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Abstract 

In our ageing population, neurodegenerative disorders carry an enormous personal, societal 

and economic burden. Although, neurodegenerative diseases are often thought of as clinico-

pathological entities, increasing evidence suggests a considerable overlap in the molecular 

underpinnings of their pathogenesis. Such overlapping biological processes include the 

handling of misfolded proteins, defective organelle trafficking, RNA processing, synaptic 

health and neuroinflammation. Collectively but in different proportions, these biological 

processes in neurons or non-neuronal cells lead to regionally distinct patterns of neuronal 

vulnerability and progression of pathology that could explain the disease symptomology. 

With the advent of patient-derived cellular models and novel genetic manipulation tools we 

are now able to interrogate this commonality despite the cellular complexity of the brain in 

order to develop novel therapeutic strategies to prevent or arrest neurodegeneration.  Here 

we describe broadly these concepts and their relevance across neurodegenerative diseases. 
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Introduction 
 Neurodegenerative diseases (NDD) are progressive disorders with increasing 

prevalence in our ageing population but with no cure or lasting symptomatic therapy. These 

include Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), motor 

neuron disease (MND), Frontotemporal dementias (FTD) and Prion diseases. Over 45 million 

people worldwide live with dementia and up to 10million with Parkinson’s disease. In the UK 

alone, 850,000 people are affected by dementia and 127,000 have Parkinson’s disease. It is 

estimated that the number of patients with neurodegenerative brain diseases will increase 

to 131.5 million by 2050 (World Alzheimer Report 2015). With an estimated 160 billion Euros 

of costs of care annually in Europe alone and 818 billion dollars worldwide, this translates 

into a huge socio-economic burden. The need to understand the cellular and molecular 

mechanisms that underpin neurodegeneration has never been more urgent. Historically, 

these diseases have been studied in isolation as separate entities but recently a consensus 

has arisen that they share many common underlying mechanisms that can be exploited to 

identify novel therapeutic targets. Common cellular themes include misfolded protein 

handling, organelle trafficking, RNA processing, synaptic health and neuroinflammation. 

These cellular functions share overlapping molecular aetiologies. For example, misfolding of 

disease-specific proteins in AD, PD, HD or MND disrupt inter-organelle transport or 

degradation and impair synaptic neurotransmission whereas genome-wide association 

studies identified variants in inflammation-related genes across all these diseases. 

Therefore, delineating the shared underlying mechanisms that may counteract these cellular 

perturbations has become a major goal in understanding the molecular and cellular 

aetiology of NDD. How such mechanisms operate in the complex environment of neuronal 

connections and non-neuronal cells (e.g. microglia or the cerebral vasculature) to generate 

distinct patterns of cellular degeneration is becoming clearer from genetic and genome-wide 

association studies as well as better modelling and functional interrogation of gene 

networks. Nevertheless, it is important to recognise that each NDD also has its own distinct 

signature, e.g. deficits in nucleoprotein transport and RNA biology is a principal feature of 

MND whereas lysosomal defects is a major feature of PD. In this review article we provide an 

update on the broader concepts behind common themes across neurodegeneration that 

may be of interest to practicing clinicians caring for patients with NDD.  
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Pathology of protein misfolding 

             AD is associated with progressive deficits in memory, cognition and behaviour while 

PD is primarily considered a movement disorder. However, 30% AD sufferers develop 

parkinsonism and up to 80% of patients with PD for 20 years develop dementia 1. This 

overlap extends to the primary molecular pathology of both diseases; AD is characterised by 

extracellular deposits of Aβ plaques and intracellular accumulations of tau neurofibrillary 

tangles distributed throughout the forebrain whereas PD is characterised by accumulation of 

α-synuclein in Lewy bodies (LBs) primarily within the dopaminergic neurons of the midbrain. 

However, LB are found in the amygdala of over half of patients diagnosed with AD and 

diffusely distributed in the cortex in Dementia with Lewy bodies (DLB) and patients with 

advanced PD, often alongside AD-type pathology 2. Similarly, neuronal inclusions of TAR-DNA 

binding protein 43 (TDP-43) are found in motor neurons in MND 3 and cortical neurons in 

FTD but can also be detected alongside AD-type and LB pathology in up to a third of cases 

with mixed pathology 4,5. Further evidence of common aetiology among NDD is provided by 

the overlap of underlying genetic contributors. For example, the ε4 allele of the APOE gene 

is a strong genetic risk factor for both LB and AD-type pathology 6,7 and the microtubule-

associated protein tau (MAPT) H1 haplotype is associated with both AD and PD 8. More 

recently, several loss-of-function variants in the ATP-binding cassette transporter A7 

(ABCA7), which is involved in the clearance of protein aggregates have been associated with 

both AD and PD 9.  

               The strongest commonality between genetic and familial forms of the same NDD, as 

well as across different NDD, is the idea that misfolding of specific proteins leads to the 

generation of conformers with toxic gain-of-function inside or outside neurons that 

potentially spread to distant brain regions transynaptically or by other non-cell autonomous 

mechanisms 10,11. Several genes that cause monogenic AD such as Amyloid Beta Precursor 

Protein (APP), presenilin1 (PSEN1), presenilin2 (PSEN2) as well as variants in the genome 

such as Phosphatidylinositol bonding clathrin assembly protein (PICALM) have mapped out 

the pathway of Aβ clearance and suggested that increased production and deposition of Aβ1-

42 oligomers or fibrils in the brain of patients with sporadic AD may be the initiating 

pathogenic event 12. Similarly, tau mutations were identified in familial cases of 

frontotemporal dementia and tau fibrils in neurofibrillary tangles is a cardinal feature of 

sporadic AD. -Synuclein mutations or multiplications are rare causes of PD that share the 
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same pathology with sporadic PD, namely the misfolding of α-synuclein into LB 11. In motor 

neuron disease, insoluble forms of phosphorylated and truncated TDP-43, normally a 

nuclear protein, accumulate in the cytosol of motor neurons 3 and bi-directionally 

transcribed repeat RNA in cases with hexanucleotide repeat expansion in C9orf72 lead to the 

accumulation of dipeptide repeat proteins in dendritic inclusions in subpopulations of 

neurons of the motor cortex 13. In animal models, suppression of transgenic expression of 

APP, mutant tau, expanded huntingtin, TDP-43 or α-synuclein in mice was shown to arrest or 

even reverse pathological aggregates and phenotypic defects, supporting the notion that 

accumulation of these misfolded proteins is toxic whereas promoting their clearance could 

be beneficial 14-17. Although a toxic gain of function is a widely accepted mechanism in NDD, 

the precise physicochemical nature of the proteotoxic conformer has not been established 

but is generally considered to be a pre-fibrillar or fibrillar oligomer rather than the end-stage 

compact aggregates. 

These pathological changes are thought to predate the clinical presentation by 

several years. For example, studies of a familial AD cohort [the Dominantly Inherited 

Alzheimer Network (DIAN)] suggest that Aβ1-42  levels in the cerebrospinal fluid (CSF) begin to 

decline as early as 25 years before the onset of symptoms 18. This is followed by the 

appearance of fibrillar amyloid deposits in the brain detected by PiB-PET, increased levels of 

tau in CSF, and progressive brain atrophy roughly 15 years before clinical presentation 18. 

Cerebral hypometabolism and subtle episodic verbal memory impairment seem to begin 

about 10 years before overt dementia 18. This time course may be generally similar to that of 

sporadic AD, based on cross-sectional studies 19 suggesting that detectable biochemical and 

histopathological abnormalities occur at least two decades before clinical symptoms. A 

similarly protracted pre-clinical course has also been suggested in PD, HD and MND. 

The non-cell autonomous effects of fibrillar assemblies of Aβ1-42, tau and α-synuclein  

are reminiscent of “prion-like” phenomena. The strongest evidence that this may occur in 

human brain comes from the identification of LB pathology in embryonic neural grafts 12-16 

years after transplantation into the brains of people with PD 20,21. Direct inoculation of 

human brain extract or human brain-extracted fibrils from patients with LB pathology or 

multisystem atrophy led to progressive α-synuclein aggregation and neurodegeneration in 

connected areas of the brain of animal models including non-human primates 22-24. The 

propagation of α-synuclein in mouse brain has also been demonstrated with recombinant 
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fibrils but cell loss in this model was not always seen 22,25,26. Similarly, tau pathology without 

neurodegeneration, was observed in wild-type or transgenic mice expressing human tau 

after seeding with fibrils extracted from human brain or mouse brain expressing the 

pathogenic P301S tau mutation 27,28. Intracerebral infusion of dilute Aβ-rich brain extract 

from AD patients or from aged APP-transgenic mice also stimulated the premature 

formation of plaques and amyloid angiopathy in these models 29. Induction of α-synuclein 

and tau aggregation in the brain has been demonstrated following intraperinoteal or 

intravascular injection of fibrils 27,28,30. Propagation of misfolded SOD1 and TDP-43 was also 

reported in animal models of MND 31,32.  

Progress in identifying pathogenic proteins and their mode of propagation opened up 

the possibility for targeted therapies aimed at preventing their spread or promoting the 

clearance of their misfolded conformers.  However, the most widely tested therapeutic 

approach to date, the use of active or passive immunotherapy, has not shown adequate 

clinical efficacy even though there was evidence in some trials that such approaches 

promote the clearance of Aβ1-42 12. A similarly poor response was detected in a larger trial 

that examined the effect of Aβ1-42 immunotherapy in a group of patients with mild AD-type 

dementia (EXPEDITION3). Whether such therapies need to be given at the pre-symptomatic 

phase of the disease to be effective is currently being investigated in around 300 

presymptomatic members of a large Colombian pedigree with the PSEN1 E280→A280 

missense mutation and a smaller number of presymptomatic American participants from the 

DIAN cohort who carry other presenilin mutations.  In contrast to the disappointing results in 

clinical end-points, immunotherapies in preclinical models effectively reduced the burden of 

extracellular amyloid plaques and this effect has also been observed in human cases that 

reached post-mortem 33,34. The reason for this discrepancy is currently unclear but suggests 

that the complex cellular states of the human disease brain beyond the culprit protein need 

to be considered.  

 

Proteostasis 

One limitation of targeted therapies against misfolded proteins as exemplified by 

immunotherapies, is the assumption that during “degenerative” cellular states in the 

sporadic forms of these diseases, the neuronal mechanisms that normally handle misfolded 

proteins will rapidly recover and respond adequately to further protein aggregation, which in 
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vivo may occur over a period of hours 35. Age-related deficiencies in protein homeostasis 

(proteostasis) 36 could contribute to the accumulation of aggregating proteins (Figure 1). For 

example in AD or PD brains, there is upregulation of chaperones and accumulation of 

proteasomal and autophagic components 37. Accumulation of misfolded proteins typically 

triggers the activation of chaperones, which either attempt to refold proteins or help 

redirect nonnative conformers towards degradation by proteasomes or lysosomes. 

Proteasomes are large multi-subunit complexes that consist of a 19S regulatory cap and a 

20S proteolytic core, which together assembled into the 26S particle. The 19S regulatory 

particle recognizes ubiquitinated substrates, removes the ubiquitin chains, and unfolds the 

substrate to allow entry into the 20S core, where it is rapidly degraded into peptides 38. 

Recent work has shown that phosphorylation of the 26S proteasome subunit Rpn6/PSMD11 

by Protein Kinase A (PKA) increased the capacity of the proteasome to degrade a variety of 

substrates including proteins involved in NDD such as mutant forms of FUS, SOD1, TDP43 

and tau 39 and pharmacological activation of this mechanism with rolipram translated into 

reduced tau-mediated cognitive decline in a transgenic mouse model 40. Although the 

proteasome is the primary source of protein degradation in the cell, restricted entry into the 

proteolytic chamber of the 20S component does not permit the degradation of misfolded or 

large protein complexes. One way to bypass this limitation is to employ chaperone 

complexes such as the BAG1-HSP70 or cytosolic valosin-containing protein/p97 that retrieve 

misfolded proteins from aggregates and then direct them to the proteasome. Supporting the 

central role of such pathways in NDD is the discovery of mutations in valosin-containing 

protein/p97 in rare forms of ALS and FTD 41. Alternatively, larger aggregates can be directed 

en masse to the lysosome via autophagy. Autophagy complements the proteasome in three 

forms: macroautophagy, chaperone-mediated autophagy (CMA), and selective ubiquitin-

dependent autophagy. Macroautophagy is the best-understood form and entails the 

sequestration of organelles or aggregates into a double-membrane structure known as the 

autophagosome. The resulting autophagosome is then transported to, and fuses with, the 

lysosome, thereby delivering its cargo for degradation. In contrast, microautophagy occurs 

by direct engulfment of the cytosol at the lysosome membrane, and CMA occurs through 

HSC70-mediated delivery of proteins across the lysosomal membrane via the LAMP2A 

receptor 42.   
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Selective targeting of misfolded proteins to the proteasome or lysosome is initiated 

by the addition of polyubiquitin chains in a three-step enzymatic process involving E1 

ubiquitin–activating enzymes, E2 ubiquitin–conjugating enzymes (E2s), and E3 ubiquitin 

ligases (E3s). Ubiquitin immunoreactivity is detected in all pathological inclusions across NDD 

suggesting a role for this modification in the handling of misfolded proteins 43,44. The 

specificity of this system is determined by the existence of multiple E3/E2 pairs and the way 

they conjugate ubiquitin in chains: Certain conjugates (e.g. K11- and K48-linked chains) act 

as signals to the proteasome whereas others (e.g. K63-linked chains) mediate trafficking to 

the lysosome. These ubiquitin chains are in turn recognised by adaptor complexes, which 

direct the ubiquitinated proteins to the relevant pathway. The relevance of ubiquitin-

dependent quality control is well established in PD especially in a subgroup of familial cases 

that are caused by mutations in the E3 ligases Parkin or FBXO7. In addition, mutations in the 

ubiquitin adaptors SQSTM1/p62 or optineurin cause familial MND/FTD whereas variants in 

BAG3 were linked to PD 45,46.  

One mechanism by which ubiquitin conjugating enzymes could mitigate toxicity in 

sporadic forms of NDD involves the direct ubiquitination and degradation of either 

monomeric or aggregated forms of pathogenic proteins as shown in reductionist systems 

and animal models. For example, the E3 ligase NEDD4 promotes whereas the deubiquitinase 

USP8 opposes the lysosomal clearance of αsynuclein and genetic modulation of these 

activities reduced -synuclein toxicity 47-50. NEDD4 has been shown to have protective effects 

against TDP-43 and Aβ 51 that may be related to its broader effects on stress granule 

regulation or the activation of autophagy 52,53. USP14 is a major regulator of protein turnover 

by the proteasome and its inhibition with small molecules accelerates the clearance of tau 

and TDP-43 54. Regulation of ubiquitination by USP19 has been implicated in the vesicular 

export of misfolded proteins at the endoplasmic reticulum (ER), that escape cytosolic 

degradation 55. More broadly, ubiquitin homeostasis is critical for neuronal viability. For 

example, partial inactivation of the deubiquitinase UCH-L1, an enzyme that maintains free 

ubiquitin levels, leads to neurodegeneration 56 and YOD1 in association with the AAA-ATPase 

p97 regulates the disposal of ruptured lysosomes and their content caused by tau fibrils 57. 

Impaired clearance of misfolded proteins may lead to their accumulation in the 

lumen of the endoplasmic reticulum (ER). These misfolded proteins are normally recognised 

by the ER membrane–associated complexes and retrotranslocated to the cytoplasm for 
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degradation by the valosin-containing protein/p97–NPL4–UFD-1 complex. In NDD, increased 

accumulation of misfolded proteins in the ER lumen induces ER stress and activates the 

Unfolded Protein Response (UPR). This is normally a protective cellular response that aims to 

reduce unfolded protein load and restore protein-folding homeostasis. The UPR has three 

arms, which initiate signalling cascades through protein kinase RNA (PKR)-like ER kinase 

(PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6). 

Paradoxically, persistent activation of the PERK-eIF2α branch of the UPR is detrimental as it 

causes uncompensated decline in global translation rates leading to synaptic failure and 

neuronal death 58. Restoring translation by targeting PERK or more selectively eIF2α using 

repurposed drugs such as trazadone was neuroprotective and enhanced memory in animal 

models of prion disease and tauopathy despite the accumulation of misfolded proteins 59.  

 

Inter-organelle trafficking and organelle turnover 

Defects in inter-organelle trafficking, especially endoplasmic reticulum (ER) to Golgi, 

endosomes to lysosomes and the turnover of lysosomes or mitochondria have emerged as 

critical events based on genetic and functional studies across NDD. For example, mutations 

in VPS35, a component of the retromer complex which functions in endosomal protein 

sorting cause late-onset forms of familial PD and AD 60.  Heterozygous mutations in the 

lysosomal enzyme glucocerebrosidase (GBA), which when biallelic cause Gaucher’s disease, 

are the commonest risk factor for PD 61, at least partly by impairing the lysosomal 

degradation of α-synuclein 62. Mutations in the kinase LRRK2, which is the commonest form 

of autosomal dominant PD, impair endosomal trafficking and autophagy and are linked 

pathologically to the accumulation of both LB and neurofibrillary tangles 60. Endosomal 

processing is also critical in the cleavage of APP and generation of Aβ1-42 or misfolded prions. 

C9orf72, a commonly mutated gene in MND and FTD, regulates vesicle trafficking via an 

interaction with the GTPase RAB7L1 63 and progranulin, which is haploinsufficient in FTD, 

regulates lysosome acidification and biogenesis 64. The relevance of these pathways in 

sporadic NDD is reinforced by genome-wide linkage of variants in genes implicated in 

organelle trafficking with disease (e.g. LRRK2, GAK and RAB7L in PD and PICALM in AD).  

 Mitochondria provide a large proportion of ATP in the nervous system and also 

regulate intracellular Ca2+ homeostasis and the induction of apoptosis. Numerous studies in 

animal models showed that mitochondrial deficits are an early feature of diverse 
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proteinopathies associated with NDD 65-68, especially at the synapse, where synaptic 

mitochondria are subjected to the high-energy requirements associated with synaptic 

activity 68,69. The relevance of mitochondria for healthy dopaminergic neuronal function in 

humans is supported by observations in methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

users who developed parkinsonism due to the conversion in astrocytes of MPTP to 1-methyl-

4-phenylpyridinium (MPP+), which inhibits complex I of the electron transport chain in 

neurons. More broadly, respiratory chain defects due to mutations in components of 

Complex I to V (Leigh’s syndrome) cause early onset diffuse neuronal loss pointing towards 

the critical role of oxidative phosphorylation for neuronal viability. In sporadic NDD, 

misfolded α-synuclein, oligomeric Aβ or mutant SOD1 were shown to bind to mitochondrial 

membranes and interfere with electron transport via interactions with Complex I or IV and 

the TOM complex which is responsible for the import of mitochondrial proteins 70,71. Wild-

type and mutant forms of TDP-43 were shown to gain access to the mitochondrial matrix 

and bind to mRNA encoding the Complex I subunits ND3 and ND6, impairing its assembly 

and function 72. Interactome analysis revealed that dipeptide repeat protein in neurons with 

repeat expansions in C9Orf72 preferentially bound to mitochondrial ribosomal proteins 

causing oxidative stress 73. Mutant huntingtin may lead to mitochondria dysfunction via 

dysregulation of key transcription factors such as the CREB binding protein 67,74. These 

examples serve to identify mitochondria as the recipients of cellular stressors but their 

dysfunction can ultimately amplify intracellular and non-cell autonomous signals that 

contribute to the progression of diverse pathologies via ATP reduction and release of 

reactive oxygen species or apoptotic signals. Accordingly, mechanisms of mitochondrial 

turnover are strong genetic determinants of dopaminergic neuronal death in certain forms 

of PD with homozygous mutations in Pink1 or Parkin genes. In this pathway, dissipation of 

the mitochondrial membrane potential induces translocation of the kinase Pink1 to 

mitochondria and activation of Parkin through phosphorylation of ubiquitin and the 

ubiquitin-like domain of Parkin. This cascade initiates the degradation of mitochondrial 

proteins by the proteasome in a p97-dependent fashion or whole mitochondrial segments 

by autophagy (mitophagy) 75. This pathway was shown to prevent dopaminergic 

degeneration in a mouse model of mitochondrial disease 75 and may also serve broader 

protective effects as it also mitigates Aβ pathology in vivo 76. It should be noted that parkin-

independent mitophagy is also active in the nervous system 77.  
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Neuroinflammation 

Although neuroinflammation has long been considered a secondary event caused 

by neurodegeneration, recent genome-wide association studies and functional analyses in 

model systems suggest that microglia-related pathways are primary effectors in the 

pathogenesis of NDD 78. Microglia are the resident macrophages of the central nervous 

system. They use classic immune molecules, such as complement proteins, to signal to 

neurons and glia, survey their microenvironment and refine the neuronal connectivity during 

development, in health and disease. Their role in neurodegeneration is strengthened by 

the association of mutations in genes that regulate immune signalling with NDD. A 

prominent example is TREM2, an innate immune receptor expressed on microglia and 

cells of the monocyte lineage. Human genetic studies identified rare mutations in TREM2 

as a risk factor for AD and potentially PD and FTD 79-81.  TREM2 was shown to act as a 

negative regulator of inflammatory cytokine and Toll-like receptor (TLR) responses 82. 

Interestingly, TLR mediates the uptake of misfolded forms of α-synuclein and Aβ in 

microglia, which may represent an alternative non-cell autonomous mechanism for the 

progression of pathology 83,84. Previous work showed that TREM2 helps sustain a microglial 

response around plaques that may function to contain toxic Aβ conformers and protect 

nearby neurites 85,86. This work suggests that TREM2 signalling may be beneficial in 

responding to amyloid pathology, while variants leading to a loss of TREM2 function are 

detrimental. In contrast, lack of TREM2 in a mouse model of tauopathy was neuroprotective, 

reducing gliosis and neuroinflammation, which corresponded with preservation of brain 

volume without an effect on tau aggregation 87. If confirmed, these data would suggest 

that the same microglial-related signalling mechanism has contrasting actions in NDD 

depending on the underlying proteinopathy. 

Synaptic signals also influence microglia by activating cell surface receptors and 

modulating ion channels. In turn, perisynaptic microglia are able to sense early 

disruptions in synaptic activity and potentially contribute to synaptic demise.  This process 

has been termed synaptic pruning, during which microglia connect with synapses using their 

highly motile processes and engulf the neuronal terminals 88. One mechanism involved in 

this process is the classical complement cascade 89,90. Region-specific synapse loss and 

dysfunction is an early hallmark of NDD. Complement proteins are often upregulated in NDD 
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and localise around areas of pathology, e.g. in neuritic plaques, along with microglia. C1q 

and C3 also associate with synapses before overt plaque deposition in multiple AD mouse 

models and localise to brain regions that are vulnerable to synapse loss 89.  In addition, 

microglia in adult mice engulf synaptic material in the presence of soluble oligomeric Aβ, in a 

complement receptor-dependent manner, and blocking the complement cascade protects 

the synapses from Aβ-induced loss 89. Interestingly, complement activation and microglia-

mediated synaptic pruning are also drivers of neurodegeneration caused by progranulin 

deficiency in mice 91 suggesting that similar mechanisms may be at play in other NDD. 

 

RNA and neurodegeneration 

Although most NDD result primarily from defects in protein function there is clear 

evidence that aberrant RNA processing is also a driver or contributing factor to the aetiology 

of neurodegeneration. Both coding and non-coding RNAs (including microRNAs and long 

ncRNAs) have been linked to NDD and all aspects of RNA metabolism have been implicated 

including splicing, stabilisation, and transport (Figure 2). The most prominent disease 

associated with defects in RNA biology is MND. Mutations in the RNA binding proteins TDP-

43 92-94 and FUS 95,96 cause familial MND, and mislocalisation of TDP-43 into cytoplasmic 

aggregates is a key pathogenic event in sporadic forms of the disease 97. TDP-43 plays a role 

in several aspects of RNA processing, most notably regulation of splicing 98-101 stability 102 

and transport 103. Although impaired TDP-43 and FUS mediated regulation of the splicing of 

thousands of coding and non-coding RNAs contribute to neurodegeneration, the identity of 

specific RNAs that are causatively linked to pathology is unknown. In addition to the effects 

of mutant TDP-43 and FUS on aberrant splicing, cytoplasmic aggregates and stress granules 

were also shown to cause the mislocalisation of other RNA binding proteins, causing further 

impairment on RNA processing 104. More recently, aggregated and disease-linked 

mutant TDP-43 105 or RAN translated dipeptide repeat (DPR) proteins as observed C9orf72-

related disease 106, were shown to trigger the sequestration of nucleoporins interfering 

specifically with nuclear protein import and RNA export in Drosophila models, primary 

neurons and induced pluripotent stem cell-derived neurons from patients with TPD-43 with 

C9orf72-related mutations. Moreover, nuclear pore pathology was detected in brain tissue 

in cases of sporadic MND and those involving genetic mutations in TARDBP and C9orf72 105. 

These studies suggest that nucleocytoplasmic transport may be a common mechanism 
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linking protein aggregation and RNA metabolism in sporadic and familial forms of MND/FTD. 

Evidence that RNA is a significant driver of neurodegeneration also comes from 

studies in trinucleotide repeat disorders 107. The underlying common molecular aetiology of 

all such disorders is an unstable expansion of repetitive DNA, most commonly (CAG)n, which 

when translated gives rise to a polyglutamine (PolyQ) tract that assembles into fibrillar 

intranuclear or cytoplasmid inclusions. Prominent examples include the CAG expansion in 

the first exon of the huntingtin gene (HTT) giving rise to HD and the CAG expansion in Ataxin 

3 (ATXN3) giving rise to Spinocerebellar Ataxia type 3 (SCA3). The pathogenic role of RNA in 

SCA3 is supported by studies where interruption of the CAG expansion in ATXN3 with CAA 

codons (encoding glutamine) that still retain the PolyQ expansion abrogate the toxicity in fly 

models whereas insertion of the CAG expansion into unrelated proteins led to toxicity 108. 

Perhaps the complexity of the role of RNA in neurodegeneration is most directly 

observed when considering ncRNAs, which by definition are not translated into any protein 

product. For example, Spinocerebellar ataxia type 8 is associated with a CAG expansion in 

the sense strand of ATXN8 (Ataxin 8) gene and CTG expansion in the opposite strand, the 

latter giving rise to a CUG expansion in the AXN8OS (ataxin 8 opposite strand) antisense RNA 
109, suggesting that toxicity can arise from the presence of the AXN8OS in RNA foci 110 as well 

as expanded ATXN8 protein in nuclear inclusions 111. A similar situation exists in Huntington’s 

like 2 (HDL2) disease caused by CTG expansions in non-coding regions of the Junctophilin-3 

gene. As in SCA8, this results in a CAG expansion in an antisense transcript that is sufficient 

to cause the HD-like phenotype 112. Several other mechanisms have been ascribed to toxic 

RNA repeats including interaction with RNA binding proteins, formation of intracellular RNA 

foci and epigenetic regulation 107. These are not isolated contributory factors but more likely 

represent an interactive network linking repeat expansion in RNA and protein transcripts 

with toxicity. 

 

Insights from new technologies 

Until recently, the study of human neurons was largely confined to the histological 

characterization of end-stage disease in post-mortem brains. The advent of iPSC-based 

models has enabled dynamic studies in patient-derived neurons. Unlike immortalised human 

cell lines, iPSCs are derived from any personal genetic background and reprogrammed from 

a wide range of somatic cells including skin fibroblasts and hair follicle cells making it 
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possible to readily make patient-specific iPSCs. These, in turn, can be differentiated toward 

multiple neuronal and glial cell types relevant to individual NDD, associated with loss of 

specific neuronal populations such as cortical neurons in AD, medium spiny GABAergic 

neurons in HD and dopaminergic neurons in PD. There are now numerous studies in iPSC-

based models with considerable heterogeneity in research practices and extent of maturity 

of such iPSC-derived cells. Nevertheless recent attempts to generate a phenogenetic on-line 

database (iPhemap) to catalogue disease phenotypes will greatly assist our search for and 

understanding of emerging common mechanisms across NDD 113. Phenotypic 

characterisation of iPSC-derived neurons from patients with monogenic forms of NDD, has 

reinforced the notion that neurons exhibit similar cellular defects. For example, iPSC-derived 

neurons expressing mutant forms of α-synuclein, tau, C9Orf72 or expanded huntingtin have 

impaired mitochondrial function causing oxidative stress 49,114-116. ER stress was observed in 

iPSC lines from patients with GBA-related PD 117, α-synuclein A53T mutation 49 or triplication 
118, C9orf72 73 and Tau A152T 116.  Whether these changes reflect the generic state of an 

unhealthy neuron in the dish or a common downstream effector mechanism of neuronal 

vulnerability to different forms of proteotoxicity remains to be seen.  

 Gene editing now offers the possibility of introducing or reversing disease associated 

mutations or modulating the expression of modifiers 119. The most widely used CRISPR/Cas9 

system 120,121 can be thought of as a dual module made up of a unique genomic address 

delivery system (provide by single-guide RNAs – sgRNAs) and an enzyme cargo (CRISPR 

associated protein 9 - Cas9 nuclease). The sgRNA binds to its unique complementary DNA 

sequence and delivers the Cas9 to a precise locus within the genome. The Cas9 nuclease 

then introduces double-stranded DNA breaks, which are subsequently repaired by 

endogenous DNA repair mechanisms and as a consequence introduces discrete mutations 

into the targeted locus. More recently, numerous engineered forms of Cas9 have been 

introduced that use Cas9 as a delivery vehicle without nuclease activity to either enhance or 

suppress gene expression. These tools have greatly expanded the repertoire of genomic and 

epigenomic changes including (i) reversion of specific disease-associate mutations, (ii) 

control of transcriptional activation or silencing, and (iii) manipulation of specific epigenetic 

marks 122.  The combined power of iPSCs and gene-editing will facilitate the dissection of 

causative association from correlative ones.  
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Concluding remarks 

Although a number of shared themes have been identified across NDD, it is likely that 

pathogenesis is not a linear cascade but rather a constellation of cellular pathways that 

define neuronal vulnerability and potentially gate the progression of pathology arising from 

different misfolded proteins. Nevertheless, the brain exhibits remarkable plasticity, which 

ensures that the myriad of its neuronal connections continue to function until a critical 

threshold is eventually reached. It is likely that a prolonged period of neuronal compensated 

dysfunction precedes cell loss. Identifying early stages on this neurodegenerative trajectory 

and delineating the druggable targets within such fundamental protein networks, will be key 

to developing future therapeutic interventions. In this respect, regulators of protein 

misfolding, inter-organelle trafficking or neuroinflammation are emerging as potential 

therapeutics across NDD. 
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Figure Legends 
 
Figure 1: Proteostatic mechanisms against misfolded proteins.  A central event in NDD is 

the misfolding of diverse proteins into toxic conformers with amyloid-like structure. 

Misfolded proteins that cannot be refolded by chaperones (HSP) are recognised by 

specialised complexes such as p97 at the Endoplasmic Reticulum (ER) surface or 

BAG1/HSC70 in the cytosol and targeted for degradation by the 26S proteasome in a 

ubiquitin (green dots) dependent fashion. Larger aggregates are targeted to the 

autophagosome, e.g. by BAG3/p62 or late endosome for degradation in the lysosome or 

egress via exosomes or related exocytic mechanisms. Large aggregates may escape 
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degradation and rupture the lysosomal membrane, causing the release of proteopathic 

seeds that template further aggregation of soluble monomeric protein. Misfolded proteins 

in the ER trigger the Unfolded Protein Response (UPR) that induces the transcription of 

chaperones and proteolytic pathways but if overactive can be detrimental to neurons. 

Misfolded proteins also impair mitochondrial function e.g. by interfering with the import 

mechanisms or respiratory complexes causing accumulation of reactive oxygen species 

(ROS), which in turn promote protein misfolding. Damaged mitochondria are cleared at least 

in part by Pink1/Parkin mediated mitophagy via ubiquitination of surface proteins. 

 

 

Figure 2: RNA metabolism and neurodegeneration: RNA binding proteins such as TDP43 

and FUS affect multiple levels of RNA metabolism including transcription (1), splicing (2), 

nucleocytoplasmic transport and stability (3) and localisation to stress granules (4). 

Mutations in TARDP and FUS can lead to errors in transcription, production of alternative 

transcripts and cellular stress all of which lead to neuronal death. 
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