Keap1 as a result of p62 overexpression could 

potentially indicate that Keap1 in the immunoprecipitates is simply a result of increased 

Keap1 levels, the levels of Keap1 in the lysates from cells expressing p.R110C or p.P348L p62 

were not significantly different between wild type p62 (p > 0.05). This suggests that the 

reduced Keap1-binding observed in p.R110C and p.P348L p62 expressing cells is not caused 

by differences in Keap1 expression levels and is more likely explained by mutational effects 

on p62 function. 
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Figure 3.3. The effect of p.R110C and p.P348L mutations on p62-Keap1 interaction. NSC-34 cells were 
co-transfected with HFN-p62 pcDNA3.1 vectors as indicated or empty vector (EV) pcDNA3.1 control. 
Cells were lysed 48 hours post-transfection and HFN-p62 isolated by co-immunoprecipitation. p62 and 
co-bound proteins were captured by Protein G Sepharose IP beads and separated by electrophoresis 
prior to blotting. A) Western blot of HFN-p62 (middle panel) and co-bound endogenous Keap1 (upper 
panel), and stain free total protein (lower panel) B. The amount of Keap1 bound to p62 (WT, p.P348L 
or p.R110C) relative to WT was determined by densitometry using ImageLab Software. Data presented 

is the average of four repeats ±SEM. * p < 0.05 and ** p < 0.005 

 

3.3.4. p.R110C mutation does not affect p62 homo-oligomerisation  

As the p.R110C variant does not directly affect the KIR, we wondered if reduced binding may 

be mediated by changes to the function of the PB1 domain. The PB1 domain mediates p62 

oligomerization and is known to be critical to its scaffold function in some signalling cascades 

[62, 63]. As the p.R110C variant lies just outside of the PB1 domain we wondered whether 

the mutation may affect oligomerization with wild type p62. NSC-34 cells were co-

transfected with GFP-p62 wild type and HFN-p62 (wild type or p.R110C). Reciprocal 

immunoprecipitations were performed by isolating p62 with antibodies to either GFP or 

FLAG. In FLAG co-immunoprecipitations where HFN-p62 p.R110C or HFN-p62 wild type was 

isolated, the amount of GFP-p62 wild type pulled down was not significantly different 

between samples (Figure 3.4a and b). In co-immunoprecipitations where GFP wild type p62 

was pulled down, either equivalent or a slightly greater amount of HFN-p62 p.R110C was 

pulled down in comparison to HFN-p62 wild type (Figure 3.4c and d). We also visualised 



67 
 

interaction between GFP and HFN-p62 by confocal microscopy and found that HFN-p62 

p.R110C co-localised with GFP-p62 wild type (data not shown). It should be noted that the 

use of confocal microscopy is limited to showing whether GFP and HFN-p62 interact but 

cannot accurately measure the degree to which they interact. As such, confocal microscopy 

would not be able to determine whether p.R110C exhibits increased or decreased 

dimerisation in comparison to wild type, and simply confirms that p.R110C dimerisation is 

intact. However, results from confocal microscopy indicate that HFN- p62 p.R110C is capable 

of interacting with wild type p62 via its PB1 domain. Of note, we also assessed Keap1 

interaction within the HFN-p62 p.R110C/-GFP-p62 wild type complex, and observed a similar 

decrease in Keap1 binding in HFN-p62 p.R110C/GFP-p62 wild type expressing cells in 

comparison to HFN-p62 wild type/GFP-p62 wild type cells (data not shown).  
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Figure 3.4. p.R110C does not impact p62 oligomerisation. NSC-34 cells were co-transfected with GFP-
p62 wild type (WT) and HFN-p62 wild type (WT) or p.R110C. Cells were lysed 48 hours post-
transfection and GFP-o62 wild type isolated by immunoprecipitation with A) anti-GFP or C) anti-FLAG. 
HFN-p62 and GFP-p62 were detected by western blot. B) The amount of HFN-p62 WT vs p.R110C 
binding was determined by densitometry using Image Lab software, average of three repeats. D) 
Amount of GFP-p62 WT bound by HFN WT vs p.R110C was quantitated Image Lab software and 

represented as a fold-change relative to WT. Data presented is the average of three repeats ±SEM.  
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3.3.5. p.R110C does not affect p62-LC3 interaction or p62 homo-oligomerisation 

As the LIR is situated very close to the KIR domain, a single p62 protein is unable to 

simultaneously bind to LC3 and Keap1 [30], requiring dimerization with another p62 protein 

to accommodate both proteins. As such, we wondered whether reduced p.R110C-Keap1 

binding increased the binding affinity of p.R110C for LC3. NSC-34 cells were co-transfected 

with HFN-p62 and GFP-mCherry LC3 and interaction was assessed by immunopurification of 

HFN-p62 and subsequent immunoblotting for LC3. We found no significant (p > 0.05) changes 

to LC3-II/LC3-I binding in p.R110C cells compared to wild type (Figure 3.5), indicating that 

increased LC3 binding is not affected by decreased p.R110C-Keap1 binding.  

 

 

Figure 3.5. The effect of p.R110C and p.P348L mutations on p62-LC3 interaction. NSC-34 cells were 
co-transfected with HFN-p62 pcDNA3.1 vectors as indicated or empty vector (EV) pcDNA3.1 control, 
and GFP-mCherry LC3. Cells were lysed 48 hours post-transfection and His Flag-p62 isolated by co-
immunoprecipitation. Proteins were captured using Protein G Sepharose IP beads and separated by 
electrophoresis. A) Western blots for GFP-mCherry LC3 (upper panel), HFN-p62 (middle panel) and 
stain free total protein (lower panel). B) Densitometric analysis of LC3 binding by p62 WT, p.P348L and 

p.R110C. Data presented is the average of three repeats ±SEM.    
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3.3.6. Ser-403 and Ser-349 phosphorylation is reduced in p.R110C p62  

Previous studies have shown that phosphorylation of p62 at Ser-403 and Ser-349 is 

important for priming p62 to bind Keap1 [64]. We wondered if the p.R110C substitution may 

lead to altered phosphorylation of these Serine residues, potentially via a conformational 

change. As the p.P348L mutation has been previously characterised and the reduced Keap1 

binding has already been fully rationalised [48], it was not included for analysis of p62 

phosphorylation. NSC-34 cells were transfected with HFN-p62 wild type or HFN-p62 p.R110C 

and the amount of phosphorylated p62 detected by western blot analysis; total p62 was also 

detected.  Bands of phosphorylated p62 were quantified and normalised to total p62. 

Phosphorylation of Ser-349 was reduced by approximately 30% in HFN-p62 p.R110C 

expressing cells compared with HFN-p62 wild type expressing cells (p = 0.018) (Figure 3.6a 

and b). Phosphorylation of Ser-403 is an important step in preparing p62 for autophagy and 

is a preceding step for Ser-349 phosphorylation. Phosphorylation of Ser-403 was also 

significantly reduced (p < 0.001) in p.R110C p62, with a reduction of approximately 20% in 

comparison to the wild type (Figure 3.6c and d). It should be noted that confidence in the 

specificities of the pSer-349 and pSer-403 antibodies were based upon previous publications 

and manufacturer’s assertions, and as such were not examined in control experiments and 

should be noted as a limitation of the study.  
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Figure 3.6. Reduced phosphorylation of Ser-349 and Ser-403 of p62 p.R110C. NSC-34 cells were 
transfected with HFN-p62 pcDNA3.1 wild type (WT) or p.R110C vectors, or empty vector (EV) 
pcDNA3.1 control. Cells were lysed 48 hours post-transfection and proteins were separated by SDS 
polyacrylamide electrophoreses. Western blots to detect A) pSer-349 and C) pSer-403 p62 were 
performed. The amount of phosphorylated p62 was determined by densitometry and normalised to 
total p62 detected for B) pSer-349 and D) pSer-403 p62. Data presented is the average of three repeats 

±SEM. * p < 0.05 and *** p < 0.001   
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3.3.7. Total p62 solubility is reduced in p.R110C p62 

We wondered if the altered phosphorylation we observed may be due to changes in the 

solubility of p.R110C p62 leading to less soluble phosphorylated protein being detected. 

Therefore, we examined the solubility of phosphorylated p.R110C p62 in both the RIPA-

soluble and insoluble fraction of NSC-34 cell lysates. Phosphorylated and total p62 was 

detected by western blot analysis. Bands of phosphorylated p62 were quantified and 

normalised to total p62. We observed a 2.7-fold increase (p = 0.035) in p.R110C p62 in the 

insoluble fraction in comparison to wild type, however the ratio of phosphorylated p62 to 

total p62 was reduced by 53% (p = 0.021) in p.R110C p62 compared to wild type p62, 

following a similar pattern as observed in the soluble fraction (Figure 3.7). Corresponding 

soluble fractions were run (Figure 3.6), and quantitations showed similar expression levels 

of wild type and p.R110C p62, indicating that the increased levels of p.R110C observed in the 

insoluble fraction is not caused by increased p.R110C expression. This raises the possibility 

that due to its increased incorporation into the insoluble fraction that p.R110C may be 

unavailable to kinases for phosphorylation at Ser-349 as well as for the regulation of Nrf2 

and NF-κB signalling. Alternatively, it is also possible that phosphorylation of p62 may 

regulate its partitioning, and reduced phosphorylation of p62 at Ser-403 and Ser-349 may 

reduce p62’s availability in the soluble fraction which could contribute to reduced regulation 

of Nrf2 and NF-κB signalling.    
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Figure 3.7. Reduced solubility of total p.R110C p62. NSC-34 cells were transfected with HFN-p62 
pcDNA3.1 wild type (WT) or p.R110C vectors, or empty vector (EV) pcDNA3.1 control. Cells were lysed 
48 hours post-transfection and the insoluble pellet solubilised in 1× SDS. Proteins were separated by 
SDS polyacrylamide electrophoreses. Western blots to detect A) pSer-349 and HFN-p62 were 
performed. The amount of phosphorylated p62 was determined by densitometry and normalised to 
total p62 detected for B) total HFN-p62 and pSer-349 p62. Data presented is the average of four 

repeats ±SEM. * p < 0.05   

 

3.3.8. Ser-403 phosphorylation of p.R110C by TBK1 is intact  

We hypothesised that the reduced phosphorylation of p.R110C p62 at Ser-403 may be due 

to a reduced interaction with TBK1, a kinase known to phosphorylate p62 at this residue. We 

immunopurified HFN-p62 and detected co-bound transfected HA-TBK1. We found that the 

amount of TBK1 pulled down by p62 was not significantly different between wild type and 

the two mutant proteins tested (Figure 3.8). Of note, the level of pSer403 was also not 

significantly different in cells co-expressing TBK1, indicating that TBK1-mediated 

phosphorylation is not affected by the p.R110C or p.P348L substitutions. This suggests that 

another kinase is responsible for the changes in basal Ser-349 and Ser-403 phosphorylation 

of p.R110C that we have observed. 
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Figure 3.8. p.R110C and p.P348L retain interaction with and are phosphorylated by TBK1. NSC cells 
were transfected with expression plasmids for HFN-p62 (WT or mutant) and HA-TBK1. 48 hours post-
transfection cells were lysed and p62 immunopurified with anti-FLAG antibody. After antibody capture 
and extensive washing, p62 and bound proteins were eluted and separated by SDS-PAGE. A) Western 
blotting for TBK1, pSer-403 p62, p62 (FLAG) and a total protein blot were performed on lysate input 
and immunopurified (IP) proteins. B) Densitometric quantification of TBK1 pulldown, normalised to 
FLAG pulldown is shown as the mean ± SEM of 3 independent experiments.   

 

3.3.9. p.R110C mutation does not affect autophagy 

As Ser403 phosphorylation is an important preceding step in priming p62 for autophagy, we 

investigated whether p.R110C could affect the formation of autophagosomes or impair 

autophagic flux. During autophagy, the cytosolic LC3-I is conjugated to form LC3-II, which is 

recruited to the autophagosomal membrane, making LC3-II a useful indicator of the number 

of autophagosomes [65].  To determine the effect of p.R110C on autophagy, NSC-34 cells 

were transfected with HFN-p62 wild type or p.R110C and the amount of LC3-I and -II was 

visualised by immunoblotting. As the amount of LC3-I and -II alone at a given time point do 

not indicate autophagic flux, cells were treated with either Bafilomycin A1, an inhibitor of 

autophagy, or Rapamycin, an autophagy inducer, to allow for greater comparison of LC3 
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levels between samples. We found no significant difference in the amount of LC3-II 

normalised to tubulin between the WT and p.R110C-expressing cells (p > 0.05) in non-treated 

and treated cells (Figure 3.9a and b), and the induction of LC3-II in rapamycin-treated cells 

was comparable between wild type and p.R110C-expressing cells. We decided to further 

confirm our observations by analysing the LC3 ratio (LC3-II/ LC3-I). During a period of 

autophagic induction, the amount of LC3-I decreases and the amount of LC3-II 

increases making the LC3-II/LC3-I ratio another means for assessing autophagic flux. 

We did not observe a significant difference (p > 0.05) in the LC3 ratio between wild 

type and p.R110C-expressing cells, for both treated and non-treated cells. We then 

compared the change of LC3 ratio between non-treated cells and rapamycin-treated 

cells and found no significant difference (p > 0.05) between wild type and p.R110C 

treated cells (Figure 3.9c), indicating that p.R110C does not affect autophagic flux.   
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Figure 3.9. p.R110C does not affect LC3 II levels or LC3-II/LC3-I ratio. NSC-34 cells were transfected 
with expression plasmids for HFN-p62 (WT or mutant). 48 hours post-transfection cells were lysed, 
and proteins separated by SDS-PAGE. A) Western blotting for p62 (FLAG), LC3, and tubulin were 
performed. B) Densitometric quantification of LC3-II normalised to Tubulin, in relation to WT is shown 
as the mean ± SEM of 3 independent experiments.  C) Densitometric quantification of the amount of 
LC3-II/LC3-I, are represented in relation to WT. Data is shown as the mean ± SEM of 3 independent 
experiments.   
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To confirm our observations, we co-transfected NSC-34 cells with GFP-mCherry-LC3 and 

HFN-p62 wild type or p.R110C and used confocal microscopy to visualise autophagosomes. 

There was no significant difference (p > 0.05) in the number or size of autophagosomes 

detected in p.R110C p62 compared with wild type p62 expressing cells (Figure 3.10 and 

Figure 3.11), indicating that p.R110C does not affect the formation of GFP-LC3 positive 

autophagosomes. 

 

 

 

 

 

Figure 3.10. The effect of p.R110C on p62/LC3 interaction in autophagosomes. NSC-34 cells were co-
transfected with GFP-mCherry LC3 and HFN-p62 wild type or p.R110C. Cells were harvested 48 hours 
post-transfection and stained with anti-FLAG and AlexaFluor-647 antibody to detect HFN-p62 by 
confocal microscopy. Images were taken from a minimum of ten cells per experiment in 3 independent 
experiments. Cells shown are representative of the majority of cells observed.  
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Figure 3.11. The effect of p.R110C on p62/LC3 interaction in autophagosomes. A. NSC-34 cells were 
co-transfected with GFP-mCherry LC3 and His-FLAG p62 wild type or p.R110C. Cells were harvested 
48 hours post-transfection and treated with anti-FLAG and Alexa Fluor-647 antibodies to detect HFN-
p62 by confocal microscopy. B. Number of inclusions were determined using FIJI software. Data 
presented is the average of three independent experiments (with a minimum of ten cells counted per 

sample for each experiment) ±SEM.  
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3.4.  Discussion  

Mutations in SQSTM1 are associated with some cases of ALS-FTLD, however the underlying 

mechanisms through which these mutations contribute to the disease spectrum are largely 

unknown. Previously we have shown that mutations residing within the KIR of p62 reduce 

Nrf2 signalling via direct effects on Keap1/p62 interaction [48]. In this paper, we expand on 

that observation to conclude that a non-KIR mutation may also contribute to ALS-FTLD by 

affecting Nrf2 via reduced interaction with the key binding partner Keap1, which in this case 

appears to be associated with reduced p62 phosphorylation. We also found that the same 

mutation increases NF-κB signalling relative to WT p62 in reporter assays. 

 

The transcription factors Nrf2 and NF-κB are both conceivably important to neuronal health. 

The brain, due to its high rate of oxygen consumption and high content of unsaturated lipids, 

is considered to be especially vulnerable to damage by oxygen free radicals [66, 67]. Evidence 

of oxidative stress/free radical damage has been observed in CSF and post-mortem tissue of 

ALS patients [68-72], and is also described in other neurodegenerative diseases, including 

Huntington’s [73], Parkinson’s Disease [74, 75], and Alzheimer’s disease [76-78]. Nrf2 and 

NF-κB are inter-regulatory and importantly, both pathways are regulated in part by p62. It is 

noteworthy that UBA mutant proteins (e.g.p.P392L, p.G425R), previously characterised in 

studies related to Paget’s disease of bone, are shown to increase NF-κB activity compared to 

wild type in reporter assays [58], and these mutations are now also associated with ALS-

FTLD. Two ALS-associated genes, OPTN and UBQLN2, code for proteins that share functional 

similarity to p62 in that they both contain ubiquitin-binding motifs and are regulators of NF-

κB. ALS-associated mutations in OPTN and UBQLN2 are similarly associated with increased 

activation of NF-κB compared with cells expressing wild type counterparts [79, 80]. In this 

study, we observed a significant increase in NF-κB activation in cells expressing the p.R110C 

mutant protein when compared with wild type p62 expressing cells, although both wild type 
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and p.R110C proteins inhibited NF-κB compared with empty vector transfected cells. 

Combined with previous studies into OPTN and UBLQN2, our study suggests that 

dysregulated activation of NF-κB may play a role in a subset of ALS-FTLD cases harbouring 

these mutations.   

 

Down-regulation of Nrf2 is expected to lead to activation of NF-κB. Nrf2-/- MEFS exhibit 

increased IKK activity and phosphorylation of IκB-, and thus increased NF-κB activation [81]. 

Additionally, lack of Nrf2 in a model of brain injury shows increased cytokine production [82], 

which contributes to astrogliosis, neuronal death and demyelination of neuronal axons in 

Nrf2-/- mice [83, 84]. Combined with our previous finding that ALS-associated p62 mutations 

reduce Nrf2 activity, we hypothesised that the increased NF-κB activity might be due to 

down-regulated Nrf2. Indeed, we found that in cells expressing p.R110C p62 activation of 

Nrf2 is markedly reduced compared to cells expressing wild type p62. We have previously 

shown that p.P348L p62 reduced Nrf2 due to decreased Keap1 binding, we investigated 

whether Keap1 binding may also be affected by the p.R110C mutation. Indeed, we found 

that p.R110C reduced Keap1 binding by approximately 30%. The reduced binding with 

p.P348L is easy to rationalise, due to its location directly within the KIR. We wondered how 

the p.R110C change, located well upstream of this binding motif, led to a similar affect. As 

oligomerisation is important for the formation of various protein complexes with p62 [85, 

86], we investigated whether p.R110C affected interaction with wild type p62. However, we 

observed that the mutant protein retained the ability to bind and co-localise with wild type 

p62. Next, we hypothesised that the decrease in Keap1 binding may result in an increased 

affinity for LC3 binding, as a monomer of p62 cannot accommodate both LC3 and Keap1 due 

to the binding motifs being adjacent (Figure 3.12). However, our co-immunoprecipitations 
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did not show a concurrent increase in interaction with LC3 binding, nor did confocal 

microscopy.  

 

 

Figure 3.12. p62 dimerization. Due to the close proximity of the KIR and LIR domains, a p62 monomer 
is unable to bind LC3 and Keap1 simultaneously, instead forming a homodimer via the PB1 domain 
(A). The homodimer then binds with the isolation membrane through LC3 (B) and is then degraded via 
autophagy.  

 

The binding affinity of the KIR domain for Keap1 can be increased by phosphorylation of p62 

at Ser-349, this phosphorylation allows p62 to outcompete Nrf2 for binding to Keap1 and 

allows Nrf2 to enter the nucleus (Summarised in Figure 3.13). Phosphorylation of Ser-403 is 

thought to precede pSer-349 [40]. Thus, we investigated whether p.R110C p62 was 

differentially phosphorylated. We observed a 20% decrease in Ser-403 phosphorylation in 

expressed p.R110C p62 compared to WT p62 expressing cells. We also found that the 

p.R110C mutant had a decrease of ~30% phosphorylation at Ser-349, which may explain the 

decreased binding affinity for Keap1 that we observed. Ser-403 phosphorylation can be 

mediated by TANK-binding kinase 1 (TBK1) [43-45] and Unc-51-like protein kinase 1 (ULK1) 
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[41], whereas Ser-349 phosphorylation can be induced by mTORC1 [40] and TGF- activated 

kinase 1 [42]. Due to its implication in ALS-FTLD pathogenesis [46, 47], we considered 

whether the reduced phosphorylation of p62 may be due to altered interaction with TBK1. 

However, we observed that interaction with TBK1 was intact and the phosphorylation of p62 

by this kinase was unaffected, suggesting that the reduced phosphorylation we observed is 

likely due to an effect on interaction with a different kinase, such as ULK1.  

 

We wondered if a conformational change in p62 due to the p.R110C mutation may affect 

movement of p.R110C-p62 into the insoluble fraction. We observed a 2.7-fold increase in 

inclusion of p.R110C in the insoluble fraction in comparison to p62 wild type, which may lead 

to p.R110C being less available for phosphorylation by kinases. Alternatively, 

phosphorylation of p62 may regulate its partitioning into the soluble fraction, and reduced 

phosphorylation of Ser-403 and Ser-349 may lead to reduced availability of p.R110C in the 

soluble fraction in comparison to WT p62. This would mean that decreased phosphorylation 

of p62 could impact cell signalling in two ways – first by the decreasing the total amount of 

p62 available to regulate Nrf2 and NF-κB signalling, and second by decreasing direct 

upregulation of Nrf2 via phosphorylation of p62 at Ser-349, which could lead to upregulated 

NF-κB signalling. Further research assessing phosphorylation mutants S403A and S349A is 

required to establish a link between p62 phosphorylation, solubility and cell signalling 

 

As phosphorylation of Ser-403 increases the binding affinity of the UBA domain for 

polyubiquitin chains and therefore promotes the autophagic degradation of ubiquitinated 

substrates (summarised in Figure 3.13) [44] we investigated whether p.R110C p62 was 

associated with defects in autophagy. We did not observe an effect on autophagic flux or the 

number of autophagosomes in p.R110C p62 expressing cells, indicating that despite reduced 
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phosphorylation, autophagy was not notably impaired. Keap1 can be degraded by autophagy 

in a p62-dependent manner. In concordance with a lack of effect on autophagy, we did not 

observe altered Keap1 levels due to expression of the p.R110C or p.P348L p62 variants. 

Although, the 20% decrease in Ser-403 phosphorylation we observed with p.R110C was 

insufficient to observe impacts to autophagy by either western blot or GFP-LC3 puncta 

formation, the reduced phosphorylation may still impact trafficking of specific ubiquitinated 

substrates to the autophagosome. 

 

 

 

 

Figure 3.13. Phosphorylation of p62 promotes selective autophagy of ubiquitinated substrates. (2) 
Phosphorylation of Ser-403 increases its binding affinity for polyubiquitin chains (3b), and primes 
phosphorylation of Ser-349 (3a) which increases Keap1-binding affinity (4). p62-Keap1 binding 
releases Nrf2 and allows it to enter the nucleus (5b) where it upregulates the expression of protective 
stress-response genes, including p62. Adapted from MBL Life Sciences [83].  

 

 

3.5.  Conclusion  

In summation, we find that an FTLD-associated mutation in close proximity to the PB1 

domain leads to increased NF-κB signalling, which may partially be explained by decreased 

Nrf2 activation. The reduction in Nrf2 activity is due to reduced binding of Keap1, which could 
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be explained by a reduction in phosphorylation of p62 at Ser-403 and Ser-349. Despite pSer-

403 being associated with autophagosomal degradation, we found no evidence of altered 

autophagic flux. A number of kinases are known to phosphorylate p62. We investigated one 

of these, TBK1, a gene product that also harbours mutations in individuals with ALS-FTLD, 

and found that the reduced phosphorylation of p.R110C is likely mediated by reduced 

interaction with another kinase, as TBK1 apparently retained the ability to phosphorylate 

p.R110C. As TBK1 modulates the role of p62 in autophagy this is in keeping with our finding 

that autophagy is unaffected. Thus, our future studies will investigate whether interaction 

with other kinases, such as ULK1, may be affected by the mutation. Our study highlights the 

association of ALS-FTLD associated SQSTM1 mutations with dysregulation of both NF-κB 

signalling and oxidative stress signalling and identifies a novel mechanism for impaired 

signalling via reduced phosphorylation of p62.  
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Chapter 4 

ALS-associated TRAF6 binding-domain SQSTM1 variants inhibit NF-κB signalling 

and are associated with reduced TRAF6 binding  

 

Abstract 

Altered NF-κB signalling is implicated in the pathogenesis of amyotrophic lateral sclerosis 

(ALS) and frontotemporal lobar degeneration (FTLD). Mutations in SQSTM1 (encoding p62) 

have been identified in patients with Paget’s disease of bone, ALS and FTLD and some have 

been shown to cause dysregulated NF-κB signalling. TRAF6 is an E3-ubiquitin ligase that 

promotes NF-κB signal transduction via K63-linked ubiquitination of target substrates, 

including TRAF6 itself. p62 has previously been shown to both positively and negatively 

regulate TRAF6 function via facilitating changes to its ubiquitination status. While the effects 

of mutations in other functional domains of p62 on NF-κB signalling have been investigated, 

mutations within the TRAF6-binding sequence of p62 have not been studied. Here, we show 

that two ALS-associated variants affecting this domain, p.K238E and p.P228L, lead to reduced 

NF-κB signalling and decreased TRAF6 binding in comparison to wild type p62. However, we 

show that these variants had no impact on TRAF6 polyubiquitination, solubility or 

degradation. Our data provide evidence that p62 mutations can decrease NF-κB signalling 

via decreased TRAF6 binding, suggesting that changes to p62-mediated regulation of TRAF6 

may have a role in ALS pathogenesis.  
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4.1. Introduction 

Amyotrophic lateral sclerosis (ALS), the most common form of motor neuron disease (MND), 

is a progressive neurodegenerative disorder involving the loss of motor neurons in the spinal 

cord, brain stem, and motor cortex. Up to 50% of ALS patients exhibit cognitive impairment, 

and up to 15% meet the diagnostic criteria for frontotemporal lobar degeneration (FTLD) [1, 

2], a progressive neurodegenerative disease that is characterised by the loss of neurons in 

either one or both the frontal and temporal lobe [3, 4]. While originally thought to be two 

distinct conditions, recently they have been recognised to exist on a disease continuum due 

to phenotypic, pathological, and genetic similarities [5-9]. ALS and FTLD can have similar 

protein pathologies, with TDP-43 pathological inclusions found in both diseases [5, 10-13]. 

The involvement of many genetic factors further demonstrates overlap between the 

diseases. 

 

 In both ALS and FTLD the most commonly identified genetic cause is the pathological 

hexanucleotide repeat expansion of chromosome 9 open reading frame 72, or C9orf72, 

which has been identified in approximately 30-40% of ALS patients, and 20-30% of FTLD 

patients [14, 15]. Another source of generic overlap is SQSTM1, which encodes the protein 

SQSTM1/p62 (henceforth referred to as p62), with variants identified in both FTLD and ALS 

patients [16, 17]. p62 is a scaffold protein that functions as an autophagy receptor, 

recognising ubiquitinated cargo through its ubiquitin-associated domain (UBA), and shuttling 

the cargo to the forming autophagosome for degradation. p62 binds to the autophagosome 

through interaction with the critical autophagy protein LC3 via the LC3-interacting region 

(LIR) [18]. Mutations in the UBA domain of p62 were originally identified in Paget’s disease 

of bone (PDB) patients, where a decrease in the ability of p62 to negatively regulate nuclear 

factor-Kappa B (NF-κB) signalling contributes to increased osteoclast formation and activity 
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[19, 20]. More recently, mutations both within and external to the UBA domain of p62 have 

been identified in ALS and FTLD patients [16, 17, 21-25], however the mechanisms through 

which these mutations contribute to disease pathogenesis is not fully determined. 

Previously, we reported that an FTLD-associated variant located just outside of the PB1 self-

oligomerisation domain of p62 lead to reduced Nrf2 signalling and an increase in NF-κB 

signalling in motor neuron-like NSC-34 cells [26], indicating that p62 variants may contribute 

to ALS and FTLD disease pathogenesis through an impaired  stress response.  

 

The transcription factor NF-κB, is involved in cell survival, neuronal plasticity and neurite 

outgrowth [27, 28], and regulates the expression of approximately 500 genes involved in 

inflammation, immunity, and apoptosis [29], as well as pro-inflammatory cytokines such as 

IL-1 and tumour necrosis factor-alpha (TNF-α) [30]. Increased NF-κB activation has been 

observed in a number of neurodegenerative diseases, including Alzheimer’s disease [31], 

Parkinson’s disease [32, 33], and ALS [34, 35]. Increased NF-κB signalling has also been linked 

to certain cancers and diabetes pathogenesis [36]. Under basal conditions, NF-κB is bound 

to inhibitory κB (IκB) proteins, which prevent translocation of NF-κB into the nucleus and 

thereby block transcriptional effects. The classical NF-κB pathway is activated through the 

IκB kinase (IKK) complex, which upon activation, leads to the phosphorylation of IκB proteins, 

which are then ubiquitinated and degraded, freeing NF-κB dimers and allowing them to 

translocate to the nucleus where they exert their effects. NF-κB signalling is essential for both 

acute and chronic inflammatory responses, cell proliferation, and cell survival [37, 38].  

 

The role of NF-κB signalling in ALS pathogenesis is still under debate.  NF-κB is upregulated 

in the spinal cords of ALS patients and SOD1G93A mice [34, 35, 39], and increased NF-κB 

signalling in astrocytes and microglia result in accelerated disease progression and induce 
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motor neuron death both in vitro and in vivo [35, 40]. Increased NF-κB signalling has also 

been reported with several ALS-associated proteins, including Fused in Sarcoma (FUS), TAR 

DNA-binding protein 43 (TDP-43) [34, 41], Ubiquilin 2 (UBQLN2) [42], optineurin (OPTN) [43], 

and several p62 variants [19, 26, 44]. While increased NF-κB signalling appears to be involved 

in ALS pathogenesis, the role it plays may be more complex as alterations in NF-κB signalling 

have varying results on survival time in ALS mice depending on the targeted cell type; i.e. 

inhibition of NF-κB in microglia extends survival time in SOD1G93A mice [35], whereas NF-κB 

activation in astrocytes delays disease progression [40].  

 

NF-κB signalling is activated by a range of stressors including oxidative stress, inflammatory 

cytokines, carcinogens, tumour promoters and various other xenobiotics such as viruses and 

bacterial toxins [45-47]. TNF receptor-associated factor 6 (TRAF6) is a RING finger E3 

ubiquitin ligase. Activation of TRAF6 promotes K63-linked ubiquitination of TRAF6 

substrates, including TRAF6 itself [29], which subsequently leads to activation of several 

kinases such as MEKK3, Akt, TAK1, and IKK, and promotes the downstream activation of NF-

κB [29, 48-54].  

 

p62 plays a dual role in NF-κB signalling.  p62 promotes NF-κB signalling by interaction with 

TRAF6 via its TRAF6 binding sequence (TBS), and acts as a scaffold to form a ternary complex 

with the atypical protein kinase C, which activates IKKβ in nerve growth factor (NGF), 

interleukin-1 (IL-1), and TNFα signalling [47, 55, 56]. p62 is required for TRAF6-mediated 

ubiquitination of NF-κB essential modulator (NEMO) and optimal IL-1β signalling [57] and 

depletion of p62 blocks NGF-induced NF-κB activation [47, 58]. Polyubiquitin binding to the 

p62 UBA domain regulates K63-polyubiquitination and oligomerization of TRAF6, thereby 

promoting NF-κB signalling, while deletion of either the PB1, TBS, or UBA domain of p62 
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abolishes p62-mediated polyubiquitination of TRAF6 and downregulates NF-κB signalling 

[55]. p62 is required for IKKβ, but not IKKα, recruitment to the p75-NGF receptor leading to 

NF-κB activation [58], and ablation of p62-TRAF6 binding can prevent TRAF6-

polyubiquitination and TRAF6-mediated NF-κB signalling [55]. Conversely, p62 has been 

shown to negatively regulate NF-κB signalling, and p62 UBA-domain variants associated with 

Paget’s disease of bone (PDB) exhibit a decreased ability to downregulate NF-κB signalling 

compared to wild type p62 [44, 59].  The regulation of NF-κB is partially linked to p62-

ubiquitin binding ability, as non-disease associated mutations within the UBA domain that 

prevent UBA domain dimer formation increase p62-ubiquitin binding and subsequently 

decrease NF-κB signalling, whereas p62 UBA domain disease variants, which have reduced 

or abolished ubiquitin binding capacity, exhibit an impaired ability to downregulate NF-κB 

[60]. However, p62-mediated downregulation of NF-κB signalling isn’t entirely dependent on 

its ability to bind ubiquitin as the non-UBA domain Paget’s disease of bone p62 variant 

p.P364S exhibits increased NF-κB signalling compared to wild type despite retaining the 

ability to bind ubiquitin comparably to wild type p62 [19]. The inhibition of NF-κB by p62 is 

in some cases mediated by facilitating TRAF6 de-ubiquitination through the formation of a 

ternary scaffolding complex with the de-ubiquitinating enzyme CYLD and TRAF6 [61, 62]. 

Taken together, these studies provide evidence that p62 modulates TRAF6 function, and 

therefore mutations affecting the TBS domain of p62 may contribute to ALS and FTLD 

pathogenesis via abrogation of p62-TRAF6 interaction that subsequently alters TRAF6-

mediated NF-κB signalling.  

 

While the effects of mutations in the LIR, KIR, PB1 and UBA domain of p62 have been studied 

[21, 26, 63, 64], the effect of TBS-domain mutations on ALS and FTLD pathogenesis has not 

been investigated. The p.K238E and p.P228L p62 variants were both identified in sporadic 
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ALS patients [23, 25]. Due to the critical nature of the p62-TRAF6 interaction on NF-κB signal 

transduction, we hypothesised that these variants may impact p62-TRAF6 binding and 

subsequently alter TRAF6-mediated NF-κB signalling.   
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4.2. Methods  

4.2.1. Cell culture 

NSC-34 cells were maintained as described in section 2.1. and seeded at approximately 50% 

confluence then transfected the following day. Transfections were performed using 

Lipofectamine 3000 (Invitrogen) according to manufacturer’s specifications. Cells were 

incubated in transfection media for 18 hours before media was replaced with fresh full 

growth media.  

 

4.2.2. NF-κB reporter assay 

NF-κB reporter assays were performed as described in section 2.2. Briefly, NSC-34 cells were 

seeded into 96-well plates at 3 × 104 cells per well and transfected the following day. Cells 

were co-transfected with 50 ng HFN-p62 (wild type or mutant) or pcDNA3.1 empty vector 

(EV), 40 ng of 3κB-SV40 Firefly luciferase reporter, 10 ng Renilla luciferase reporter, and 50 

ng FLAG-TRAF6. 48 hours post-transfection cells were assessed for luciferase activities using 

the Dual Glo Luciferase Assay (Promega). Experiments were performed in triplicate and 

assays were repeated on three independent occasions.  

 

 

4.2.3. Co-immunoprecipitations  

NSC-34 cells were co-transfected with HFN-p62 (wild type or mutant) and FLAG-TRAF6 as 

indicated. 48 hours post-transfection cells were lysed, and co-immunoprecipitations 

performed according to section 2.3. Briefly, TRAF6 was isolated by overnight incubation with 

1 L of anti-TRAF6 antibody (Cell Signalling). TRAF6 and bound proteins were eluted with 2x 

SDS sample buffer and separated by SDS polyacrylamide gel electrophoresis prior to being 



97 
 

transferred to nitrocellulose membranes for western blot analyses. Membranes were 

imaged for stain free total protein prior to blocking for western blot analyses.  

 

4.2.4. TRAF6 degradation 

NSC-34 cells were co-transfected with pcDNA3.1 empty vector or HFN-p62 (wild type or 

indicated variant) and FLAG-TRAF6. 24 hours post-transfection cells were treated with 50 

mg/mL cycloheximide to stop protein translation and 1 µM Torin to induce autophagy [65]. 

Cells were lysed in 2× SDS sample buffer at 0, 2, 4, 6, and 24 hours post-treatment. Proteins 

were separated through 12% SDS TGX-stain free polyacrylamide gel (BioRad) electrophoresis 

and transferred to nitrocellulose membrane. Membranes were imaged for stain free total 

protein prior to blocking for western blot analyses.  

 

4.2.5. Fractionation of cell lysates  

 

NSC-34 cells were co-transfected with pcDNA3.1 empty vector or HFN-p62 (wild type or 

indicated variant) and FLAG-TRAF6. 48 hours post-transfection cells were lysed with RIPA 

buffer to obtain the soluble fraction. The RIPA-insoluble pellet was then solubilised and 

clarified as described in section 2.4.  

 

4.2.6. Western blot analyses  

General western blot protocols are summarised in section 2.5. Protocols for specific 

antibodies are summarised below in Table 4.1. Prior to incubation with primary antibody all 

membranes were incubated for 1 hour at room temperature (RT) in blocking solution. 
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Membranes were washed three times with TBS-T between antibody incubations and prior 

to imaging. 

 

Table 4.1. Western blot protocol 

Antibody Supplier Primary Dilution Blocking Solution 
Primary 

Incubation 
Secondary 
Antibody 

TRAF6 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

p62 BD Biosciences 1:2000 3% SM in TBS 1 hour at RT Goat anti-mouse 

K63-linked 
Ubiquitin 

Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

 

 

4.2.7. Statistical analysis  

Statistical analyses were performed using a one-way ANOVA (GraphPad Prism 8) with 

significance set at p < 0.05, to determine the level of significance of differences between 

values for p62 wild type and p62 ALS variants. To account for variability within the cell line 

between experimental repeats, values within individual experiments were normalised to 

wild type p62, with the value of WT set as 1.0. Thus, variant p62 values are represented as 

the fold change relative to wild type p62. For example, to assess p62 interaction with TRAF6, 

the amount of p62 detected was first normalised to the amount of TRAF6 pulled down, and 

the difference in p62 ALS variant binding to TRAF6 was then determined as the proportion 

of bound-p62 relative to the amount of wild type p62 that was bound to TRAF6. As such, the 

value of wild type was set to 1.0 and these values were used for one-way ANOVA, using the 

Geisser-Greenhouse correction for unequal variance with significance set at p < 0.05.  Data 

presented are the mean of ≥3 independent replicate experiments ± SEM.  
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4.3. Results 

4.3.1. p.K238E and p.P228L variants reduce NF-κB signalling  

ALS and PDB-associated mutations affecting the p62 UBA domain are known to increase NF-

κB signalling relative to wild type p62 in reporter assays in HEK293 cells [19]. We have 

observed that these UBA domain mutations also increase NF-κB signalling in NSC-34 cells 

(unpublished observations), a more relevant cell line to ALS [66, 67]. However, the effect of 

mutations in other domains of p62 is unknown. We therefore decided to investigate the 

effect of expressing the TBS-domain ALS-associated p62 variants p.K238E and p.P228L on NF-

κB signalling in NSC-34 cells. We first assessed NF-κB signalling in cells by transfecting cells 

with p62 only (WT, p.K238E, or p.P228L), and found no significant differences in NF-κB 

signalling between samples (data not shown). As we did not observe expression of 

endogenous TRAF6 in western blotting experiments (Figure 4.2a, 4.3a and 4.4a) we then 

assessed induction of NF-κB signalling when p62 was co-expressed with TRAF6. In 

comparison to cells expressing TRAF6-alone, NF-κB signalling was decreased by 6.2-fold (p = 

0.0166) in cells co-expressing p62 wild type (Figure 4.1). We observed a further decrease in 

NF-κB activity of 72% (p = 0.0067) in p.K238E p62 expressing cells in comparison to wild type 

p62 expressing cells (Figure 4.1), and a 63.5% decrease (p = 0.031) in cells expressing p.P228L 

p62 compared to wild type, indicating that p62 negatively regulates TRAF6-mediated NF-κB 

signalling in motor neuron like cells and that the TBS variants p.K238E and p.P228L represent 

a gain-of-function by further downregulating TRAF6-mediated NF-κB signalling. As the effect 

of the p62 TBS variants on NF-κB signalling appears to occur specifically through TRAF6, this 

likely explains why we did not observe any differences in NF-κB signalling in NSC-34 cells 

transfected with p62 only – as the cells did not express sufficient endogenous TRAF6 to 

promote TRAF6-mediated NF-κB signalling, exogenous expression was therefore required to 

assess the effect of p62 variants on this pathway.  
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Figure 4.1. The effect of ALS-associated mutations on TRAF6-induced NF-κB signalling. NSC-34 cells 
were co-transfected with FLAG-TRAF6 and either HFN-p62 vectors as indicated, or pcDNA3.1 empty 

vector control (TRAF6 alone), along with a 3B-Firefly luciferase reporter and a Renilla luciferase 
plasmid. Cells were harvested 48 hours post-transfection and luciferase activity was measured, with 
Firefly luciferase values normalised to Renilla values. Data is expressed relative to wild type p62 set as 

1.0. Data presented is the average of three independent experiments ± SEM. * p < 0.05, ** p< 0.005 

 

 

4.3.2. p.K238E and p.P228L variants exhibit reduced binding to TRAF6 

Given their effects on NF-κB signalling, we hypothesised that the p.K238E and p.P228L p62 

variants may affect p62-TRAF6 binding. We assessed p62 binding to TRAF6 by co-

immunoprecipitation. HFN-p62 and FLAG-TRAF6 were expressed in NSC-34 cells, and TRAF6 

was immunopurified with anti-TRAF6 antibody. Following subsequent wash steps, eluted 

proteins were separated by SDS polyacrylamide electrophoresis. Western blotting for p62 

revealed p62 in all precipitates except for the empty vector control and TRAF6-only control 

(Figure 4.2a). p62 binding to TRAF6 was reduced by approximately 57% (p = 0.02) in p.K238E 
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p62 expressing cells in comparison to wild type p62 (Figure 4.2b). In p.P228L p62 expressing 

cells, p62 binding to TRAF6 was reduced by approximately 51.7% (p = 0.001) in comparison 

to wild type p62.  

 

 
Figure 4.2. TBS domain mutations reduce p62 binding to TRAF6 but do not affect K63-linked 
ubiquitination of TRAF6. NSC-34 cells were co-transfected with HFN-p62 vectors as indicated, or 
empty vector (EV) pcDNA3.1 control, FLAG-TRAF6, and HA-ubiquitin. Cells were lysed 48 hours post-
transfection and TRAF6 was isolated by co-immunoprecipitation with anti-TRAF6 antibody. TRAF6 and 
co-bound proteins were captured by gamma-sepharose beads, eluted and separated by 
electrophoresis. A) Western blot analyses of TRAF6 and co-bound HFN-p62, K63-linked ubiquitin, and 
stain free total protein. B) The amount of TRAF6, p62, and C) K63-linked ubiquitin was quantified by 
densitometry and normalised to total TRAF6 pulled down. Data presented is the average of three 

independent experiments ±SEM. * p < 0.05.  

 

 

 

4.3.3. p62 TBS variants do not alter K63-linked ubiquitination of TRAF6 

 

TRAF6 is activated via homo-oligomerisation and complex formation with a K63-linked 

specific E2 conjugating enzyme that promotes K63-linked ubiquitination of TRAF6 and its 

substrates, thereby promoting NF-κB signalling [29]. As p62 promotes polyubiquitination of 

TRAF6, and ablation of p62-TRAF6 interaction can prevent this polyubiquitination and 
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susbequenly TRAF6-mediated NF-κB signalling [55], the reduction in TRAF6-binding of 

p.K238E p62 and p.P228L p62 may reduce TRAF6-polyubiquitination and potentially explain 

the decrease in NF-κB signalling we observed.  We therefore assessed K63-linked 

polyubiquitination of TRAF6 by co-immunoprecipitation; HFN-p62, FLAG-TRAF6, and HA-

ubiqutin were co-expressed in NSC-34 cells, and TRAF6 was immunopurified with anti-TRAF6 

antibody. K63-linked ubiquitination of TRAF6 was determined by western blot analysis with 

a K63 specific ubiquitin antibody (Figure 4.2a). Co-expression of TRAF6 with p62 wild type or 

TBS mutants did not significantly alter K63-linked ubiquitination of TRAF6 compared to cells 

expressing TRAF6 alone (p > 0.05), indicating that the reduction in NF-κB signalling we 

observed with p62 co-expression (wild type or mutant) was not likley to be caused by 

decreased K63-linked ubiquitination of TRAF6.  

 

 

4.3.4. ALS-associated p62 variants p.K238E and p.P228L do no affect TRAF6 turnover. 

 

As we did not observe changes in K63-linked ubiquitination of TRAF6 to explain the inhibition 

of NF-κB we observed, we assessed whether altered TRAF6 protein levels could explain the 

increase in NF-κB downregulation observed in cells expressing p62 TBS variants. NSC-34 cells 

were co-transfected with FLAG-TRAF6 and HFN-p62 (wild type or indicated variants) or 

pcDNA3.1 empty vector, and 24 hours later were treated with cycloheximide to inhibit 

translation. As cycloheximide is also an inhibitor of autophagy [65], cells were co-treated 

with the autophagy-inducer Torin to counteract these affects as described previously [65]. 

Cells were harvested at several timepoints in order to determine the rate of TRAF6 

degradation. At the 24 hour timepoint we observed that the amount of TRAF6 in cells 

expressing TRAF6 only was decreased by 53.2% (p = 0.0134) compared to cells co-expressing 

TRAF6 and wild type p62 (Figure 4.3b). TRAF6 levels were reduced by 27.2% (p = 0.016) and 

36.9% (p = 0.016) in p.K238E and p.P228L p62-expressing cells, respectively, compared to 
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cells expressing wild type p62. However, the reduction of TRAF6 at 24 hours compared to 0 

hours was not significantly different (p > 0.05) between samples (Figure 4.3c), or at 6 hours 

(data not shown), indicating that the rate of TRAF6 degradation is unaffected by p62 wild 

type or TBS variants.  

 

 

 

 

 
Figure 4.3. Co-expression of p62 TBS variants does not affect the rate of TRAF6 turnover. NSC-34 
cells were co-transfected with FLAG-TRAF6 and HFN-p62 (wild type or mutant vectors as indicated) or 
empty vector (EV) control. Cells were treated with 50 mg/mL cycloheximide and 1 µM Torin 24 hours 
post-transfection and cells were lysed at 0, 2, 4, 6, and 24 hours post-treatment. Proteins were 
separated by electrophoresis and detected by western blot. A) Western blot analyses of TRAF6 (top 
panel), p62 (middle panel), and stain free total protein (lower panel). B) The amount of TRAF6 at 24 
hour time point. C) The amount of TRAF6 reduction from 0 to 24 hour time points. The amount of 
TRAF6 was determined by densitometry and normalised to total protein using ImageLab software. 

Data presented is the average of four independent experiments ±SEM. Comparison is to p62 wild type 

expressing cells. * p < 0.05 
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4.3.5. ALS-associated p62 TBS variants do not affect TRAF6 solubility  

 

We wanted to determine why TRAF6-mediated NF-κB signalling was reduced in p62 wild 

type-expressing cells despite higher levels of TRAF6 compared to cells expressing TRAF6 

alone. As cells were lysed in SDS buffer in the cycloheximide assay, both soluble and insoluble 

TRAF6 were detected.  As p62 has a tendency to aggregate, we wondered whether p62 may 

co-aggregate TRAF6, reducing its solubility and thereby downregulating TRAF6-mediated NF-

κB signalling by decreasing the availability of TRAF6 in the soluble fraction. We therefore 

assessed the amount of TRAF6 in the RIPA-soluble and insoluble fractions of NSC-34 cells. 

TRAF6 and p62 levels were then assessed by western blot analyses. The amount of TRAF6 in 

the insoluble fraction was reduced by 56.8% (p = 0.03) in p.K238E p62-expressing cells, and 

39.6% (p = 0.046) in p.P228L p62 expressing cells in comaprison to cells expressing wild type 

p62, however insoluble TRAF6 was not significantly different in cells expressing p62 (wild 

type or variants) compared to cells expressing TRAF6-alone. In cells expressing TRAF6-alone, 

the amount of insoluble TRAF6 was not significantly different to cells co-expressing p62 wild 

type (p = 0.06). Similar to section 4.3.4., the total amount of TRAF6 detected in both the 

soluble and insoluble fractions was significantly decreased in p.K238E and p.P228L 

expressing cells compared to wild type (p = 0.0431 and 0.437, respectively), however was 

not significantly reduced in cells expressing TRAF6 alone (p = 0.21) (Figure 4.4e). Further, the 

ratio of soluble/insoluble TRAF6 was not significantly different between samples (p >0.05), 

nor was the ratio of insoluble/total TRAF6 (p > 0.05) (Figures 4.5c and d),  indicating that 

neither p62 wild type nor TBS variants significantly alter TRAF6 solubulity in NSC-34 cells, 

rather the increased TRAF6 observed in the insoluble fraction of p62 wild type-expressing 

cells was due to an overall increase in TRAF6 levels in those cells.  
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Figure 4.4. p62 expression does not affect TRAF6 solubulity. NSC-34 cells were co-transfected with 

FLAG-TRAF6 alone or with HFN-p62 vectors as indicated, or empty vector (EV) control. Cells were lysed 

48 hours post-transfection to obtain a soluble fraction and the RIPA-insoluble pellet was solubilised in 

1× SDS. Proteins were separated by SDS polyacrylamide electrophoreses. A) Western blot analyses to 

detect TRAF6 and p62 were performed. B) total TRAF6, C) The ratio of Soluble/Insoluble TRAF6, D) The 

ratio of Insoluble/Total TRAF6, and E) The total TRAF6 detected (combined Soluble and Insoluble 

fractions). The amount of TRAF6 was determined by densitometry and normalised to total protein for 

all values presented in B-E. Data presented is the average of four independent experiments ±SEM.. * 

p < 0.05, n.s. not significant.   
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4.4. Discussion 

Mutations affecting every known functional domain of p62 have been identified in ALS and 

FTLD patients. However, the contribution of mutations affecting the TBS-domain of p62 to 

ALS-FTLD pathogenesis has hitherto been undetermined. p62 plays a dual role in NF-κB 

signalling, both positively and negatively regulating NF-κB signalling [59, 68-70]. p62 

mutations are associated with both a reduction in ubiquitin-binding ability and a decreased 

ability to inhibit NF-κB signalling in comparison to the wild type [19, 26, 44, 59]. TRAF6 

promotes the activation of NF-κB, as well as activation of other cascades such as MAPK, via 

polyubiquitination of select substrates, including itself [29, 48, 49]. TRAF6 ubiquitination is 

reliant on p62 [55], and prevention of p62-TRAF6 interaction is sufficient to inhibit 

ubiquitination of TRAF6 and its targets, and subsequently represses TRAF6-mediated NF-κB 

signalling [55, 71]. p62 interacts with TRAF6 via its TRAF6-binding sequence (TBS), and the 

p.K238E and p.P228L mutations within this domain of p62 have been identified in sporadic 

ALS patients [16, 25]. We therefore sought to determine the effect of these variants on 

TRAF6 ubiquitination and induction of NF-κB.  

 

While expression of TBS variants alone in NSC-34 cells did not significantly change NF-κB 

signalling in comparison to cells expressing p62 wild type, when co-expressed with TRAF6 

the variants increased NF-κB inhibition. When expressed alone, TRAF6 increased NF-κB 

signalling 6.2 fold compared with cells co-expressing TRAF6 and p62 wild type, indicating that 

p62 wild type plays a down regulatory role in TRAF6-induced NF-κB signalling in NSC-34 cells. 

In comparison, the p.K238E and p.P228L TBS variants further decreased NF-κB signalling by 

72% and 63.5%, respectively. NF-κB is a transcription factor with a somewhat contentious 

role in ALS and FTLD pathogenesis. In an ALS-context, pathologically upregulated NF-κB 

signalling has been observed in both ALS patients and spinal cord of SOD1G93A mice [34, 35], 
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and increased NF-κB signalling activates the microglial response and increases death of co-

cultured motor neurons in vitro, and accelerates disease progression and shortens lifespan 

in SOD1 mice [35, 40, 72, 73].  However, constitutive NF-κB signalling is required for neuronal 

survival and induction of NF-κB activity occurs in response to oxidative stress [37, 38]. 

Inhibition of NF-κB can leave cells vulnerable to death upon exposure to harmful stimuli such 

as oxidative stress or other neurotoxic insults [74, 75]. NF-κB is also responsible for 

upregulating the expression of anti-apoptotic genes [76-79]. TANK-Binding Kinase 1 (TBK1), 

otherwise known as NF-κB activating Kinase (NAK), regulates p62 function via 

phosphorylation of p62 Serine residue 403, and promotes NF-κB signalling [80, 81]. Of 

interest, ALS-associated TBK1 variants, including p.G175S (Chapter 5), exhibit reduced ability 

to promote NF-κB signalling in comparison to TBK1 wild type [80], further indicating a role 

for reduced NF-κB signalling in ALS pathogenesis. The ALS-associated p62 variants p.K238E 

and p.P228L may contribute to ALS pathogenesis via an impaired stress response that leaves 

cells more vulnerable to death following neurotoxic insult. Future studies will examine the 

effect of these variants on cell survival in response to such insults. Additionally, as NF-κB 

signalling is important for neural development and neurite outgrowth [82], suppression of 

basal NF-κB signalling by TBS variants may contribute to ALS pathogenesis by altering healthy 

neuronal development.  

 

As p62 binding to TRAF6 via the p62 TBS-domain affects the poly-ubiquitination status of 

TRAF6 and subsequently TRAF6-mediated NF-κB signalling, we sought to determine whether 

altered TRAF6 binding of the p62 TBS variants was responsible for the reduction in NF-κB 

signalling we observed. We found that binding of p.K238E p62 to TRAF6 was reduced by 

57.15%, and p.P228L p62 binding to TRAF6 was reduced by 51.72% in comparison to wild 

type p62, indicating that the increased inhibition of TRAF6-mediated NF-κB signalling may be 
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a result of reduced TRAF6 binding. Polyubiquitination of TRAF6 is associated with activation 

of NF-κB signalling, and ablation of polyubiquitin chain synthesis is sufficient to prevent 

TRAF6-activation of IKK [29].  More specifically, mutation of K63 of ubiquitin abolishes the 

ability of ubiquitin to support TRAF6-mediated IKK activation, and restoration of K63 and but 

no other lysine residue of ubiquitin is sufficient to activate IKK in a reconstituted system [29], 

indicating a role for K63-linked polyubiquitination of TRAF6 in NF-κB signalling. Inhibition of 

p62-TRAF6 interaction blocks TRAF6 polyubiquitination and subsequently NF-κB signalling, 

and in the brain of p62 knockout mice no polyubiquitinated TRAF6 is detected [55]. 

Conversely, p62 has been reported to facilitate the de-ubiquitination of TRAF6 via acting as 

a scaffold linking TRAF6 with the deubiquitinating enzyme CYLD [61, 62]. As such, we sought 

to determine whether p.K238E and p.P228L p62 expression affected TRAF6-

polyubiquitination, however we found no significant difference in K63-polyubiquitination of 

TRAF6 between wild type and TBS variants, nor between wild type p62 and TRAF6, 

suggesting that p62 does not solely regulate TRAF6-ubiquitination in NSC-34 cells.  Further, 

these results indicate that the effect of TBS variants on TRAF6-mediated NF-κB signalling is 

not a result of reduced TRAF6-polyubiquitination. This is not surprising however, as lysine-

deficient TRAF6, which is unable to be ubiquitinated, is still able to promote NF-κB signalling. 

In addition, non-canonical Transforming growth factor β-activated kinase 1 (TAK1)-mediated 

NF-κB signalling activation remains intact when TRAF6 autoubiquitination is ablated [49], 

therefore p62 may be inhibiting NF-κB activation via mechanisms that are distinct from 

TRAF6 polyubiquitination. Additionally, deletion of the PB1 and UBA domains of p62 

abolishes TRAF6 polyubiquitination and subsequently reduces TRAF6-mediated NF-κB 

signalling [55]  which may also explain why mutations that increase TRAF6 

polyubiquitination, such as UBA domain p62 variant p62 p.P392L [83], have opposing effects 

on NF-κB signalling compared to the TBS variants. It is possible that the p62 TBS variants 

reduce TRAF6 activation of NF-κB by reducing ternary complex formation between p62, 
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TRAF6 and αPKC, while also maintaining the ability to inhibit NF-κB activation through an as 

yet unknown mechanism, with the net effect of increased NF-κB inhibition. It is also possible 

that p62, which is prone to aggregation, may sequester TRAF6 into insoluble aggregates 

preventing TRAF6-mediated activation of NF-κB, and that the TBS p62 variants enhance this 

phenomenon.  

 

Thus, we sought to determine whether p62 affects the solubility of TRAF6, making it less 

functionally available, and whether the p.K238E and p.P228L p62 variants decreased 

solubility further. We found that the amount of TRAF6 in the insoluble fraction was 

significantly reduced in p.K238E and p.P228L cells in comparison to cells expressing wild type 

p62, however the ratio of insoluble/total TRAF6 was not significantly different. Further, the 

amount of insoluble TRAF6 in cells expressing TRAF6-alone was not significantly different to 

that of cells expressing p.K238E or p.P228L p62, indicating that movement of TRAF6 into the 

insoluble fraction does not explain the increased inhibition of NF-κB signalling that we 

observed with these variants.  

 

As we did not observe a difference in the polyubiquitination of TRAF6, nor the solubility of 

TRAF6 in cells expressing TBS variants compared with TRAF6-alone, we investigated whether 

p62 mediated changes in the protein-level of TRAF6. We utilised cycloheximide to determine 

whether the degradation of TRAF6 was altered in cells expressing p.K238E or p.P228L p62, 

and found that the protein-levels of TRAF6 at 24 hours was significantly reduced by 27.16% 

and 36.91%, respectively, compared to levels observed in cells expressing wild type p62. This 

suggests that p.K238E and p.P228L p62 may downregulate TRAF6-mediated NF-κB signalling 

by promoting the degradation of TRAF6 and thereby reducing its activation of NF-κB.  

However, this was not corroborated with an increased turnover of TRAF6 as the overall 
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reduction of TRAF6 over 24 hours was not significantly different between cells expressing 

TRAF6-alone, or cells expressing p.K238E and p.P228L p62 in comparison to wild type p62. 

We also observed that expression of p62 wild type increased TRAF6 levels by 53.2% in 

comparison to cells expressing TRAF6 alone. However, there was no significant difference in 

TRAF6 levels between cells expressing TRAF6 alone or p62 TBS-variant expressing cells, 

indicating that the TBS variants may exhibit a loss of function in comparison to p62 wild type 

with respect to protecting TRAF6 levels. This lack of protection, leading to the lower levels of 

TRAF6 observed at the 24 h time point, at which our NF-κB assays were performed, could 

potentially have led to decreased NF-κB signalling via disruption of the p62-TRAF6-aPKC 

ternary complex which activates NF-κB. Further, there was no significant difference in the 

rate of TRAF6 degradation between any samples. Thus, changes in TRAF6 degradation cannot 

explain the inhibition of NF-κB by wild type p62 or the p62 TBS variants. It is likely that the 

increased TRAF6 in p62 wild type cells is unable to promote NF-κB signalling or be degraded 

as a result of p62-mediated movement of TRAF6 into the insoluble fraction, thereby 

attenuating the effect of increased total protein levels of TRAF6. It is also noteworthy that 

while both TBS variants have been classified as ‘probably damaging’ by in silico predictors 

[17, 25], both have been identified in control samples [16, 17, 25], and in the case of p.K238E 

at the same frequency as controls patients [16], or in a patient greater than 70 years old [25]. 

This, combined with the modest alterations in NF-κB signalling we observed, indicates that 

the TBS variants may not be pathogenic or causative of ALS. At most these variants are likely 

only contributory factors, that when combined with other harmful stimuli may predispose 

the cell to death via an impaired stress response.     
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4.5. Conclusion   

In this study we have assessed the effect of TBS-domain p62 variants p.K238E and p.P228L 

on TRAF6 function. We have confirmed that wild type p62 downregulates TRAF6-mediated 

NF-κB signalling, and that p.K238E and p.P228L p62 further reduce this signalling. The TBS 

variants did not significantly alter TRAF6-polyubiquitination, nor the movement of TRAF6 

into the insoluble fraction. We found conflicting results in that wild type p62 appeared to 

protect TRAF6 from degradation through sequestration in the insoluble fraction, however 

the rate of TRAF6 degradation was not affected by either p62 wild type or TBS variants. Thus, 

the increased inhibition of TRAF6-mediated NF-κB signalling by p.K238E or p.P228L p62 was 

not due to increased TRAF6 degradation. As we have shown that p.K238E and p.P228L p62 

exhibit reduced TRAF6-binding, it is likely that the overall decrease in NF-κB activation is due 

to decreased formation of p62-TRAF6-aPKC NF-κB activating signalling complexes. Future 

studies investigating the effect of p.K238E and p.P228L p62 on these complexes would 

confirm this hypothesis. As the role of NF-κB signalling in ALS and FTLD pathogenesis is 

contentious, further research is required to fully elucidate the role of reduced NF-κB 

activation in neuronal health and how it may contribute to the cells ability to mount a stress 

response and prevent cell death.   
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Chapter Five 

ALS-associated TBK1 variant p.G175S is defective in phosphorylation of p62 and 

broadly impacts p62 and TBK1-mediated signalling 

This chapter has been published as: 

Foster, A., Stott A., Layfield R., Rea SL. ALS-associated TBK1 variant p.G175S is defective in 
phosphorylation of p62 and broadly impacts TBK1-mediated signalling. Mol Cell Neurosci. 
2020. Submitted. 

The submitted manuscript can be found in Appendix 1.2. 

Abstract 

Mutations affecting SQSTM1 coding for p62 and TANK-Binding Kinase 1 (TBK1) have been 

implicated in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration 

(FTLD). TBK1 is a serine-threonine kinase that regulates p62’s activity as an autophagy 

receptor via phosphorylation and also has roles in neuroinflammatory signalling pathways. 

The mechanisms underlying ALS and FTLD pathogenesis as a result of TBK1 mutations are 

incompletely understood, however, loss of TBK1 function can lead to dysregulated 

autophagy and mitophagy. Here, we report that an ALS-associated TBK1 variant affecting the 

kinase domain, p.G175S, is defective in phosphorylation of p62 at Ser-403, a modification 

critical for regulating its ubiquitin-binding function, as well as downstream phosphorylation 

at Ser-349. Consistent with these findings, expression of p.G175S TBK1 was associated with 

decreased induction of autophagy compared to wild type. Expression of wild type TBK1 

increased NF-κB signalling ~300 fold in comparison to empty vector cells, whereas p.G175S 

TBK1 was unable to promote NF-κB signalling above levels observed in empty vector 

transfected cells. We also noted a hitherto unknown role for TBK1 as a suppressor of 

oxidative stress (Nrf2) signalling and show that p.G175S TBK1 expressing cells lose this 

inhibitory function. Our data suggest that TBK1 ALS mutations may broadly impair p62-

mediated cell signalling, which ultimately may reduce neuronal survival, thereby 

contributing to ALS pathogenesis.  
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5.1. Introduction 

 

Amyotrophic lateral sclerosis (ALS), the most common form of motor neuron disease, is a 

devastating neurodegenerative disease that is characterised by progressive muscle 

weakness and paralysis caused by loss of motor neurons in the spinal cord and brain stem. 

Average survival time after symptom onset it 2-3 years, with death most commonly caused 

by respiratory failure [1].  Frontotemporal lobar degeneration (FTLD) is the leading cause of 

dementia in people under the age of 65 and is the third most common cause of dementia in 

people over 65 years of age [2], and is characterised by the loss of neurons in either one or 

both the frontal and temporal lobes [3, 4]. ALS and FTLD share both symptomatic and 

pathological hallmarks [5-9], with up to 15% of ALS patients meeting the diagnostic criteria 

for FTLD and vice versa [10, 11], and as such are considered to exist on a continuum.  

 

A major hallmark of ALS and FTLD is the accumulation of misfolded, ubiquitinated proteins 

in degenerating neurons [12-15]. Dysfunction of both the ubiquitin-proteasome system 

(UPS) and the autophagy-lysosome pathway, henceforth referred to as autophagy, have 

been documented in ALS and FTLD [16-19], as well as other neurodegenerative diseases [19-

22]. Autophagy is a bulk protein and organelle degradation system that is fundamentally 

important for cellular survival [23, 24]. During autophagy, ubiquitinated substrates are 

bound to autophagy receptors such as p62 or OPTN, which sequester unwanted or damaged 

proteins and organelles and shuttle them to the forming autophagosome [25-27]. The bound 

cargo is enveloped by the autophagosomal membrane, which then fuses to the lysosome, 

facilitating the degradation of its contents via hydrolytic enzymes. While UPS dysfunction can 

be compensated by autophagy, the reverse is not true [28-32], and a failure of autophagy 

eventuates in the accumulation of toxic proteins and the failure of the UPS [33], highlighting 

the essential role autophagy plays in protein degradation and neuronal health. Numerous 
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mutations in genes coding for autophagy receptors, including p62 and optineurin, have been 

identified in ALS and FTLD patients [34-39]. 

 

The function of optineurin and p62 in autophagy is regulated via phosphorylation of specific 

serine residues by the pleiotropic kinase TANK-Binding Kinase 1 (TBK1), which also has roles 

in the innate immune response [40, 41], xenophagy [27, 42, 43], and oncogenesis [44, 45]. 

Specifically, TBK1 phosphorylates p62 at residues including Serine 403 (Ser-403) within its C-

terminal UBA domain [46-48], which promotes p62 binding to ubiquitin and thereby 

enhances autophagic activity [47, 48]. p62 binding to ubiquitinated substrates via its UBA 

domain promotes delivery to the autophagosome for degradation, facilitated by interaction 

of p62 with LC3 proteins via its LC3 Interacting Region (LIR) [25]. Mutations affecting the p62-

LIR have been identified in ALS patients [49], and the abrogation of p62-LC3 binding results 

in accumulation of p62-positive, ubiquitin-positive inclusions [50], indicating a potential role 

for reduced p62-mediated autophagy in ALS pathogenesis.   

 

Mutations affecting all four functional domains of TBK1, the N-terminal serine/threonine 

kinase domain (KD), the ubiquitin-like domain (ULD), the scaffold dimerization domain (SDD), 

and two coiled-coil domains (CCD1 and CCD2) have been reported ALS and FTLD patients 

[51-56]. The mutations appear to cause disease through haploinsufficiency or loss-of-

function in regards to phosphorylation of itself, OPTN, and interferon regulatory factor 3 

(IRF3) [51, 54, 57-61], with several shown to decrease TBK1 protein and mRNA levels [51, 55, 

62]. Of note, heterozygous deletion of TBK1 impairs autophagy in motor neurons and 

accelerates disease progression in SOD1G93A mice [63]. However, more recently it was shown 

that inhibition of TBK1 and subsequent decreased phosphorylation of p62 Ser-403 is 

associated with decreased cell death induced by UPS impairment in neuronal cells [64]. Of 
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note a recent paper that investigated mutations across all of the TBK1 functional domains 

showed that only some mutations result in reduced  phosphorylation of TBK1 substrates; 

interferon regulatory factor 3, optineurin, p62, and TBK1 itself [61]. This paper identified that 

ALS mutations affect a variety of TBK1 functions including protein dimerization, protein 

stability and the interaction of TBK1 with autophagy receptors optineurin and p62, but did 

not assess the effect of TBK1 mutant proteins on autophagy, mitophagy or the stress 

signalling pathways NF-κB or Nrf2. Thus, the comprehensive mechanisms underlying ALS-

FTLD pathogenesis due to TBK1 mutations remain unclear.  

 

A further role for TBK1 is promotion of NF-κB signalling [65-67], a transcription factor 

responsible for inducing expression of pro-survival and pro-inflammatory genes. While 

research has mainly focused on TBK1-mediated NF-κB signalling in the context of 

inflammatory disorders and cancers [68], it is an area of interest in ALS-FTLD research as 

aberrant NF-κB signalling has been implicated in disease pathogenesis [69-72]. However, the 

role of NF-κB signalling in ALS is complex. NF-κB signalling has been associated with cell 

survival and is induced by oxidative stress; increased NF-κB activity promoted survival of cells 

exposed to oxidative stress, while NF-κB inhibition resulted in greater cell death [70]. 

However, NF-κB is upregulated in the spinal cords of ALS patients and SOD1G93A mice [69, 73, 

74]. Increased NF-κB signalling in astrocytes and microglia can result in accelerated disease 

progression and induce motor neuron death both in vitro and in vivo [69, 71], and selective 

inhibition of NF-κB signalling in microglia increased survival time in ALS mice [69]. However, 

astrocytic activation of NF-κB in SOD1G93A mice slowed disease progression in the pre-

symptomatic phase of the disease [71]. Increased NF-B signalling has been reported to be 

associated with ALS-linked proteins FUS, TDP-43 [74, 75], UBQLN2 [76], as well as several 
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p62 variants [77-79]. Therefore, the precise effects of TBK1 mutations on NF-κB signalling 

may provide further insight into the pathogenesis of ALS-FTLD.  

 

As noted earlier, the downstream effects of TBK1 on p62 function are not fully elucidated. A 

p.G175S TBK1 variant was identified in an ALS patient that also carried the  p.P392L SQSTM1 

mutation [80], and has also been identified in an unrelated ALS patient without concurrent 

SQSTM1 mutation [81]. The mutation is located within the Serine/threonine kinase domain 

of TBK1 (residues 1-307) [56]. We have previously shown that abnormal phosphorylation of 

p62 at Ser-403 is linked with reduced phosphorylation of serine residue Serine 349 (Ser-349) 

and altered cell signalling [79]. More recently, Ye and colleagues reported that ALS-

associated TBK1 variants, especially those affecting the KD, exhibit differential effects on 

substrate phosphorylation as well as signalling pathways [61]. As such, we sought to 

determine the downstream effects of the p.G175S TBK1 variant on p62-mediated cell 

signalling and autophagy.   
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5.2. Methods 

5.2.1. Cell culture and plasmids 

A c.G523A mutation predicted to cause amino acid substitution p.G175S, identified from 

studies by Gratten et al. [81], and an artificially kinase dead p.K38A substitution were 

introduced into the pCMV-HA-TBK1 wild type plasmid (MRC PPU Reagents and Services) 

using site-directed mutagenesis (Qiagen). The presence of the introduced mutation and 

sequence integrity were confirmed by Sanger Sequencing.  

 

HEK293 cells were maintained as described in section 2.1. Cells were seeded twenty-four 

hours prior to transfections, which were performed using Lipofectamine 2000 (Promega) 

according to manufacturer’s specifications. Cells were incubated in transfection media for 4-

6 hours before media was replaced with fresh full growth media. For comparative autophagy 

treatments, 24 hours post-transfection cells were treated with either 100 nM Bafilomycin A1 

or were serum-starved for 4-6 hours prior to cell lysis. 

 

5.2.2. Nrf2 and NF-κB reporter assays 

NF-κB reporter assays were performed as previously described [82] and in section 2.2. 

Briefly, HEK293 cells were seeded into 96-well plates at 2.5 × 104 cells per well and 

transfected the following day. Cells were transfected with 100 ng His-FLAG N-terminal (HFN) 

tagged-p62 or pcDNA3.1 empty vector (EV), 40 ng of 3κB-SV40 Firefly luciferase reporter, 10 

ng Renilla Luciferase reporter, and 100 ng HA-TBK1 construct, using Lipofectamine 2000® 

according to manufacturer’s protocol. Nrf2 reporter assays were performed as previously 

described [82], with 40 ng NQO1-ARE (or NQO1 non-functional mutant) for a negative 

control.  24 hours post-transfection cells were assessed for luciferase activities using the Dual 
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Glo Luciferase Assay (Promega) according to manufacturer’s instruction. Experiments were 

performed in triplicate and assays repeated on three independent occasions.  

 

5.2.3. Co-immunoprecipitations 

HEK293 cells were co-transfected with HFN-p62 and HA-TBK1 (wild type or variants, as 

indicated). 48 hours post-transfection cells were lysed, and co-immunoprecipitations 

performed according to section 2.3. HFN-p62 was isolated with overnight incubation with 1 

µL anti-FLAG antibody (Sigma Aldrich). HFN-p62 and bound proteins were eluted with 2× SDS 

sample buffer and separated by SDS polyacrylamide gel electrophoresis prior to being 

transferred to nitrocellulose membranes for western blot analyses. Membranes were 

imaged for stain free total protein prior to blocking for western blot analyses.  

 

5.2.4. Western blot analyses 

General western blot protocols are summarised in section 2.5. Protocols for specific 

antibodies are summarised below in table 5.1. Prior to incubation with primary antibody all 

membranes were incubated for 1 hour at room temperature (RT) in blocking solution, with 

the exception of pSer-403 p62, which was blocked in PBS with 10% skimmed milk (SM) 

powder. Membranes were washed three times with TBS-T or PBS-T (pSer-403 p62 only) 

between antibody incubations and prior to imaging. 

Table 5.1. Western blot protocol 

Antibody Supplier Primary Dilution Blocking Solution 
Primary 

Incubation 
Secondary 
Antibody 

p62 BD Biosciences 1:2000 3% SM in TBS 1 h at RT Goat anti-mouse 

pSer-403 p62 MBL 1:2500 1% SM in PBS 2 h at RT Goat-anti rat 

LC3 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

TBK1 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

pSer-349 p62 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 
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5.2.5. Statistical analysis 

Statistical analyses were performed using a one-way ANOVA (GraphPad Prism 8) with 

significance set at p < 0.05, to determine significant differences between values for TBK1 wild 

type and variants. For western blot analyses protein levels were normalised to wild type and 

then represented as the fold change relative to wild type. For example, to assess LC3-II levels, 

the amount of LC3-II was determined, and the difference between samples was determined 

as the proportion of LC3-II in TBK1 variant lysates relative to LC3-II present in lysates from 

cells expressing wild type TBK1. As such, the value for wild type samples was set to 1.0 and 

these values used for one-way ANOVA, using the Geissler-Greenhouse correction for unequal 

variance with significance set at p < 0.05.  Data presented are the mean of at least triplicate 

independent experiments ± SEM. For comparison of LC3-II values between non-treated and 

treated samples, the non-treated value was set to 1.0 and these values used in an un-paired 

t-test with Welch’s correction, with significance set at p < 0.05. All other statistical analyses 

were performed using raw values with no post-hoc correction applied.    
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5.3. Results 

 

5.3.1. TBK1 variants retain p62-binding but fail to phosphorylate p62  

ALS and FTLD-associated TBK1 mutations affecting the KD domain have been shown to lack 

the ability to phosphorylate p62, however not all mutations within the KD exhibit this 

reduced function [61]. We therefore extended these observations to investigate the effect 

of a KD ALS-associated variant (p.G175S) on p62 binding and subsequent phosphorylation at 

Ser-403. HFN-p62 and HA-TBK1 were co-expressed in HEK293 cells and HFN-p62 

immunopurified with anti-FLAG antibody, following subsequent wash steps eluted proteins 

were separated by SDS polyacrylamide electrophoresis. Western blotting with a p62 

antibody revealed p62 in all precipitates except for the empty vector control. TBK1 binding 

to p62 was not significantly different for any of the TBK1 variants screened, indicating that 

they do not impact on substrate recognition by TBK1. We also investigated the levels of pSer-

403 p62 to determine the effect of HA-TBK1 variants on Ser-403 phosphorylation. Western 

blots for pSer-403 p62 were negative in p.K38A and p.G175S samples in both lysate input 

controls and immunoprecipitation eluates (Figure 5.1). In comparison to cells expressing p62 

only, co-expression with TBK1 wild type increased the amount of pSer-403 by 93.7% (p = 

0.013). We found that the ratio of pSer-403 to total p62 was reduced by 94% (p = 0.0014) in 

p.G175S cells, indicating a loss of kinase function in this variant. The kinase-deficient mutant 

p.K38A was included as a control and reduced pSer-403 phosphorylation by 93.97% 

compared with cells expressing wild type TBK1 (p = 0.002). We also observed reduced or 

abolished phosphorylation of p62 at Ser-403 with the TBK1 variants p.548X and p.R537Q, 

both located in the SDD, and p.G217R, located in the KD domain (data not shown), which 

was corroborated by Ye et al [61].   

It should be noted that the protein levels of both TBK1 p.K38A and p.G175S appear reduced 

in comparison to TBK1 WT, which could also explain the reduced levels of p62 pSer-403 
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observed. However, as the amount of TBK1 detected in p.K38A and p.G175S cells is 

consistently higher than in cells expressing p62 alone,  if decreased protein levels were the 

sole cause for reduced p62 pSer-403 we would expect greater levels of phosphorylated p62 

in these samples compared to samples expressing p62 alone. However, as the levels of pSer-

403 are comparable between cells expressing the TBK1 variants and cells expressing p62 

alone, it is unlikely that reduced protein expression of TBK1 p.K38A and p.G175S  is solely 

responsible for the reduced levels p62 pSer-403, however could be a contributing factor and 

should be noted as a limitation of the study.    

 

 

Figure 5.1. TBK1 variants fail to phosphorylate p62 despite retaining TBK1-p62 binding. HEK293 cells 

were co-transfected with HA-TBK1 vector and HFN-p62 or pcDNA3.1 empty vector (EV) control. Cells 

were lysed 48 hours post-transfection and HFN-p62 isolated by immunoprecipitation with anti-FLAG 

antibody. p62 and co-bound proteins were captured by gamma-sepharose beads and separated by 

electrophoresis prior to blotting. A) Western blot of HFN-p62 WT and co-bound HA-TBK1, p-Ser-403 

p62, and total protein (stain free), B) The amount of TBK1 and C) pSer-403/total p62 ratio. Amount of 

proteins were determined by densitometry using ImageLab Software. Data presented is the average 

of three independent experiments ± SEM. ** p < 0.005. * Non-specific bands 
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Phosphorylation of Ser-403 is an important step in preparing p62 for autophagy and is a 

preceding step for Ser-349 phosphorylation [83]. As such, we wondered if the inability of 

p.G175S TBK1 to phosphorylate Ser-403 of p62 may lead to reduced phosphorylation of Ser-

349. HEK293 cells were transfected with HFN-p62 and HA-TBK1 (wild type, p.K38A or 

p.G175S), and the amount of phosphorylated p62 determined by western blot analysis; total 

p62 was also detected. Bands of phosphorylated p62 were quantified and normalised to total 

p62. The total amount of pSer-349 p62 was increased by 93.9% in HA-TBK1 wild type 

expressing cells compared with cells transfected with HFN-p62 alone (p < 0.0001) (Figure 

5.2a and b), and the ratio of phosphorylated Ser-349 p62 over total p62 was increased by 

75.7% (p < 0.0001) indicating that TBK1 promotes phosphorylation of p62 at Ser-349. In 

comparison to wild type TBK1 expressing cells, p.G175S and p.K38A TBK1 expressing cells 

exhibited significantly reduced pSer-349 levels (p < 0.0001, respectively), and pSer-349 to 

total p62 ratio (p < 0.0001, respectively), which were comparable to cells expressing p62-

alone, thus demonstrating another loss of function for these variants. Again, while the 

protein expression of TBK1 p.K38A and p.G175S was reduced compared to TBK1 WT, the 

amount of pSer-349 in these samples was comparable to cells expressing p62-alone, 

indicating that while a limitation of the study, reduced TBK1 protein expression is not solely 

responsible for reduced phosphorylation of p62 at pSer-349.  

 



128 
 

 

Figure 5.2.  ALS-associated variant p.G175S does not promote phosphorylation of p62 at Ser-349. 
HEK293 cells were transfected with empty vector (EV) pcDNA3.1 control, HFN-p62 or HFN-p62 and 
HA-TBK1 (wild type [WT], p.K38A or p.G175S). Cells were lysed 48 hours post-transfection and proteins 
were separated by SDS polyacrylamide electrophoresis. A) Western blots to detect pSer-349 and total 
p62 were performed, B) The amount of pSer-349 detected and C) The ratio of phosphorylated p62 

over total p62. Data presented is the average of three independent experiments ±SEM. *** p < 0.001.  

 

5.3.2. p.G175S TBK1 fails to promote autophagy induction  

As Ser-403 phosphorylation is an important preceding step in priming p62 for autophagy, we 

investigated whether wild type TBK1 would enhance autophagy in HEK293 cells, and the 

kinase domain variant p.G175S exhibit a loss of function in this regard. During autophagy, 

LC3-I is conjugated to form LC3-II, which is recruited to the autophagosomal membrane, 

making LC3-II and the LC3-II/LC3-I ratio a useful indicator of autophagy induction [84].  To 

determine the effect of TBK1 on autophagy, HEK293 cells were transfected with HFN-p62 

and HA-TBK1 (wild type, p.K38A or p.G175S), and the amount of LC3-I and -II in cell lysates 
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was visualised by immunoblotting (Figure 5.3a). LC3 levels were normalised to total protein. 

Compared to empty vector control cells, there was a significant (p < 0.013) increase in the 

amount of LC3-II in wild type TBK1 expressing cells, and a significant (p < 0.0004) increase 

compared to cells expressing p62 alone (Figure 5.3b). In comparison to wild type TBK1 

expressing cells, cells expressing p.K38A and p.G175S TBK1 had reduced LC3-II levels (p < 

0.042, and p < 0.004, respectively). The induction of LC3-II was comparable between empty 

vector and cells expressing p62 alone, indicating that TBK1 is responsible for the increase in 

LC3-II levels, not p62 expression alone. The LC3-II levels detected in p.K38A and p.G175S 

were comparable to p62-alone cells, indicating a loss of function in autophagy induction. We 

further confirmed our observations by analysing the LC3 ratio (LC3-II/LC3-I) (Figure 5.3C). We 

observed an increase in the LC3-II/LC3-I ratio in wild type TBK1 expressing cells compared to 

empty vector transfected cells (p = 0.0013) and cells expressing p62 alone (p = 0.025), 

confirming that wild type TBK1 induces autophagy in HEK293 cells. We observed a significant 

difference (p = 0.0128) in the LC3 ratio between wild type and p.G175S TBK1 expressing cells, 

and between wild type and p.K38A TBK1 expressing cells (p = 0.0053), suggesting that the 

loss of kinase activity is responsible for the lack of autophagy induction observed with 

p.G175S TBK1.  

As discussed in the Klionsky Guidelines for assessing autophagy, assessment of overall 

autophagic activity requires monitoring the flux of the entire system [85]. As the amount of 

LC3-I and -II alone at a given time point is not sufficient to indicate autophagic flux, cells were 

compared with various treatments. To induce autophagy, cells underwent serum starvation 

for 6 hours. The LC3-II and LC3-II/LC3-I ratio was increased in TBK1 wild type expressing cells 

compared to both empty vector cells (p = 0.0002) and cells expressing p62 alone (p = 0.0374) 

(Figure 5.3D), providing further evidence that wild type TBK1 promotes greater autophagic 

induction than cells expressing p62 alone. It should be noted that while there appears to be 

more total protein in the TBK1 WT serum starved sample, blots were normalised for total 
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protein to allow for accurate comparison between samples. Again, we observed a significant 

decrease (p = 0.0022) in the LC3 ratio for p.G175S TBK1 expressing cells and in p.K38A TBK1 

expressing cells (p = 0.0078) compared with wild type expressing cells, indicating that they 

are unable to promote autophagic induction.   

We also compared the LC3 levels in cells treated with Bafilomycin A1, which inhibits late-

stage autophagy by interrupting autophagosome-lysosome fusion, resulting in the 

accumulation of LC3-II. As such, Bafilomycin A1 can be used to assess autophagic flux, as 

increased LC3-II levels as a result of inhibited lysosomal degradation indicates a system in 

flux [85].  We found a significant increase in the LC3-II levels for both TBK1 wild type (increase 

of 92.6%, p = 0.0394) and p.G175S (increase of 88.5%, p = 0.0117) in comparison to non-

treated counterparts (Figure 5.3E and F, respectively), indicating that while p.G175S 

expression fails to induce autophagy comparable to wild type, it does inhibit autophagic flux.  

However, it should be noted that these results are merely indicative of altered autophagic 

induction, as assessment of LC3-I and LC3-II levels by western blot, even with comparative 

treatments, is insufficient to conclusively demonstrate altered autophagy. As described in 

the Klionsky Guidelines for assessing autophagy, autophagy is a highly dynamic, multi-step 

process that can be modulated at several steps [85]. As such, results can be explained by 

multiple interpretations, and while the use of comparative treatments is helpful in the 

interpretation of such results, the use of these alone is a limitation of the present study.   
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Figure 5.3. Expression of p.G175S TBK1 does not promote autophagy. HEK293 cells were transfected 
with expression plasmids for HFN-p62 and HA-TBK1 (WT or mutant). 24 hours post-transfection cells 
were treated with either no-treatment, 100 nM Bafilomycin A1, or serum starvation for 6 hours. Cells 
were then lysed, and proteins separated by SDS-PAGE. A) Western blotting for p62 (FLAG), LC3, TBK1, 
and total protein were performed, B) Densitometric quantification of LC3-II normalised to total 
protein, in relation to WT is shown as the mean ± SEM of 4 independent experiments, C) Densitometric 
quantification of the amount of LC3-II/LC3-I, D) Densitometric quantification of the amount of LC3-
II/LC3-I for serum starved samples, and E-F) Densitometric quantification of LC3-II normalised to total 
protein, in relation to non-treated samples, for TBK1 WT and p.G175S, respectively. Data is shown as 
the mean ± SEM of 3 independent experiments.   
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5.3.3. p.G175S TBK1 fails to promote NF-κB signalling  

TBK1 has been shown to promote NF-κB signalling in HEK293T cells [65], and Ye and 

colleagues reported that TBK1 variants affecting all domains of TBK1 exhibit reduced 

activation of NF-κB signalling [61]. As we have previously reported that reduced 

phosphorylation of p62 is linked with increased NF-κB signalling [79], we therefore wondered 

whether expression of TBK1 mutant proteins would alter NF-κB signalling. We observed that 

expression of wild type TBK1 alone increased NF-κB signalling 300-fold (p < 0.0001) in 

comparison to empty vector control cells (Figure 5.4). When co-expressed with p62, NF-κB 

signalling was reduced by 36.5% (p = 0.009), indicating that p62 partially downregulates 

TBK1-induced NF-κB signalling. Both p.K38A and p.G175S TBK1 failed to induce NF-κB 

signalling compared with cells expressing wild type TBK1 or empty vector control. While the 

protein level of TBK1 p.G175S appears reduced in comparison to WT, the amount of TBK1 

detected in p.G175S cells is consistently higher than that in empty vector cells (Figures 5.1, 

5.2, 5.3A). As p.G175S fails to promote NF-κB signalling above that of empty vector cells, this 

indicates that the reduction in NF-κB signalling is more likely due to a loss of function of 

p.G175S, however reduced protein expression cannot be ruled out as a contributing factor.   
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Figure 5.4. The effect of TBK1 on NF-κB signalling. HEK293 cells were transfected with HA-TBK1 
vectors as indicated and either empty vector (EV) pcDNA3.1 control, or HFN-p62 wild-type as 
indicated, along with a 3κB-Firefly luciferase reporter and a Renilla luciferase plasmid. Cells were 
harvested 24 hours post-transfection and luciferase activity was measured. Firefly luciferase values 
were normalised to Renilla values. Data represents the mean of three independent experiments 

performed in triplicate ± SEM. ** for p < 0.005 and *** for p < 0.001. 

 

 

5.3.4. Wild type TBK1 expression inhibits Nrf2 signalling, but p.G175S TBK1 does not.  

Previous studies have shown that phosphorylation of p62 at Ser-403 and Ser-349 is 

important for promoting p62 binding to Keap1 [83], which in turn upregulates Nrf2 

transcriptional activity [86, 87]. As phosphorylation of p62 Ser-349 under normal conditions 

leads to increased expression of antioxidant and anti-inflammatory enzymes [88], we 

wondered whether reduced phosphorylation of Ser-349 by p.G175S TBK1 would result in 

reduced Nrf2 activation. Surprisingly, we found that expression of wild type TBK1 reduced 
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Nrf2 activation by 44.34% (p = 0.0085) compared to empty vector control (Figure 5.5). In 

keeping with previous reports, in cells expressing p62, Nrf2 activity was upregulated 2.4-fold 

(p = 0.0004) compared to empty vector cells, however this was reduced by 45.24% in cells 

co-expressing p62 and wild type TBK1 (p = 0.008), indicating that while p62 promotes Nrf2 

signalling, TBK1 negatively regulates Nrf2 signalling. In comparison, expression of the kinase 

deficient TBK1 variants p.K38A and p.G175S alone, increased Nrf2 signalling by 31.23% (p = 

0.0083) and 22.68% (p = 0.0443), respectively, in comparison to empty vector cells. Co-

expression of p.K38A or p.G175S TBK1 with p62 did not significantly increase Nrf2 signalling 

above that of cells expressing p62 alone. Thus, our results indicate that the kinase function 

of TBK1 is required for downregulation of Nrf2 signalling and that ALS-associated variant 

p.G175S TBK1 loses this suppressive function. As Nrf2 and NF-κB are inter-regulated and 

downregulation of Nrf2 signalling results in increased NF-κB activation in mice treated with 

pro-inflammatory stimuli [89], the increased NF-κB signalling in TBK1 wild type-expressing 

cells may explain the reduction in Nrf2 signalling observed, despite increased 

phosphorylation of p62 at Ser-349.  
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Figure 5.5. The effect of HA-TBK1 and HFN-p62 on Nrf2 signalling. HEK293 cells were co-transfected 
with HFN-p62 pcDNA3.1 wild type or empty vector (EV) pcDNA3.1 control, as indicated, and HA-TBK1 
vectors as indicated, along with NQO1-Firefly luciferase reporter and a Renilla luciferase plasmid. 
Negative controls were cells transfected with a NQO1-deficient mutant Firefly luciferase reporter, and 
positive control cells were transfected with wild-type NQO1-Firely luciferase reporter and Nrf2 wild-
type. Cells were harvested 24 hours post-transfection and luciferase activity was measured, with 
Firefly luciferase values normalised to Renilla values. ** for p < 0.005, *** for p < 0.001, and **** for 
p < 0.0001.  
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5.4. Discussion 

 

A major pathological hallmark of ALS and FTLD is the accumulation of misfolded, 

ubiquitinated proteins in damaged neurons [12-15], which is linked to neuronal cell death 

[90-92]. Deficiencies in basal autophagy are sufficient to cause neurodegeneration in animal 

models [23, 24], and deficiencies in autophagy have been documented in ALS [19]. Mutations 

in TBK1 have been identified in both ALS and FTLD patients [51-55], and deletion of TBK1 has 

been shown to impair autophagy and accelerate early stage disease progression in a SOD1 

animal model of ALS [63]. While haploinsufficiency due to nonsense mutations has been 

reported [51], very little is known about the functional effects of missense TBK1 mutations. 

TBK1 variants have been shown to reduce phosphorylation of optineurin, impede mitophagy 

[93], and  impair p62 phosphorylation [94]. ALS-associated TBK1 variants, especially those 

located within the KD, exhibit differential effects on substrate phosphorylation and signalling 

pathways [61], indicating that different TBK1 mutations may differentially impact disease 

progression. We sought to determine the effects of a kinase domain ALS variant (p.G175S) 

protein on p62 phosphorylation, autophagic flux and cell signalling and compared it with 

expression of wild type and kinase-deficient (p.K38A) TBK1.  

 

Autophagy is induced during times of cellular and proteotoxic stress [28-32, 95-98] in order 

to remove damaged proteins and organelles [99-101] and promote the antioxidant stress 

response [98]. Our data confirms that wild type TBK1 phosphorylates p62 at Ser-403 and 

promotes autophagic flux in HEK293 cells. In contrast, both p.K38A TBK1 and the p.G175S 

ALS variant failed to phosphorylate p62 or promote autophagy, indicating that p.G175S 

affects TBK1 kinase function and may thereby mediate ALS-FTLD pathogenesis. Consistent 

with this finding, we show that the mutant proteins do not increase basal or serum-

starvation induced autophagy, however wild type TBK1 increased the basal autophagy 
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compared with empty vector and cells transfected with p62 only. The inability of p.G175S to 

promote autophagy induction could leave the cell more susceptible to cell death in response 

to stress or injury.  It should be noted that these results are merely indicative of altered 

autophagic induction, as autophagy is a highly dynamic, multi-step process that can be 

modulated at several steps, and observations can be explained by several different causes 

[85]. For example, increased numbers of autophagosomes, as measured by LC3 lipidation in 

the present study, can indicate increased autophagy induction, a reduction in 

autophagosome turnover, or an inability of autophagic degradation to “keep up” with 

autophagosome formation [85]. As discussed previously, use of comparative treatments is 

helpful in interpreting such results, however they should be paired with other techniques for 

monitoring autophagic flux, such as tandem mRFP-GFP-LC3 fluorescence microscopy or flow 

cytometry, to fully determining the effect TBK1 variants have on autophagy induction. 

 

In addition to the impaired autophagy that is reported in ALS and FTLD, there is evidence of 

oxidative stress/free radical damage in cerebral spinal fluid and post-mortem tissue of ALS 

patients [102-106]. The transcription factors Nrf2 and NF-κB both have neuroprotective 

functions and are induced in response to cellular exposure to oxidative stress [70, 107]. The 

transcription factor Nrf2 is normally sequestered in the cytosol by Keap1 and degraded via 

the proteasome [108-111]. Under oxidative stress p62 binds Keap1 and frees Nrf2 to 

translocate to the nucleus to promote transcription of antioxidant genes [86, 108, 112, 113], 

and ALS and FTLD-associated p62 variants that exhibit reduced p62-Keap1 binding  display a 

reduced ability to activate Nrf2 [79, 86, 87, 94, 112]. 

 

As phosphorylation of p62 at Ser-403 is a preceding step for Ser-349 phosphorylation, which 

subsequently promotes Nrf2 signalling [46-48, 88], we assessed whether the inability of 
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p.G175S TBK1 to phosphorylate p62 at Ser-403 would have a downstream effect on 

phosphorylation of Ser-349 and Nrf2 signalling. We first confirmed that expression of wild 

type TBK1 increased the amount of phosphorylated Ser-349 and found that expression of 

p.G175S TBK1 failed to promote phosphorylation of p62 at Ser-349. We then assessed 

whether TBK1 expression affected Nrf2 signalling.  Surprisingly, we found that expression of 

wild type TBK1 reduced Nrf2 signalling in comparison to empty vector cells, while cells 

expressing the kinase-deficient variant p.G175S not only retained, but increased Nrf2 

signalling by 22.7% (p = 0.0443) in comparison to empty vector. In accordance with previous 

findings, expression of p62 alone resulted in a 2.4-fold increase in Nrf2 signalling compared 

to empty vector cells, however co-expression of wild type TBK1 with p62 decreased Nrf2 

signalling by 42.4% compared to cells expressing p62 alone. In comparison, co-expression of 

p.G175S TBK1 did not significantly change Nrf2 signalling in comparison to cells expressing 

p62 alone. This pattern was also observed with expression of the kinase-deficient p.K38A, 

indicating that the Ser/Thr kinase function of TBK1 is important for downregulation of Nrf2 

signalling and that ablation of kinase activity eliminates this negative regulation of Nrf2.  

 

How TBK1 regulates Nrf2 signalling is currently unknown but appears to be unrelated to p62 

phosphorylation. While induction of autophagy by rapamycin resulted in decreased Nrf2 

activity, this was modulated through inhibition of mTORC kinase and was associated with 

decreased phosphorylation of p62 at Ser-349 [88]. As TBK1 p.K38A and p.G175S did not 

inhibit Nrf2 signalling despite reduced phosphorylation of p62 pSer-349, , it is unlikely that 

inhibition of Nrf2 signalling by wild type TBK1 can be explained by increased autophagic flux 

mediated by p62 phosphorylation, although  the kinase function of TBK1 is required. It is 

likely that TBK1-mediated activation of NF-κB, which is dependent on its kinase function [66], 

contributes to downregulation of Nrf2 via cross-talk between the two signalling pathways.  
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Several studies, mainly centred on inflammation and cellular injury, have demonstrated the 

interplay between the pro-inflammatory NF-κB pathway and the antioxidant Nrf2 pathway 

(Figure 5.6). Upregulation of Nrf2 activity and increased transcription of antioxidant genes 

results in decreased NF-κB signalling via inhibition of IκB kinase and decreased 

phosphorylation and degradation of IκB [114-117], and treatment with agents that promote 

Nrf2 signalling lead to subsequent decreases in NF-κB signalling [114-119]. Accordingly, p62 

over-expression, which induces Nrf2 signalling, inhibits NF-κB [82, 120]. Conversely, 

decreased Nrf2 expression and signalling leads to increased NF-κB signalling and cytokine 

production [89, 121], and a direct role for p65, the canonical subunit of NF-κB, in directly 

downregulating Nrf2 signalling has been reported [122]. Overexpression of p65 promotes 

nuclear translocation of Keap1 and subsequent ubiquitination and degradation of Nrf2 [123]. 

p65 also competitively binds the transcriptional co-activator CREB binding protein (CBP), and  

promotes the recruitment of Nrf2-co-repressor HDAC3 [124].   
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Figure 5.6. Crosstalk between the NF-κB and Nrf2 signalling pathways. Upregulation of NF-κB subunit 
p65 promotes the recruitment of Nrf2-repressor HDAC3 and competes for binding to co-activator CBP. 
Upregulation of p65 promotes Keap1 interaction with Nrf2. Conversely, increased Nrf2 expression 
prevents phosphorylation and degradation of IκB, subsequently downregulating NF-κB signalling. 
Figure adapted from Wardyn et al. [125].  

 

As TBK1 had previously been shown to increase NF-κB signalling in HEK393 cells [65] and 

TBK1 missense mutations identified in ALS and FTLD patients show decreased NF-κB 

activation [126], we investigated whether p.K38A and p.G175S TBK1 variants affect NF-κB 

signalling, as this could explain the observed lack of Nrf2 downregulation. We found that 

expression of TBK1 promoted NF-κB signalling approximately 300-fold higher than empty 

vector cells, yet p.K38A and p.G175S TBK1 failed to increase NF-κB activity. We observed that 

p62 over-expression lowered TBK1-mediated NF-κB signalling by approximately 37% 

compared to cells expressing wild type TBK1 alone. As TBK1 increases expression of 
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endogenous p62 and p62 has an NF-κB recognition site in its promoter (data not shown), p62 

may have a negative feedback role in TBK1-mediated NF-κB activation.  As 

neuroinflammation and oxidative stress are associated with ALS, the increased NF-κB and 

decreased Nrf2 due to over-expression of wild type TBK1 seems at odds with a disease 

pathogenesis caused by TBK1 haploinsufficiency or loss of functions variants such as 

p.G175S. It is likely that TBK1 expression is fine-tuned for optimal neuronal health.  

 

There are conflicting reports on the role of NF-κB signalling in neuronal health and 

inflammation. NF-κB in neurons promotes synapse growth and enhances synaptic activity 

and enduring forms of plasticity [127, 128], and is upregulated in response to oxidative stress 

[70, 129]. NF-κB also regulates expression of anti-apoptotic genes including the Bcl-2 family 

and caspase inhibitors [130-133], and promotes cell survival in response to neurotrophic 

factors [134] or potentially harmful stimuli [135]. Ablation of NF-κB signalling in neurons 

results in increased cell death following neurotoxic insults [136], such as oxidative stress [70]. 

While NF-κB may be required for maintaining neuronal health, evidence of pathological 

activation of NF-κB signalling in ALS-FTLD has also been reported: upregulated NF-κB 

signalling is linked with increased motor neuron death and accelerated disease progression 

[69, 137], along with increased induction of pro-inflammatory cytokines [74]. In contrast to 

our kinase-deficient TBK1 mutants, ALS-associated mutations in SQSTM1 (p62), OPTN 

(optineurin) and UBQLN2, exhibit increased activation of NF-κB compared with cells 

expressing wild type counterparts [76, 78, 79, 138], further supporting a role for 

dysregulated NF-κB signalling in ALS-FTLD pathogenesis. The reasons for this difference are 

unknown. However, NF-κB signalling may be phase and cell type dependent, as inhibition of 

NF-κB in microglia but not astrocytes is beneficial for cell survival [69, 72, 137]. Further, 

inhibition of NF-κB-mediated microglial activation reduced Kainic acid-induced neuronal cell 
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death via reduced induction of pro-inflammatory genes in vivo [139]. Astrocytic NF-κB-

dependent microglial activation in late stages of disease led to accelerated disease 

progression in a mouse model of ALS, however actually delayed symptom onset in the 

presymptomatic phase [71]. Together, these studies suggest NF-κB may play an anti-

apoptotic role in neurons, while upregulated or dysregulated NF-κB signalling in microglia 

promotes inflammation and cell death. Interestingly, heterozygous deletion of TBK1 in late 

stages of disease alleviates glial activation in SOD1G93A mice and decelerates disease 

progression, however in earlier stages TBK1 deficiency impaired autophagy and accelerated 

disease onset [63], suggesting that the role of TBK1 in ALS is complex and may be phase and 

cell type specific.  TBK1 missense mutations identified in ALS and FTLD patients 

demonstrated decreased NF-κB activation, with one variant showing a complete loss. While 

missense mutations associated with decreased NF-κB activation were also identified in 

control subjects, three times as many carriers of functional missense mutations were found 

in the patient-only group (44%) compared to controls (12%), thus  the role of ALS-associated 

NF-B loss of function TBK1 variants in ALS pathogenesis is unclear and requires further 

research. Our study provides further evidence for TBK1 mutations causing ALS-FTLD 

pathogenesis through loss of function, as the inability of p.G175S to promote NF-κB signalling 

or autophagy may reduce the cells ability to mount an effective stress response, and 

subsequently leaves cells more vulnerable to damage by reactive oxygen species or other 

stressors.  

 

5.5. Conclusion 

Here we have investigated the effect of kinase domain TBK1 mutations on p62-mediated 

autophagy. We have demonstrated that like the kinase mutant p.K38A, ALS-associated 

p.G175S TBK1 is unable to phosphorylate p62 at Ser-403 and subsequently does not induce 
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autophagic flux, in contrast with wild type TBK1. Further, we have shown that wild type TBK1 

promotes NF-κB signalling and downregulates Nrf2 signalling, which while dependent on 

TBK1 kinase activity appears to be independent of p62 phosphorylation. Our results provide 

further evidence for crosstalk between the two pathways, and importantly highlight a 

hitherto unknown role for TBK1 as a regulator of oxidative stress signalling, the loss of which 

may be important in ALS-FTLD pathogenesis. Of interest, while TBK1 activates NF-κB 

signalling, p62 and optineurin inhibit NF-κB and accordingly loss of function TBK1 mutations 

lead to a lack of NF-κB activation while loss of function p62 and optineurin mutations lead to 

increased NF-κB relative to cells expressing wild type counterparts. As TBK1 also activates 

p62 and optineurin to mediate autophagy and mitophagy, further research into the inter-

regulation of these pathways by TBK1 may help us understand how mutations in SQSTM1, 

OPTN and TBK1 contribute to ALS-FTLD pathogenesis.  
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6.0. General Discussion  

6.1. Introduction 

Amyotrophic lateral sclerosis and frontotemporal lobar degeneration are debilitating 

neurodegenerative diseases that exist on a disease continuum due to genetic, pathological 

and symptomatic overlap [1-5]. A major hallmark of both diseases is the accumulation of 

insoluble protein aggregates within neurons that eventually lead to neuronal death [6-9]. 

While both diseases can be either familial or sporadic, the underlying causes are still 

unknown. Mutations in the SQSTM1 gene, which encodes for the autophagy receptor protein 

p62, have been identified in both FTLD and ALS patients [10-19], however the role of these 

mutations and their contribution to disease pathogenesis remains unclear. p62 is a 

multifunctional protein that exerts its diverse functions via protein-protein interactions that 

are mediated by distinct functional domains. p62 facilitates the removal of protein 

aggregates via autophagy and regulates several signalling cascades. Mutations manifesting 

in each of the domains of p62 have been identified in ALS and FTLD and may affect p62 

function. While many of these variants are classified as ‘probably pathogenic’ by in silico 

modelling [10, 14, 20], they are primarily identified in sporadic cases. Some of these variants 

have also been identified in control samples and can be considered ‘variants of unknown 

significance’, indicating that they may not be pathogenic. As the p62 variants selected in this 

study are i) rare, ii) identified solely in sporadic patients, and iii) present in control individuals, 

the main hypothesis of this thesis was that these ALS-FTLD-associated p62 variants are not 

solely causative, but are instead predisposing to disease onset.  This study determined the 

role of such mutations and an ALS-associated mutation in TBK1, on p62 function. We 

investigated; i) SQSTM1 mutational impacts on p62 function and whether variants exhibit a 

unified mechanism of pathogenesis, ii) whether an ALS-associated TBK1 mutation has similar 
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functional effects on p62-mediated cellular pathways and thus iii) determined key 

mechanistic contributions of these variants to ALS and FTLD pathogenesis.  

 

6.2. Abrogated p62 function in ALS and FTLD pathogenesis  

The main aim of this work was to determine how mutations affecting p62 and TBK1 impact 

p62 function. As an autophagy receptor, p62-mediated regulation of protein degradation has 

been extensively studied. Several domains are required for p62-mediated clearance of 

substrates via autophagy, including the PB1, UBA and LIR. Additional domains mediate 

binding to specific target substrates such as the KIR binding to Keap1 [21-24]. Inhibition of 

autophagy has been linked with accumulation of ubiquitinated proteins [21], and 

neurodegeneration in mice [25, 26]. However, the work presented in this thesis 

demonstrates that various p62 variants appear to solely affect signalling pathways, while 

having no impact on autophagy, and therefore may only play a minor role in disease 

pathogenesis.  

 

p62 function in autophagy is modulated by phosphorylation. In Chapter 5, it was 

demonstrated that the ALS-associated TBK1 variant p.G175S failed to phosphorylate p62 at 

Ser-403 or facilitate phosphorylation at Ser-349. Co-expression of p.G175S TBK1, or the 

kinase-deficient p.K38A TBK1, with p62 lead to decreased induction of autophagy in 

comparison to co-expression of p62 with TBK1 wild type, confirming a role for abrogated p62 

phosphorylation in autophagic dysfunction, and suggesting that TBK1 mutations may 

contribute to ALS via reduced p62-mediated autophagy. However, in Chapter 3, expression 

of p.R110C p62, which exhibited reduced phosphorylation at Ser-403, did not alter 

autophagic flux, and p.R110C p62 bound the critical autophagy protein LC3 comparably to 
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the wild type protein.  Thus, the mechanism underlying ALS and FTLD pathogenesis with 

these mutations may be different. The p.R110C point mutation lies just outside of the PB1 

domain of p62, which is responsible for self-oligomerization [27]. However, 

immunoprecipitation experiments revealed that p.R110C p62 retains the ability to 

oligomerise with wild type p62, indicating that self-oligomerization and mediation of 

autophagy are intact with this mutant protein. We next investigated the potential effects of 

p.R110C on cell signalling. Surprisingly, p.R110C p62 had a reduced ability to bind to the Nrf2-

inhibitory protein Keap1, despite the binding domain for Keap1 residing well downstream of 

the mutation. Reduced Keap1 binding resulted in lower basal activation of Nrf2, similar to 

the effects shown by KIR mutations p.P348L and p.G351A [28]. Together these results 

indicate that some p62 variants may contribute to ALS and FTLD pathogenesis solely via 

effects on oxidative stress signalling without affecting autophagy. Of note, the p.L341V p62 

variant was found to reduce autophagy, specifically impacting p.L341V binding to LC3 and 

p62 incorporation into acidic vesicles [29]. However, both Keap1 binding and Nrf2 activation 

remained comparable to p62 wild type [28], further demonstrating that mutations may 

contribute to ALS and FTLD pathogenesis while significantly impacting only one known p62 

function.  

 

6.2.1. Dysregulated NF-κB signalling in ALS pathogenesis   

Cell signalling and the induction of protective genes is an important process for neuronal 

survival in response to harmful insults. NF-κB is a transcription factor that plays a dual role 

in cell survival and inflammation, and upregulated NF-κB signalling has been observed in ALS 

[30, 31]. p62 has a dual role in the regulation of NF-κB signalling as p62 expression can up- 

or downregulate NF-κB signalling [32-37]. In Chapter 3 it was shown that expression of the 

p.R110C p62 variant lead to increased NF-κB signalling in comparison to cells expressing wild 
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type p62. Previous studies in the context of Paget’s disease of bone have shown that 

missense mutations affecting the UBA domain, including the p.P392L and p.G425R which 

have now been associated with ALS and FTLD, and mutations that truncate the UBA domain 

of p62 (p.K378X and p.E396X) are unable to negatively regulate NF-κB [38]. However, in 

Chapter 4 we show that the TBS-variants p.K238E and p.P228L further decrease NF-κB 

signalling compared with cells expressing wild type p62, which appears to be due to effects 

on TRAF6 binding. Thus, the work presented in this thesis suggests that ALS and FTLD 

mutations affecting distinct domains of p62 affect NF-κB signalling in different ways.   

 

In Chapter 5, expression of the kinase TBK1 alone lead to marked activation of NF-κB 

signalling, this was mildly attenuated by the co-expression of wild type p62. In contrast, the 

TBK1 mutants p.K38A and p.G175S did not activate NF-κB, suggesting that NF-κB activation 

by TBK1 requires an intact kinase function and that ALS or FTLD mutations affecting the 

kinase domain may be unable to induce NF-κB activation. TBK1 is ubiquitously expressed, 

and is expressed at a higher level in neuronal cells and microglia [39], however a role for 

TBK1 in NF-κB signalling in ALS and FTLD pathogenesis is yet to be confirmed. Increased NF-

κB signalling has been shown to promote the microglial response in an ALS mouse model 

[31], and heterozygous deletion of TBK1 has been shown to attenuate this response in SOD1 

mice [40].  However TBK1 is also associated with suppression of neuroinflammation via RIPK1 

[41], and T-cell homeostasis [42], which is linked with attenuated cytokine production and 

microglial activation. As most functional assays assessing TBK1 function are in non-disease 

specific cell lines further research is required to determine the role of TBK1 in the CNS. 

Interestingly, mutations in other autophagy receptors; optineurin (OPTN), valosin-containing 

protein (VCP) and ubiquilin-2 (UBQLN2), have been reported in ALS and FTLD patients, and 

these proteins, like p62, are also regulators of NF-κB signalling. Similarly to p62, OPTN 
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suppresses NF-κB, and the ALS variants p.E478G and p.Q398X lose this function [43, 44]. 

OPTN suppression leads to neuronal cell death via upregulated NF-κB [45]. By contrast, 

overexpression of both wild type and ALS mutant UBQLN2 enhanced NF-κB in vivo [46]. Thus, 

the contribution of dysregulated NF-κB signalling to ALS and FTLD pathogenesis is unclear 

and the impact of p62 and TBK1 mutations on NF-κB requires further research. 

 

 Increased NF-κB signalling has been linked with upregulation of both anti-apoptotic and pro-

survival genes as well as pro-inflammatory and pro-apoptotic genes [30, 47-50]. A limitation 

of the present study was that we examined the effect of p62 and TBK1 variants on NF-κB 

regulation, but did not investigate the downstream targets that were affected as a result. 

NF-κB is responsible for promoting the transcription of approximately 500 genes [51]. It is 

therefore possible that the target genes affected by altered NF-κB signalling may differ 

depending on the underlying mechanism that leads to dysregulated NF-κB. Thus, p62 

variants that alter NF-κB signalling via distinct regulatory mechanisms; decreased TRAF6 

binding (e.g. p.K238E, p.P228L) compared with reduced Nrf2 (e.g. p.R110C) or reduced 

ubiquitin-binding (e.g. p.P392L, p.G425R) may regulate expression of different downstream 

targets of NF-κB.  The role of NF-κB in promoting cell survival is contentious, as conflicting 

reports show that NF-κB signalling both enhances and prevents cell survival upon exposure 

to harmful stimuli [31, 52-56]. As such, the effects of altered NF-κB signalling observed in 

these studies on cell viability is uncertain. Future experiments assessing the effects of these 

mutations on cell survival in response to various stressors would help elucidate the answer 

to this question.  

 

The current work investigating p62 was performed in the motor neuron-like cell line NSC-34, 

whereas the work investigating TBK1 was carried out in human embryonic kidney (HEK293) 
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cells due to unsuccessful attempts to express the TBK1 protein in neuronal cells. This may be 

due to a rapid turnover of TBK1 due to high basal autophagic flux that is common to cells of 

neuronal origin such as NSC-34 and SHYS-5Y cells [57]. As such, the significance of altered 

NF-κB signalling on cell viability in the context of ALS is limited to these models. In order to 

further evaluate the effect of p62-mediated NF-κB dysregulation on cell health, a more 

relevant cell line, such as co-cultured microglia and motor neurons, or movement into animal 

models could be pursued. Use of p62 knockout mice as used in [58] would provide insight 

into the effect of loss-of-function p62 variants on cell signalling and autophagy, as well as 

determine whether these pathways can be modulated without the presence of wild type 

p62. Studies utilising TDP-43 ALS mouse models could provide insight into the potential 

contributory role that p62 plays in cells genetically predisposed to disease.  It may also be 

pertinent to investigate the effect of p62 and TBK1 variants in other cell types, such as 

astrocytes, as previous studies have demonstrated that regulation of NF-κB in these cells 

may have important effects on co-cultured motor neurons. Further, the use of patient-

derived induced pluripotent stem cells (iPSCs) would also help elucidate the role of wild type 

p62 and loss-of-function p62 variants in cells predisposed to ALS or FTLD. Additionally, the 

work presented in this thesis was carried out in unstimulated cells. As NF-κB is upregulated 

in response to potentially harmful stimuli, further work to determine whether the same 

dysregulation of NF-κB signalling occurs under stress conditions and the downstream effects 

on cell viability should be evaluated. 

   

Microglia are immune cells that operate in the central nervous system, and are activated by 

a number of stimuli, including cytokines that induce NF-κB signalling [31]. Microglial 

activation is linked with cell death in co-cultured neurons and in ALS animal models [31, 55, 

59]. As such, it is possible that p62 variants that fail to downregulate NF-κB signalling may 
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lead to abnormal activation of the microglial response, and thereby contribute to neuronal 

cell death and ALS pathogenesis. It is also possible that TBK1-mediated upregulation of NF-

κB signalling is detrimental to motor neurons, as heterozygous deletion of wild type TBK1 in 

SOD1G93A mice is linked with decelerated disease progression via alleviated microglial 

neuroinflammation [60]. However, the effect of wild type TBK1 expression on disease 

progression was stage-dependent and was beneficial in early stages [40]. Thus, TBK1 

activation of NF-κB may be important for cell survival in early stages of disease, and ALS-

associated mutations that abolish this function, such as p.G175S, may decrease motor 

neuron survival in response to stressors such as head trauma, cigarette smoke, or exposure 

to toxins such as heavy metals or pesticides, which have all be linked with ALS [61-69].  

 

6.2.1.1. p62 regulation of NF-κB signalling via TRAF6 

p62 regulation of NF-κB signalling is multifaceted. p62 promotes NF-κB signalling via complex 

formation with modulators such as receptor interacting protein, or TRAF6, the kinase 

atypical PKC, that activates NF-κB [32-34]. However, the mechanisms by which p62 

downregulates NF-κB signalling are not fully elucidated. One mechanism for NF-κB inhibition 

is regulation of the E3-ubiquitin ligase TRAF6, which promotes NF-κB signalling via 

recruitment and polyubiquitination of target substrates. p62 binds to TRAF6 via its TRAF6-

binding sequence and can both promote and downregulate NF-κB signalling via this 

interaction. In the context of Paget’s disease of bone, p62 appears to facilitate TRAF6 de-

ubiquitination by linking it with the enzyme CYLD, a process that is dependent on the UBA 

domain of p62 and thereby regulates bone cell differentiation [70, 71]. It is therefore likely 

that mutations affecting the TRAF6 binding domain or the UBA domain of p62 may affect 

p62 regulation of NF-κB signalling via altered TRAF6 ubiquitination.   
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In Chapter 4 we show that the TRAF6 binding domain mutants p.K238E and p.P228L p62 

reduced TRAF6-mediated NF-κB signalling to a greater extent than the wild type. p62 

facilitates the de-ubiquitination of TRAF6 by CYLD and inhibition of p62-TRAF6 binding can 

prevent TRAF6-polyubiquitination and subsequently reduce NF-κB activation [32]. Therefore, 

we hypothesised that the increased inhibition of NF-κB with these variants may be due to 

reduced TRAF6-binding and polyubiquitination. However, while p.K238E and p.P228L 

exhibited reduced ability to bind to TRAF6 the results presented in Chapter 4 do not support 

that reduced NF-κB is due to reduced polyubiquitination of TRAF6 as this was not significantly 

different in cells expressing these variants compared with cells expressing TRAF6-alone or 

co-expressing TRAF6 and p62 wild type. Further, we did not observe reduced TRAF6 

polyubiquitination in cells expressing wild type p62 compared with cells expressing TRAF6 

alone, indicating that the downregulation of TRAF6-mediated NF-κB signalling by p62 was via 

an alternative mechanism. Deletion of the PB1 and UBA domains of p62 abolishes TRAF6 

polyubiquitination and subsequently reduces TRAF6-mediated NF-κB signalling [32], which 

may also explain why mutations that increase TRAF6 polyubiquitination, such as UBA domain 

p62 variant p62 p.P392L [72], have opposing effects on NF-κB signalling compared to the 

TBS-variants.  

 

Characterisation of the p.P346S mutant by Rea and colleagues [73], demonstrated the failure 

of p.P346S, which occurs in a PEST sequence upstream of the UBA domain, to downregulate 

NF-κB signalling despite maintaining full ubiquitin-binding ability. Therefore, although 

ubiquitin-binding is clearly important for the inhibition of NF-κB by p62, this inhibition is not 

solely mediated by ubiquitin-binding and subsequent reduction in TRAF6 polyubiquitination 

by CYLD, which is further confirmed by results presented in Chapter 4. It is noteworthy that 

both p.K238E and p.P228L p62 were identified in sALS patients, and both have been 
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identified in control samples [14, 15, 20]. While the p.K238E has been categorised as 

‘probably damaging’ [14, 15], in silico predictions range from ‘tolerated’ to ‘probably 

damaging’ for the p.P228L variant [14]. This, along with the modest changes in NF-κB 

signalling reported in this study, suggest that these variants may not be pathogenic, or at 

most are predisposing, and not solely causative, of ALS.  

 

6.2.1.2. p62 regulation of the NF-κB and Nrf2 balance 

p62-mediated regulation of NF-κB signalling may be affected by activation of the Nrf2 

pathway as upregulation of Nrf2 decreases NF-κB signalling, via various mechanisms [74-79]. 

Thus, it is possible that the effects of p62 variants on NF-κB signalling may be linked with 

their lost ability to activate Nrf2 signalling. In Chapter 3 we demonstrated that the p.R110C 

p62 variant lead to an increase in NF-κB signalling and a decrease in Nrf2 signalling, as a result 

of reduced binding of p.R110C to the Nrf2-inhibitory protein Keap1. The decreased ability of 

p.R110C to promote basal Nrf2 activation was linked with a subsequent increase in NF-κB 

signalling, however it is not certain that reduced Nrf2 signalling was the direct cause of 

increased NF-κB signalling or whether p.R110C influences NF-κB signalling via an alternative 

mechanism.  Future experiments directly inhibiting Nrf2 activation, either by genetic 

pharmacological methods, and the subsequent effect on NF-κB signalling could be assessed 

to determine i) whether inhibition of Nrf2 activation directly increases NF-κB signalling, and 

ii) whether p.R110C is directly responsible for increased NF-κB signalling or whether it is a 

downstream effect of Nrf2 inhibition.  

 

In Chapter 5 we provided further evidence for crosstalk between the NF-κB and Nrf2 

pathways, as co-expression of p62 with TBK1 decreased NF-κB signalling with a concomitant 
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increase in Nrf2 signalling, compared with cells expressing TBK1 wild type alone. The 

activation of Nrf2 is enhanced by phosphorylation of Ser-349 of p62. Surprisingly, while 

expression of TBK1 wild type increased phosphorylation of p62 at Ser-349, Nrf2 activation 

was inhibited in cells expressing TBK1 wild type. The binding site for TBK1-p62 interaction is 

yet to be determined, and it is possible that TBK1 binds to p62 in a region close to the KIR. 

Thus, TBK1 expression may prevent p62-Keap1 interaction and thereby prevent Nrf2 

activation despite phosphorylating p62 at Ser-349.  Of note, we did not observe any 

alterations in Nrf2 signalling due to expression of TBS p62 variants (data not shown) further 

supporting that they do not solely cause ALS and indicating that downregulation of NF-κB 

signalling alone is insufficient to increase Nrf2 signalling.  

 

Overall, our results indicate a role for p62 in regulating NF-κB signalling via promotion of Nrf2 

signalling, indicating that dysregulated NF-κB signalling may occur as a result of mutations 

within SQSTM1 even when those mutations do not affect functional domains directly 

responsible for regulating NF-κB signalling. The work presented in this thesis provides 

evidence that p62 regulates the balance between Nrf2 and NF-κB signalling, and disruption 

of p62 function in either pathway could be sufficient to upset that balance, which may 

promote a pro-inflammatory phenotype within neurons.  

 

6.3. p62 and TBK1 variants exhibit diverse and conflicting effects on cell signalling 

One of the aims of this study was to determine whether ALS and FTLD-associated p62 

variants would exhibit similar losses of function despite being located in different functional 

domains. As multiple functional domains are required for p62 to execute one function, it is 
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possible that disruption of any of these domains would impact p62 function in a similar 

manner.  

 

Phosphorylation of Ser-349 enhances p62-binding affinity for Keap1 and subsequently 

enhances Nrf2 activity [80-83]. In Chapter 3 reduced phosphorylation of p.R110C p62 at Ser-

349 was determined to be the cause of reduced Nrf2 signalling via a subsequent reduction 

in binding of p.R110C p62 to Keap1. As such, we expected that the inability of TBK1 variant 

p.G175S to phosphorylate p62 at either Ser-403 or Ser-349 (Chapter 5) would result in 

reduced Nrf2 signalling. Surprisingly however, the opposite was observed. Expression of 

TBK1 wild type, which increased phosphorylation of p62 at both sites, lowered p62-mediated 

Nrf2 activation, while Nrf2 signalling remained intact in p.K38A and p.G175S-expressing cells, 

indicating that phosphorylation of p62 at Ser-349 is not essential for p62-mediated Nrf2 

activation, and that TBK1 variants affecting phosphorylation of p62 may not impact Nrf2 

signalling.  

 

 The theory of a unifying mechanism of action common to all p62 variants was further 

disproven by work presented in Chapter 4 (summarised in Table 6.1). In Chapter 3 cells 

expressing p.R110C exhibited increased activation of NF-κB signalling in comparison to wild 

type p62. As such, it was expected that expression of the TBS-variants p.K238E and p.P228L 

would also lead to increased NF-κB signalling via reduced regulation of TRAF6, however the 

opposite was observed, as expression of these variants lead to a further decrease in NF-κB 

signalling in comparison to wild type. This further suggests that ALS and FTLD associated 

variants affect p62 function and its various pathways in different ways, and may produce 

opposing effects.   
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Table 6.1 – SQSTM1 and TBK1 variants presented in this thesis and their effects on various 

pathways 

p62 variant  TBK1 variant Autophagy Nrf2 Signalling NF-кB Signalling 

p.R110C - No observed effect Reduced Increased 

p.K238E - Not assessed Not assessed Reduced  

p.P228L - Not assessed Not assessed Reduced 

- p.G175S Reduced induction Increased  Reduced 

 

6.4. Future work 

6.4.1. Assessing the effect of a reduced stress response  

Overall the effect of these variants has been analysed in the context of basal or untreated 

cell lines, which is a limitation of the study. This was done in order to address our main 

hypothesis that p62 variants are only pre-disposing to ALS-FTLD onset and require additional 

insults in order to trigger disease onset. As such, variants were analysed in untreated cells to 

determine the extent p62 variants affected signalling pathways alone. Several environmental 

risk factors have been proposed for ALS and FTLD, including; smoking, military service, 

physical trauma, and exposure to heavy metals and pesticides [84, 85]. ALS is considered a 

complex and multistep disease involving interplay between both genetic and environmental 

factors [84], and while genetic mutations cannot account for the onset of all cases, it is 

possible that there are unknown predisposing genetic factors that leave patient neurons 

more vulnerable by reducing the ability to mount a suitable stress response upon exposure 

to harmful stimuli.  

 

This is likely the effect that p62 variants and potentially the TBK1 variant p.G175S have on 

ALS and FTLD pathogenesis. As the effects of the p62 variants in this study are small yet 

consistent, it is likely that they do not cause or initiate ALS or FTLD pathogenesis, but instead 

may contribute to their onset by leaving cells more vulnerable to cell death upon exposure 

to neurotoxic insults via decreased protective signalling. Further research into the role of 
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such variants in activating these pathways upon exposure to harmful stimuli, such as 

hydrogen peroxide or other agents that induce oxidative stress, and their overall effect on 

cell viability would provide much greater insight into the potential contribution that p62 

variants play in ALS and FTLD pathogenesis. As the majority of environmental risk factors 

associated with ALS, including exposure to certain chemicals, heavy metals, and head 

trauma, induce oxidative stress, in vitro studies examining specific agents that directly induce 

oxidative stress would help determine the role p62 variants play in counteracting their 

effects.  

 

While we demonstrated that over-expression of wild type TBK1 downregulates Nrf2 

signalling, further research is required to determine whether this also occurs during times of 

stress. It is possible that upon exposure to certain stress events that TBK1 upregulates Nrf2 

via increased phosphorylation of p62 at Ser-349, however further work is required to 

determine if this is the case. Further research is required to elucidate how TBK1 and p62 

contribute to NF-κB-Nrf2 interplay, and how TBK1 may directly impede p62-mediated Nrf2 

activation and affect cell viability under stress conditions. For instance, the TBK1-p62 

interaction could be mapped, and experiments performed to determine whether TBK1 

outcompetes Keap1 for p62 binding. 

The two transcription factors have diverse roles and have overarching effects on multiple 

cellular systems. Nrf2 has a role in maintaining mitochondrial homeostasis and structural 

integrity [86], and NF-κB is linked with regulating mitochondrial dynamics via OPA1, a 

mitochondrial protein that regulates mitochondrial stability and energy output [87]. 

Dysfunctional mitochondria produce reactive oxygen species [88, 89], and a disruption of 

Nrf2 induction could have consequences not only in combatting the effects of ROS, but also 

in mitochondrial dynamics, indicating a potential role for p62 variants for maintaining 
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mitochondrial health outside of mitophagy. Additionally, it would be interesting to 

investigate the role of p62 variants alongside TBK1 and Optinuerin. Optineurin, another 

autophagy receptor, forms a ternary complex with TBK1 and p62, and also negatively 

regulates NF-κB signalling [45]. All three are involved in mitophagy [82, 90], and also regulate 

NF-κB signalling [45, 91-93]. As such further research into how this ternary complex affects 

the NF-κB-Nrf2 balance and how this balance may relate to mitophagy would be interesting. 

Further, assessing whether disruption of this complex due to ALS and FTLD variants in p62 

affects these pathways is pertinent to further elucidate the functional effects of ALS and 

FTLD-associated p62 variants.   

 

6.4.2. Overcoming the limitations of p62 over-expression  

The work presented in this thesis is largely dependent on the over-expression of p62 in tissue 

culture cells. As overexpression of p62 has been shown to promote protein aggregation [94] 

and accelerated disease onset in SOD1H46R mice [95], it is possible that the overexpression of 

both the wild type and the variants tested in this study may have effects that would not be 

seen in stable cell lines or in vivo. Genetic ablation of p62 reduces the activation of the Nrf2 

and NF-κB signalling pathways [33, 96], and p62 expression is upregulated by both pathways 

[24, 97]. As such, the inability of p62 variants to promote Nrf2 signalling could result in a 

reduced expression of p62 in times of stress, which could in turn impact other p62 functions 

such as autophagy, which is also induced in times of cellular and proteotoxic stress [98-106]. 

As such, future work on the functional effects of p62 variants should include the 

development of stable cell lines or systems where p62 expression can be more finely 

controlled, utilising such methods as CRISPR-Cas9 or doxycycline/tetracycline inducible cell 

lines. This would allow not only for a more consistent assessment of the effects of p62 

variants but would also allow for studies to assess the extent to which these variants affect 
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their own expression, especially under conditions that would normally promote the 

upregulation of p62.  

 

6.5. Conclusions  

The work in this thesis aimed to investigate the role of ALS and FTLD-associated p62 variants 

on p62 function and determine whether mutations affecting a specific functional domain of 

p62 affect other areas of p62 function, and to determine whether p62 variants were likely to 

be solely causative or predisposing for disease onset. The present study has demonstrated 

that the function of p62 in Nrf2 signalling can be affected by a mutation located outside of 

the functional domain (e.g. the KIR domain) known to be responsible for modulating that 

pathway, such as p.R110C. We also found that this variant did not have any discernible 

effects on autophagy induction, and therefore may contribute to ALS-FTLD pathogenesis only 

via reduced pro-survival signalling. We find that SQSTM1/p62 variants affect signalling 

cascades at the basal level, and mutations in different regions of the protein can have 

opposing effects on cell signalling pathways. Wild type p62 downregulates basal NF-κB 

signalling, whereas ALS and FTLD mutations in p62 can lead to up or downregulation of NF-

κB signalling. We find that the TBS-variants p.K238E and p.P228L downregulate NF-κB to a 

greater extent than p62 wild type. However, this effect was subtle, and only observed in cells 

co-expressing TRAF6, and neither variant affected TRAF6 polyubiquitination. Due to our 

findings, and the presence of p.K238E in control samples, we conclude that these variants 

may not be pathogenic, or may at most be pre-disposing but are not solely causative of ALS 

or FTLD. Our study has further demonstrated evidence of cross-talk between the NF-κB and 

Nrf2 signalling pathways, and that p62 variants may contribute to this cross talk by either i) 

failing to promote Nrf2 signalling and thereby inhibiting Nrf2-mediated downregulation of 

NF-κB, or ii) directly downregulating NF-κB signalling, and thereby are likely to affect the 
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induction of pro-survival and anti-oxidant genes. Further, we find that TBK1 regulates both 

NF-κB and Nrf2 signalling, and these functions appear to be independent of TBK1-mediated 

p62 phosphorylation. We find that while p62 variants had no discernible effect on 

autophagy, TBK1 kinase-deficient variants reduce autophagy induction. We find that the 

TBK1 variant p.G175S may contribute to ALS pathology both through reduced autophagy 

induction and may potentially contribute via decreased NF-κB signalling. As NF-κB signalling 

is important for both neuronal development and outgrowth as well as stress signalling, TBK1 

variants that fail to induce NF-κB signalling may contribute to ALS pathogenesis by failing to 

promote healthy neuronal development and stress signalling. Overall our studies indicate 

that mutations affecting different domains of p62 and mutations in TBK1 do not appear to 

have a unifying mechanism of action to explain their role in ALS and FTLD pathogenesis, and 

that the ALS-FTLD-associated p62 variants assessed in this study are likely not solely 

causative of disease onset, and at most predispose patient neurons to cell death once 

exposed to neurotoxic insult.  
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The role of SQSTM1/p62 in amyotrophic lateral sclerosis and frontotemporal dementia 

pathogenesis 

 

Abstract 

Amyotrophic lateral sclerosis (ALS) and Frontotemporal lobar degeneration (FTLD) are 

multifaceted diseases with genotypic, pathological and clinical overlap. One such overlap is 

the presence of SQSTM1/p62 mutations. While traditionally mutations manifesting in the 

ubiquitin-associated domain of p62 were associated with Paget’s disease of bone, mutations 

affecting all functional domains of p62 have now been identified in ALS and FTLD patients. 

p62 is a multifunctional protein that facilitates protein degradation through autophagy and 

the ubiquitin-proteasome system, and also regulates cell survival via the Nrf2 antioxidant 

response pathway, the NF-κB signalling pathway and apoptosis. Dysfunction in these 

signalling and protein degradation pathways have been observed in ALS and FTLD, and 

mutations that affect the role of p62 in these pathways may contribute to disease 

pathogenesis. In this review we discuss the role of p62 in these pathways, the effects of p62 

mutations and the effect of mutations in the p62 modulator TBK1, in relation to ALS-FTLD 

pathogenesis.  
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Introduction 

Amyotrophic lateral sclerosis and Frontotemporal lobar degeneration   

Amyotrophic lateral sclerosis (ALS), the most common form of motor neuron disease, is a 

severe neurodegenerative disorder marked by progressive muscle weakness and paralysis 

caused by selective loss of motor neurons in the brain and spinal cord. The average survival 

time post-diagnosis is 2-3 years, with death most commonly caused by respiratory failure 

(Zarei, Carr et al. 2015). ALS can be classified as either sporadic, with no previously reported 

family history of the disease, or as familial. Frontotemporal lobar degeneration (FTLD), the 

third most common cause of dementia (Bang, Spina et al. 2015), is an umbrella term that 

encompasses a range of diseases marked by progressive loss of neurons in either one or both 

the frontal and temporal lobes (Mann, South et al. 1993, Rosen, Gorno-Tempini et al. 2002). 

FTLD patients generally present with behavioural and personality changes, and similarly to 

ALS, can be classified as either familial or sporadic (Seelaar, Rohrer et al. 2011). Originally 

considered unrelated diseases the two diseases are now thought to exist on a disease 

continuum due to pathological, genetic and clinical overlap (Neumann, Sampathu et al. 2006, 

Vance, Al-Chalabi et al. 2006, Hasegawa, Arai et al. 2008, Lillo, Mioshi et al. 2012, Majounie, 

Renton et al. 2012).  

While the main symptom of ALS is progressive muscle paralysis, up to 50% of patients will 

also develop cognitive impairment, and up to 15% of ALS patients meet the FTLD diagnostic 

criteria (Lomen-Hoerth, Murphy et al. 2003, Ringholz, Appel et al. 2005). Conversely, up to 

40% of FTLD patients exhibit ALS symptoms, while 15% meet the diagnostic criteria for ALS 

(Lomen-Hoerth, Anderson et al. 2002). Additionally there is overlap in protein pathology. 

Pathological protein inclusions containing TDP-43 or tau have been identified in both ALS and 

FTLD patients (Lippa, Zhukareva et al. 2000, Morris, Khan et al. 2001, Yang, Sopper et al. 

2003, Neumann, Sampathu et al. 2006, Behrouzi, Liu et al. 2016). On a genetic level, while 

mutations in the SOD1 gene appear to be unique to ALS and mutations in MAPT (coding for 
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tau) are identified only in FTLD patients (Bennion Callister and Pickering-Brown 2014), 

commonly associated genes have been identified. For example, the hexanucleotide repeat 

expansion in chromosome 9 open reading frame 72 (C9ORF72) is the most common genetic 

cause of both ALS and FTLD, having been identified in 30-40% of fALS and up to 25% of FTLD 

cases (DeJesus-Hernandez, Mackenzie et al. 2011, Renton, Majounie et al. 2011). Repeat 

expansions has also been identified in sporadic ALS and FTLD (Renton, Majounie et al. 2011, 

Majounie, Renton et al. 2012).  

Other genes implicated in both diseases include those coding for the autophagy receptors 

(ARs) SQSTM1/p62, OPTN, VCP and UBQLN2 (Synofzik, Maetzler et al. 2012, Le Ber, Camuzat 

et al. 2013, Kwok, Morris et al. 2014, Deng, Purtell et al. 2017, Blauwendraat, Wilke et al. 

2018, Pottier, Rampersaud et al. 2018), the function of these ARs is to sequester and remove 

old or damaged proteins and organelles via the autophagy-lysosome system. In addition to 

variants in ARs, mutations in TBK1, a kinase that modifies OPTN and SQSTM1/p62 function, 

have also been identified in ALS and FTLD (Freischmidt, Wieland et al. 2015, Le Ber, De 

Septenville et al. 2015, Cui, Tuo et al. 2018, McCombe, Ngo et al. 2018).   

 

SQSTM1/p62 in ALS and FTLD  

SQSTM1/p62, henceforth referred to as p62, is a scaffold protein that has roles in various 

signalling pathways and protein degradation. Loss of p62 enhances the rate of 

neurodegeneration in a number of disease models; p62 knockout mice exhibited increased 

accumulation of hyperphosphorylated tau and subsequent neurodegeneration (Babu, 

Seibenhener et al. 2008), while absence of p62 in SOD1H46R mice lead to increased motor 

neuron degeneration (Hadano, Mitsui et al. 2016), enhanced α-synuclein pathology in a Lewy 

Body Disease (LBD) mouse model (Tanji, Odagiri et al. 2015), and exacerbated motor 
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phenotypes and neuropathological outcomes in a Spinal and bulbar muscular atrophy 

(SBMA) mouse model (Doi, Adachi et al. 2013).  

Mutations in the SQSTM1 gene are commonly identified in Paget’s disease of bone (PDB) 

(Laurin, Brown et al. 2002, Falchetti, Di Stefano et al. 2004, Hocking, Lucas et al. 2004), but 

have more recently been identified in both ALS and FTLD patients (Fecto, Yan et al. 2011, 

Rubino, Rainero et al. 2012, Hirano, Nakamura et al. 2013, Le Ber, Camuzat et al. 2013, Chen, 

Zheng et al. 2014, Bartolome, Esteras et al. 2017, Blauwendraat, Wilke et al. 2018). Unlike 

mutations associated with PDB, which cluster within the C-terminal ubiquitin-associated 

(UBA) domain, ALS and FTLD-associated mutations affect various domains throughout the 

entire protein (Table 1). Further evidence of p62 involvement in ALS and FTLD is the 

observation of p62-positive inclusions in patient samples (Arai, Nonaka et al. 2003, Mann, 

Rollinson et al. 2013). While the role of ALS and FTLD-associated p62 variants and their 

contribution to disease onset and progression remains unclear, recent research 

demonstrates that pathogenic p62 mutant proteins alter signalling pathways involved in cell 

survival and differentiation. 
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Table 1 – SQSTM1 mutations detected in patients with ALS and/or FTLD 

Mutation Exon Change (bp) p62 Domain ALS FTLD PDB Controls 

A16V 1 c.47C>T – Yesh Yesh – – 

A33V 1 c.98C>T PB1 Yesb Yesb, k – Yesh 

A53T 1 c.157G>A PB1 Yesc – – – 

D80E 1 c.240C>G PB1 – Yesh – – 

E81K 2 c.241G>A PB1 Yesi – – – 

M87V 2 c.259A>G PB1 Yese – – – 

V90M 2 c.268G>A PB1 Yesd, h – – – 

I99L 2 c.295A>C PB1 Yesf – – – 

K102E 3 c.304A>G C-terminal to PB1 Yesc – – – 

R107W 3 c.319C>T – Yesh – – – 

R110C 3 c.328C>T – – Yesk – – 

D129N 3 c.358G>A ZZ Yesh – – – 

V153I 3 c.457G>A ZZ Yesb, d – – Yesh 

E155K 3 c.463G>A ZZ Yesg –  – 

R212C 4 c.634C>T – Yesh Yesh – – 

G219V 4 c.656G>T – – Yesh – – 

S226P 5 c.676T>C TBS – Yesh – – 

P228L 5 c.683C>T TBS Yesb – – Yesa, g, k 

P232T 5 c.694C>A TBS – Yesh – – 

V234V 5 c.702G>A TBS Yesb – – – 

K238E 5 c.712A>G TBS Yesa Yesk – Yesh, k 

K238del 5 c.714–

716delGAA 

TBS Yesb – – Yesh 

N239K 5 c.717C>A TBS Yesi – – – 

D258N 6 c.772G>A – Yesh – – – 

V259L 6 c.775G>C – – Yesa – – 

H261H 6 c.783C>T Close to PEST1 Yesb – – Yesb 

E274D 6 c.822G>C PEST 1 Yesa, g, h Yesa, h, k – Yesa, h, k 

E280del 6 c.838-

840delGAG 

PEST1 – Yesh – – 

P296P 6 c.888G>T Close to PEST1 Yesg – – Yesg 

G297S 6 c.889G>A Close to PEST1 Yesi – – – 

R312H 6 c.1029A>G – – Yesk – – 

S318P 6 c.952T>C – Yesb  – – 

S318S 6 c.954C>T – Yesg – – Yesg 

E319K 6 c.955G>A – – Yesa – Yesh 

R321C 6 c.961C>T – Yesb – – Yesh 

R321H 6 c.962G>A – – Yesh – – 

D329G 7 c.986A>G LIR – Yesh – – 

D337E 7 c.1011C>G LIR Yesf – – – 

L341V 7 c.1021C>G LIR Yesf – – – 

K344E 7 c.1032A>G Close to LIR/KIR – Yesa – – 

V346V 7 c.1038G>A KIR Yesg – – Yesg 

P348L 7 c.1044C>T KIR Yesa Yesh – – 

S370P 7 c.1108T>C PEST 2 Yesb – – Yesh 
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E372D 7 c.1116G>C PEST2 Yesi – – – 

A381V 7 c.1142C>T Close to UBA – Yesk Yes – 

P387L 7 c.1160C>T Close to UBA – Yesh, k – – 

P388S 7 c.1162C>T Close to UBA Yesi – – – 

A390X 7 c.1165+1G>A Intronic Yese – Yes – 

P392A 7 c.1174C>G UBA – Yesj – – 

P392L 8 c.1175C>T UBA Yesb, c, g, 

h, i 

Yesh, k Yesk Yesh, k 

G411S 8 c.1231G>A UBA Yesb – Yes – 

G425R 8 c.1273G>A UBA Yesb – Yes Yesh 

T430P 8 c.1288AA>C UBA – Yesh – – 

P438L 8 c.1313C>T C-terminal region Yesa – – Yese, h 

P439L 8 c.1316C>T C-terminal region Yesc Yesh – Yesh 

Table 1: SQSTM1/p62 variants identified in ALS or FTLD patients. Domains: Phox and Bem1p (PB1), zinc finger 

(ZZ), TRAF6 binding sequence (TBS), Proline, Glutamate, Serine and Threonine rich sequence (PEST), LC3-

interacting region (LIR), Keap1-interacting region (KIR), ubiquitin-associated (UBA).    

a (Rubino, Rainero et al. 2012) 

b (Fecto, Yan et al. 2011) 

c (Hirano, Nakamura et al. 2013) 

d (Shimizu, Toyoshima et al. 2013) 

e (Teyssou, Takeda et al. 2013) 

f (Chen, Zheng et al. 2014) 

g (Kwok, Morris et al. 2014) 

h (van der Zee, Van Langenhove et al. 2014) 

I (Yang, Tang et al. 2015) 

j (Blauwendraat, Wilke et al. 2018) 

k (Le Ber, Camuzat et al. 2013) 

 

p62 structure and function  

The functions of p62 are executed through protein-protein interactions, facilitated by various 

domains. The role of p62 as an autophagy receptor is mediated through several domains; 

p62 first binds to ubiquitinated substrates via its UBA domain and subsequently binds to the 

autophagosome membrane-protein LC3 via its LC3-interacting region (LIR) (Pankiv, Clausen 

et al. 2007). The PB1 domain of p62 mediates self-oligomerisation, which can play an 

important role in the degradation of specific substrates by either macroautophagy (Jain, 
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Lamark et al. 2010, Itakura and Mizushima 2011) or the ubiquitin-proteasome system (UPS) 

(Seibenhener, Babu et al. 2004). 

 

 

Figure 1: Schematic of p62 domains. p62 self-oligomerizes via its PB1 domain. The LC3-interacting 
region (LIR) is required for p62 binding to the autophagosome membrane protein LC3, and p62 binds 
to ubiquitinated substrates via the ubiquitin associated (UBA) domain. p62 regulates Nrf2 signalling 
through interaction with inhibitory protein Keap1 via the Keap1 interacting region (KIR) domain, and 
regulates NF-κB signalling via TRAF6 binding through the TRAF6 Binding Sequence (TBS) and 
interaction with RIP via the ZZ domain (Ichimura and Komatsu 2018).   

 

p62 also regulates several signalling pathways important for neuronal health, namely those 

that activate the transcription factors Nrf2 and nuclear factor kappa B (NF-κB). The Nrf2 

pathway is the main response to oxidative stress in neurons and knockdown of Nrf2 leaves 

cells susceptible to neurotoxic insult (Ishii, Itoh et al. 2000, Mimoto, Miyazaki et al. 2012). 

Under normal conditions Kelch-like receptor protein 1 (Keap1) binds to and inhibits the 

action of the transcription factor, Nrf2. Upon cellular exposure to stress conditions, p62 

expression is increased and p62 binds to Keap1 via the Keap1-interacting region (KIR) of p62 
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(Ishii, Itoh et al. 2000, Copple, Lister et al. 2010, Jain, Lamark et al. 2010, Lau, Wang et al. 

2010). This promotes translocation of  Nrf2 to the nucleus and subsequently transcription of 

antioxidant and protective genes such as Heme Oxygenase 1 and NAD(P)H quinone oxidase 

1 (Itoh, Chiba et al. 1997, Dinkova-Kostova, Holtzclaw et al. 2002, Kobayashi, Kang et al. 2004, 

Kobayashi, Kang et al. 2006). The other main signalling pathway that p62 regulates is NF-κB, 

which is pathologically upregulated in ALS (Frakes, Ferraiuolo et al. 2014). The role of p62 in 

this pathway has mainly been characterised with respect to mutations that cause PDB, a 

chronic and progressive skeletal disorder that involves increased osteoclastic bone 

resorption and deposition, leading to focal lesions of increased bone turnover. PDB-

associated mutations primarily affect the UBA domain of p62, as either missense or 

truncating mutations that result in the removal of most or the entire domain. Very few PDB-

associated mutations have been identified outside of the UBA domain, however those that 

have are located within approximately 50 residues of the UBA domain. (Rea, Majcher et al. 

2014). PDB research shows that overexpressed mutant p62 proteins do not inhibit NF-κB, in 

contrast to over-expression of wild type p62 (Rea, Walsh et al. 2006, Rea, Walsh et al. 2009). 

The effect of increased NF-κB signalling due to SQSTM1/p62 mutations in an ALS and FTLD 

context could increase the production of pro-inflammatory cytokines with adverse effects 

on neuronal health (Shih, Wang et al. 2015). 

It is important to note that p62 has been shown to be involved in positive regulation of NF-

κB. Thus, p62 has a dual role in NF-κB regulation that may be dependent on p62 

concentration or may be temporally regulated. The overall effect of these mutations on PDB 

pathogenesis is still under investigation, however there is strong evidence to suggest they 

contribute significantly to the disease, as patients with SQSTM1 mutations experience 

greater disease severity compared to patients without (Visconti, Langston et al. 2010, Rea, 

Majcher et al. 2014). The main effect of SQSTM1/p62 mutations appears to be on autophagy 

(Hocking, Lucas et al. 2004, Daroszewska, van 't Hof et al. 2011) and NF-κB signalling (Najat, 
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Garner et al. 2009, Rea, Walsh et al. 2009), both of which play a role in the pathogenesis of 

ALS and FTLD.  

 

 

 

Figure 2. The effect of p62 on Nrf2 and NF-κB Signalling. Upon exposure to oxidative stress, p62 is 
phosphorylated at Serine residues 403 and 349, and binds to the Nrf2-inhibitory protein Keap1, 
shuttling it to the autophagosome for degradation. Nrf2 can then enter the nucleus and promote 
transcription of ARE-genes, including p62, which can also downregulate NF-κB signalling.  

 

p62 and proteostasis 

The cell utilises two systems to degrade misfolded or damaged proteins; the ubiquitin-

proteasome system (UPS) and macroautophagy, or simply autophagy. The UPS degrades 

short-lived proteins, while autophagy degrades long-lived or aggregated proteins, bacteria, 

and organelles, both systems have the ability to degrade misfolded proteins, and both 
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systems recognise ubiquitin as a marker for degradation. A major hallmark of ALS and FTLD 

is the accumulation of misfolded, ubiquitinated proteins in damaged neurons (Leigh, 

Whitwell et al. 1991, Bucciantini, Giannoni et al. 2002, Strong, Kesavapany et al. 2005, 

Mackenzie and Neumann 2016), indicating a role for malfunctioning protein degradation 

systems in pathogenesis. The accumulation of protein aggregates are linked with cell death 

(Giordana, Piccinini et al. 2010, Ticozzi, Ratti et al. 2010, Brettschneider, Arai et al. 2014). p62 

is a cargo protein for both systems (Seibenhener, Babu et al. 2004).  

 

p62 and aggregate/inclusion body formation  

p62 has been identified as a major component of aggregates from a number of 

neurodegenerative diseases; from neurofibrillary tangles in Alzheimer’s Disease (Kuusisto, 

Salminen et al. 2001, Kuusisto, Salminen et al. 2002), and ubiquitin-positive inclusions in 

Parkinson’s Disease (Kuusisto, Parkkinen et al. 2003), FTLD (Kuusisto, Salminen et al. 2002), 

and Dementia with Lewy bodies (Kuusisto, Salminen et al. 2001), to SOD1 aggregates in ALS 

(Gal, Ström et al. 2007), and even Mallory bodies in hepatocytes (Zatloukal, Stumptner et al. 

2002). While the presence of toxic protein aggregates inevitably leads to further damage to 

cellular organelles and subsequent cell death, it is possible that protein aggregate formation 

is an attempt at cellular protection. p62 was found to selectively form aggregates with 

mutant SOD1, but not wild-type SOD1, and these aggregates were not found to be directly 

toxic to the cell (Gal, Ström et al. 2007). Likewise, p62 was observed to form a shell around 

mutant huntingtin, and interference with p62 function lead to increased cell death (Bjorkoy, 

Lamark et al. 2005). Depletion of p62 in spinal muscular bulbar atrophy mouse models 

exacerbated motor phenotypes via accumulation of toxic mutant androgen receptor protein, 

whereas increased p62 expression induced cytoprotective inclusion formation and 

subsequent improved phenotype (Doi, Adachi et al. 2013). In SOD1H46R mice, p62 suppression 
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lead to an increase in insoluble mutant SOD1 and ubiquitinated proteins (Hadano, Mitsui et 

al. 2016).  

It is not clear whether p62 initiates aggregate formation, however it does appear to bind to 

toxic misfolded proteins in an attempt to isolate them from the cell, a process that is 

enhanced by substrate ubiquitination (Zatloukal, Stumptner et al. 2002, Gal, Ström et al. 

2007). Thus, p62 may play a protective role in preventing further cell damage by toxic 

misfolded proteins, as cells that retain this p62 function exhibit increased survivability over 

cells that do not (Nakaso, Yoshimoto et al. 2004, Bjorkoy, Lamark et al. 2005, Gal, Ström et 

al. 2007, Komatsu, Waguri et al. 2007). On one hand p62 may bind to aggregates in order to 

prevent further accumulation of misfolded proteins to the aggregate (Zatloukal, Stumptner 

et al. 2002), or more likely, binds toxic proteins and holds them in a less active state in order 

to prevent them from causing further damage to the cell in their unbound form, until 

clearance is possible. 

 

p62, the UPS and neurodegeneration  

The UPS facilitates the degradation of K48- and K63-linked polyubiquitinated substrates that 

are shuttled to the proteasome by cargo proteins (Seibenhener, Babu et al. 2004). UPS 

dysfunction is a hallmark of a number of neurodegenerative diseases (Keller, Hanni et al. 

2000, Seo, Sonntag et al. 2004, Bukhatwa, Zeng et al. 2010), including ALS and FTLD 

(Bendotti, Marino et al. 2012, Kabashi, Agar et al. 2012, Myeku, Clelland et al. 2016). 

Accumulation of UPS-specific substrates and proteins involved in UPS function into cellular 

inclusions provides evidence of UPS dysfunction (Farrawell, Lambert-Smith et al. 2018). 

Further, aggregation of ALS-associated proteins leads to an accumulation of UPS-specific 

substrates, indicating that protein aggregation directly impedes UPS function (Farrawell, 

Lambert-Smith et al. 2018) and deletion of a proteasome subunit, Rpt3, but not the critical 
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autophagy protein Atg7, was sufficient to cause an ALS-like phenotype in mice (Tashiro, 

Urushitani et al. 2012). Thus, proteasome function may be critical to ALS and FTLD 

pathogenesis. 

p62 is a cargo protein that shuttles the Alzheimer’s and FTLD-associated protein tau to the 

proteasome for degradation (Babu, Geetha et al. 2005). Through the PB1 domain p62 directly 

interacts with the 26S proteasome (Seibenhener, Babu et al. 2004, Cohen-Kaplan, Livneh et 

al. 2016), whereas the UBA domain of p62 recognises ubiquitinated substrates. Thus it is 

possible that a mutation affecting either domain may impede p62-mediated degradation of 

substrates via the proteasome. Mutations to the UBA domain of p62, some of which have 

been identified in ALS and FTLD patients, reduce or abolish p62 ubiquitin-binding (Cavey, 

Ralston et al. 2005, Garner, Long et al. 2011). Thus, shuttling of ubiquitinated substrates to 

the UPS or autophagy is likely to be impeded. Intriguingly, either a loss of p62 (Seibenhener, 

Babu et al. 2004) or an increase in p62 (Korolchuk, Mansilla et al. 2009) can abrogate UPS 

function, and both p62 suppression and overexpression can cause accelerated disease onset 

and shortened lifespan in ALS-mouse models (Hadano, Mitsui et al. 2016, Mitsui, Otomo et 

al. 2018). Together, these studies indicate a fine balance between p62 levels and both UPS 

function and disease pathogenesis. Upon proteasomal inhibition, p62 expression and 

autophagic activity is upregulated as a compensatory mechanism (Kuusisto, Suuronen et al. 

2001, Myeku and Figueiredo-Pereira 2011, Choe, Jung et al. 2014, Demishtein, Fraiberg et al. 

2017, Sha, Schnell et al. 2018).  ALS and FTLD-associated SQSTM1 mutations that affect the 

cargo function of p62, or perhaps p62 protein levels, may contribute to disease pathogenesis 

by upsetting this balance.  
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p62, autophagy and neurodegeneration  

Basal autophagy is vital for maintaining neuronal health, and suppression of basal autophagy 

is sufficient to cause neurodegeneration in mice (Hara, Nakamura et al. 2006, Komatsu, 

Waguri et al. 2006). Deficiencies in autophagy have been implicated in several 

neurodegenerative diseases; including FTLD (Gotzl, Lang et al. 2016), ALS (Xie, Zhou et al. 

2015), Alzheimer’s Disease (Nixon, Wegiel et al. 2005), Huntingtin’s disease (Shibata, Lu et 

al. 2006, Fu, Wu et al. 2017), spinocerebellar ataxia type 7 (Alves, Cormier-Dequaire et al. 

2014) and across several tauopathies including Corticobasal degeneration, and progressive 

Supranuclear palsy (Lin, Lewis et al. 2003, Piras, Collin et al. 2016). Inhibition of autophagy 

leads to accumulation of a number of proteins involved in neurodegenerative diseases 

including hyperphosphorylated tau (Babu, Seibenhener et al. 2008, Tang, Bereczki et al. 

2013), α-synuclein (Minakaki, Menges et al. 2018), and TDP-43 (Brady, Meng et al. 2011), 

and accelerates disease onset in SOD1G93A mice (Rudnick, Griffey et al. 2017). In contrast, 

pharmacological enhancement of autophagy in several mouse models has proven effective 

at enhancing clearance of mutant SOD1 (Perera, Sheean et al. 2018), as well as TDP-43 and 

FUS-positive inclusions (Brady, Meng et al. 2011, Wang, Guo et al. 2012, Cheng, Lin et al. 

2015).  

The formation of polyubiquitinated-inclusion bodies and their subsequent removal by 

autophagy are dependent on p62 (Pankiv, Clausen et al. 2007), this includes the clearance of 

mutant SOD1 via autophagy, which is facilitated by p62 binding to mutant SOD1 (Gal, Strom 

et al. 2009). p62 itself is degraded by autophagy, but not the proteasome (Myeku and 

Figueiredo-Pereira 2011), and as such autophagy inhibition leads to an accumulation of p62 

(Bjorkoy, Lamark et al. 2009). This is problematic, as increased p62 can delay the delivery of 

ubiquitinated substrates to the proteasome, eventually compromising the UPS (Korolchuk, 

Mansilla et al. 2009). Unlike the ability of autophagy to compensate for a UPS failure, the 
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UPS is unable to compensate for a failure in autophagy. The effect of p62-overexpression on 

protein degradation was demonstrated in p62-overexpressing SOD1H46R mice. These mice 

had accelerated disease onset and reduced turnover of SOD1H46R by either the UPS or 

autophagy (Mitsui, Otomo et al. 2018). However, p62-ablation in the same mouse model 

lead to a worsened disease phenotype and shortened lifespan (Hadano, Mitsui et al. 2016). 

This highlights that alterations in p62 levels may affect protein degradation, overall 

autophagic flux, and ALS and FTLD disease progression.  

Due to the significant role of p62 in autophagy, SQSTM1 mutations that may affect p62 

function are of interest in ALS and FTLD. A number of mutations affecting the PB1 domain of 

p62 have been identified in both ALS and FTLD patients (Le Ber, Camuzat et al. 2013, Chen, 

Zheng et al. 2014, Yang, Tang et al. 2015), and deletion of the PB1 domain prevents p62 

binding to mutant SOD1 (Gal, Strom et al. 2009). p62 utilises its PB1 domain to facilitate self-

oligomerization during autophagy (Itakura and Mizushima 2011). Due to the proximity of 

functional binding sites, p62 is not always able to bind multiple substrates at once. One such 

example is Keap1, a Nrf2 inhibitory protein that is degraded by autophagy in a p62-

dependent manner. Due to the proximity of the Keap1-interacting region and the LC3-

interacting region, one p62 monomer bound to LC3 will bind to another p62 monomer that 

is bound to Keap1, and in this way facilitates Keap1 degradation via autophagy (Jain, Lamark 

et al. 2010). Mutations affecting the PB1 domain of p62 may affect functions other than 

dimerisation; an FTLD-associated p62 variant, p.R110C, located just outside of the PB1 

domain, is unable to promote Nrf2 signalling in line with p62 wild-type, and is associated 

with increased NF-κB signalling, while having no observed effect on dimerization (Foster, 

Scott et al. 2019), thus indicating further roles for the PB1 domain in p62 function. p62 can 

bind to LC3 on the isolation membrane through the LC3-Interacting Region (LIR) as well as 

ubiquitinated cargo through the UBA domain (Wurzer, Zaffagnini et al. 2015). Mutations 

affecting the LIR of p62 have been identified in ALS patients, p.D337E, and p.L341V (Chen, 
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Zheng et al. 2014). In vivo analyses demonstrated that a reduction in p62 LC3-binding ability 

leads to p62 accumulation in ubiquitinated-inclusions, yet the mutant p62 proteins were 

unable to be degraded by autophagy (Ichimura, Kumanomidou et al. 2008). Further, removal 

of the UBA domain or the LIR domain of p62 reduces the ability of p62 to clear TDP-43 

aggregates (Brady, Meng et al. 2011). Thus, mutations to the LIR or UBA domains of p62, or 

the PB1 domain, which is also essential for autophagy, may contribute to ALS and FTLD 

pathology through a build-up of aggregated TDP-43.   

However, upregulation of autophagy does not provide a simple solution to reducing disease 

progression. Inhibition of autophagy in SOD1G93A mice lead to increased survival time via 

reduced glial inflammation (Rudnick, Griffey et al. 2017), while upregulated autophagy 

increased symptom progression and motor neuron degeneration via increased 

mitochondrial depletion and increased apoptosis in the same mouse model (Zhang, Li et al. 

2011, Perera, Sheean et al. 2018). Overexpression of p62 in SOD1H46R mice lead to 

accelerated disease onset (Mitsui, Otomo et al. 2018), indicating a fine balance between 

over- and underactive autophagy and p62 levels.  

Additionally, p62 plays a role in the interplay between autophagy and the UPS. Of note, 

proteotoxic stress caused by proteasome inhibition can activate autophagy through p62 

phosphorylation, however increased p62 levels can lead to delayed delivery of ubiquitinated 

substrates to the proteasome, causing UPS impairment despite an intact proteasome (Liu, 

Ye et al. 2016). This indicates that p62 variants that lead to abrogated p62 functional may 

simultaneously affect both autophagy and the UPS by upsetting the interplay between the 

two. For a more in depth review of the interplay between the UPS and autophagy see (Liu, 

Ye et al. 2016).  
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p62 and mitophagy  

Fragmentation and changes to mitochondrial morphology have been extensively 

documented in ALS (Sasaki and Iwata 2007, Jin, Yu et al. 2013), and are linked with aberrant 

oxidative metabolism and greater production of reactive oxygen species (Mattiazzi, D'Aurelio 

et al. 2002, Jin, Yu et al. 2013). Clearance of mitochondria occurs by a form of autophagy 

known as mitophagy. Defects in mitophagy are observed in ALS, and lysosomal defects were 

observed along with accumulation of damaged mitochondria in motor neurons of SOD1G93A 

mice (Xie, Zhou et al. 2015). The role of p62 in the removal of dysfunctional mitochondria is 

controversial. While some studies indicated that p62 is essential for the final clearance of 

mitochondria (Geisler, Holmstrom et al. 2010, Lee, Nagano et al. 2010), other studies suggest 

that p62 is responsible for the aggregation and autophagosomal engulfment of 

mitochondria, but is not essential for their ultimate removal via mitophagy (Narendra, Kane 

et al. 2010, Okatsu, Saisho et al. 2010, Matsumoto, Shimogori et al. 2015). It is possible that, 

like its role in inclusion body formation, p62-mediated aggregation of mitochondria into tight 

clusters is a cytoprotective attempt at preventing further mitochondrial access to substrates 

and thereby limiting the spread of mitochondria-derived ROS throughout the cell (Narendra, 

Kane et al. 2010). Mutations that cause a loss of p62 function could prevent mitochondrial 

aggregation and reduce turnover of dysfunctional mitochondria, exposing the cell to further 

assault by ROS. Mutations in modifiers of p62, such as Tank Binding Kinase 1 (TBK1), may 

also decrease p62 function as ablation of TBK1-mediated phosphorylation of Serine residue 

403 (Ser-403) of p62 results in reduced autophagosomal engulfment of mitochondria 

(Matsumoto, Shimogori et al. 2015). Thus, it is possible that TBK1-mutations lead to ALS 

pathogenesis partly via reduced p62 phosphorylation.  Of note, the p.R110C and p.G427R 

mutations of p62 were reported to lead to decreased phosphorylation at Ser-403 and Ser-

349, which was associated with dysregulated cell signalling (Deng, Lim et al. 2019, Foster, 

Scott et al. 2019).  
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The effect of p62 mutations on the oxidative stress response  

Nrf2 Signalling 

Nuclear-erythroid factor-2 (Nrf2) is a transcription factor that is normally sequestered in the 

cytosol, however under conditions of oxidative stress it is translocated to the nucleus where 

it promotes the expression of genes involved in the stress response, including glutathione-s-

transferase and nuclear respiratory factor-1 (Nrf-1), Heme oxygenase 1, and NAD(P)H 

quinone oxidase 1 (NQO1) (Itoh, Chiba et al. 1997, Ishii, Itoh et al. 2000). The Nrf2 response 

is the primary mechanism utilised by neurons to protect against oxidative stress (Lau, Wang 

et al. 2010). SOD1G93A mice display impaired induction of Nrf2-induced protective genes 

(Mimoto, Miyazaki et al. 2012, Guo, Zhang et al. 2013), while overexpression of Nrf2 in the 

same mouse model delays symptom onset and extends survival time (Vargas, Johnson et al. 

2008). Further, Nrf2-deficient cells are more prone to cell death upon to exposure to reactive 

oxygen species (Ishii, Itoh et al. 2000). It is therefore likely that the Keap1-Nrf2 system is a 

crucial pathway in ALS-FTLD pathogenesis. 

As an early stress response gene p62 promotes Nrf2 signalling. Under basal conditions Nrf2 

is bound to the inhibitory protein Keap1, which shuttles Nrf2 to the proteasome for 

degradation (Ishii, Itoh et al. 2000, Cullinan, Gordan et al. 2004, Kobayashi, Kang et al. 2004, 

Furukawa and Xiong 2005). p62 has a Keap1-interacting region (KIR) that mediates p62 

binding to Keap1 (Jain, Lamark et al. 2010, Lau, Wang et al. 2010). The interaction between 

p62 and Keap1 is essential for p62-dependent Nrf2 signalling, and ALS and FTLD-associated 

mutant proteins that exhibit reduced p62-Keap1 binding also have a reduced ability to 

activate Nrf2 (Copple, Lister et al. 2010, Jain, Lamark et al. 2010, Lau, Wang et al. 2010, 

Foster, Scott et al. 2019). This includes mutations affecting the KIR region of p62, such as 

p.P348L and p.G351A (Goode, Rea et al. 2016), and p.R110C, a mutation affecting the PB1 

domain (outside of the KIR) (Foster, Scott et al. 2019). In the absence of a PB1 domain, or in 

the presence of point mutations within the PB1 domain (p.R21A and p.D69A), activation of 
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the NQO1 anti-oxidant response element luciferase reporter was greatly diminished, 

indicating that a fully functioning PB1 domain is required for p62-dependent upregulation of 

Nrf2 (Jain, Lamark et al. 2010). Pharmacological induction of Nrf2 was sufficient to restore 

NADH and FAD pools and cellular respiration in p62-deficient SHSY-5Y cells and FTLD patient 

fibroblasts expressing p62 variants p.A381V and p.K238del (Bartolome, Esteras et al. 2017). 

Thus, activation of Nrf2 may be an important avenue of research for ALS and FTLD 

therapeutics. 

Selective autophagy and p62-dependent induction of Nrf2 may also be linked to p62 

phosphorylation at Serine residue 349 (Ser-349), which is phosphorylated in an mTORC1-

dependent manner, and increases p62 binding affinity for Keap1 and subsequently increases 

Nrf2 signalling (Ichimura, Waguri et al. 2013). Inhibition of mTORC kinase by rapamycin (and 

subsequently induction of autophagy) decreased p62 Ser-349 phosphorylation and resulted 

in decreased Heme oxygenase-1 expression and Nrf2 activity (Ichimura, Waguri et al. 2013). 

Further, autophagy inhibition increases p62-dependent Nrf2 activity (Jain, Lamark et al. 

2010). Thus, it is clear that autophagy and the Nrf2 response are linked via p62 activity.  

Mutations in genes that code for post-translational modifiers of p62, such as TBK1, may also 

affect p62-mediated Nrf2 signalling. The phosphorylation of Ser-349 of p62 enhances the 

binding affinity of p62 for Keap1 (Ichimura, Waguri et al. 2013), and thus promotes Nrf2 

signalling. A protein with the FTLD-associated variant p.R110C substitution had reduced 

phosphorylation of serine residues 403 and 349 (351 in mice), and while it did not 

demonstrate altered autophagic flux, did exhibit reduced ability to stimulate Nrf2 (Foster, 

Scott et al. 2019). Mutations in TBK1, which is responsible for the phosphorylation of p62 at 

Ser-403 (Matsumoto, Wada et al. 2011, Pilli, Arko-Mensah et al. 2012, Matsumoto, 

Shimogori et al. 2015), have been identified in ALS and FTLD patients (Freischmidt, Wieland 

et al. 2015, van der Zee, Gijselinck et al. 2017). Phosphorylation of Ser-403 (Matsumoto, 
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Wada et al. 2011, Pilli, Arko-Mensah et al. 2012, Matsumoto, Shimogori et al. 2015) is a 

preceding step for Ser-349 phosphorylation (Ichimura, Waguri et al. 2013), therefore 

mutations in kinases such as TBK1 may play a role in altered cell signalling in ALS/FTLD via 

changes to p62 phosphorylation.  

 

NF-κB Signalling 

NF-κB is a transcription factor responsible for promoting expression of both pro-survival and 

pro-inflammatory genes. Under basal conditions, NF-κB is bound to the inhibitory proteins 

IκBα, β, and ε, which prevent translocation of NF-κB into the nucleus and thereby block 

transcriptional effects. Under stimulation, the IκB proteins are phosphorylated and degraded 

via the proteasome, allowing NF-κB to move into the nucleus and promote transcription. 

Constitutive NF-κB signalling is required for neuronal survival and induction of NF-κB activity 

occurs in response to oxidative stress (Mattson, Culmsee et al. 2000, Bhakar, Tannis et al. 

2002).  

The potential role of NF-κB signalling in ALS is complex. NF-κB is upregulated in the spinal 

cords of ALS patients and SOD1G93A mice (Swarup, Phaneuf et al. 2011, Frakes, Ferraiuolo et 

al. 2014). However, while inhibition of NF-κB in ALS astrocytes did not prevent motor neuron 

death, selective inhibition of NF-κB in microglia prevented microglial-mediated death in vitro, 

impaired pro-inflammatory microglial activation and increased survival time in ALS mice 

(Frakes, Ferraiuolo et al. 2014). Constitutive expression of NF-κB in microglia is sufficient to 

induce gliosis and motor neuron death (Frakes, Ferraiuolo et al. 2014), while increased NF-

κB activity promoted survival of cells exposed to oxidative stress and NF-κB inhibition 

resulted in greater toxicity (Heck, Lezoualc'h et al. 1999). Astrocytic NF-κB activation 

upregulated microglial proliferation in SOD1G93A mice, and this response delayed muscle 

denervation and prolonged the presymptomatic phase, while inhibition of the early 
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microglial response resulted in acute detrimental effects (Ouali Alami, Schurr et al. 2018). 

Interestingly, astrocytic NF-κB activation accelerated disease progression in the symptomatic 

phase of SOD1G93A mice (Ouali Alami, Schurr et al. 2018), however inhibition of NF-κB in 

astrocytes in the same mouse model did not show any change in disease onset or progression 

(Crosio, Valle et al. 2011). ALS-associated proteins FUS, TDP-43 (Swarup, Phaneuf et al. 2011, 

Zhao, Beers et al. 2015), and UBQLN2 (Picher-Martel, Dutta et al. 2015) all promote NF-κB 

signalling, and either astrocytic- (Kia, McAvoy et al. 2018) or microglial-induced motor 

neuron death (Zhao, Beers et al. 2015).   

p62 has a dual role in the regulation of NF-κB signalling and dysregulation of NF-κB has been 

associated with PDB associated UBA domain p62-variants, which have a decreased ability to 

inhibit NF-κB compared with p62 wild type (Rea, Majcher et al. 2014). While over-expressed 

wild type p62 inhibits NF-κB, p62 has also been reported to play an essential role in positively 

regulating NF-κB signalling in relation to osteoclastogenesis, bone homeostasis, and in 

cancer (Duran, Serrano et al. 2004, Duran, Linares et al. 2008, Guo, Chen et al. 2011). Genetic 

ablation of p62 was shown to decrease IKK activation and subsequently inhibited NF-κB 

translocation both in vitro and in vivo in mice (Duran, Serrano et al. 2004), and p62 

downregulation abrogated tumour necrosis factor receptor 6 (TRAF6) and IL-1 mediated NF-

κB signalling (Sanz, Diaz-Meco et al. 2000), further demonstrating a role for p62 in NF-κB 

activation outside of neurodegeneration. Ubiquitin-binding affinity affects p62-regulated NF-

κB signalling as p62 dimerisation via the UBA domain and ubiquitin-binding are mutually 

exclusive (Isogai, Morimoto et al. 2011). Non-disease associated mutations within the UBA 

domain that prevent dimer formation increase p62 binding to polyubiquitin and 

subsequently decrease NF-κB signalling. Consistent with this finding, p62 UBA domain 

variants have a reduced ability to bind ubiquitin and impaired negative regulation of NF-κB 

signalling (Long, Garner et al. 2010). However, the PDB-associated non-UBA domain mutant 

p.P364S exhibits increased NF-κB signalling similar to p62 UBA-domain variants, despite 
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retaining full affinity for ubiquitin-binding (Rea, Walsh et al. 2009), indicating that the role of 

p62 in regulating NF-κB signalling is not solely due to its ability to bind ubiquitin.  

 

 

Figure 3. The effect of mutant p62 on Nrf2 and NF-κB signalling in ALS and FTLD Pathogenesis. 
Several ALS and FTLD-associated variants exhibit reduced Keap1-binding, preventing Nrf2 from 
entering the nucleus and promoting protective genes, predisposing the cell death upon exposure to 
ROS. Upregulation of Nrf2 signalling downregulates NF-κB signalling, indicating that p62 variants that 
fail to promote Nrf2 signalling may also lead to a concomitant increase in NF-κB signalling. 
Additionally, several p62 variants are unable to regulate NF-κB signalling, which could potentially lead 
to increased transcription of pro-inflammatory and pro-apoptotic factors, predisposing the cell to 
death.  
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p62 interacts with TRAF6, an adaptor protein and E3 ubiquitin-ligase that regulates NF-κB, 

via its TRAF6-binding sequence (TBS), and mutations within this domain of p62 have been 

identified in ALS and FTLD (Rubino, Rainero et al. 2012, Le Ber, Camuzat et al. 2013). TRAF6 

polyubiquitination is associated with increased NF-κB and is promoted by p62, as evident in 

p62 knockout mice, which exhibit no polyubiquitinated TRAF6 in brain tissue and also exhibit 

neurofibrillary tangles and neurodegeneration (Wooten, Geetha et al. 2005). However, p62 

also facilitates TRAF6 de-ubiquitination by forming a scaffolding complex linking the de-

ubiquitinating enzyme CYLD with TRAF6 (Jin, Chang et al. 2008, Wooten, Geetha et al. 2008). 

Expression of a p62 UBA-deletion construct abolished TRAF6 polyubiquitination, as did a p62 

PB1-deletion construct. Nerve growth factor treatment of PC12 cells induces TRAF6 

polyubiquitination and formation of the p62-TRAF6-IKK-PKC iota complex, which leads to 

NF-κB activation, and inhibition of p62-TRAF6 interaction blocks both TRAF6 

polyubiquitination and complex formation (Wooten, Geetha et al. 2005). Deletion of the 

TRAF6 binding region of p62 was sufficient to block TRAF6-mediated NF-κB induction. TRAF6 

exhibits a low basal level of polyubiquitination, however co-expression with p62 enhances 

TRAF6 polyubiquitination (Wooten, Geetha et al. 2005). Therefore, TBS domain variants in 

ALS-FTLD may alter NF-κB signalling and thereby contribute to ALS-FTLD pathogenicity.  

 

Concluding remarks 

In this review we have summarised the current understanding of the role of p62 in ALS and 

FTLD pathogenesis, and how mutations in various domains of the protein may contribute to 

disease onset.  

While SQSTM1 mutations identified in PDB cases primarily affect the UBA domain, the 

variants identified in ALS or FTLD patients span the entirety of the protein. As p62 is a 

multifunctional protein that exerts its effects through numerous functional domains, 
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mutations affecting these domains can have an effect on both autophagy and cell signalling 

pathways such as the Nrf2 and NF-κB pathways, and are likely to also affect mitophagy and 

aggregate/inclusion body formation. ALS and FTLD-associated p62 variants may therefore 

contribute to ALS and FTLD pathogenesis via reduced degradation of toxic proteins as well 

as via a reduced ability to mount a suitable stress response, leaving cells more susceptible to 

neurotoxic insult. The role of p62 and modifiers such as TBK1 in a functioning autophagy 

lysosome system are well established, however further research into how mutations that 

affect mitochondrial turnover and altered NF-κB signalling in regards to neuronal health and 

survival is required. As failure of autophagy can disturb the UPS and lead to increased 

dysfunctional mitochondria and increased ROS production, further investigations into 

modulation of autophagy and mitophagy to identify potential therapeutic approaches for 

ALS-FTLD are needed.  
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Abstract 

Mutations affecting SQSTM1 coding for p62 and TANK-Binding Kinase 1 (TBK1) have been 

implicated in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration 

(FTLD). TBK1 is a serine-threonine kinase that regulates p62’s activity as an autophagy 

receptor via phosphorylation and also has roles in neuroinflammatory signalling pathways. 

The mechanisms underlying ALS and FTLD pathogenesis as a result of TBK1 mutations are 

incompletely understood, however, loss of TBK1 function can lead to dysregulated 

autophagy and mitophagy. Here, we report that an ALS-associated TBK1 variant affecting the 

kinase domain, p.G175S, is defective in phosphorylation of p62 at Ser-403, a modification 

critical for regulating its ubiquitin-binding function, as well as downstream phosphorylation 

at Ser-349. Consistent with these findings, expression of p.G175S TBK1 was associated with 

decreased induction of autophagy compared to wild type. Expression of wild type TBK1 

increased NF-κB signalling ~300 fold in comparison to empty vector cells, whereas p.G175S 

TBK1 was unable to promote NF-κB signalling above levels observed in empty vector 

transfected cells. We also noted a hitherto unknown role for TBK1 as a suppressor of 

oxidative stress (Nrf2) signalling and show that p.G175S TBK1 expressing cells lose this 

inhibitory function. Our data suggest that TBK1 ALS mutations may broadly impair p62-

mediated cell signalling, which ultimately may reduce neuronal survival, thereby 

contributing to ALS pathogenesis.  

 

Abbreviations 

ALS, Amyotrophic lateral sclerosis; C9orf72, Chromosome 9 open reading frame 72; fALS, 
Familial ALS; FTLD, Frontotemporal lobar degeneration; LIR, LC3-interacting region; mTORC1, 
Mammalian target of rapamycin complex 1; NF-κB, Nuclear factor-Kappa B; Nrf2, Nuclear 
erythroid 2-related factor 2; OPTN, Optinuerin, PDB, Paget’s disease of bone; PB1, Phox1 
Bem1p (domain); sALS, Sporadic ALS; Ser-349, Serine 349; Ser-403, Serine 403; SOD1, 
Superoxide dismutase 1; SQSTM1/p62, Sequestosome 1/p62 protein; TBK1, TANK-binding 
kinase 1; TDP-43, TAR DNA-binding protein 43; UBA, Ubiquitin-associated (domain); ULK1, 
unc-51 like autophagy activating kinase 1 

Keywords: ALS-FTLD, p62/SQSTM1, TBK1, autophagy, cell signalling 
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1.0.  Introduction 

Amyotrophic lateral sclerosis (ALS), the most common form of motor neuron disease, is a 

devastating neurodegenerative disease that is characterised by progressive muscle 

weakness and paralysis caused by loss of motor neurons in the spinal cord and brain stem. 

Average survival time after symptom onset it 2-3 years, with death most commonly caused 

by respiratory failure [1].  Frontotemporal lobar degeneration (FTLD) is the leading cause of 

dementia in people under the age of 65 and is the third most common cause of dementia in 

people over 65 years of age [2], and is characterised by the loss of neurons in either one or 

both the frontal and temporal lobes [3, 4]. ALS and FTLD share both symptomatic and 

pathological hallmarks [5-9], with up to 15% of ALS patients meeting the diagnostic criteria 

for FTLD and vice versa [10, 11], and as such are considered to exist on a continuum.  

A major hallmark of ALS and FTLD is the accumulation of misfolded, ubiquitinated proteins 

in degenerating neurons [12-15]. Dysfunction of both the ubiquitin-proteasome system 

(UPS) and the autophagy-lysosome pathway, henceforth referred to as autophagy, have 

been documented in ALS and FTLD [16-19], as well as other neurodegenerative diseases [19-

22]. Autophagy is a bulk protein and organelle degradation system that is fundamentally 

important for cellular survival [23, 24]. During autophagy, ubiquitinated substrates are 

bound to autophagy receptors such as p62 or OPTN, which sequester unwanted or damaged 

proteins and organelles and shuttle them to the forming autophagosome [25-27]. The bound 

cargo is enveloped by the autophagosomal membrane, which then fuses to the lysosome, 

facilitating the degradation of its contents via hydrolytic enzymes. While UPS dysfunction can 

be compensated by autophagy, the reverse is not true [28-32], and a failure of autophagy 

eventuates in the accumulation of toxic proteins and the failure of the UPS [33], highlighting 

the essential role autophagy plays in protein degradation and neuronal health. Numerous 

mutations in genes coding for autophagy receptors, including p62 and optineurin, have been 

identified in ALS and FTLD patients [34-39]. 
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The function of optineurin and p62 in autophagy is regulated via phosphorylation of specific 

serine residues by the pleiotropic kinase TANK-Binding Kinase 1 (TBK1), which also has roles 

in the innate immune response [40, 41], xenophagy [27, 42, 43], and oncogenesis [44, 45]. 

Specifically, TBK1 phosphorylates p62 at residues including Serine 403 (Ser-403) within its C-

terminal UBA domain [46-48], which promotes p62 binding to ubiquitin and thereby 

enhances autophagic activity [47, 48]. p62 binding to ubiquitinated substrates via its UBA 

domain promotes delivery to the autophagosome for degradation, facilitated by interaction 

of p62 with LC3 proteins via its LC3 Interacting Region (LIR) [25]. Mutations affecting the p62-

LIR have been identified in ALS patients [49], and the abrogation of p62-LC3 binding results 

in accumulation of p62-positive, ubiquitin-positive inclusions [50], indicating a potential role 

for reduced p62-mediated autophagy in ALS pathogenesis.   

Mutations affecting all four functional domains of TBK1, the N-terminal serine/threonine 

kinase domain (KD), the ubiquitin-like domain (ULD), the scaffold dimerization domain (SDD), 

and two coiled-coil domains (CCD1 and CCD2) have been reported ALS and FTLD patients 

[51-56]. The mutations appear to cause disease through haploinsufficiency or loss-of-

function in regards to phosphorylation of itself, OPTN, and interferon regulatory factor 3 

(IRF3) [51, 54, 57-61], with several shown to decrease TBK1 protein and mRNA levels [51, 55, 

62]. Of note, heterozygous deletion of TBK1 impairs autophagy in motor neurons and 

accelerates disease progression in SOD1G93A mice [63]. However, more recently it was shown 

that inhibition of TBK1 and subsequent decreased phosphorylation of p62 Ser-403 is 

associated with decreased cell death induced by UPS impairment in neuronal cells [64]. Of 

note a recent paper that investigated mutations across all of the TBK1 functional domains 

showed that only some mutations result in reduced  phosphorylation of TBK1 substrates; 

interferon regulatory factor 3, optineurin, p62, and TBK1 itself [61]. This paper identified that 

ALS mutations affect a variety of TBK1 functions including protein dimerization, protein 

stability and the interaction of TBK1 with autophagy receptors optineurin and p62, but did 
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not assess the effect of TBK1 mutant proteins on autophagy, mitophagy or the stress 

signalling pathways NF-κB or Nrf2. Thus, the comprehensive mechanisms underlying ALS-

FTLD pathogenesis due to TBK1 mutations remain unclear.  

A further role for TBK1 is promotion of NF-κB signalling [65-67], a transcription factor 

responsible for inducing expression of pro-survival and pro-inflammatory genes. While 

research has mainly focused on TBK1-mediated NF-κB signalling in the context of 

inflammatory disorders and cancers [68], it is an area of interest in ALS-FTLD research as 

aberrant NF-κB signalling has been implicated in disease pathogenesis [69-72]. However, the 

role of NF-κB signalling in ALS is complex. NF-κB signalling has been associated with cell 

survival and is induced by oxidative stress; increased NF-κB activity promoted survival of cells 

exposed to oxidative stress, while NF-κB inhibition resulted in greater cell death [70]. 

However, NF-κB is upregulated in the spinal cords of ALS patients and SOD1G93A mice [69, 73, 

74]. Increased NF-κB signalling in astrocytes and microglia can result in accelerated disease 

progression and induce motor neuron death both in vitro and in vivo [69, 71], and selective 

inhibition of NF-κB signalling in microglia increased survival time in ALS mice [69]. However, 

astrocytic activation of NF-κB in SOD1G93A mice slowed disease progression in the pre-

symptomatic phase of the disease [71]. Increased NF-B signalling has been reported to be 

associated with ALS-linked proteins FUS, TDP-43 [74, 75], UBQLN2 [76], as well as several 

p62 variants [77-79]. Therefore, the precise effects of TBK1 mutations on NF-κB signalling 

may provide further insight into the pathogenesis of ALS-FTLD.  

As noted earlier, the downstream effects of TBK1 on p62 function are not fully elucidated. A 

p.G175S TBK1 variant was identified in an ALS patient that also carried the  p.P392L SQSTM1 

mutation [80], and has also been identified in an unrelated ALS patient without concurrent 

SQSTM1 mutation [81]. The mutation is located within the Serine/threonine kinase domain 

of TBK1 (residues 1-307) [56]. We have previously shown that abnormal phosphorylation of 
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p62 at Ser-403 is linked with reduced phosphorylation of serine residue Serine 349 (Ser-349) 

and altered cell signalling [79]. More recently, Ye and colleagues reported that ALS-

associated TBK1 variants, especially those affecting the KD, exhibit differential effects on 

substrate phosphorylation as well as signalling pathways [61]. As such, we sought to 

determine the downstream effects of the p.G175S TBK1 variant on p62-mediated cell 

signalling and autophagy.   

2.0. Methods 

2.1. Cell Culture and Plasmids 

A c.G523A mutation predicted to cause amino acid substitution p.G175S, identified from 

studies by Gratten et al. [81], and an artificially kinase dead p.K38A substitution were 

introduced into the pCMV-HA-TBK1 wild-type plasmid (MRC PPU Reagents and Services) 

using site-directed mutagenesis (Qiagen). The presence of the introduced mutation and 

sequence integrity were confirmed by Sanger Sequencing.  

HEK293 cells were maintained in Dulbecco’s modified essential medium, supplemented with 

10% foetal calf serum and 1% penicillin/streptomycin. Cells were seeded twenty-four hours 

prior to transfections, which were performed using Lipofectamine 2000 (Promega) according 

to manufacturer’s specifications. Cells were incubated in transfection media for 4-6 hours 

before media was replaced with fresh full growth media. For comparative autophagy 

treatments, 24 hours post-transfection cells were treated with either 100 nM Bafilomycin A1 

or were serum-starved for 4-6 hours prior to cell lysis. 

 

2.2. Nrf2 and NF-κB Reporter Assays 

NF-κB reporter assays were performed as previously described [82]. Briefly, HEK293 cells 

were seeded into 96-well plates at 2.5 × 104 cells per well and transfected the following day. 

Cells were transfected with 100 ng His-FLAG N-terminal (HFN) tagged-p62 or pcDNA3.1 

empty vector (EV), 40 ng of 3κB-SV40 Firefly luciferase reporter, 10 ng Renilla Luciferase 
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reporter, and 100 ng HA-TBK1 construct, using Lipofectamine 2000® according to 

manufacturer’s protocol. Nrf2 reporter assays were performed as previously described [82], 

with 40 ng NQO1-ARE (or NQO1 non-functional mutant) for a negative control.  24 hours 

post-transfection cells were assessed for luciferase activities using the Dual Glo Luciferase 

Assay (Promega) according to manufacturer’s instruction. Experiments were performed in 

triplicate and assays repeated on three independent occasions. For both Nrf2 and NF-κB 

reporter data, the Firefly luciferase activity was normalised to Renilla luciferase activity 

within the same transfections. Within each experiment, the Renilla normalised values of the 

triplicates were averaged and the data presented are the mean of replicate experiments ± 

SEM. Statistical analysis was performed using one-way ANOVA (GraphPad Prism 8) with 

significance set at p < 0.05.  

 

2.3. Co-immunoprecipitations 

HEK293 cells were co-transfected with HFN-p62 and HA-TBK1 (wild type or variants, as 

indicated). 48 hours post-transfection cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8.0, 

150 mM NaCl, 1% v/v Triton X-100, 0.1% w/v SDS, 0.5% w/v Sodium Deoxycholate) 

containing protease inhibitor cocktail (Roche), and were aspirated with a 21-guage needle 

10 times and then centrifuged at 14,000 rpm for 20 minutes at 4° C. Lysates were incubated 

with 50 µL washed Sepharose G bead slurry for 4 hours at 4° C with rotation for pre-

clearance. Lysates were collected and incubated overnight with 1 µL anti-FLAG antibody 

(Sigma Aldrich) at 4° C with rotation. Lysates were then incubated with 50 µL washed 

Sepharose G bead slurry for 2 hours at 4° C with rotation. Beads were washed four times and 

HFN-p62 and bound proteins were eluted with 2× SDS sample buffer. Proteins were 

separated through a 12% SDS TGX-stain free polyacrylamide gel (BioRad) and transferred to 
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nitrocellulose membrane. Membranes were imaged for stain free total protein prior to 

blocking for western blot analyses.  

 

2.4. Western Blot Analyses 

Western blot protocols are summarised in Table 1. Briefly, antibodies were purchased from 

Sigma-Aldrich, MBL, BD Biosciences, and Cell Signaling, as indicated in Table 1. Prior to 

incubation with primary antibody, all membranes were incubated for 1 hour at room 

temperature (RT) in blocking solution (Table 1), with the exception of pSer-403 p62, which 

was blocked in PBS with 10% skimmed milk (SM) powder.  Membranes were incubated with 

primary antibody in blocking solution and then washed three times with TBS-T or PBS-T 

(pSer-403 p62 only). Species appropriate HRP-conjugated secondary antibodies (Table 1) 

were incubated at 1:10,000 in blocking solution for 1 hour at room temperature. Membranes 

were washed three times and developed using Enhanced chemi-luminescence reagent 

(Perkin Elmer) and visualised using a BioRad Chemidoc. Densitometry was performed using 

the Lab Image software (BioRad).  

Table 1. Western Blot Protocol 

Antibody Supplier Primary Dilution Blocking Solution 
Primary 

Incubation 
Secondary 
Antibody 

p62 BD Biosciences 1:2000 3% SM in TBS 1 h at RT Goat anti-mouse 

pSer-403 p62 MBL 1:2500 1% SM in PBS 2 h at RT Goat-anti rat 

LC3 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

TBK1 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

pSer-349 p62 Cell Signaling 1:1000 5% BSA in TBS-T overnight at 4 °C Goat anti-rabbit 

 

2.6. Statistical Analysis 

Statistical analyses were performed using a one-way ANOVA (GraphPad Prism 8) with 

significance set at p < 0.05, to determine significant differences between values for TBK1 wild 



215 
 

type and variants. For western blot analyses protein levels were normalised to wild type and 

then represented as the fold change relative to wild type. For example, to assess LC3-II levels, 

the amount of LC3-II was determined, and the difference between samples was determined 

as the proportion of LC3-II in TBK1 variant lysates relative to LC3-II present in lysates from 

cells expressing wild type TBK1. As such, the value for wild type samples was set to 1.0 and 

these values used for one-way ANOVA, using the Geissler-Greenhouse correction for unequal 

variance with significance set at p < 0.05.  Data presented are the mean of at least triplicate 

independent experiments ± SEM. For comparison of LC3-II values between non-treated and 

treated samples, the non-treated value was set to 1.0 and these values used in an un-paired 

t-test with Welch’s correction, with significance set at p < 0.05. All other statistical analyses 

were performed using raw values with no post-hoc correction applied.    
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3.0. Results 

3.1. TBK1 variants retain p62-binding but fail to phosphorylate p62  

ALS and FTLD-associated TBK1 mutations affecting the KD domain have been shown to lack 

the ability to phosphorylate p62, however not all mutations within the KD exhibit this 

reduced function [61]. We therefore extended these observations to investigate the effect 

of a KD ALS-associated variant (p.G175S) on p62 binding and subsequent phosphorylation at 

Ser-403. HFN-p62 and HA-TBK1 were co-expressed in HEK293 cells and HFN-p62 

immunopurified with anti-FLAG antibody, following subsequent wash steps eluted proteins 

were separated by SDS polyacrylamide electrophoresis. Western blotting with a p62 

antibody revealed p62 in all precipitates except for the empty vector control. TBK1 binding 

to p62 was not significantly different for any of the TBK1 variants screened, indicating that 

they do not impact on substrate recognition by TBK1. We also investigated the levels of pSer-

403 p62 to determine the effect of HA-TBK1 variants on Ser-403 phosphorylation. Western 

blots for pSer-403 p62 were negative in p.K38A and p.G175S samples in both lysate input 

controls and immunoprecipitation eluates. In comparison to cells expressing p62 only, co-

expression with TBK1 wild type increased the amount of pSer-403 by 93.7% (p = 0.013). We 

found the ratio of pSer-403 to total p62 was reduced by 94% (p = 0.0014) in p.G175S cells, 

indicating a loss of kinase function in this variant. The kinase-deficient mutant p.K38A was 

included as a control and reduced pSer-403 phosphorylation by 93.97% compared with cells 

expressing wild type TBK1 (p = 0.002). We also observed reduced or abolished 

phosphorylation of p62 at Ser-403 with the TBK1 variants p.548X and p.R537Q, both located 

in the SDD, and p.G217R, located in the KD domain (data not shown), which was 

corroborated by Ye et al [61].  
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Figure 1: TBK1 variants fail to phosphorylate p62 despite retaining TBK1-p62 binding. HEK293 cells 

were co-transfected with HA-TBK1 vector and HFN-p62 or pcDNA3.1 empty vector (EV) control. Cells 

were lysed 48 hours post-transfection and HFN-p62 isolated by immunoprecipitation with anti-FLAG 

antibody. p62 and co-bound proteins were captured by gamma-sepharose beads and separated by 

electrophoresis prior to blotting. A) Western blot of HFN-p62 WT and co-bound HA-TBK1, p-Ser-403 

p62, and total protein (stain free), B) The amount of TBK1 and C) pSer-403/total p62 ratio. Amount of 

proteins were determined by densitometry using ImageLab Software. Data presented is the average 

of three independent experiments ± SEM. ** p < 0.005. * Non-specific bands 

 

Phosphorylation of Ser-403 is an important step in preparing p62 for autophagy and is a 

preceding step for Ser-349 phosphorylation [83]. As such, we wondered if the inability of 

p.G175S TBK1 to phosphorylate Ser-403 of p62 may lead to reduced phosphorylation of Ser-

349. HEK293 cells were transfected with HFN-p62 and HA-TBK1 (wild type, p.K38A or 

p.G175S), and the amount of phosphorylated p62 determined by western blot analysis; total 

p62 was also detected. Bands of phosphorylated p62 were quantified and normalised to total 

p62. The total amount of pSer-349 p62 was increased by 93.9% in HA-TBK1 wild type 

expressing cells compared with cells transfected with HFN-p62 alone (p < 0.0001) (Figure 2a 

and b), and the ratio of phosphorylated Ser-349 p62 over total p62 was increased by 75.7% 

(p < 0.0001) indicating that TBK1 promotes phosphorylation of p62 at Ser-349. In comparison 
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to wild type TBK1 expressing cells, p.G175S and p.K38A TBK1 expressing cells exhibited 

significantly reduced pSer-349 levels (p < 0.0001, respectively), and pSer-349 to total p62 

ratio (p < 0.0001, respectively), which were comparable to cells expressing p62-alone. Thus, 

demonstrating another loss of function for these variants.  

 

 

Figure 2.  ALS-associated variant p.G175S does not promote phosphorylation of p62 at Ser-349. 
HEK293 cells were transfected with empty vector (EV) pcDNA3.1 control, HFN-p62 or HFN-p62 and 
HA-TBK1 (wild type [WT], p.K38A or p.G175S). Cells were lysed 48 hours post-transfection and proteins 
were separated by SDS polyacrylamide electrophoresis. A) Western blots to detect pSer-349 and total 
p62 were performed, B) The amount of pSer-349 detected and C) The ratio of phosphorylated p62 

over total p62. Data presented is the average of three independent experiments ±SEM. *** p < 0.001.  

 

3.2. p.G175S TBK1 fails to promote autophagy induction  

As Ser-403 phosphorylation is an important preceding step in priming p62 for autophagy, we 

investigated whether wild type TBK1 would enhance autophagy in HEK293 cells, and the 
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kinase domain variant p.G175S exhibit a loss of function in this regard. During autophagy, 

LC3-I is conjugated to form LC3-II, which is recruited to the autophagosomal membrane, 

making LC3-II and the LC3-II/LC3-I ratio a useful indicator of autophagy induction [84].  To 

determine the effect of TBK1 on autophagy, HEK293 cells were transfected with HFN-p62 

and HA-TBK1 (wild type, p.K38A or p.G175S), and the amount of LC3-I and -II in cell lysates 

was visualised by immunoblotting. LC3 levels were normalised to total protein. Compared to 

empty vector control cells, there was a significant (p < 0.013) increase in the amount of LC3-

II in wild type TBK1 expressing cells, and a significant (p < 0.0004) increase compared to cells 

expressing p62 alone. In comparison to wild type TBK1 expressing cells, cells expressing 

p.K38A and p.G175S TBK1 had reduced LC3-II levels (p < 0.042, and p < 0.004, respectively). 

The induction of LC3-II was comparable between empty vector and cells expressing p62 

alone, indicating that TBK1 is responsible for the increase in LC3-II levels, not p62 expression 

alone. The LC3-II levels detected in p.K38A and p.G175S were comparable to p62-alone cells, 

indicating a loss of function in autophagy induction. We further confirmed our observations 

by analysing the LC3 ratio (LC3-II/LC3-I). We observed an increase in the LC3-II/LC3-I ratio in 

wild type TBK1 expressing cells compared to empty vector transfected cells (p = 0.0013) and 

cells expressing p62 alone (p = 0.025), confirming that wild type TBK1 induces autophagy in 

HEK293 cells. We observed a significant difference (p = 0.0128) in the LC3 ratio between wild 

type and p.G175S TBK1 expressing cells, and between wild type and p.K38A TBK1 expressing 

cells (p = 0.0053), suggesting that the loss of kinase activity is responsible for the lack of 

autophagy induction observed with p.G175S TBK1. As the amount of LC3-I and -II alone at a 

given time point is not sufficient to indicate autophagic flux, cells were compared with 

various treatments. To induce autophagy, cells underwent serum starvation for 6 hours. The 

LC3-II and LC3-II/LC3-I ratio was increased in TBK1 wild-type expressing cells compared to 

both empty vector cells (p = 0.0002) and cells expressing p62 alone (p = 0.0374), providing 

further evidence that wild type TBK1 promotes greater autophagic induction that cells 
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expressing p62 alone. Again, we observed a significant decrease (p = 0.0022) in the LC3 ratio 

for p.G175S TBK1 expressing cells and in p.K38A TBK1 expressing cells (p = 0.0078) compared 

with wild type expressing cells, indicating that they are unable to promote autophagic 

induction.   

We also compared the LC3 levels in cells treated with Bafilomycin A1, an inhibitor of 

lysosomes and therefore autophagy, and found a significant increase in the LC3-II levels for 

both TBK1 wild-type (increase of 92.6%, p = 0.0394) and p.G175S (increase of 88.5%, p = 

0.0117) in comparison to non-treated counterparts, indicating that while p.G175S expression 

fails to induce autophagy comparable to wild-type, it does not cause autophagy inhibition.   
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Figure 3. Expression of p.G175S TBK1 does not promote autophagy. HEK293 cells were transfected 
with expression plasmids for HFN-p62 and HA-TBK1 (WT or mutant). 24 hours post-transfection cells 
were treated with either no-treatment, 100 nM Bafilomycin A1, or serum starvation for 6 hours. Cells 
were then lysed and proteins separated by SDS-PAGE. A) Western blotting for p62 (FLAG), LC3, TBK1, 
and total protein were performed, B) Densitometric quantification of LC3-II normalised to total 
protein, in relation to WT is shown as the mean ± SEM of 4 independent experiments and C) 
Densitometric quantification of the amount of LC3-II/LC3-I. Data is shown as the mean ± SEM of 3 
independent experiments.   

 

3.3. p.G175S TBK1 fails to promote NF-κB Signalling  

TBK1 has been shown to promote NF-κB signalling in HEK293T cells [65], and Ye and 

colleagues reported that TBK1 variants affecting all domains of TBK1 exhibit reduced 

activation of NF-κB signalling [61]. As we have previously reported that reduced 

phosphorylation of p62 is linked with increased NF-κB signalling [79], we therefore wondered 
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whether expression of TBK1 mutant proteins would alter NF-κB signalling. We observed that 

expression of wild type TBK1 alone increased NF-κB signalling 300-fold (p < 0.0001) in 

comparison to empty vector control cells (Figure 4). When co-expressed with p62, NF-κB 

signalling was reduced by 36.5% (p = 0.009), indicating that p62 partially downregulates 

TBK1-induced NF-κB signalling. Both p.K38A and p.G175S TBK1 failed to induce NF-κB 

signalling compared with cells expressing wild type TBK1 or empty vector control. While the 

protein level of TBK1 p.G175S appears reduced in comparison to WT, the amount of TBK1 

detected in p.G175S cells is consistently higher than that in empty vector cells. As p.G175S 

fails to promote NF-κB signalling above that of empty vector cells, this indicates that the 

reduction in NF-κB signalling is more likely due to a loss of function of p.G175S, not simply 

reduced protein expression.   
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Figure 4. The effect of TBK1 on NF-κB Signalling. HEK293 cells were transfected with HFN-p62 and 
empty vector (EV) pcDNA3.1 control, or HA-TBK1 vectors as indicated, along with a 3κB-Firefly 
luciferase reporter and a Renilla luciferase plasmid. Cells were harvested 24 hours post-transfection 
and luciferase activity was measured. Firefly luciferase values were normalised to Renilla values. Data 

represents the mean of three independent experiments performed in triplicate ± SEM. ** for p < 0.005 

and *** for p < 0.001. 

 

 

3.4. Wild type TBK1 expression inhibits Nrf2 Signalling, but p.G175S TBK1 does not.  

Previous studies have shown that phosphorylation of p62 at Ser-403 and Ser-349 is 

important for promoting p62 binding to Keap1 [83], which in turn upregulates Nrf2 

transcriptional activity [85, 86]. As phosphorylation of p62 Ser-349 under normal conditions 

leads to increased expression of antioxidant and anti-inflammatory enzymes [87], we 

wondered whether reduced phosphorylation of Ser-349 by p.G175S TBK1 would result in 

reduced Nrf2 activation. Surprisingly, we found that expression of wild type TBK1 reduced 
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Nrf2 activation by 44.34% (p = 0.0085) compared to empty vector control. In keeping with 

previous reports, in cells expressing p62, Nrf2 activity was upregulated 2.4-fold (p = 0.0004) 

compared to empty vector cells, however this was reduced by 45.24% in cells co-expressing 

p62 and wild type TBK1 (p = 0.008), indicating that while p62 promotes Nrf2 signalling, TBK1 

negatively regulates Nrf2 signalling. In comparison, expression of the kinase-deficient TBK1 

variants p.K38A and p.G175S alone, increased Nrf2 signalling by 31.23% (p = 0.0083) and 

22.68% (p = 0.0443), respectively, in comparison to empty vector cells. Co-expression of 

p.K38A or p.G175S TBK1 with p62 did not significantly increase Nrf2 signalling above that of 

cells expressing p62 alone. Thus, our results indicate that the kinase function of TBK1 is 

required for downregulation of Nrf2 signalling and that ALS-associated variant p.G175S TBK1 

loses this suppressive function. As Nrf2 and NF-κB are inter-regulated and downregulation 

of Nrf2 signalling results in increased NF-κB activation in mice treated with pro-inflammatory 

stimuli [88], the increased NF-κB signalling in TBK1 wild type-expressing cells may explain the 

reduction in Nrf2 signalling observed, despite increased phosphorylation of p62 at Ser-349.  
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Figure 5. The effect of HA-TBK1 and HFN-p62 on Nrf2 Signalling. HEK293 cells were co-transfected 
with HFN-p62 pcDNA3.1 wild type or empty vector (EV) pcDNA3.1 control, as indicated, and HA-TBK1 
vectors as indicated, along with NQO1-Firefly luciferase reporter and a Renilla luciferase plasmid. Cells 
were harvested 24 hours post-transfection and luciferase activity was measured, with Firefly 
luciferase values normalised to Renilla values. ** for p < 0.005, *** for p < 0.001, and **** for p < 
0.0001.  
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4.0. Discussion 

A major pathological hallmark of ALS and FTLD is the accumulation of misfolded, 

ubiquitinated proteins in damaged neurons [12-15], the accumulation of which are linked to 

neuronal cell death [89-91]. Deficiencies in basal autophagy are sufficient to cause 

neurodegeneration in animal models [23, 24], and deficiencies in autophagy have been 

documented in ALS [19]. Mutations in TBK1 have been identified in both ALS and FTLD 

patients [51-55], and deletion of TBK1 has been shown to impair autophagy and accelerate 

early stage disease progression in a SOD1 animal model of ALS [63]. While haploinsufficiency 

due to nonsense mutations has been reported [51] very little is known about the functional 

effects of missense TBK1 mutations. A previous study showed that two variants of TBK1 

reduced phosphorylation of the autophagy receptor optineurin and the TBK1 variant 

p.E696K, which fails to interact with or phosphorylate optineurin, impeded mitophagy [92]. 

A recent paper showed that some TBK1 variants, but not those affecting the OPTN binding 

domain, impair p62 phosphorylation [93]. Ye et al. [61] recently demonstrated that ALS-

associated TBK1 variants, especially those located within the KD, exhibited differential 

effects on substrate phosphorylation and signalling pathways, indicating that different TBK1 

mutations may differentially impact disease progression. We sought to determine the effects 

of a kinase domain ALS variant (p.G175S) protein on p62 phosphorylation, autophagic flux 

and cell signalling and compared it with expression of wild type and kinase-deficient (p.K38A) 

TBK1.  

Autophagy is induced during times of cellular and proteotoxic stress [28-32, 94-97] in order 

to remove damaged proteins and organelles [98-100] and promote the antioxidant stress 

response [97]. Our data confirms that wild type TBK1 phosphorylates p62 at Ser-403 and 

promotes autophagic flux in HEK293 cells. In contrast, both p.K38A TBK1 and the p.G175S 

ALS variant failed to phosphorylate p62 or promote autophagy, indicating that p.G175S 

affects TBK1 kinase function and may thereby mediate ALS-FTLD pathogenesis. Consistent 
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with this finding, we show that the mutant proteins do not increase basal or serum-

starvation induced autophagy, however wild type TBK1 increased the basal autophagy 

compared with empty vector and cells transfected with p62 only. The inability of p.G175S to 

promote autophagy induction could leave the cell more susceptible to cell death in response 

to stress or injury.   

In addition to the impaired autophagy that is reported in ALS and FTLD, there is evidence of 

oxidative stress/free radical damage in cerebral spinal fluid and post-mortem tissue of ALS 

patients [101-105]. The transcription factors Nrf2 and NF-κB both have neuroprotective 

functions and are induced in response to cellular exposure to oxidative stress [70, 106]. 

Nuclear-erythroid factor-2 (Nrf2) is a transcription factor that is normally sequestered in the 

cytosol by inhibitory protein Kelch-like receptor protein 1 (Keap1), which under basal 

conditions facilitates Nrf2 degradation via the proteasome [107-110]. Under oxidative stress 

p62 binds Keap1 and frees Nrf2 to translocate to the nucleus to promote transcription of 

antioxidant genes [85, 107, 111, 112]. ALS and FTLD-associated p62 variants that exhibit 

reduced p62-Keap1 binding also display a reduced ability to activate Nrf2 [79, 85, 86, 93, 

111]. 

As phosphorylation of p62 at Ser-403 is a preceding step for Ser-349 phosphorylation, which 

subsequently promotes Nrf2 signalling [46-48, 87], we assessed whether the inability of 

p.G175S TBK1 to phosphorylate p62 at Ser-403 would have a downstream effect on 

phosphorylation of Ser-349 and Nrf2 signalling. We first confirmed that expression of wild 

type TBK1 increased the amount of phosphorylated Ser-349, and found that expression of 

p.G175S TBK1 failed to promote phosphorylation of p62 at Ser-349. We then assessed 

whether TBK1 expression had an effect on Nrf2 signalling.  Surprisingly, we found that 

expression of wild type TBK1 reduced Nrf2 signalling in comparison to empty vector cells, 

while cells expressing the kinase-deficient variant p.G175S not only retained, but increased 
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Nrf2 signalling by 22.7% (p = 0.0443) in comparison to empty vector. In accordance with 

previous findings, expression of p62 alone resulted in a 2.4-fold increase in Nrf2 signalling 

compared to empty vector cells, however co-expression of wild type TBK1 with p62 

decreased Nrf2 signalling by 42.4% compared to cells expressing p62 alone. In comparison, 

co-expression of p.G175S TBK1 did not significantly change Nrf2 signalling in comparison to 

cells expressing p62 alone. This pattern was also observed with expression of the kinase-

deficient p.K38A, indicating that the Ser/Thr kinase function of TBK1 is important for 

downregulation of Nrf2 signalling and that ablation of kinase activity eliminates this negative 

regulation of Nrf2.  

How TBK1 regulates Nrf2 signalling is currently unknown, but appears to be unrelated to p62 

phosphorylation. While induction of autophagy by rapamycin resulted in decreased Nrf2 

activity, this was modulated through inhibition of mTORC kinase and was associated with 

decreased phosphorylation of p62 at Ser-349 [87]. As p.K38A and p.G175S TBK1 expressing 

cells exhibited reduced pSer-349 in comparison to wild type TBK1 expressing cells, yet did 

not inhibit Nrf2 signalling, it is unlikely that inhibition of Nrf2 signalling by wild type TBK1 can 

be explained by increased autophagic flux mediated by p62 phosphorylation. However it is 

clear that the kinase function of TBK1 is required. It is likely that TBK1-mediated activation 

of NF-κB, which is dependent on its kinase function [66], contributes to downregulation of 

Nrf2 via cross-talk between the two signalling pathways.  

Several studies, mainly centred on inflammation and cellular injury, have reported the 

interplay between the pro-inflammatory NF-κB pathway and the antioxidant Nrf2 pathway 

(Figure 6). Upregulation of Nrf2 activity and increased transcription of antioxidant genes 

results in decreased NF-κB signalling via inhibition of IκB kinase and decreased 

phosphorylation and degradation of IκB [113-116] and treatment with agents that promote 

Nrf2 signalling lead to subsequent decreases in NF-κB signalling [113-118]. Accordingly, p62 
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over-expression, which induces Nrf2 signalling, inhibits NF-κB [82, 119]. Conversely, 

decreased Nrf2 expression and signalling leads to increased NF-κB signalling and cytokine 

production [88, 120], and a direct role for p65, the canonical subunit of NF-κB, in directly 

downregulating Nrf2 signalling has been reported [121]. Overexpression of p65 promotes 

nuclear translocation of Keap1 and subsequent ubiquitination and degradation of Nrf2 [122]. 

p65 also competitively binds the transcriptional co-activator CREB binding protein (CBP), and  

promotes the recruitment of Nrf2-co-repressor HDAC3 [123].   
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Figure 6. Cross-talk between the NF-κB and Nrf2 signalling pathways. Upregulation of NF-κB subunit 
p65 promotes the recruitment of Nrf2-repressor HDAC3 and competes for binding to co-activator CBP. 
Upregulation of p65 promotes Keap1 interaction with Nrf2. Conversely, increased Nrf2 expression 
prevents phosphorylation and degradation of IκB, subsequently downregulating NF-κB signalling. 
Figure adapted from Wardyn et al. [124].  

 

As TBK1 had previously been shown to increase NF-κB signalling in HEK393 cells [65], we 

investigated whether p.K38A and p.G175S TBK1 variants affect NF-κB signalling, as this could 

explain the lack of Nrf2 downregulation that we observed. We found that TBK1 when 

expressed alone in HEK293 cells promoted NF-κB signalling approximately 300-fold higher 

than empty vector cells, yet p.K38A and p.G175S TBK1 failed to increase NF-κB activity. We 

observed that p62 over-expression lowered TBK1-mediated NF-κB signalling by 

approximately 37% compared to cells expressing wild type TBK1 alone. We observed that 

TBK1 increases expression of endogenous p62 and p62 has an NF-κB recognition site in its 

promoter (not shown). Thus, p62 may have a negative feedback role in TBK1-mediated NF-
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κB activation.  As neuroinflammation and oxidative stress are associated with ALS, the 

increased NF-κB and decreased Nrf2 with over-expression of wild type TBK1 seems at odds 

with a disease pathogenesis that is caused by TBK1 haploinsufficiency or loss of functions 

variants such as p.G175S. It is likely that the TBK1 expression is fine-tuned for optimal 

neuronal health.  

There are conflicting reports on the role of NF-κB signalling in neuronal health and 

inflammation. NF-κB in neurons promotes synapse growth and enhances synaptic activity 

and enduring forms of plasticity [125, 126], and is upregulated in response to oxidative stress 

[70, 127]. NF-κB also regulates expression of anti-apoptotic genes including the Bcl-2 family 

and caspase inhibitors [128-131], and promotes cell survival in response to neurotrophic 

factors [132] or potentially harmful stimuli [133]. Ablation of NF-κB signalling in neurons 

results in increased cell death following neurotoxic insults [134], such as oxidative stress [70]. 

While NF-κB may be required for maintaining neuronal health, evidence for pathological 

activation of NF-κB signalling in ALS-FTLD has also been reported; upregulated NF-κB 

signalling is linked with increased motor neuron death and accelerated disease progression 

[69, 135], along with increased induction of pro-inflammatory cytokines [74]. In contrast to 

our kinase-deficient TBK1 mutants, ALS-associated mutations in SQSTM1 (p62), OPTN 

(optineurin) and UBQLN2, exhibit increased activation of NF-κB compared with cells 

expressing wild type counterparts [76, 78, 79, 136], further supporting a role for 

dysregulated NF-κB signalling in ALS-FTLD pathogenesis. The reasons for this difference are 

unknown. However, NF-κB signalling may be phase and cell type dependent, as inhibition of 

NF-κB in microglia but not astrocytes is beneficial for cell survival [69, 72, 135]. Further, 

inhibition of NF-κB-mediated microglial activation reduced Kainic acid-induced neuronal cell 

death via reduced induction of pro-inflammatory genes in vivo [137]. Astrocytic NF-κB-

dependent microglial activation in late stages of disease led to accelerated disease 

progression in a mouse model of ALS, however while in the presymptomatic phase this 
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response actually delayed symptom onset [71]. Together, these studies suggest that NF-κB 

may play an anti-apoptotic role in neurons, while upregulated or dysregulated NF-κB 

signalling in microglia promotes inflammation and cell death. Interestingly, heterozygous 

deletion of TBK1 in late stages of disease alleviates glial activation in SOD1G93A mice and 

decelerates disease progression, however in earlier stages of the disease TBK1 deficiency 

impaired autophagy and accelerated disease onset [63], suggesting that the role of TBK1 in 

ALS is complex and may be phase and cell type specific. Of interest, inhibition of TBK1-

mediated phosphorylation of p62 Ser-403 attenuated cell death induced by UPS impairment 

and TDP-43 overexpression [64], providing further evidence that  the role of ALS-associated 

loss-of-function TBK1 variants in ALS pathogenesis is unclear and requires further research. 

Our study provides further evidence for TBK1 mutations causing ALS-FTLD pathogenesis 

through a loss of function, as the inability of p.G175S to promote NF-κB signalling or 

autophagy may reduce the cells ability to mount an effective stress response, and 

subsequently leave cells more vulnerable to damage by reactive oxygen species or other 

stressors.  

 

5.0. Conclusion 

Here we have investigated the effect of kinase domain TBK1 mutations on p62-mediated 

autophagy. We have demonstrated that similar to the kinase mutant p.K38A, ALS-associated 

p.G175S TBK1 is unable to phosphorylate p62 at Ser-403 and subsequently does not induce 

autophagic flux, in contrast with wild type TBK1. Further, we have shown that wild type TBK1 

promotes NF-κB signalling and downregulates Nrf2 signalling, which while dependent on 

TBK1 kinase activity appears to be independent of p62 phosphorylation. Our results provide 

further evidence for cross-talk between the two pathways, and importantly highlight a 

hitherto unknown role for TBK1 as a regulator of oxidative stress signalling, the loss of which 
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may be important in ALS-FTLD pathogenesis. Of interest, while TBK1 activates NF-κB 

signalling, p62 and optineurin inhibit NF-κB and accordingly loss of function TBK1 mutations 

lead to a lack of NF-κB activation while loss of function p62 and optineurin mutations lead to 

increased NF-κB relative to cells expressing wild type counterparts. As TBK1 also activates 

p62 and optineurin to mediate autophagy and mitophagy, further research into the inter-

regulation of these pathways by TBK1 may help us understand how mutations in SQSTM1, 

OPTN and TBK1 contribute to ALS-FTLD pathogenesis.  
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Appendix 1.3. 

Table 1.3.1. General reagents   

Reagent Supplier 

Ampicillin Sigma-Aldrich, USA 

BactoTM Tryptone Becton Dickinson, USA 

BactoTM Yeast Extract Becton Dickinson, USA 

β-mercaptoethanol Sigma-Aldrich, USA 

Bovine Serum Albumin Sigma-Aldrich, USA 

Bromophenol Blue Hopkin & Williams Ltd., England 

Dithiothreitol (DTT) Sigma-Aldrich, USA 

DMEM / Nutrient Mixture F12 HAM Sigma-Aldrich, USA 

Dulbecco's Modified Eagle's Medium Thermo Fisher Scientific, Australia 

ECL Western LightingTM Chemiluminescent Reagent Plus PerkinElmerTM Life Science, USA 

Ethanol, 100% and 70% Rowe Scientific, Australia  

Foetal Bovine Serum (FBS) JHR Bioscience, USA 

GammaBindTM Portein G Sepharose  co-IP Beads Sigma-Aldrich, USA 

Glycerol Ajax Finechem, Australia 

HEPES Sigma-Aldrich, USA 

Hydrochloric Acid  Ajax Finechem, Australia 

Isopropanol BDH Chemicals, Pty Ltd., Australia 

Lipofectamine 2000 Invitrogren, The Netherlands 

Lipofectamine 3000 Invitrogren, The Netherlands 

Magnesium Chloride Promega, USA 

Methanol Ajax Finechem, Australia 

N,N,N1,N1- tetramethylethylene (TEMED) Sigma-Aldrich, USA 

OPTIMEM Invitrogen, USA 

Penicillin, Streptomycin Sigma-Aldrich, USA 

Poly-L-lysine Sigma-Aldrich, USA 

Potassium Phosphate Monobasic Sigma-Aldrich, USA 

Precision Plus ProteinTM Dual Colour Standard BioRad, Australia 

Protease Inhibitor Cocktail Tablets Complete Mini, EDTA 
free 

Roche Diagnostics, Germany 

Skim Milk Powder Coles Pty Ltd., Australia 

Sodium Bicarbonate BDH Chemicals, Pty Ltd., Australia 

Sodium Chloride BDH Chemicals, Pty Ltd., Australia 

Sodium Deoxycholate Sigma-Aldrich, USA 

Sodium Dodecyl Sulphate MP Biomedicals, USA 

Sodium Hydrogen Orthophosphate BDH Chemicals, Pty Ltd., Australia 

Sodium Hydroxide Sigma-Aldrich, USA 

TGX-strain free polyacrylamide gel BioRad, Australia 

Trisma® Base (Tris)  Sigma-Aldrich, USA 

Triton-X 100 Sigma-Aldrich, USA 

Trypan Blue Thermo Fisher Scientific, Australia 

Trypsin, 10x SAFC Biosciences, USA 

Tween®-20 Sigma-Aldrich, USA 
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Table 1.3.2. Commercial kits 

Commercial Kit Supplier 

Dual Glo Luciferase Assay Kit Promega, USA 

Pierce® Bicinchoninic Acid (BCA) Protein Assay Kit ThermoFisher Scientific, USA 

QIAGEN Maxi Prep Kit Qiagen Pty Ltd., Australia 
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