Cell

Leading Edge

¢? CellPress

OPEN ACCESS

Hallmarks of neurodegenerative diseases

David M. Wilson IIl,"-12* Mark R. Cookson,? Ludo Van Den Bosch,®# Henrik Zetterberg,>6-7-8.910 David M. Holtzman,"
and llse Dewachter'-12*

THasselt University, Biomedical Research Institute, BIOMED, 3500 Hasselt, Belgium

2L aboratory of Neurogenetics, National Institute on Aging, National Institutes of Health, Bethesda, MD 20892, USA

3KU Leuven, University of Leuven, Department of Neurosciences, Experimental Neurology and Leuven Brain Institute (LBI), 3000 Leuven,
Belgium

4VIB, Center for Brain & Disease Research, Laboratory of Neurobiology, 3000 Leuven, Belgium

5Department of Psychiatry and Neurochemistry, Institute of Neuroscience and Physiology, the Sahlgrenska Academy at the University of
Gothenburg, MéIndal, Sweden

8Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital, MoIndal, Sweden

“Department of Neurodegenerative Disease, UCL Institute of Neurology, Queen Square, London, UK

8UK Dementia Research Institute at UCL, London, UK

9Hong Kong Center for Neurodegenerative Diseases, Clear Water Bay, Hong Kong, China

10UW Department of Medicine, School of Medicine and Public Health, Madison, WI, USA

11Department of Neurology, Hope Center for Neurological Disorders, Knight Alzheimer’s Disease Research Center, Washington University in
St. Louis, St. Louis, MO, USA

12These authors contributed equally

*Correspondence: david.wilson@uhasselt.be (D.M.W.), ilse.dewachter@Quhasselt.be (I.D.)

https://doi.org/10.1016/j.cell.2022.12.032

SUMMARY

Decades of research have identified genetic factors and biochemical pathways involved in nheurodegenera-
tive diseases (NDDs). We present evidence for the following eight hallmarks of NDD: pathological protein ag-
gregation, synaptic and neuronal network dysfunction, aberrant proteostasis, cytoskeletal abnormalities,
altered energy homeostasis, DNA and RNA defects, inflammation, and neuronal cell death. We describe
the hallmarks, their biomarkers, and their interactions as a framework to study NDDs using a holistic
approach. The framework can serve as a basis for defining pathogenic mechanisms, categorizing different
NDDs based on their primary hallmarks, stratifying patients within a specific NDD, and designing multi-tar-
geted, personalized therapies to effectively halt NDDs.

INTRODUCTION

Neurodegenerative diseases (NDDs) are a heterogeneous group
of neurological disorders adversely affecting the lives of millions
of people worldwide and entail the progressive loss of neurons in
the central nervous system (CNS) or peripheral nervous system
(PNS). The collapse of the structure and function of neural net-
works and loss of neurons, which are unable to efficiently renew
themselves due to their terminally differentiated nature, result in
the breakdown of the core communicative circuitry, culminating
in impaired memory, cognition, behavior, sensory, and/or
motoric function.

In this review, we argue that a set of hallmarks define NDDs,
namely: pathological protein aggregation, synaptic and neuronal
network dysfunction, aberrant proteostasis, cytoskeletal abnor-
malities, altered energy metabolism, DNA and RNA defects,
inflammation, and neuronal cell death (Figure 1).

We describe these hallmarks and their evidence in the context
of prevalent NDDs, '~ including Alzheimer disease (AD),*° Par-
kinson disease (PD), '°'? primary tauopathies, "> frontotempo-
ral dementia (FTD),'>"'” amyotrophic lateral sclerosis (ALS),"°

multisystem atrophy [MSA]), Huntington disease (HD)***° and
related polyglutamine (polyQ) diseases®®2® (including spinocer-
ebellar ataxias [SCA]), prion disease (PrD),”° " traumatic brain
injury (TBI),>*® chronic traumatic encephalopathy (CTE),****
stroke,®**° spinal cord injury (SCI),*® and multiple sclerosis
(MS).%"*® The epidemiology, symptoms, genetics, and patho-
logical signatures of these specific NDDs have been elegantly
and extensively reviewed previously'™ %2 (Figure 2). In this
work, we define an NDD hallmark as a cellular or molecular pro-
cess that fulfills the following criteria: (1) is linked to (rare) genetic
forms of NDDs, (2) contributes to sporadic forms of NDDs, (3)
contributes to neurodegeneration and neuronal loss in preclini-
cal models and NDD patients, and (4) molecular markers that
are reflective of the hallmark are altered.

In addition to describing the hallmarks and the genetic and
biological evidence for these hallmarks, we highlight the interre-
lationships of the underlying cellular and molecular processes
and how hallmarks can be detected and monitored using bio-
markers in vivo. We propose that the neurodegenerative process
in NDDs is driven by combined defects in multiple NDD hall-
marks, pointing to the need for multi-targeted therapies. The pri-
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Figure 1. Hallmarks of neurodegenerative
diseases

The scheme identifies and illustrates the eight
hallmarks described within the article. Based on
decades of basic, translational, and clinical
research, genetic factors and biochemical path-
ways underlying many NDDs have been identified,
resulting in the identification of eight NDDs hall-
marks: pathological protein aggregation, synaptic
and neuronal network dysfunction, aberrant pro-
teostasis, cytoskeletal abnormalities, altered en-
ergy homeostasis, DNA and RNA defects, inflam-
mation, and neuronal cell death.

different NDDs are
Figure 01-30,39-42,44-48

presented in
and further used
in this review. Notably, for many NDDs,
protein aggregates are found in brain re-
gions that correlate with clinical out-
comes, supporting their pathogenic role
in NDDs, whereas selective neuronal

vulnerability needs to be considered
(Figure 2),2-5:8-21:24-30,39-49

Mechanistic insights from genetics:
Gain of toxic function versus loss of

individual will depend on the NDD insult and on the neuronal
vulnerability and resilience, i.e., the ability to handle and protect
against insults, of the individual and the affected brain region.
We here present a framework to study NDDs using a holistic
approach that involves the interconnectedness and combined
involvement of multiple hallmarks in the neurodegenerative pro-
cess. This overarching framework can be used for understand-
ing the molecular mechanisms of neurodegeneration, for cate-
gorizing different NDDs based on the primary hallmarks, for
stratifying subtypes and patients within specific NDDs based
on the primary hallmarks, and for designing combinatorial or
personalized therapeutic strategies to effectively halt NDDs.

PATHOLOGICAL PROTEIN AGGREGATION

Pathological protein aggregates are hallmarks of NDDs

Characteristic protein aggregation is a key pathological hallmark
of a variety of NDDs and often serves for diagnosis and disease
classification (Figures 1 and 3)."%293%43 These NDDs classify as
proteinopathies and include: AD, PD, primary tauopathies
(including progressive supranuclear palsy [PSP], corticobasal
degeneration [CBD], tau-linked frontotemporal dementia [FTD-
tau]), FTD, ALS, synucleinopathies (including LBD and MSA),
HD and related polyQ diseases (including SCA), and
PrD.'=30393 The characteristic aggregating protein, linked
genes, symptoms, and affected brain regions of these
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The identification of causal mutations for
(rare) inherited forms of NDDs has aided
the search for pathogenic mechanisms of NDDs, 919394347 o
causal link between these disease-causing mutations and
increased aggregation of the encoded protein is a common
feature among different NDDs, supporting a toxic gain-of-func-
tion mechanism.**® This link between inherited mutations and
increased aggregation has been shown for several genes,
including those encoding amyloid precursor protein (APP) (AD),
tau (AD and tauopathies), a-synuclein (PD and synucleinopa-
thies), PrP® (PrD), SOD1 (ALS/FTD), TAR DNA-binding protein
43 (TDP-43) (ALS/FTD), FUS (ALS/FTD), and huntingtin (Htt)
(HD).>7:12:19:23,29,43,48,50.51 The fact that mutations in different
NDDs enhance aggregation of the characteristic NDD protein
points to a central pathogenic role for protein aggregation in
NDDs,%°:79:19:23,29,45-45,47,48,50-55 Fthermore, NDD mutations
have been identified in genes such as Presenilin 1 and 2
(PSEN1, PSENZ2) that do not lead to aggregation of the encoded
protein but instead increase aggregation of key NDD pro-
teins.>”%*  Another gain-of-function mechanism is the
generation of aggregating dipeptide repeats (DPRs)
from hexanucleotide repeat sequences, generated by repeat-
associated non-ATG (RAN) translation.?%-?844:5456:57 The close
correlation between the aggregation process and symptom
progression in most NDDs and the fact that aggregating
proteins affect crucial neuronal functions and NDD hallmarks
(outlined below) further support a toxic gain of
function,®:19:25:39,40,42,43.48:49.58 Ha\wever, it is important to note
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that the physiological roles and normal function of genes linked
to NDDs are also connected to different hallmarks of NDDs (for
example for tau,”® APP,°° a-synuclein,®' SOD1,”' FUS,°" and
TDP-43°° [outlined below]). Furthermore, aggregation and pro-
tein sequestration in one part of the cell can lead to loss of its
presence in another, and hence, the loss of its physiological
function. Combined effects of toxic gain and loss of function
could lead to concomitant defects in NDD hallmarks or a multi-
hit process that drives neurodegeneration (Figures 1 and 3).

Prion-like propagation

In PrD, misfolding of the prion protein and rapid propagation of
its aggregation has been identified as the principal mechanism
responsible for spreading neurodegeneration between cells
and brain regions.?®*"#2:52 The fast, dramatic loss of neurons
and network function in PrD provides a convincing argument
for protein aggregation and its propagation as an important
driver of the neurodegenerative process and hence as an NDD
hallmark (Figures 1 and 3). This mechanism provided a novel
concept for both PrDs and other NDDs,?3-29731:39:42,48,50,52,58 |y
the context of NDDs, the term “prion-like” differentiates these
proteinopathic seeds from true prions as there is no evidence
for transfer between individuals. The prion-like concept also
led to the identification of different strains of prion-like seeds in
NDDs,>%3948:58.62 \which correlate with toxicity and aggregation
and propagation propensity. Consequently, prion-like processes
are considered contributors to neurodegeneration and the char-
acteristic spatio-temporal progression of pathology in proteino-
pathic NDDs, although selective neuronal vulnerability remains
to be considered®®°%41:48:50:%8 (Eigyres 1 and 3).

Protein aggregation and toxicity

Although protein aggregation largely correlates with symptom
progression in proteinopathic NDDs, this does not directly imply
that mature aggregates are the major toxic culprits. Notably, in-
termediate oligomeric assemblies have been proposed as
neurotoxic candidates.®® Both mature fibrillar aggregates and
oligomeric assemblies are present extra- or intra-cellularly, in
different cell types and in different subcellular locations depend-
ing on the protein involved (i.e., nuclear, cytoplasmic, and pre- or
post-synaptic), enabling their interference with different NDD
hallmarks (outlined below),7,1o,w2,14,19,21,22,24,25,27,44,64767 (Fig-
ures 1 and 3), although the exact toxic mechanism and the toxic
forms of these aggregates have not yet been unequivocally
defined. Of note, protein aggregates do not always correlate
perfectly with the disease process. For instance, for some
DPRs, the correlation with disease progression is rather
weak,®® and in some genetic cases (e.g. linked to Leucine-rich
repeat kinase 2 gene [LRRK2] or Parkin gene [PRKN]) no fibrillar
protein aggregates are observed.®® These findings suggest that
in these cases alternative mechanisms need to be considered for
neurotoxicity and that molecular events distinct from aggre-
gating proteins contribute to the disease.

Biomarkers for NDD protein aggregation

Several well-characterized biomarker assays for protein aggre-
gation with diagnostic value for NDDs have been developed.
For example, amyloid-positron emission tomography (PET) and
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the ratio of 42-40 amino acid-long AB (AB42/AB40) peptidesin ce-
rebrospinal fluid (CSF) can be used to monitor amyloid deposition
in the context of AD. In fact, both assays detect the onset of A
aggregation decades before clinical disease onset.”” Plasma
AB42/AB40 can also be used to detect early AR pathology,
although it shows lower absolute differences than CSF.”""? Addi-
tional markers that reflect amyloid build-up in the brain are CSF
and plasma phosphorylated forms of tau, reflecting a link be-
tween both pathological processes in AD.”® The best-established
biomarker for tau pathology in AD is tau-PET.*®""*"> Importantly,
tau-PET is less suited for primary tauopathies and secondary
non-AD tauopathies (e.g., CTE) than for AD tauopathy, due to
conformational differences. For TDP-43, a-synuclein or prion ag-
gregates, it has been more difficult to develop classic fluid bio-
markers that are pathology-specific. However, the fact that these
proteins may spread in a prion-like manner sparked the idea that
seeding aggregation assays, such as real-time quaking-induced
conversion (RT-QuIC) or protein-misfolding cyclic amplification
(PMCA), could be used to qualitatively detect pathological forms
of the proteins in CSF. Studies analyzing lumbar CSF with RT-
QuIC or PMCA of prion protein and «-synuclein have been devel-
oped into clinical tests with excellent diagnostic accuracy and
neuropathological confirmation.”®

Non-proteinopathic neurodegenerative disorders

Based on the above evidence, protein aggregation is considered
an important contributor to the neurodegenerative process in pro-
teinopathic NDDs. However, the role of protein aggregation in
NDDs with a primary traumatic, ischemic, or inflammatory compo-
nent may be less clear. Such non-proteinopathic diseases include
TBI,*>*3 CTE,*>*° stroke,*"*° SCI,*® and MS,*"*® where the pri-
mary insult is not obviously related to protein aggregation. Never-
theless, several of these NDDs display protein aggregation as a
presumed secondary effect, contributing to a chronic aggravating
phase (e.g., tau and TDP-43 in TBI®? and CTE,* tau and neurofila-
ment in MS,”” and tau in SCI’®). There are also genetic NDDs in
which proteinopathy is not observed, e.g., spinal muscular atrophy
(SMA), recessive parkinsonism, and some genetic PD cases (e.g.
LRRK?2). We therefore cannot always assign a primary role of pro-
tein aggregation in the pathogenesis of all NDDs, but protein ag-
gregation can contribute to disease progression in combination
with other hallmarks of NDDs.

SYNAPTIC AND NEURONAL NETWORK DYSFUNCTION

In NDDs, symptoms typically reflect the disturbance of specific
neuronal networks,”®®" and synaptic failure and toxicity seem
to be an early event preceding neuronal loss in many NDDs (Fig-
ures 1 and 3).*#%35:46.64.67.79.82-93 Neyronal network function re-
quires precise synaptic function, as well as controlled regulation
of synapse stabilization and elimination. Synaptic function in turn
is modulated by neurotransmitter”®®* and calcium
changes,’"9%°* cytoskeletal adaptations,’® presynaptic vesicle
dynamics, and post-synaptic signaling®'~?*® (Figure 3). Synap-
tic function requires a tight regulation of mitochondrial function
and energy supply®’ "% to maintain calcium homeostasis and
ionic balance, including by membrane pumps that reset ion gra-
dients during neuronal signaling.””°® Energy is also required
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Neurodegenerative diseases (NDDs): Brain regions, genetics, and aggregating proteins

uopa‘“‘es
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Huntington’s disease

Proof of concept:
. Misfolded proteins
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° Cause/driver of NDD
process and propagation

Spinal cord injurys
Stroke, multiple scleros's

Figure 2. Characteristic aggregating proteins, genes linked to and affected brain regions in NDDs

Respective NDDs and the affected brain regions are indicated in the outer circle. Their respective symptoms, the affected brain regions, the associated genes,
and aggregating proteins have been previously described in detail. Characteristic aggregating proteins in NDDs include AB peptides formed by cleavage of
amyloid precursor protein (APP) (APP gene), tau (MAPT gene), a-synuclein (SNCA gene), TAR DNA-binding protein 43 (TDP-43) (TARDBP gene), superoxide
dismutase [Cu-Zn] (SOD1) (SOD1 gene), dipeptide repeat proteins (DPRs) (C90rf72 gene), FUS RNA-binding protein (FUS gene), huntingtin (PolyQ) (HTT gene),
polyQ proteins (PolyQ), and cellular prion protein (PrP®) (PRNP gene). A non-exhaustive list of causal and highest risk genes linked to the different NDDs is

indicated in the inner circle (capital, italic).

for elimination and replenishment of constituents for proper
synaptic function,'®®"°" which demands tightly controlled and
coordinated axonal transport, cytoskeletal dynamics, proteosta-
sis, lipid and RNA metabolism,®”*° autophagy, '°>'°® and mito-
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chondrial homeostasis.®® 10919419 Fyrthermore, astrocytes
and microglia play important non-cell autonomous roles in en-
ergy and neurotransmitter homeostasis, synapse elimination
and stabilization'®~""° (Figure 3).
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NDD hallmarks at the subcellular level
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Figure 3. Schematic presentation of the NDD hallmarks and their location
A schematic presentation of the different NDD hallmarks (numbered) and their location in the modeled neuron and/or accompanying glial cells is presented for
pathological protein aggregation (1), synaptic and neuronal network dysfunction (2), aberrant proteostasis (3), cytoskeletal abnormalities (4), altered energy

homeostasis (5), DNA and RNA defects (6), inflammation (7), and neuronal cell death (8).

Several reviews highlight the genetic, preclinical, and patient-
derived evidence that supports a key role of synaptic failure
and dysfunction in NDDS'4,18,22,35,46,52,64,66,79,82—88,107—113 For
example, synaptic dysfunction (i.e., hyperexcitation or excitotoxic-
ity) combined with calcium dyshomeostasis and energy depletion
plays a key-role in stroke.>>°"-94114-117 Excitotoxicity by excess
glutamate causes neuronal death by excessive Ca®* influx.
Increased Ca* causes mitochondrial dysfunction and concomi-
tant energy depletion, as well as activation of enzymes, such
as calpains, resulting in degradation of proteins and lipids,
dysregulation of physiological functions, and ultimately cell
death.®5" 14116 Neuronal hyperexcitability and glutamate-medi-
ated excitotoxicity have also been considered important mecha-
nisms in the etiology of ALS'846:85111.118 and may contribute to
the neurodegenerative process in HD,?%%% AD,%"°° MS, %" S(,%¢
and TBI as well.>® Furthermore, several proteins that aggregate
in NDDs exert a physiological role at the synapse and/or associ-
ated pathological forms induce synaptic failure or dysfunc-
tion,”*®" underscoring the interconnectedness of NDD hallmarks
(e.g., a-synuclein® 112113119120 4y pp - Ht?>>% in HD, APP/AB
and tau in AD, and tauopathies®"®"). Additionally, several genes
that are linked to proper synaptic function are known to be mutated
in certain NDDs (for instance SNCA, SYNJ1, DNAJC6, and
DNAJC13inPD,""® and C9orf72'?" in ALS/FTD). Hence, a combi-
nation of hypo- and hyper-active synapses are likely to be
observed in NDDs, causing a complex pattern of deregulated
neurotransmission in the brain 87:90:99.111.118

Synaptic failure and dysfunction in NDDs have been described
as an early event before neurodegeneration in AD, PD, HD, FTD,

ALS, and stroke,5*67:79:8288.90.111 Eqr instance, synaptic failure
and synapse loss in AD occurred before neuronal loss,®
whereas hyperexcitability was also shown in different brain re-
gions.5*#7-90 Similarly, synaptic and axonal decay precedes
neuronal loss in PD,""®'?? and at symptom onset, synaptic
dysfunction exceeds the loss of dopaminergic neurons.’''®
Symptoms and synaptic defects were also found to precede
overt neuronal loss in HD,®® and the disconnection between mo-
tor neurons and muscle is observed before motor neurons die in
ALS."® Further supporting a role for synaptic defects in NDDs,
expression of pathogenic mutants, such as APP,°* tau, '*® a-syn-
uclein,”'® Htt,®® and various ALS/FTD genes, induces synaptic
and neuronal network dysfunction in preclinical models and is
spatially and temporally associated with early protein aggre-
gates, particularly oligomeric aggregates.®®'?® Aggregation of
various NDD proteins can occur within synapses,'®* either at
the pre- or post-synaptic specialization,®”"'?*"?" and is associ-
ated with adverse effects on synaptic function.

A role for synaptic function is further suggested by symptom-
atic improvement of NDDs following administration of medica-
tion based on modulation of neurotransmission. A powerful
example of neurotransmission modulation is the replacement
of the lost dopamine signal in PD'>"" using the precursor
L-DOPA, which is temporally effective at restoring motor symp-
toms in early to moderate disease.'" A role for synaptic function
is further suggested by variable, mild symptomatic improvement
for several months following administration of acetylcholines-
terase inhibitors and NMDAR-antagonists in AD, riluzole, which
modulates glutamatergic neurotransmission, in ALS,""" and
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tetrabenazine that modulates dopaminergic signaling in HD
chorea.'

Synaptic defects can be detected by a number of imaging mo-
dalities in NDD patients. Functional magnetic resonance imaging
(fMRI), which assesses neuronal network connectivity,
indicates early network dysfunction in NDDs,5%7%79:87.90.118
Fluorodeoxyglucose-PET (FDG-PET) reveals decreased glucose
metabolism in AD, in line with decreased neuronal function in the
disease. Additionally, a PET method that images synaptic den-
sity using a ligand targeting the synaptic vesicle protein 2A
(SV2A) was recently developed,’?® and there are now also tar-
geted assays to measure panels of pre-, trans-, and post-synap-
tic proteins in CSF, with promising findings across NDDs. '2°

Synaptic and neuronal network dysfunction closely interacts
with other NDD hallmarks (Figure 3). As described above, correct
synaptic and neuronal network function requires correct func-
tioning of and interaction with the core physiological processes
related to NDD hallmarks. As such, synaptic dysfunction and ex-
citotoxicity are both closely linked to defective energy meta-
bolism, oxidative stress, (local) protein production by axonal
transported RNA, protein and organelle degradation, cytoskel-
etal dynamics, and neuronal death.°®'%° Conversely, the syn-
apse may act as a cell-autonomous initiator of cell dysfunction
and death, depending on the vulnerability and resilience of the
neuron. Additionally, non-cell autonomous processes may
contribute to synaptic damage.'°®'%” For example, microglial
activation may lead to inappropriate synaptic pruning,’%%"%°
can contribute to propagation of misfolded proteins at the syn-
apse, and may affect microglial/astrocytic interactions that are
key to synaptic function.'%%8:109

ABERRANT PROTEOSTASIS

The accumulation of ubiquitinated, aggregated proteins in many
NDDs (e.g., tau, TDP-43, a-synuclein, Htt,...), as well as the pres-
ence of p62 in NDD aggregates, indicates altered proteostasis in
NDDs?*%127-132: accumulating evidence further implicates aber-
rant proteostasis in NDDs>“*'2"~'%2 (Figures 1 and 3). The ubiqg-
uitin-proteasome system (UPS) and autophagy-lysosome
pathway (ALP) constitute two major cellular mechanisms for
maintaining protein homeostasis.'0'719%127:1297157 The yUPS
mainly degrades marked proteins,’?”'*° whereas ALP clears
protein aggregates and defective organelles, including the
degradation of damaged mitochondria by mitophagy,'®''%?
through the engulfment of cellular material by a double-mem-
brane structure, the autophagosome,'?%:131:132:136.137 The yps
and ALP involve ubiquitylation to target proteins and cargo for
degradation and are linked by p62 (SQSTM1), which binds ubig-
uitin and targets cargo to the ALP, with fusion to autophagic ves-
icles and subsequent lysosomal degradation being the final
step.'*%"* They are induced by starvation or stress conditions
involving low energy or low availability of constituents (namely
specific amino acids) and following clearance of damaged pro-
teins and organelles in the cytosol provide new constituents for
macromolecule synthesis and energy substrates,'®"32:134.138
highlighting their interconnection with other NDD hallmarks.
The ALP also acts at the axon'®® and synapse,'% where it con-
tributes to local protein homeostasis''® and mitophagy '’ that is
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required for effective synaptic function. Dysregulated autophagy
and lysosomal function are tightly linked to cell death pathways,
leading to neuronal death."# 39140

The ubiquitin-proteasome system

An active role of the UPS in NDDs is supported by the observation
that several genes linked to familial forms of NDDs maintain key
functions in the UPS response. 2’ Mutations in two UPS compo-
nents, UBQLN2'*" and VCP,"“?'*® which are central for ubiquiti-
nation and proteasome targeting, are associated with ALS/FTD.
Additionally, Parkin (a PD-linked gene) encodes a ubiquitin-pro-
tein ligase, and UCHLA1, linked to a rare progressive NDD form,
encodes a ubiquitin carboxy-terminal hydrolase, further pointing
toarole of the UPS in NDDs. '27:129:131.132.144 \oreover, aggrega-
tion of proteins associated with sporadic NDDs, such as tau,
TDP-43, o-synuclein and polyQ-containing proteins, impairs
UPS function, suggesting a wider association with more common
forms of NDD."?”'%57'%8 Heat-shock proteins, including HSP70
and HSP90, which are key players in facilitating protein folding,
have been shown to modulate turnover or stabilization of mis-
folded AB,'*° tau,'®® a-synuclein,'®' and TDP-43."°%152 Finally,
protein aggregation has been linked to decreased ATP levels, '**
bringing together protein aggregation and neuronal energy meta-
bolism (discussed later), emphasizing potential exacerbating in-
teractions between the different NDD hallmarks.

The autophagy lysosomal pathway
Consistent with autophagy being critical for neuronal health,
deficiency of some atg genes, known to be critical for autophagy
regulation, '?° causes neurodegeneration. As such brain-specific
inactivation of autophagy by knockout of Atg7 in mice causes
neurodegeneration and premature death with concomitant
accumulation of aggregated proteins.'?® Similarly, postnatal
neuronal deficiency of Atg5 results in neurodegeneration and
accumulation of aggregated proteins in mice.'®* Chaperone
mediated autophagy also prevents collapse of the neuronal
metastable proteome that includes AD-related proteins.'*®
Moreover, several genes linked to NDDs exert physiological
roles in the regulation of autophagy.'?®'®"'%? Mutations in the
SQSTM1 gene encoding the p62 protein, which links UPS and
ALP by binding ubiquitin and targeting cargo to the ALP, give
rise to ALS/FTD cases.'**"'*® Genes associated with PD exert
crucial roles in autophagy, lysosomal function, and endolysoso-
mal trafficking,'®">"">"%" including several key proteins (i.e.,
LRRK2, SYNJ1, DNAJC6, and DNAJC13 [RME-8]) important
for controlling endocytosis and autophagy at the synapse.'%%""?
Similarly, genes associated with NDDs encode proteins (i.e.,
PINK1, Parkin, LRRK2, a-synuclein, Htt, and ataxin 3) that are
involved in autophagy, endolysosomal trafficking, and protein
degradation,''%:129:131.182,135,157 The ALP also acts at the level
of the synapse, contributing to synaptic protein homeosta-
sis'%*""% and consequently accurate synaptic function. Further-
more, aggregating proteins have been detected at pre-and post-
synaptic sites where they can cause dysregulation of the ALP
and synaptic function.®”

Evidence for a role of lysosomal dysfunction in neurodegener-
ation is furthermore emphasized in lysosomal storage
disorders (LSDs).'?*'%? A large family of LSDs exists where
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neurodegeneration is part of the clinical disease presentation
due to recessive loss-of-function mutations. These early onset
neuropathic forms of disease include among others Niemann-
Pick’s disease type C1 (NPC) and Gaucher disease, which are
linked to lysosomal defects that give rise to altered cholesterol
or lipid homeostasis, respectively.'?®"*" Interestingly, there is a
striking parallel in some of the symptoms and aggregating
proteins of LSDs with certain NDDs (e.g., tau in NPC)."
Conversely, some genes associated with NDDs are linked to
LSDs, such as GBA (B-glucocerebrosidase) and GRN (progranu-
lin),129:131:132.135.158 and some genes associated with NDDs
exert key lysosomal functions (for example ATP13A2 [lysosomal
polyamine exporter] in PD).131,132,144,157,169—162

Aggregating proteins adversely affect ALP function, and the
ALP also appears to play arole in the cell-to-cell transfer of aggre-
gation-prone proteins, similar to the prion-like propagation dis-
cussed earlier. For example, endolysosomal trafficking following
uptake of tau-seeds and subsequent lysosomal rupture pro-
motes cytosolic access to aggregated tau.'®® Additionally,
a-synuclein-seeds taken into cells have disruptive effects on
lysosomal function.'®* Biomarker panels for lysosomal proteins
have been developed and altered concentrations have been
observed in both PD and AD,"®® but more studies are needed
for their detailed understanding and further use.

Lysosomal and autophagic dysfunction connect to neuronal
cell death, explaining the associated neurodegeneration in
LSD.""*"“% Furthermore, ALP is induced in conditions of starva-
tion, i.e., during low energy or nutrient availability to replenish
nutrients. ALP is essential for mitophagy and hence proper mito-
chondrial function,'®' further highlighting a tight link between ALP
and energy resources. Moreover, failing proteostasis and protein
aggregation causes the sequestration of proteins, thereby pre-
venting their physiological activities in processes such as cyto-
skeletal dynamics, synaptic function, and energy homeostasis.
In addition, ALP is tightly linked to synaptic'®""® and axonal
(dys)function.”®® Thus, collectively, disrupted proteostasis can
negatively interact with multiple NDD hallmarks, painting a pic-
ture of how several hallmarks can function together to induce
neurodegeneration'*® (Figure 3).

CYTOSKELETAL ABNORMALITIES

The neuronal cytoskeleton consists of three main polymeric
structures that interact with each other, distinguished by their
protein composition and diameter'®®: (1) tubulin-based microtu-
bules,'®>'®” (2) intermediate filaments (neurofilaments),'®® and
(3) actin-based microfilaments.®® These structures allow neurons
to build, maintain, and transform their architecture as well as to
facilitate the organization and transport of intracellular cargoes
and mitochondria along their extended lengths, thereby support-
ing energy homeostasis and synaptic function. Pre- and post-
synaptic structures have a specialized and dynamic cytoskeleton
to support their dynamic function, structure, and high energy de-
mands, serving as anchor sites for mitochondria (microtubules)
and as drivers of plastic changes (actin).”>°"~° Axonal transport
regulates the transport of proteins, lipids, mRNA, and organelles
including mitochondria to synapses, thereby exerting a crucial
role in neurotransmission, trophic signaling, and stress re-
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sponses.'®*"'"" NDDs are associated with neuronal cytoskeletal
alterations leading to the loss of the ability to transmit information
and cargo, including mitochondria for meeting energy demands
and essential core components between the cell body and the
synaptic endings, often resulting in a dying-back (or a dying-for-
ward) processgs,97—100,104,105,133,169—1 72 (Figures 1 and 9).

The discovery of mutations in the neuronal intermediate light fila-
ment (NEFL) gene in Charcot-Marie-Tooth disease (CMT)'”® and
MAPT"® encoding the microtubule binding protein tau in tauopa-
thies (e.g., FTD-tau, CBD, and PSP'?) is direct evidence for the
importance of altered cytoskeletal function in NDDs. Moreover,
many NDDs contain aggregates of neuronal cytoskeletal proteins,
i.e., tau, actin, or neurofilament.®'33277.168174175 Defects in
axonal transport and cytoskeletal dynamics have been implicated
in a variety of NDDs including AD, PD, FTD, HD, ALS, and SMA
among others. %9 100:169.170.176-178 Eor several components of the
axonal transport machinery, including kinesin (KIF5A) and dynac-
tin, gene mutations have been identified that are linked to
NDDs (Charcot Marie tooth [CMT]/ALS/spastic paraplegia
[SPG]).'"®1718% Moreover, the neurodegenerative phenotype in
several mouse models has been linked to spontaneous mutations
in components of the cytoskeleton machinery.'”® These data indi-
cate that defects in the neuronal cytoskeleton and associated
functions, such as axonal transport, play a central role in NDD. A
role for axonal injury in NDDs is also reflected in the extensive neu-
rodegeneration in NDDs, where distal axons are severed from the
cell body, resulting in build-up of materials at the end of the axonal
stump and breakdown of the axonal cytoskeleton.'”" In SCI,
axonal injury is also associated with ischemia, energy depletion,
excitotoxicity, and inflammation, further driving the neurodegener-
ative process.*®'”""'”2 |n the chronic phase of SCI, axonal dying-
back and Wallerian degeneration occur, highlighting the impor-
tance of the cytoskeletal structure in maintaining neuronal cell
function and survival.'’%"'"?

Axonal dysfunction and degeneration are recognized as promi-
nent contributors to disease progression in ALS, MS, TBI, and PD,
as well as in PNS and ocular disorders.'8:3%6599.100,169-172,176,181
In ALS, spinal-bulbar muscular atrophy (SBMA), spinocerebellar
disorders, and peripheral neuropathies, destruction of distal re-
gions of long axons precedes overt degeneration of neuronal cell
bodies by months to years, leading eventually to degeneration of
the soma through a process of retrograde degeneration or
dying-back pathology.'®'"? In AD and tauopathies, tau hyper-
phosphorylation and/or dysregulation of tau and the 3R/4R tau ra-
tio affect the binding of tau to microtubules that is in turn associ-
ated with altered axonal microtubule dynamics and axonal
transport.'®*59 Whatever the mechanism and the extent of cyto-
skeleton collapse in these NDDs, this cellular event likely partici-
pates in the process of neurodegeneration through molecular
steps that involve the loss of effective axonal transport and the
consequent improper subcellular distribution of vesicles and key
organelles such as mitochondria, indirectly affecting energy meta-
bolism and synaptic function, although also cytoskeletal abnor-
malities at the synapse need to be considered.

Notably, neurofilament aggregates are detected in several
NDDs.'®®'"> Neurofilament aggregates form a liquid crystal
gel network in ALS, AD, PD, FTD, SMA, SCA1, and other
NDDs.'®®'7>  Although the mechanism underlying protein

Cell 186, February 16, 2023 699




¢ CellPress

aggregation in these situations remains largely unknown, hyper-
phosphorylation of intermediate filaments seems to be impli-
cated.'®®17182 Additionally, aggregation of actin, with a key
role in synaptic dynamics, occurs in several NDDs,* and likely
contributes to neurodegenerative processes. In the last decade,
neurofilament concentrations in biofluids have emerged as a
promising clinical biomarker for neurodegeneration across
many neurological disorders, including ALS, MS, TBI, stroke,
and dementias, '®? further underscoring that cytoskeletal defects
are a common hallmark of NDDs. Upon degeneration of the
affected axon, neurofilaments are thought to be released into
CSF and to reach the peripheral blood, where they can be
measured at femtomolar concentrations.

Finally, cytoskeletal disruption may interact with other NDD
hallmarks, particularly loss of synaptic maintenance and altered
energy metabolism, RNA transport, protein aggregation and
autophagy, '*® and neuronal death (Figure 3). Release of cyto-
skeletal proteins (including neurofilament and tau)'®? can induce
inflammatory reactions,'®® which can further aggravate existing
cytoskeletal defects.

ALTERED ENERGY HOMEOSTASIS

As neurons are highly active and energetically demanding
cells of the human body,”®'®* defects in energy metabolism
have been shown to participate in many different
NDDs'0:11:22:98-100,104.185-191 iy res 1 and 3). ATP is the key mole-
cule of brain energy metabolism, which can be fueled by glucose or
lactate metabolism, and is generated by oxidative phosphorylation
in mitochondria via the electron transport chain.®®'®® Energetic
substrates (glucose/lactate) can be delivered directly from the
blood stream to neurons or indirectly via astrocytes.’® A direct or
indirect impairment in mitochondrial function is involved in the
pathogenic process of several NDDs, likely due to low ATP avail-
ability and consequent impaired functionality of high energy
demanding processes in neurons,’® particularly at synapses,®”'%°
such as ion balance (ATP-consuming membrane pumps), calcium
homeostasis, cytoskeletal dynamics, and proteostasis.”® More-
over, mitochondrial dysfunction can lead to oxidative stress result-
ing from increased release of free electrons that react with oxygen
or nitrogen, giving rise to macromolecular damage via reactive ox-
ygen species (ROS) attack of proteins, lipids and/or nucleic
acids.'®> 88 Such intracellular alterations can spur on neuronal
dysfunction and eventual cell death (Figure 3).

Arole of energy homeostasis in neurodegeneration is reflected
in stroke where excitotoxicity and energy depletion coopera-
tively drive neurodegenerative processes.®#3:86:94.192.193 gjmj_
larly, the concomitant effects of axonal injury, excitotoxicity,
and energy depletion promote neurodegeneration in SCI.°%"""
Assessment of energy homeostasis can be performed using
FDG-PET, which enables to measure regional glucose meta-
bolism in the brain. Altered energy homeostasis is reflected in
altered FDG-PET in most, if not all, NDDs.°® Furthermore,
many diseases caused by inherited defects in enzymes of glycol-
ysis, lipid metabolism, or mitochondrial metabolism exhibit
symptoms of nervous system malfunction.'®>'85:194 Several
rare disorders that display neurological defects also arise from
mutations in mitochondrial DNA (mtDNA) that impair the func-
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tionality of the respiratory chain protein complexes, leading to
poor oxygen utilization, oxidative stress, and reduced ATP pro-
duction.'®®'%* Classic mitochondrial syndromes that stem
from pathogenic mutations in the nuclear genome, which en-
codes mitochondrial proteins that perform critical roles in a
range of processes including mtDNA maintenance, present
with diverse symptoms, including neurological features.'®%'94
These clinical observations emphasize the importance of proper
mitochondrial integrity and function in supporting the health of
organs and tissues, particularly those with high energy demands
such as the brain. In addition, several genes linked to NDDs,
particularly PD (Parkin, PINK1) and CMT (mitofusin2), have
been reported to regulate mitochondrial quality control
pathways_99,104,189,190

Mitochondrial dysfunction also occurs in several NDDs with
non-mitochondrial etiology.®®99:104.185-188,194.195 £6r example,
studies of preclinical models, patient tissue and NDD patients
indicate mitochondrial dysfunction as part of the pathogenic pro-
cessin AD, HD, and ALS,"04185.186.191,195-197 Aggregation-prone
proteins including a-synuclein and tau modulate actin-depen-
dent mitochondrial fission.'®® As mentioned in the previous sec-
tion, mutations and aggregating proteins affecting axonal trans-
port and cytoskeletal dynamics can adversely impact
mitochondrial transport. Although in most cases, the origin of
the mitochondrial dysfunction is unknown, these examples indi-
cate that there are broad mitochondrial problems in NDDs
adversely affecting mitochondrial function, quality control, or
transport.

The consequences of mitochondrial damage or dysregulation
to the cell can be broad (Figure 3). For example, mitochondrial
damage can lead to disturbances of the Ca?* homeostasis, re-
sulting in elevated intracellular Ca®* levels and dysregulated
Ca?*-dependent enzyme activities, lysosomal enzyme release,
and cytoskeletal, protein, lipid and DNA degradation.'®®
Reduced mitochondrial function and ATP synthesis is also asso-
ciated with lower production of the scavenger glutathione (GSH),
potentially worsening the oxidative environment of the cell.'®®
Impaired mitochondrial function and lower energy supply to neu-
rons also impacts key physiological functions, such as ion ho-
meostasis through the regulation of ion channels; calcium ho-
meostasis, which affects degradation enzymes; cytoskeletal
dynamics; and protein and organelle degradation and produc-
tion pathways. Altered energy homeostasis is therefore tightly
linked to several hallmarks, including of neuronal cell death as
discussed below.

DNA AND RNA DEFECTS

The accumulation of DNA damage and defects in RNA meta-
bolism have been assigned a critical role in a wide range of
NDDs (Figures 1 and 3).'%:44:54:56:57,65,200-208 Thg genome and
transcriptome of cells are susceptible to spontaneous decay
and damage by a wide range of intracellular or environmental
agents.®>?997205 |n the CNS, the major genotoxins are presumed
to be the ROS generated as byproducts of mitochondrial oxida-
tive phosphorylation.'®*'8” Persistent alterations in DNA can
drive adverse molecular events, such as mutagenesis, chromo-
some rearrangements, RNA transcription arrest, or DNA
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replication fork collapse, events that can promote cell dysfunc-
tion and cell death.?°22%42% To avert these pathogenic end-
points, complex responses and repair systems have evolved to
preserve DNA integrity and ensure normal genome function-
ality.202:294:206 Similarly, intricate mechanisms exist that faithfully
generate, utilize, and process RNA molecules to ensure proper
cellular operations. RNA metabolism and homeostasis, which
encompass processes such as transcription, RNA splicing,
transport and degradation, translation, and the biogenesis of
regulatory non-coding RNAs, is a complex collective that in-
volves numerous interactions with RNA-binding proteins
and RNA species.??0:201:203:205.208 Apnormalities in any of the
components of RNA regulation has consequences on protein
translation, protein aggregation, and RNA interference
(RNAi),9:54:56,57,200,201,203,205.208 Defects in RNA metabolism/
homeostasis lead to defects in RNA driven processes and RNA
transport, as well as to the formation of characteristic stress
granules (SGs) that involve ribonucleoproteins (RNPs). In addi-
tion, RAN translation (repeat-associated RNA-encoded, non-

ATG translation) can lead to the generation of different repeat
proteins_w9,28,44,54,56,57,65,200,201,203,205,207—209

DNA defects
The involvement of DNA damage in neurodegeneration is high-
lighted by the fact that several rare inherited disorders that
exhibit neurological complications result from defects in the abil-
ity to efficiently respond to and clear genomic stress.?02-20420°
For instance, mutations in genes that encode proteins that nor-
mally operate to resolve DNA double-strand breaks (DSBs) or
replicative stress (e.g., ataxia telangiectasia [AT]) can lead to
brain atrophy later in life, consistent with endogenous DNA dam-
age promoting progressive neuronal cell loss.?°>?%° Several
NDDs, mostly recessive ataxias, also originate from inherited de-
fects in the ability to resolve DNA single-strand breaks (SSBs),
frequent products of ROS attack of DNA.?'® These SSB repair
disorders exhibit strictly neurological phenotypes without cancer
predisposition seemingly because elevated endogenous strand
breaks result in transcriptional arrest and activation of cell death
pathways in non-dividing neurons, whereas SSB damage is
cleared faithfully by replication-directed homologous recombi-
nation repair in dividing cells. Alternatively, persistent DNA dam-
age promotes cell-cycle activation and reentry, leading to
apoptotic cell death of post-mitotic neurons.”’’ Consistent
with a prominent role for transcription-blocking lesions driving
neurological disease, inherited defects in components of the
transcription-coupled sub-pathway of nucleotide excision repair
(TC-NER) give rise to neurodegeneration.”’® Recessive muta-
tions in senataxin (SETX), an RNA-DNA helicase, are linked to
ataxia with oculomotor apraxia type 2 (AOA2), whereas rare
dominant mutations are seen in a juvenile-onset form of ALS,
implicating genomic R-loops (i.e., RNA-DNA hybrids, frequent
intermediates of transcription) in neuronal cell death.?%'2
Outside of the DNA repair disorders noted above, defects in
DNA damage processing have been connected to many other
NDDs, including sporadic and familial cases of AD, PD, HD,
and ALS.202213:214 |n g sjtuations, increased oxidative DNA
damage, often arising in concert with mitochondrial dysfunction,
has been shown in disease tissue. Evidence suggests that
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compromised repair of oxidative DNA damage may be a risk
modifier for neurological degeneration in AD models and PD-
like pathology.?'>?'” There is also evidence that DNA DSBs
accumulate in vulnerable neuronal and glial cell populations
from early stages onward in AD, possibly due to reduced expres-
sion of key DSB response proteins.?%%?'%214218 Fyrthermore,
proteins associated with tauopathies (tau), ALS/FTD (TDP-43
and FUS), HD (Htt), spinocerebellar ataxia (ATXN2), or SMA
(SMN1/SNM2) participate in various DNA damage responses,
most commonly in the context of DNA strand breaks.?*>*'® Inter-
estingly, aggregates of a-synuclein can activate the DSB
response kinase mutated in AT (i.e., ATM), whereas elevated
levels of poly(ADP)ribose, a product of poly(ADP-ribose) poly-
merase 1 (PARP1) hyperactivity, accelerates the fibrillization of
a-synuclein.??° Recent evidence also indicates that the accumu-
lation of nuclear DNA damage leads to hyperactivation of the
DNA damage sensor PARP1, consequent NAD consumption,
and mitochondrial dysfunction.??

RNA defects
Accumulating data indicate an important role for RNA dysregula-
tion in several NDDs, by altering physiological functions or by
inducing RNA toxicity or formation of SGs that involve protein
aggregation_19,26,28,44,54,56,57,65,201,207,208 For example, RNA de-
fects play a role in the disease etiology of ALS/FTD and polyQ
diseases.?®445%:54.56.57.65 Miglocalized TDP-43, which functions
as an RNA-binding protein, causes altered RNA splicing, RNA
stability, and RNA transport.>® Similarly, pathogenic mutations
in FUS cause mislocalization of the normally nuclear protein to
the cytoplasm, leading to defects in RNA metabolism, specif-
ically of transcripts encoding proteins regulating dendritic
growth and synaptic functions.?”> RNA metabolism defects are
also linked to C90rf72 linked FTD/ALS.?844:56:57:223.224 |0 nolyQ
diseases, both CAG expansions, which can cause aberrant
sequestration of proteins, and RAN translation, which leads to
the generation of repeat proteins, are considered key pathogenic
elements through the entrapment of key regulatory proteins.
Additional examples supporting RNA defects as a driving mech-
anism in NDDs include multisystem proteinopathy (MSP),
caused by mutations in the heterogeneous nuclear RNP A1
(HNRNPA1) or A2B1 (HNRNPA2B1) gene, and SMA, as SMN1/
SMNZ2 are transacting factors involved in splicing.?*°

The formation of SG cytoplasmic aggregates is also thought to
play an important role in the NDD process.??%2°7:2%% SGs are
dense cytosolic RNP complexes that are formed in response
to cellular stress to temporally inhibit translation and store
mRNAs. Several RNA-binding proteins associated with FTD
and ALS (i.e., TDP-43, FUS, EWSR1, TAF15, hnRNPA1,
hnRNPA2B1, ATXN2, TIA1, and VCP) are involved in SG dy-
namics.?°"?°® Moreover, arginine-containing DPRs can alter
SG composition and dynamics.?*>??* SG formation can be
induced by dysfunctional UPS, culminating in the accumulation
of ubiquitinated proteins.>*?°° Thus, changes in RNA meta-
bolism are associated with altered proteostasis, another hall-
mark of NDDs.

Some NDDs involving microsatellite repeat expansion may in
part originate from sequestration of RNA-binding pro-
teins.'?844297 For example, transcription of an expanded
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CTG triplet in the 3’ UTR of the DMPK gene in myotonic dystro-
phy leads to synthesis of repeat-containing RNA that forms ag-
gregates and RNA foci, sequestering RNA-binding proteins
with critical functions in alternative splicing.>* A similar phenom-
enon is observed in the repeat-associated disorders, Fragile
X-associated tremor/ataxia syndrome (FXTAS) and ALS/
FTD.>*?% Collectively, altered RNA homeostasis is linked to
altered protein production and protein aggregation, and SG for-
mation leads to protein sequestration that impairs functionality,
including of proteins that maintain synaptic function. With links
already presented between RNA metabolism/homeostasis and
other NDD hallmarks (e.g., mRNA axonal transport, local protein
generation at synapses, energy homeostasis, and proteosta-
sis®) (Figure 3), it is evident that these molecular processes
can impact one another.

INFLAMMATION

Neuroinflammation, including microgliosis and astrogliosis, is a
pathological hallmark of NDDs, including AD, PD, ALS, HD, and
stroke®”38:40:110.183,226.227 (Eiq e 1 and 3). Besides the invariable
presence of inflammation in postmortem brain samples of NDD pa-
tients, a definitive role of neuroinflammation in neurodegeneration
is demonstrated in the prototypic neuroinflammatory disease,
MS and related NDDs.?*® As the well-characterized neuroinflam-
matory component of these diseases is reviewed elsewhere,*”-*
we focus on the contribution of inflammation in NDDs, thereby clas-
sifying it as an NDD hallmark,*+#0:106,110.183,226-230

Microgliosis is invariably detected in all NDDs, including pro-
teinopathies as well as non-proteinopathies.’'%'#*2?8 Microglia
normally exert sensor, housekeeping, and defense functions in
the brain,'®%?% and aberrations in these functions can lead to
neurodegeneration. In defending brain function, microglia typi-
cally react to pathogens or signs of injury. Upon activation,
microglia are involved in cytokine/chemokine production,
phagocytosis activation, dysregulation of physiological func-
tions, and ROS production. After an acute stressor, the inflam-
matory process is normally actively resolved. However, failure
to resolve results in chronic inflammation that can promote the
neurodegenerative process.'?*® Unresolved activation of mi-
croglia may occur in NDDs due to the presence of danger sig-
nals, such as protein aggregates, misfolded proteins, damaged
synapses, Ca?* influx, or mitochondrial ROS, i.e., mechanisms
driving other NDD hallmarks. Several aggregated NDD proteins
induce microglial activation, such as AB, tau, a-synuclein, PrP fi-
brils, or SOD1.22°723% Moreover, a transition between different
microglial states is believed to occur during the disease process,
with particular populations specifically associated with neurode-
generation (e.g., disease-associated microglia [DAM] or micro-
glial neurodegenerative phenotype [MgND]).?*2*** These micro-
glial populations elicit unique roles in the regulation of cytokine
production, phagocytosis, ROS production, or astroglial interac-
tions, ultimately impacting synaptic function and neuronal cell
death. Insights into the detrimental and protective roles of the
different microglial populations will be important for effective
therapeutic targeting in NDDs.?%%22°

An active role of microglia in NDDs is also supported by ge-
netic studies. For example, a crucial role for microglia was re-
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vealed by the identification of triggering receptor expressed on
myeloid cells 2 (TREM2) loss-of-function mutations in individuals
with Nasu-Hakola disease,?*®?** a rare disorder associated with
neurodegeneration leading to dementia and premature death. As
TREM2 is only expressed in microglia in the brain, these cells
must contribute to the CNS degeneration in this disorder.?**
TREMZ2 genetic variants are also associated with risk for AD in
the heterozygous state,?*>?*¢ and TREM2, in concert with apoli-
poprotein E (ApoE), plays a crucial role in the transition of ho-
meostatic microglia to microglia associated with disease pheno-
types.?®2:23%257 |ndeed, both ApoE and TREM2 modify protein
aggregation and neurodegeneration in preclinical models of
NDDs. TREM2 function appears to be protective against AB-re-
lated local toxicity, whereas later in the tauopathy phase of dis-
ease, its function may be detrimental.?*®?*° ApoE, acting
through microglia, plays an important role in driving tau-medi-
ated neurodegeneration.’*>?*" Along the same lines, GRN
expression increases microgliosis and synaptic pruning, leading
to hyperexcitability.'°®">® Interestingly, Htt is also strongly ex-
pressed in microglia, and expression of mutant Htt in microglia
promotes autonomous microglial activation and is associated
with increased neurodegeneration.”*?

Genome-wide association studies in AD have identified many
genes important to microglia function, endocytosis, and lipid
metabolism.®>° A close relationship between lipid metabolism
and microglial activation is emerging as lipid related genes are
upregulated in the transition from homeostatic to damage-asso-
ciated microglia.?*>?%® Additionally, there is genetic evidence for
microglial contributions to sporadic synucleinopathies.”*® As in
AD, ApoE acts as a risk factor for dementia in the context of
Lewy body disease,”*® and there is evidence that ApoE is
involved in synuclein-mediated neurodegeneration.’** GRN is
also a shared genetic risk factor for multiple NDDs, including
PD.?** Finally, LRRK2 is expressed in microglia, where it
has been proposed to modify the risk of sporadic PD.?*® As a
consequence, microglia could contribute to the pathogenesis
of multiple NDDs. That this association is causal for neurodegen-
eration and not simply a bystander effect is supported by studies
in preclinical models, for example in transgenic SOD1%%"% mice,
where it was observed that the neurodegenerative process is
considerably delayed by removing mutant SOD1 from macro-
phages and microglia.?*” Moreover, microglial elimination via
CSF1R inhibition modifies progression in models of AD,**® tauo-
pathies,?*° PrD, and TDP-43 ALS.?*°

Notably, microglia closely interact with and activate astro-
cytes, which are also critical for the maintenance of neuronal
health and function.'®®251"2% An active role of astrocytes in
the neurodegenerative process of several NDDs has emerged
and has been discussed in detail elsewhere (reviewed in
Phatnani and Maniatis,?®' Sofroniew and Vinters,?*? and Sofro-
niew?>). Briefly, astrocytes are crucial for proper neuronal func-
tioning and exert a key role in preserving glutamate homeostasis
and are a vital part of the tri-synaptic network.”®'°° Astrocytes
release extracellular factors, including chemokines and cyto-
kines,'9%2°1:252 and play a key role in glial scar formation. By
modulating these different processes, astrocytes can directly
contribute to synaptic defects and neurodegeneration in a non-
cell-autonomous fashion (Figure 3). Importantly, astrocytes are



Cell

typically activated in the proximity of damaged neurons, leading
to reactive gliosis. Astrocytes may also be a direct target of pro-
tein aggregation pathology in some NDDs. A close reciprocal
signaling network between astrocytes and microglia exists as
well. 196251252 Flyid biomarker and PET-imaging studies have
been used to detect and monitor glial contributions to NDDs,
including applications involving microglia-specific PET li-
gands®>* and CSF- or blood-based biomarkers such as glial fi-
brillary acidic protein (GFAP), TREM2, and certain cytokines.”>®
These studies have revealed tight, disease stage-specific links
between glial activation and the NDD process.**°

Finally, inflammation, i.e., reactive astrocytes and reactive mi-
croglia, activated by and interacting with the different NDD hall-
marks, may work in combination with other NDD hallmarks to
accelerate the disease process (Figure 3). As outlined above
astrocyte activation affects synaptic function, energy homeosta-
sis, protein aggregation, and neurodegeneration, while recipro-
cally modulating microglia.'°®?°'2°® Conversely, overactive mi-
croglia play a role in synapse elimination in NDDs, potentially
contributing to neuronal network dysfunction.'%¢~'%® As described
above, microglial activation by protein aggregation and the role of
microglia in affecting protein aggregation are well established,
indicating an adverse interaction between these two phenom-
ena.”®>?*" |n response to danger signals, microglia secrete
ROS, adding to oxidative damage and altering energy homeosta-
sis in the brain.'®” Microglia remove neurons expressing eat-me
signals at the cell surface.?®” These examples highlight the close
interconnection between inflammation and other NDD hallmarks.

NEURONAL CELL DEATH

Several inherent properties of neurons may make them espe-
cially vulnerable to cell death in NDD (Figures 1 and 3). These
include: (1) their post-mitotic nature resulting in (a) the gradual
accumulation of age-associated damage to DNA, lipids, pro-
teins, and organelles and (b) the inability to replicate and
replenish the neural cell population; (2) their high energy require-
ments, mainly due to the need to support synaptic function, and
the associated ROS production via mitochondrial oxidative
phosphorylation; (3) their extended axons and dendrites, leading
to a requirement for transport and structural organization over
long distances; and (4) their dependence on glial cells for main-
tenance, energy, and defense. As a result, neurons appear to be
more susceptible to cell death, a characteristic that is exacer-
bated by an age-associated decline in resilience mechanisms.
The above-described NDD hallmarks individually and collec-
tively contribute to neuronal cell loss, presumably in a manner
that gives rise to distinct pathological and clinical manifestations.
We propose that different NDD hallmarks act in concert to ulti-
mately override intrinsic neuronal resilience to internal and
external insults (Figure 3).

Neuronal death, which ultimately results in brain volume loss
that can be monitored using volumetric MRI and in release of in-
traneuronal proteins such as tau and neurofilaments into bio-
fluids, comes in different forms. Specific classification can be
made based on the mechanism of death or the inducer of death,
as reviewed before."'* 139140 The best-described mechanisms
of neuronal death include intrinsic and extrinsic apoptosis and
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necrosis, but others including necroptosis, ferroptosis, phagop-
tosis, autophagic cell death, pyroptosis, and mitochondrial
permeability transition are also well documented.''* 159140
Although different types of neuronal death exist, there is cross-
talk between mechanisms, and it is possible that if a neuron
does not execute a specific cell death program, another one
might take over. Many of the immediate triggers for neuronal
cell death have been mentioned already and include: axotomy,
aberrant cell-cycle reentry, glutamate excitotoxicity and oxyto-
sis, loss of connected neurons, aggregated proteins, the
unfolded protein response (UPR), lysosomal rupture, autophagy,
oxidants, and macromolecular (DNA) damage. Thus, multiple
NDD hallmarks discussed in this review are inducers of neuronal
cell death and are expected to synergistically drive the neurode-
generative process (Figure 3).

Insight into the molecular players and pathways involved in
cell death are important for understanding mechanisms of neu-
rodegeneration. Excitotoxicity causes neuronal death by
excess cytoplasmic Ca?*, activating various programs of
neuronal death by opening of the mitochondrial permeability
transition pore (MPTP) and activating calpains that promote
apoptosis or necrosis by lysosomal cell death.”'* Energy deple-
tion causes neuronal cell death by a different mechanism,
where deprivation of oxygen and glucose results in rapid ATP
depletion in neurons leading to plasma membrane depolariza-
tion and subsequent activation of presynaptic and somatoden-
dritic voltage-dependent Ca?* channels and the release of
glutamate. Cell death pathways can also be initiated directly
by mitochondrial damage and associated mitochondrial
dysfunction. For instance, upon disruption of mitochondrial
integrity, the apoptosis inducing factor (AIF) can be translo-
cated from mitochondria to the nucleus and induce caspase-in-
dependent chromatin condensation and DNA cleav-
age.''*139190 Additionally, upon permeabilization of the outer
mitochondrial membrane, cytochrome c¢ (CytC) can be
released, resulting in the generation of an apoptosome com-
plex containing CytC, caspase-9, and apaf-13. This mitochon-
drial-associated process can be induced by several cellular
stressors, including DNA damage, oxidative stress, glucocorti-
coids, ceramide production, or loss of growth factors,'"#3%140
Lysosomal permeabilization is both induced by and contributes
to altered cellular proteostasis and aberrant protein aggrega-
tion of characteristic, disease-associated proteins. Lysosomal
rupture leads to neuronal cell loss by release of lysosomal en-
zymes, including cathepsins and hydrolases.’'* 39140

In addition to the cell-autonomous death pathways, non-cell
autonomous processes have been demonstrated to contribute
to neuronal loss. For example, apoptotic cells can be phagocy-
tosed by activated microglia, thereby limiting ongoing neuroin-
flammation (Figure 3). Apoptotic neurons are tagged for phago-
cytosis by exposing phosphatidylserine (PS) as an eat-me signal.
In normal physiological conditions, PS is not accessible,
although during apoptosis, caspase-dependent cleavage of
the PS transporters results in cell surface exposure of PS.""*
Interestingly, PS exposure was recently demonstrated to occur
in neurons displaying pathological tau forms, contributing to
neuronal loss.”*® Thus, protein aggregation and non-cell auton-
omous cell death pathways interact. Undoubtedly, NDD
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hallmarks converge on neuronal death, as the final stage of
NDDs is the loss of the neuronal cell population leading to
impaired functionality.

HALLMARKS OF NDDs: AFRAMEWORK FOR A HOLISTIC
APPROACH TO STUDY NDDs

Following, we provide a framework for a holistic approach for
studying NDDs and unifying and categorizing different NDDs
based on their primary NDD hallmarks. We provide this frame-
work as a summation of the genetic factors and biochemical
pathways that contribute to NDDs, uncovering overlapping pro-
cesses between NDDs. We have made the case specifically for
eight common hallmarks of NDDs: pathological protein aggrega-
tion, synaptic and neuronal network dysfunction, aberrant pro-
teostasis, cytoskeletal abnormalities, altered energy meta-
bolism, DNA and RNA defects, inflammation, and neuronal
cell death.

The interconnectedness of NDD hallmarks highlights
the need for multi-targeted therapies
An important insight from this discussion is that the different NDD
hallmarks show a high degree of interconnectedness (Figure 4).
For example, synaptic dysfunction and excitotoxicity are closely
linked to energy homeostasis, oxidative stress, and neuronal
death. Direct relations between pathological protein aggregation,
aberrant proteostasis, synaptic function, excitotoxicity, and
neuronal death have also been identified. Similarly, energy homeo-
stasis, oxidative stress, DNA damage, and neuronal death are
highly interactive processes. Non-cell autonomous pathways
involving glia are important in the modulation of neuronal function,
synapse elimination, neurodegeneration, and neuroinflammation.
These examples highlight the close links between and the inter-
connectedness of the hallmarks, suggesting that neuronal
resilience to insults may be overridden by the adverse effects of
simultaneous and synergistic events that promote neuronal death.
Theinterconnectedness of NDDs should be considered in ther-
apeutic strategies as such interactions imply that targeting a
single NDD hallmark may be insufficient to halt the neurodegen-
erative process. When targeting only one NDD hallmark, the dis-
ease process may be overtaken by one of the other hallmarks,
suggesting a necessity for combinatorial multi-target therapies
to effectively halt NDDs. Although promising anti-sense oligonu-
cleotide (ASO)-based therapies have been identified that use
direct genetic silencing of a defective gene in cases of SMA, ther-
apies for sporadic diseases remain elusive. We propose that one
approach going forward would be to tune any patient’s treatment
based on the individual’s most prominent hallmarks as deter-
mined by multimodal biomarker panels, targeting multiple sys-
tems concomitantly during the therapy, as discussed below.
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A framework for identifying commonalities and
diversification between and within NDDs

Despite the similar hallmarks for NDDs, their relative importance
in the different diseases clearly differs, likely dictated by genetic
and environmental factors as well as by specific neuronal popu-
lations, brain regions, or cell types affected. In this respect, it will
be important to define the primary and main disease pathway
contributors and to pinpoint the more secondary effects for
each specific NDD (Figure 4A) and even within subcategories
of NDDs (Figure 4B). For example, pathological protein aggrega-
tion and aberrant proteostasis, synaptic defects, and inflamma-
tion could be considered major contributors to AD, whereas
aberrant proteostasis combined with mitochondrial defects
and disturbances in energy metabolism may play important roles
in PD (Figure 4A). Cytoskeletal abnormalities that manifest in
axonal disturbances appear to be primary in peripheral neurop-
athies. Conversely, inflammation is a clear, primary contributor in
the prototypic inflammatory diseases, such as MS. In ALS, a
combination of protein aggregation and RNA or DNA metabolism
defects, combined with synaptic and neuronal network defects
seems to be crucially involved. PrDs are classic examples of dis-
eases in which protein aggregation and propagation are key
pathogenic processes. However, neuronal dysfunction and cell
death is probably induced by a combination of NDD processes
that synergistically drive neurodegeneration. Besides the
obvious differences between NDDs, their commonalities may
suggest that some strategies might have broader applications
across the spectrum of NDDs and might be useful for targeting
multiple shared NDD hallmarks. However, disease-specific as-
pects need to be considered.

A framework for stratification of subtypes within
specific NDDs for clinical trials

Importantly, the proposed framework provides a basis for strat-
ification not only across NDDs, but also of subtypes within
specific NDDs (Figure 4B). Individual/personalized differences
in the primary drivers clearly exist within specific NDDs. These
differences are defined by genetic factors, reflected in polygenic
risk score, but also by non-genetic factors including age, lifestyle
practices, and environmental exposures. Differences in resil-
ience and neuronal vulnerability of the different brain regions in
NDDs but also and particularly among individuals within a spe-
cific NDD, will determine the combined primary NDD hallmarks
that drive the disease process. Heterogeneity among patients
within specific NDDs may contribute to the failures of clinical tri-
als that target one particular NDD hallmark, pointing to the need
for stratification of patients. Importantly, the pathologies under-
lying many of these diseases start many years before clinical
symptoms. By the time symptoms emerge, significant neuronal
and synaptic loss is already present. Identification of individuals
in the pre-symptomatic stages of disease via the use of

Figure 4. Hallmarks of NDDs and their interconnectedness as a framework for categorizing NDDs and identifying subtypes within NDDs, as a
basis for personalized, combinatorial, and multi-targeted therapies to effectively halt NDDs

(A) The interconnectedness of the hallmarks is schematically presented, providing a framework for a holistic approach to study NDDs. This framework enables
categorizing NDDs based on their primary hallmarks (A) examples are presented for common NDDs, i.e., AD, PD, ALS, FTD, and HD.

(B) In addition, this framework enables identifying subtypes of patients within specific NDDs, enabling patient stratification based on their primary hallmarks (B).
These are defined by the NDD insult, and by neuronal resilience and vulnerability of the individual. Shown are examples of subtypes within AD. Hence, NDD
treatment strategies can be designed based on individual hallmark profiles, enabling designing personalized, multi-targeted therapies.
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biomarkers will be critical for primary and secondary prevention
trials. Different subtypes of NDDs, based on molecular profiles,
may present with similar symptoms; however, genetic and
external factors may shift the weight and relative contribution
of the different NDD hallmarks within a given NDD. For instance,
within AD, there likely exist patients that besides the strong pro-
tein aggregation component display a strong inflammatory
component, a strong synaptic component, or a strong proteo-
stasis/(ALP/UPS) component, with each subtype likely
benefiting differently from a particular (multi-targeted) therapy
(Figure 4B). The NDD hallmarks may therefore provide a frame-
work for patient stratification within NDDs, defining subtypes
for the design of personalized, multi-targeted therapies
(Figure 4B).

Taken together, we provide a framework for unifying and cat-
egorizing NDDs, as well as for stratification of subtypes and pa-
tients within specific NDDs, based on NDD hallmarks identified
by decades of genetic and biochemical investigations in models
and patients. We propose that effective halting of NDDs will
require improved biomarkers for NDD hallmarks and multi-tar-
geted personalized therapies, due to the interconnectedness be-
tween NDD hallmarks.
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