1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Prog Neurobiol. Author manuscript; available in PMC 2021 February 01.

-, HHS Public Access
«

Published in final edited form as:
Prog Neurobiol. 2020 February ; 185: 101729. doi:10.1016/j.pneurobio.2019.101729.

A multi-faceted genotoxic network of alpha-synuclein in the
nucleus and mitochondria of dopaminergic neurons in
Parkinson’s disease: Emerging concepts and challenges

Velmarini Vasquez®P, Joy Mitra?, Haibo Wang?°¢, Pavana M. Hegde?, K.S. RaoP, Muralidhar
L. Hegde&.¢.d”

aDepartment of Radiation Oncology, Houston Methodist Research Institute, Houston, TX 77030,
USA.

bCentre for Neuroscience, Instituto de Investigaciones Cientificas y Servicios de Alta Tecnologia,
City of Knowledge, Republic of Panama.

¢Center for Neuroregeneration, Department of Neurosurgery, Methodist Neurological Institute,
Institute of Academic Medicine, Houston Methodist Hospital, Houston, TX 77030, USA.

dWeill Cornell Medical College of Cornell University, New York 10065, USA.

Abstract

a-Synuclein is a hallmark amyloidogenic protein component of the Lewy bodies (LBs) that are
found in dopaminergic neurons affected by Parkinson’s disease (PD). Despite an enormous
increase in emerging knowledge, the mechanism(s) of a-synuclein neurobiology and crosstalk
among pathological events that are critical for PD progression remains enigmatic, creating a
roadblock for effective intervention strategies. One confounding question is about the potential
link between a-synuclein toxicity and genome instability in PD. We previously reported that pro-
oxidant metal ions, together with reactive oxygen species (ROS), act as a “double whammy™ in
dopaminergic neurons by not only inducing genome damage but also inhibiting their repair. Our
recent studies identified a direct role for chromatin-bound, oxidized a-synuclein in the induction
of DNA strand breaks, which raised the question of a paradoxical role for a-synuclein’s DNA
binding in neuroprotection versus neurotoxicity. Furthermore, recent advances in our
understanding of a-synuclein mediated mitochondrial dysfunction, warrants revisiting the topics
of a-synuclein pathophysiology in order to devise and assess the efficacy of a-synuclein-targeted
interventions. In this review article, we discuss the multi-faceted neurotoxic role of a-synuclein in
the nucleus and mitochondria with a particular emphasis on the role of a-synuclein in DNA
damage/repair defects. We utilized a protein-DNA binding simulation to identify potential residues
in a-synuclein that could mediate its binding to DNA and may be critical for its genotoxic
functions. We also discuss the crosstalk of a-synuclein toxicity with the RNA binding protein,
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TDP-43. These emerging insights and paradigms may guide new drug targets and therapeutic
modalities.
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1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by motor/movement
abnormalities due to deficient production of the neurotransmitter dopamine (DA) in the
central nervous system (CNS). DA deficiency in the CNS of PD patients results from the
selective degeneration of dopaminergic neurons in the substantia nigra (SN). It is unclear
what triggers the vulnerability of dopaminergic neurons during PD progression. However,
the surviving neurons are characterized by the formation of intracytoplasmic proteinaceous
inclusions known as Lewy bodies (LBs) that contain the protein a-synuclein (Beyer el al.,
2009; Spillantini et al., 1997). Therefore, a-synuclein accumulation and toxicity are
believed to contribute significantly to the dysfunction/degeneration of dopaminergic
neurons.

A majority (~85-90%) of PD cases are classified as sporadic, involving complex interactions
between aging, environmental, and genetic risk factors. The other 10-15% of PD cases
involve key genetic risk factors with autosomal-dominant or recessive inheritance in familial
PD (Mullin and Schapira, 2015; Samii et al., 2004; Thomas and Beal, 2007; Trinh and
Farrer, 2013). The SNVCA gene (encoding a-synuclein) is the most extensively studied gene
that is linked to heritable, monogenic PD, and is reported to cause autosomal-dominant PD
(Klein and Westenberger, 2012). Genetic screening for early-onset PD cases led to the
discovery of missense mutations (A30P, A53T, E46K, A53E, H50Q, and G51D) in the
SNCA gene, which directly implicated a-synuclein in familial PD (Appel-Cresswell et al.,
2013; Kruger et al., 1998; Lesage et al., 2013; Pasanen et al., 2014; Polymeropoulos et al.,
1997; Zarranz et al., 2004). Further insights obtained from PD patients carrying duplicates
and triplicates of the SNVCA gene provided evidence that excess a-synuclein correlates to a
faster and more aggressive PD pathogenesis (Konno et al., 2016; Singleton et al., 2003).
Furthermore, large-scale meta-analysis of genome-wide association studies (GWAS)
identified that specific genetic variants within the SNCA gene (e.g., single nucleotide
polymorphism, SNP at rs356168) are a shared risk loci across different population sub-sets
presenting with sporadic PD (Glenn et al., 2017; Nalls et al., 2014; Soldner et al., 2016).
Although sporadic PD does not exhibit Mendelian inheritance patterns, the presence of
SNCA polymorphisms and LBs in sporadic PD cases provides credence to the idea that a-
synuclein could be a major regulator of PD pathology, in both genetic and sporadic cases.

2. Structural characteristics and physiological properties of a-synuclein

a-Synuclein is a predominantly disordered 14 kDa protein comprised of three major
domains (Figure 1). The N-terminal domain (residues 1- 65) contains four 11-amino-acid
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imperfect repeats with a highly conserved hexamer repeat motif (KTKEGV). This amino
acid tandem repeat is similar to the repeats present in the amphipathic-a-helix domain of
lipid-binding proteins, thereby supporting the idea that the N-terminus of a.-synuclein also
has a high helical propensity. The middle domain is the non-A-B-amyloid component (NAC)
region (residues 65-95), which is considered to be the initiation site for a-synuclein self-
assembly into amyloid fibrils. A recent cryo-electron microscopy structure of a single
cytotoxic a-synuclein (1-121) fibril showed the distribution of eight in-register parallel -
strands across residues 42 to 95 (Guerrero-Ferreira et al., 2018). At least five of the eight
strands wind around the NAC domain and form a hydrophobic cleft that serves as an entry
point for incoming molecules, suggesting that this domain is critical for fibril elongation and
stability. The remaining residues (95-140 aa) comprise the C-terminal domain, which
remains disordered as indicated by the different available 3D structural models of a-
synuclein. The C-terminal disordered state is attributed to the high content of acidic and
proline residues that act as potential helix breakers and have a strong tendency to form turns
and loops.

The debate about the structural conformation of a-synuclein gained prominence with a
study suggesting that endogenous a.-synuclein exists as a helically folded tetramer (-=55-60
kDa) under physiological conditions (Bartels et al., 2011). This argument challenged the
long-term view that native a.-synuclein exists as an unfolded monomer in the cytosol and
adopts a helical conformation when bound to negatively charged membrane mimetics
(Uversky et al., 2001 a). Despite strong evidence from studies that used healthy mouse
cortex and human red blood cell samples to support the helically folded tetramer hypothesis,
extensive biochemical studies performed in different mammalian cell types demonstrate that
the vast majority of monomeric a-synuclein is intrinsically disordered inside cells (Binolfi et
al., 2012; Cattani et al., 2017; Theillet et al., 2016). However, evidence from PD- and non-
PD-affected brain samples and a-synuclein overexpressing cell lines indicates the presence
of diverse a-synuclein multimers ranging from ~50 to ~150 kDa that are unique to different
subcellular regions and dependent on the oxidative environment (Fakhree el al., 2018;
Killinger and Moszczynska, 2016). Therefore, endogenous a-synuclein may exist as both an
intrinsically disordered monomer and a helically folded tetramer. At the same time, it is also
important to consider that a-synuclein conformation may vary in different human cell lines
and animal tissues.

Furthermore, the structural flexibility of a-synuclein allows its three domains to adopt
different conformations under various conditions. For instance, the N-terminus and NAC
domains adopt a broken a-helix conformation upon binding to synthetic lipid vesicles that
mimic synaptic vesicles (Chandra et al, 2003; Diao et al., 2013; Rhoades et al, 2006). The
disordered-to-helix transition is attributed to N-terminal acetylation and the presence of five
to six imperfect repeats with a conserved “KTKEGV” motif. Notably, the conserved motif is
reminiscent of that found in the amphipathic-a-helix domain of lipid-binding proteins
(Bartels et al., 2014; Dettmer et al., 2015; Kang et al., 2012). The C-terminus remains
unfolded and is more accessible for interaction with other molecules when a.-synuclein is in
a helical conformation (Lautenschldger et al., 2018; Meuvis et al., 2010).
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On the other hand, the conditions that promote the transition of a-synuclein to disordered,
pathogenic B-sheet aggregates are less defined. Multiple lines of evidence suggest that
cellular stress responses, including oxidative stress and a defective ubiquitin-proteasome
system, are key factors that modulate the a.-synuclein transition to p-sheet aggregates.
Oxidative stress induces post-translational modifications (PTMs) in a-synuclein, including
phosphorylation and nitration/oxidation, which affect the physicochemical properties of the
protein. For example, Ma et al. reported that phosphorylation at Ser129 (pS129) induces a-
synuclein to form a distinct strain with different structures, propagation properties, and
higher toxicity (Ma et al., 2016). Likewise, the nitrated a-synuclein species (nY39, and
nY125) exhibits fibrils that are morphologically distinct from wild type (WT) a-synuclein.
The nitrated a-synuclein species also exhibits reduced affinity to negatively charged
vesicles, which inhibits a-synuclein from adopting the less toxic a-helical conformation
(Burai et al, 2015). It should also be noted that the C-terminus of a-synuclein contains the
majority of the PD-associated PTMs sites (phosphorylation, nitration, and truncation), which
are known to accelerate its aggregation rate (Schmid et al., 2013). The abundance of PTMs
at the C-terminus may interfere with the intramolecular long-range N/C-terminal
interactions that inhibit the oligomerization and aggregation of a-synuclein (Bertoncini et
al., 2005; Ma et al., 2016). Consequently, the interruption of these auto-inhibitory long-
range interactions exposes the hydrophobic NAC domain, which is more likely to adopt
aggregation-prone p-sheet conformations. Remarkably, the NAC domain is implicated in a
wide range of a-synuclein interactions including associations with vesicles, proteins, and
metal ions (Burre et al., 2017; Lautenschléger et al., 2018).

The specific biological function of a-synuclein remains unclear. Nonetheless, multiple
studies have proposed a myriad of functions for a-synuclein localization in the mature
neuronal nucleus, the mitochondria, and nerve terminals. The proposed physiological
functions of a-synuclein include regulation of synaptic transmission, calcium regulation,
chaperone activity, and preventing the oxidation of unsaturated lipids (Abeliovich et al.,
2000; Burré, 2015; Martinez et al., 2003; Park et al., 2002; Spencer et al., 2002; Zhu et al.,
2006). The strongest and largest body of evidence suggests that a-synuclein acts as a
modulator of synaptic transmission in dopaminergic neurons. This has been demonstrated by
a-synuclein interactions with synaptic vesicles and SNARE complexes, where a-synuclein
potentially mediates vesicular trafficking to presynaptic membranes (Burré et al., 2010). In
addition, a-synuclein can modulate DA neurotransmission by suppressing tyrosine
hydroxylase (TH) activity (Peng et al., 2005). Because a.-synuclein is not an essential
protein, but is linked to diverse pathways, it is challenging to develop strategic therapeutic
approaches to prevent its toxicity within the brain (Abeliovich et al., 2000).

3. Multi-faceted a-synuclein toxicity in dopaminergic neurons

The two primary hypotheses that address the role of a-synuclein in neuronal death are the
toxic gain of function and loss of function hypotheses. Familial PD cases, where a mutation
or multiplication of the SNCA gene results in a higher a-synuclein burden that accelerates
disease progression, strongly support the toxic gain of function hypothesis. This hypothesis
has been validated by /n vitro models that demonstrate the activation of cell death pathways
(Flierl et al., 2014; Oliveira et al., 2015). However, the toxic gain of function hypothesis has
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been difficult to validate in germline transgenic PD mouse or rat models. For example,
transgenic mice expressing mutant human A53T-a-synuclein, A30P-a-synuclein, or both,
do not recapitulate many characteristics of the human disease, including a.-synuclein
accumulation in dopaminergic neurons (Ip et al., 2017). Likewise, the motor impairment
observed in the transgenic mice is not the result of nigrostriatal degeneration, but instead, is
an outcome of pyramidal or motor neurodegeneration (Benskey et al., 2016). Consequently,
the toxic gain of function hypothesis has been difficult to recapitulate in these rodent models
due to a lack of reproducible nigrostriatal damage and inconsistent extended timeframes for
inducing degenerative changes.

On the other hand, the loss of function hypothesis has been validated by various non-primate
null animal models, which collectively demonstrate that the absence of endogenous a-
synuclein leads to reduced DA levels in nigrostriatal neurons. Furthermore, these studies
suggest that a-synuclein contributes to the regulation of DA biosynthesis (Abeliovich et al.,
2000; Collier et al., 2016). In support of this observation, soluble a-synuclein was shown to
regulate DA levels by binding to TH and reducing TH phosphorylation, which then reduced
TH activity (Peng et al., 2005; Perez et al., 2002). Taken together, evidence from these
studies led to the hypothesis that soluble a-synuclein, due to its conversion to an aggregate
form, results in a positive feedback loop that creates an imbalance in DA synthesis.
Moreover, the altered physiological function of many proteins that are implicated in
neurodegeneration occurs after they acquire an unstable structural conformation. /n vitro
studies reveal that a-synuclein can function as a cellular ferri-reductase that regulates the
conversion of iron (Fe)3* to the biologically active Fe2* in the presence of copper (Cu) and
NADH (Davies et al., 2011). However, aggregated a-synuclein loses the ability to reduce
Fe3* -reducing and may lead to a decrease in available Fe2* that could subsequently
compromise normal cell reactions. In dopaminergic cells, Fe2* plays a central role in
regulating TH activity, which is necessary for the biosynthesis of the DA precursor, L-DOPA
(Davies et al., 2011; Frantom et al., 2006). Inhibition of TH activity by low levels of FeZ*
may alter DA biosynthesis and consequently, reduce DA levels in dopaminergic cells.
However, the /n vivo relevance of a-synuclein ferri-reductase activity still needs to be
investigated to determine the implications of dopaminergic neuron survival.

Misfolded, monomeric a-synuclein tends to transition into oligomers, fibrils, and insoluble
aggregate conformations. It is unclear which of these conformations is the toxic a-synuclein
species that leads to neurodegeneration in PD. Surprisingly, in surviving dopaminergic
neurons, a-synuclein aggregates are found in LBs, which suggests that aggregated a.-
synuclein may not be toxic to all cells. Similarly, /n vivo studies suggest that soluble a-
synuclein oligomer forms are more toxic than aggregated or fibrillar forms. For instance,
injection of lentiviral vectors that promote the expression of an a-synuclein oligomer or
fibril variants into rat SN demonstrated that the oligomer forming variants rather than the
fibril variants caused severe dopaminergic loss (Winner et al., 2011). This finding led to the
generation of transgenic mouse models expressing a-synuclein oligomers. These mice
demonstrated higher neuronal loss in the frontal cortex and hippocampus when compared to
a WT a-synuclein mouse model, which only displayed neuronal loss in the hippocampus
(Rockenstein et al., 2014). More importantly, the a-synuclein oligomerexpressing mouse
model demonstrated that the chronic accumulation of a-synuclein oligomeric variants
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throughout cognitive-related brain regions was associated with significant behavioral
impairment. Notably, cognitive impairment is less pronounced in PD patients than in other
synucleinopathies, like LB dementia. Although the mechanism of oligomer a-synuclein-
induced neuronal dysfunction remains unknown, evidence suggests that an abundance of the
oligomeric forms of a-synuclein in the synapses can lead to behavioral impairment by
selectively lowering the expression of synapsins, and thereby altering neurotransmitter
release (Larson et al., 2017; Rockenstein et al., 2014). Selected studies report a loss of a-
synuclein function due to aggregation that induces motor dysfunction through the
deregulation of presynaptic molecule pools, such as synapsin 111 in dopaminergic neurons
that are found in the putamen and caudate regions (Larson et al., 2017; Zaltieri et al., 2015).
Both the caudate and putamen regulate various forms of motor movement. However, no
existent report describes which specific toxic form of a-synuclein is found in motor-related
brain regions. The evaluation of the predominant toxic a-synuclein species in these
vulnerable motor-related brain regions at different stages of PD progression warrants further
investigation.

4. Emerging mechanisms of cell death associated with a-synuclein

toxicity

Apoptosis was considered a dominant concept of cell death in neurodegenerative diseases,
including PD. More recently, several new cell death forms have emerged, which include
diverse forms of apoptotic and non-apoptotic pathways. There has been considerable interest
in non-apoptotic pathways in PD, particularly concerning their potential link to a-synuclein
toxicity. In this chapter, we summarize the context and contribution of these emerging cell
death pathways in a-synuclein induced PD, whose understanding could provide a rationale
for the development of new disease-specific therapies.

4.1 Ferroptosis in PD: Interaction of Fe and a-synuclein?

Recent studies have identified the presence of Fe-dependent cell death pathways in
dopaminergic neuron models and in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mice, which is a well-established PD model (Do Van et al., 2016). This specific cell death
pathway, known as ferroptosis, is characterized by a Fe- and ROS-dependent cascade of
events that leads to lipid peroxidation and cell membrane rupture (Dixon et al., 2012).
Ferroptosis involves several molecular events that have been implicated in PD (Guiney et al.,
2017). For example, Fe overload, due to mutations in Fe transport proteins, low glutathione
levels, mitochondrial dysfunction, and the accumulation of lipid peroxidation products, is
critical in PD and is also observed in ferroptosis-mediated cell death (Guiney et al., 2017).
Furthermore, experiments indicating that the ferroptosis inhibitor Fer-1 can counter
behavioral impairment and the loss of SN cells in MPTP treated mice also suggest that
ferroptosis could be the predominant cell death mechanism in PD (Do Van et al., 2016).

Recent studies have revealed that a-synuclein overexpression in stem cells promotes
ferroptosis via a synergistic mechanism of altered calcium efflux from membranes and lipid
peroxidation (Angelova et al., 2018). These events may occur independently of Fe toxicity.
However, the effect of a-synuclein binding to Fe salts on ferroptosis and whether this
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interaction controls or regulates ferroptosis has not been investigated. These circumstantial
pieces of evidence indicate the involvement of ferroptosis in PD; this still needs to be firmly
established in PD patients or in appropriate /n vivo models. Understanding how a-synuclein
and Fe interaction impacts non-apoptotic cell death pathways such as ferroptosis may reveal
the physiological role of ferroptosis and elucidate its protective versus toxic role. Future
studies should also assess the role of a-synuclein mutations in ferroptosis.

4.2 Neuronal cell cycle re-entry and abortive cell cycle induced apoptosis

Cell cycle re-entry is another potential cause of neuronal cell loss in neurodegenerative
diseases. The cell cycle is a highly regulated process with multiple checkpoints that maintain
genome fidelity across generations. Terminally differentiated neurons are in a quiescent state
and lose proliferative capabilities. In several neurodegenerative disorders, including
Alzheimer’s disease (AD), PD, amyotrophic lateral sclerosis (ALS), and Huntington’s
disease (HD), a substantial fraction of degenerative neurons appears to re-enter the cell
cycle. Indeed, the expression of cell cycle mediators, including cyclins or cyclin-dependent
kinases, (Dobbin et al., 2013; Pelegri et al., 2008; Ranganathan and Bowser, 2003) and DNA
synthesis occur during these neurodegenerative disorders. (Andorfer et al., 2005; McShea et
al., 2007). However, re-entry into the cell cycle causes neuronal death rather than survival,
due to an abortive cell cycle (Currais et al., 2009). It is likely that extensive epigenetic
factors in post-mitotic differentiated neurons do not allow for proper cell cycle regulation.
Multiple studies have demonstrated that one potential trigger for cell cycle re-entry is DNA
damage (Kruman et al., 2004; Migliore and Coppede, 2002). This led to the hypothesis that
cell cycle re-entry may be required for the activation of DNA damage repair in aging and
degenerative neurons that have a reduced repair capacity and defective canonical repair
(Kruman et al., 2004; Tomashevski et al., 2010). A relationship between cell cycle re-entry
and a-synuclein was established in recently published studies (Khan et al., 2018; Sampaio-
Marques et al., 2019). The study by Khan et a/., demonstrated that overexpression of human
a-synuclein in APP mice enhanced amyloid-B (AB) oligomer-mediated cell cycle re-entry in
cortical neurons, which was prevented by a-synuclein depletion. Interestingly, a.-synuclein
overexpression did not promote cell cycle re-entry in tau-KO neurons, which indicated a
coordinated mechanism of neuronal cell cycle re-entry between a-synuclein and tau (Khan
et al., 2018). On the other hand, the study by Sampaio ef a/., provides a novel mechanism on
how a-synuclein expression in aged post-mitotic cells promotes cell death via Ras2-
dependent cell cycle re-entry, S-phase arrest, and increased autophagy. Abrogation of RAS2,
not only arrested cells in GO/GL1 cell cycle phase to protect them against DNA replication
and damage, but also prevented a-synuclein’s effects on the longevity of budding yeast cells
in quiescent-stationary phase. The same effect was also observed when either DNA damage
response (DDR) factors Mec1 and Rad53 kinases were inhibited or the ribonucleotide
reductase 1 (RNR1) was overexpressed to maintain dNTP pools required for DNA synthesis
and repair. Addressing whether a-synuclein-mediated genome instability influences cell
cycle re-entry requires further investigation.

4.3 Cell-to-cell transmission of a-synuclein pathology and ER stress

In the recent years cell-to-cell propagation of misfolded a.-synuclein has been characterized
as a key cytotoxic mechanism by which a-synuclein causes cellular toxicity and triggers
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trans-cellular proliferation of a-synuclein pathology (Yamada and Iwatsubo, 2018).
Extracellular a-synuclein not only disrupts synaptic transmission but also generates
permeability of biological membranes (Fusco et al., 2017). Recent studies by Angelova et al.
demonstrate that extracellular monomeric a-synuclein induces irregular ionic currents,
whereas oligomeric a-synuclein promotes the formation of stable pores that results in ion
channel formation (Angelova et al., 2016). Consequently, neuronal membrane permeability
caused by extracellular oligomeric a.-synuclein allows the abnormal influx of metal ions like
Ca?*. Several lines of evidence show that intracellular Ca2* overload activates the calcium-
dependent proteases calpains, whose expression levels and activity are elevated in PD
affected brain (Cheng et al., 2018; Mouatt-Prigent et al., 1996). Activation of apoptosis in
the nervous system by triggering the activity of caspase-12, pro apoptotic BCL-2 family
proteins, and apoptosis inducing factor (AIF) (Cao et al., 2007; Martinez et al., 2010; Vosler
et al., 2008).

Emerging mechanisms associated to extracellular a-synuclein mediated toxicity also
suggests that oligomeric and fibril a-synuclein forms cause lysosomal morphology
alterations and endoplasmic reticulum (ER) stress. For example, H4 human neuroglioma
cells particularly exposed to a-synuclein oligomers and fibrils revealed formation of large
lysosomal clumps and reduced cathepsin D activity, indicating impaired lysosomal activity
(Hoffmann et al., 2019). Enlargement of lysosomes is considered by some authors as a
preliminary event to lysosomal membrane permeabilization, which induces lysosomal
dependent cell death (Ono et al., 2003; Wang et al., 2018a). Similar studies in iPSCs-derived
mid brain neurons also found that a-synuclein inclusions in PD inhibits lysosomal
degradation capacity by disrupting lysosomal hydrolase trafficking (Mazzulli et al., 2016).
Lysosomal hydrolases play critical role in lysosomal trafficking and targeted substrate
degradation. Furthermore, accumulation toxic a-synuclein forms along the ER-membrane
promotes ER stress by inhibiting intracellular protein trafficking and vesicles release. This is
supported by evidence showing that a-synuclein interaction with cis-Golgi—tethering factor
GM130 disrupts the localization of endoplasmic reticulum- Golgi localization of rab 1a, a
key mediator of vesicular transport (Mazzulli et al., 2016). Persistent ER stress can result in
apoptosis through the activation of caspase-8 or necroptosis trough the activation of RIPK1-
RIPK3-MLKL-pathway (lurlaro and Munoz-Pinedo, 2016).

5. Nuclear localization and chromatin binding of a-synuclein: A new

perspective

One extensively debated issue in early research on a-synuclein was whether endogenous a.-
synuclein in human neurons displayed similar nuclear localization as its homologous
counterpart, the neuron-specific synuclein protein from torpedo rays did (Goedert el al.,
2017; Huang el al., 2011). Initial uncertainty about nuclear detection of a-synuclein in
human and mouse brain samples was due to differences in the immunoreactivity of a.-
synuclein antibodies to some unknown antigen that was present in neuronal nuclei (Huang et
al., 2011). In addition, it is also possible that the structural conformation adopted by a-
synuclein when interacting with other molecules can influence the availability of epitopes to
the antibody (Vivacqua et al., 2011). Another explanation for the lack of nuclear a-synuclein
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immunoreactivity is that the molecular structure of the different tested antibodies can affect
their ability to cross the nuclear envelope (Vivacqua et al., 2011). On the other hand, more
recent studies demonstrate that missense mutations (E46K and A30P) and PTMs, such as
pS129, are key contributory factors for a-synuclein’s subcellular localization and effect in
the nucleus (Gongalves and Outeiro, 2013; Pinho et al., 2019).

Since a-synuclein does not have a canonical nuclear localization signal, it is not clear what
drives overexpressed WT or mutant a.-synuclein to accumulate in neuronal nuclei.
Nevertheless, a series of a-synuclein deletion mutants demonstrated that amino acids 1-60
and 103-140 were indispensable for overexpressed WT a-synuclein nuclear import (Figure
1) (Maet al., 2014). In addition, there is some evidence that suggests that excess of WT a-
synuclein may facilitate its interaction with nuclear proteins and transport factors that can
promote its nuclear localization (Ma et al., 2014; Rousseaux et al., 2016). For instance,
inhibition or downregulation of the nuclear transport protein importin a blocked a.-synuclein
distribution in the nucleus (Ma et al., 2014). However, the absence of direct interaction
between the two proteins implied that the interaction was mediated by unknown protein(s).
Consistent with this conclusion, a recent study demonstrated that overexpressed, nuclear-
localized tripartite motif-containing protein 28 (TRIM28) binds to a-synuclein and
promotes its nuclear localization (Rousseaux et al., 2016). Overexpression of the inactive,
TRIM28 E3 ligase mutant did not have the same effect, implying that TRIM28 governs the
nuclear localization of a-synuclein through its E3-ligase domain (Rousseaux et al., 2016).
Moreover, TRIM28 has an arginine-rich nuclear localization sequence (NLS) that interacts
with various importin a subtypes, suggesting that importin a also plays an essential role in
the nuclear delivery of this protein (Moriyama et al., 2015). Therefore, TRIM28 could be
one of the potential proteins that mediate the interaction between a-synuclein and importin
a. However, additional research related to the nuclear import of a-synuclein is needed.
Indeed, the association between a.-synuclein and the proteins that mediate its interaction
with importin a are not fully understood.

The neurobiological basis for a-synuclein in the nucleus is poorly understood for many
reasons. A primary reason for this knowledge gap is that substantial nuclear localization of
a-synuclein only occurs under overexpression and oxidative stress conditions (Siddiqui et
al., 2012; Vasquez et al., 2017). Therefore, there is a need to understand whether a-
synuclein has a physiological or toxic gain of function in neuronal nuclei. The first reports
addressing this question in cultured cell and drosophila PD models indicated that the ability
of a-synuclein to form a tight 2:1 complex with histone proteins reduced acetylated histone
H3 levels (Goers et al., 2003; Kontopoulos et al., 2006). This effect is predicted to result in a
continuously open chromatin structure that is particularly vulnerable to oxidative damage
and allows for toxic agents to bind to DNA (Figure 6A). This report provided the first
evidence indicating a-synuclein accumulation in the nucleus has a cytotoxic effect.

The cytotoxic role of nuclear a-synuclein gained further attention, in view of recent studies
by Paiva et al. correlating overexpression of WT and mutant A30P a-synuclein mutations
with transcriptional deficiencies of DNA repair genes. For instance, cells expressing both a-
synuclein variants exhibited down-regulation of DNA repair genes BRCAZ (breast cancer
type 1), TOPZA (DNA topoisomerase 2a.), and transcription factor FOXM1 (Forkhead box
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protein M1). BRCAZ2 is an important protein for the homologous recombination pathway of
DNA double-strand break repair, and TOP2A is involved in both transcription and repair.
Interestingly, treatment with sodium butyrate, a histone deacetylase inhibitor (HDACI),
restores BRCA2 and FOXML1 levels in WT a-synuclein overexpressing cells. These findings
suggest that WT a-synuclein may cause transcriptional deregulation of these genes via
chromatin remodeling, which can be prevented by increasing the inhibition of histone
acetylation (for example, by treating with HDACI) (Paiva et al., 2017).

It is unclear which form (monomer, oligomer, or fibril) of a-synuclein accumulates in the
nucleus. Our previous /n vitro work shows that early oligomeric a-synuclein causes more
DNA strand breaks in comparison to monomeric and fibril forms (Vasquez et al., 2017).
Consistently, Pinho et al. reports increased presence of a-synuclein oligomers in the nucleus
of stressed cells (Pinho et al., 2019). In contrast, studies by Milanese et a/. suggest that
intrastratial injection of human a-synuclein pre-formed fibrils (PFF) triggers the activation
of key DDR factors ATM, yH2AX, and 53BP1 (Milanese et al., 2018). However, this study
did not present any evidence of a-synuclein PFF accumulation in the nucleus of striatal
neurons. Nevertheless, altogether these results further support the idea that oligomeric and
aggregated forms of a-synuclein can promote genomic instability in dopaminergic neurons.
Further research is required to compare the extent of DNA damage caused by a-synuclein
toxic forms in the nucleus of brain cells.

5.1 Metal ions contribution to a-synuclein’s oxidation and genotoxicity

Although a-synuclein is not considered a classical metal-binding protein, multiple /n vitro
studies have consistently reported that bacterially expressed recombinant human a-synuclein
contains multiple metal-binding sites. For example, Cu binds with higher affinity to a-
synuclein at two different N-terminal domain sites (Met1-Met5 and Val48-Ala53) and with
decreased affinity to the C-terminal domain (Carboni and Lingor, 2015; Miotto et al., 2014;
Ranjan et al., 2017). Divalent metals, which include Fe (I1), Cu (11), Co (I1), and Mn (l1),
preferentially bind with low affinity to the C-terminal of a-synuclein (Asp119-Alal24)
(Binolfi et al., 2006) (Figure 1). In contrast, Ca (I1) has high binding affinity to the EF-hand-
like sequence (Glu123-Alal40) located in the C-terminal of a-synuclein (Lowe et al., 2004;
Post et al., 2018). However, phosphorylation of the C-terminal residues (Tyr125, S129,
Tyr133, and Tyr136) of a-synuclein enhances the binding of divalent metals to the C-
terminal domain and weakens interactions at the N-terminal metal-ion binding sites (Lu et
al., 2011). On the other hand, N-terminal acetylated a-synuclein, which is the abundant form
found /n vivo, has decreased Cu (I1) binding affinity (Mason et al., 2016; Ohrfelt et al.,
2011). Therefore, PTMs may play a major role in the formation of a-synucleinmetal
complexes in vivo. Importantly, within the LBs observed in PD brain samples,
approximately 90% of the deposited a.-synuclein is phosphorylated at Ser129 (pS129),
compared to approximately 4% in the healthy brain (Fujiwara et al., 2002). Thus,
phosphorylation at Ser129 in a-synuclein may increase the pool of divalent metal ions in
vulnerable brain regions and potentially contribute to metal dyshomeostasis observed in PD
patients.
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Multiple lines of evidence also demonstrate that a-synuclein interaction with metals
promotes its misfolding and further aggregation. For instance, in the presence of divalent
metals, such as Cu2*, soluble a-synuclein oligomers adopt a unique stellate form, which
decreases cellular viability by >50% (Wright et al., 2009). Other lines of evidence indicate
that less reactive metals like calcium (Ca) which is highly abundant in the brain caused alpha
a-synuclein aggregation by altering the interaction between a-synuclein, and other ligands
that provide structural stability to a-synuclein (Han et al., 2018; Nielsen et al., 2001).
Furthermore, we and others have observed that Fe exposed cells present Fe-rich a-synuclein
inclusion in the perinuclear region (Ortega et al., 2016; Vasquez et al., 2017). The fact that
oligomeric a-synuclein is considered one of the most toxic species because of its membrane
rupture capability gives credence to the idea that its presence in the nucleus can induce
genomic instability. In our studies, we observe that misfolded or early oligomeric a-
synuclein causes more DNA damage than monomeric or fibril forms (Vasquez et al., 2017).

Furthermore, the formation of divalent metal-a-synuclein complexes can have effects that
extend beyond the formation of toxic a-synuclein oligomers/aggregates. In highly aerobic
conditions, divalent metal ions undergo Fenton-like reactions that result in the formation of
toxic ROS that can then be oxidative threats for a-synuclein. For example, electrospray mass
spectrometry (ES-MS) studies revealed that a-Syn-Fe2* complexes can be readily oxidized
into the unstable a-Syn-Fe3*complex. The low binding affinity of Fe*3 with a-synuclein
leads to dissociation of the complex and yields H,O, and Fe (OH)3 as co-products (Equation
1) (Peng et at., 2010).

2 & — Syn — Fe(Il) + O, 4+ 6H,0 — 2o — Syn + Hy,0, + 4HT + 2Fe(OH);  (Equation 1)

Importantly, H,O, is known for selectively oxidizing all four methionine residues of a.-
synuclein into met-sulfoxides, and an oxidized form of the protein is found /n vivo
(Chavarria and Souza, 2013; Glaser et al., 2005). Studies from our group found that
oxidation of a-synuclein causes DNA strand breaks (Vasquez et al., 2017). This finding is
consistent with several lines of evidence demonstrating that protein side-chain oxidation
products give rise to hydroperoxides (protein-OOH), which promotes the formation of both
DNA-protein crosslinks and single strand breaks (Luxford et al., 2002; Prestwich et al.,
2005). Although is not known if oxidized a-synuclein can crosslink with DNA, studies by
Gebicki and Gebicki demonstrates that protein-OOH DNA crosslinks are catalyzed by small
amount of transition metals bound to DNA (Gebicki and Gebicki, 1999). Therefore, metal
ion imbalance in dopaminergic cells can contribute to either the oxidation of a-synuclein
and further enhance its binding to DNA, resulting in DNA strand cleavage (Figure 6).

6. Implications of a-synuclein binding to DNA

In recent years, there has been an increasing interest in determining whether the DNA
instability observed in PD is associated with a-synuclein accumulation in the nucleus and
mitochondria. Evidence suggests selective accumulation of DNA oxidized bases and strand
breaks in vulnerable brain regions that are associated with motor dysfunction in PD (Bender
et al., 2006; Reeve et al., 2008). Our group has shown that nuclear DNA (nuDNA\) isolated
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from the midbrain region of PD patients displays a high level of strand breaks when
compared to age-matched controls (Hegde et al., 2006). In addition, defective or
compromised DNA repair in adult neural tissues has been linked to aging and, more
recently, to common neurodegenerative disorders including PD, AD, and ALS (Lillenes et
al., 2016; Lu et al., 2004; Maynard et al., 2015; Milanese et al., 2018; Mitra et al., 2019;
Wang et al., 2018b). However, the molecular events leading to increased genome damage or
their repair deficiencies in PD have not been characterized. In view of the nuclear/chromatin
localization of a-synuclein, and emerging link between other amyloidogenic proteins and
genome instability (Mao and Reddy, 2011; Mitra et al., 2019; Violet et al., 2014; Wang et
al., 2018b) it is important to look into the possible role of a-synuclein in genome instability
in PD.

Studies from our lab and others suggest that the presence of misfolded a-synuclein in
neuronal nuclei may be genotoxic and may alter chromatin organization or directly bind/
damage DNA (Hegde and Jagannatha Rao, 2003; Kontopoulos et al., 2006). In addition, we
also observed that recombinant a-synuclein binds to and nicks DNA in vitro, resulting in
DNA and protein conformational changes (Hegde and Jagannatha Rao, 2003; Hegde and
Rao, 2007; Vasquez et al., 2017). This evidence provided further support for the hypothesis
that toxic forms of a-synuclein can directly bind to DNA /n vivo. Interestingly, a-synuclein
exhibits a higher affinity for guanine-cytosine-rich DNA sequences, which are usually
present in the promoter region of the human genome (Vasudevaraju et al., 2012). This is
consistent with evidence from rat PC12 cells where oxidative stress conditions enhanced a-
synuclein binding to particular promoter regions of genes involved in mitochondrial
homeostasis like PGC1-alpha (Siddiqui et al., 2012). Similar results were also observed in
SHSY-5Y cells where overexpressed a.-synuclein exhibited preferential binding to proximal
promoter regions rather than distal regions (Pinho et al., 2019; Vasquez et al., 2017). Such
association of a-synuclein with distinct chromosomal regions may affect the expression of
genes related to mitochondrial homeostasis or differentiation. Together, these evidences
indicate both physiological and pathological role of DNA binding activity of a-synuclein.

More recent studies, however, offer contrary view of the cytotoxic effects of a-synuclein’
DNA binding activity. According to Schaser et al., a-synuclein is recruited to DNA double-
strand breaks (DSBs) sites to promote DNA damage response and DNA repair (Schaser et
al., 2019). The evidence presented in this study demonstrates that a-synuclein binds to
DSBs to facilitate non-homologous end-joining (NHEJ) repair, an essential DNA repair
pathway for post-mitotic neurons. However, a-synuclein loses its DNA repair capacity when
cytoplasmic aggregation of a-synuclein reduces the nuclear levels of a-synuclein. These
findings suggest that a-synuclein has a physiological function in the nucleus and that its loss
of function leads to the accumulation of DSBs in surviving dopaminergic neurons presenting
LBs pathology. Further research is needed to determine precise role of a-synuclein in DNA
damage response and whether it interferes with DNA repair, particularly in-patient brain
samples or PD patient derived iPSCs cells to confirm these observations.

To date, there has been little research investigating the mechanisms that promote the binding
of a-synuclein to DNA. Nonetheless, a few propositions can be made from known
biophysical properties of a-synuclein. One proposition is that the abundance of positively

Prog Neurobiol. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vasquez et al.

Page 13

charged amino acids (e.g., KXKEGYV repeats) within the N-terminus and NAC domains may
allow a-synuclein to interact with negatively charged DNA non-specifically. The propensity
of the N-terminal and NAC domains to adopt an amphipathic a-helical conformation,
similar to the helix-turn-helix or helix-loop-helix motifs present in classical DNA-binding
proteins, provides additional support for their involvement in the formation of a-synuclein-
DNA complexes.

A second proposition is the role of PTMs in modulating the binding of a-synuclein to DNA
(Figure 1). PTMs, similar to acetylation and phosphorylation, can change the composition
and charge distribution of disordered or ordered protein segments. Acetylation, for example,
can mask the positive charge of lysine residues, which shifts non-specific protein
interactions with DNA to more specific interactions (Vuzman et al., 2012). An example of
this is the recent discovery that acetylated human DNA glycosylase NEIL1 is exclusively
bound to chromatin (Sengupta et al., 2018). This finding is in agreement with earlier studies
demonstrating that the positive charge cluster on NEIL1 is required for its non-specific DNA
binding, which is stabilized after acetylation-mediated charge neutralization (Hegde et al.,
2013). The effect of N-terminal acetylation of a-synuclein on DNA-binding affinity is
unknown. However, increasing evidence suggests that N-terminal acetylated a.-synuclein
exhibits a higher a-helicity propensity and is more inclined to preserve its native
conformation against pathological aggregation (Bu et al., 2017; Fernandez and Lucas, 2018).
Thus, acetylation could stabilize the N-terminal broken helix conformation of a-synuclein
that is more prone to bind to DNA. Moreover, PTMs similar to phosphorylation, can
positively or negatively modulate protein-DNA interactions by introducing negative charges
on Ser, Thr, or Tyr residues. For example, C-terminal phosphorylation of tumor suppressor
protein p53 increases its sequence-specific DNA-binding affinity (Rajagopalan et al., 2008).
Whereas, phosphorylation of the transcription factor Ets-1 represses its DNA binding by
causing conformational changes in the helix-turn-helix motif, which is involved in the
stabilization of the Ets-1-DNA complex (Cowley and Graves, 2000). In a-synuclein,
pSer129 is associated with enhanced nuclear localization /n vivo (Gongalves and Outeiro,
2013; Huang et al., 2011; Pinho et al., 2019). However, whether pSer129 a.-synuclein is
exclusively enriched in the chromatin fraction and whether it stabilizes or inhibits the
formation of an a-synuclein-DNA complex needs to be investigated.

6.1 Predicting the potential binding residues of a-synuclein

We employed two methods for predicting the potential a-synuclein-nucleic acid binding
residues using structures obtained from the protein data bank. The selected structures were
SLAS-bound a-synuclein (PDB: 2KKW), SDS-bound a-synuclein (PDB: 1X8Q), and chain
C from fibril a-synuclein structure (PDB: 2NOA) (Rao et al., 2010; Tuttle et al., 2016;
Ulmer et al., 2005). The first predictive method was Nucbind, which is a novel method for
predicting protein-nucleic acids binding residues via a machine-based, ab-initio SYMnuc
method and a template-based, COACH-D method (Su et al., 2018). The results from the
Nucbind analysis are summarized in Table 1. Both the FASTA sequence and the PDB
structure inputs suggested that a-synuclein may have 5 DNA-binding sites, which are
located mainly within the N-terminal domain.
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For the second method, we used DNA-protein rigid-docking method to compare the DNA-
binding pattern of a-synuclein monomers with a-helical and B-sheet fibril conformations.
To evaluate these differences, we used the automated docking servers NPDock and HDOCK
(Tuszynska et al., 2015; Yan et al., 2017). The NPDock method performs all atom rigid body
docking to generate geometrically valid protein-nucleic acid complex structures (decoys),
which are scored and ranked using statistical functions developed for DNA-protein
complexes (Tuszynska et al., 2015). The HDOCK method operated, in this case, on
template-free rigid docking to generate decoys that are classified using intrinsic scoring
functions for both protein-protein and protein-RNA docking (Yan et al., 2017). Protein
residue interactions with DNA bases, the sugar-phosphate backbone, and major/minor
grooves were determined using PDIviz, a PyMOL molecular visualization system plug-in
(Schrodinger, LLC) (Ribeiro et al., 2015). NPDock results indicated that regardless of the
secondary structure conformation, residues within the N- and NAC domain were more prone
to interact with the DNA major groove (Figure 2).

Alternatively, HDOCK results demonstrated that residues with higher DNA-binding affinity
are mainly located within the NAC domain for both types of micelle-bound structures and
N-terminal for the fibril a-synuclein structure (Figure 3). Moreover, the structural motif
connecting the two anti-parallel helices observed in the SDS and SLAS bound a-synuclein
does not have an effect on the number of binding residues (Figure 4). Whereas, fibril a-
synuclein structure with p-sheet conformation shows fewer DNA-binding residues situated
solely in the N-terminal. Overall, both DNA-protein docking methods agrees on that
residues within the N- terminal domain of the tested a-synuclein structures are the most
likely to interact with DNA (Figure 4). Likewise, these results agree with a recent nuclear
magnetic resonance (NMR) analysis demonstrating that N-terminal residues of a-synuclein
interacts with nucleosomes /n vitro. Further experimental work is required to confirm these
prediction models and to address unanswered questions including: (1) What is the transient
versus stable nature of the a-synuclein-DNA interaction? (2) What is the effect of DNA
bound a-synuclein on DNA repair/replication and chromatin remodeling processes?

7. Mitochondrial DNA lesions and mitochondrial protein import defects

Mitochondrial dysfunction is another aging-related pathological feature linked to a neuronal
loss in PD (Payne and Chinnery, 2015). Even though mitochondrial anomalies are also
considered a common feature across neurodegenerative disorders, emerging evidence from
PD causative genes indicates that a striking number of these genes (11 out of 15 genes) are
involved in the regulation of mitochondrial function (Plotegher and Duchen, 2017).
Therefore, these data suggest that mitochondrial dysfunction is more closely associated with
PD. Moreover, many of the etiological factors related to PD development directly disrupt
mitochondrial homeostasis. The neurotoxin MPTP and the pesticide rotenone are the most
notable examples of PD related etiological factors. They are known to inhibit complex |
(NADH/ubiquinone oxidoreductase) of the mitochondrial electron transport chain, which is
reported to have reduced activity in sporadic PD patients (Flones et al., 2018; Keeney et al.,
2006).
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Furthermore, multiple lines of evidence have identified that mitochondrial accumulation of
a-synuclein impairs complex | function in dopaminergic neurons (Chinta et al., 2010; Devi
et al., 2008). The nature of the mitochondrial accumulation of a-synuclein remains unclear
Devi et al. reported that the N-terminal 32 amino acids of human a.-synuclein contain
cryptic mitochondrial targeting signal, which is important for its mitochondrial import
(Figure 1) (Devi et al., 2008). In addition to mitochondrial complex | defect, multiple
mitochondrial DNA (mtDNA) deletions are also present in the SNpc dopaminergic neurons
of patients with idiopathic PD and high a-synuclein levels (Bender et al., 2006; Reeve et al.,
2008). Overall, these cases lead to the hypothesis that a-synuclein’s association with
mitochondria, which is modulated by protein mutation and dosage, contributes to
mitochondrial defects observed in both sporadic and familial PD cases. However, the
mechanism by which a-synuclein causes mitochondrial dysfunction remains unclear. A
recent study showed that aggregated a-synuclein did not enhance mitochondrial defects
when differentiated neurons already had pre-existing inhibition of complex I activity (Reeve
et al., 2015). Notably, conditional deletion of NduFs4 to reduce complex | activity of
dopaminergic neurons in mice promoted PD-like non-motor symptoms without significant
neuronal death (Reeve et al., 2015). Hence, mitochondrial complex I inhibition mediated by
a-synuclein may not be the sole cause of mitochondrial dysfunction that leads to
dopaminergic cell loss (Choi et al., 2017).

7.1 Evidence of mtDNA defects in PD and linkage to a-synuclein toxicity

It is important to note that a-synuclein’s involvement in inducing DNA damage is well
established in the nucleus. Therefore, since a-synuclein localizes in the mitochondria, it is
expected a similar DNA damage pattern may occur in the mitochondrial genome as a direct
effect of a-synuclein; however, this has not been experimentally tested. Nevertheless, it is
essential to examine whether mitochondrial a-synuclein accumulation promotes a cascade
of events associated with mtDNA damage.

The mitochondrial accumulation of a-synuclein not only coincides with complex |
inhibition, but also occurs in concert with decreased expression of peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a) (Eschbach et al., 2015). PGC-1a is
a transcriptional coactivator that regulates the expression of nuclear genes including, Nrf2
and OXPHOS complex subunits (Gleyzer et al., 2005; Scarpulla, 2011). There is some
evidence indicating that a-synuclein downregulates PGC1-a levels by binding to the PGC1-
a DNA promoter sequence in response to oxidative stress (Siddiqui et al., 2012). The
correlation between a-synuclein overexpression and PGC1-a downregulation is of interest
because new studies demonstrate that prolonged overexpression of mutant A53T-a-
synuclein is associated with reduced TFAM levels (Fu et al., 2018). Consequently,
progressive a-synuclein accumulation in the aging brain may impair mtDNA transcription
and repair via signals from the nucleus to the mitochondria.

Mitochondrial protein import defect is another significant aspect to consider when
addressing the potential mechanisms by which a-synuclein induces mtDNA damage in
dopaminergic neurons (Figure 6B). The latest work on a-synuclein interactions with
translocases of the outer mitochondrial membrane (TOMM) established that toxic forms of
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a-synuclein preferentially bind to TOMM20, affecting the import of nuclear encoded
proteins into the mitochondria (Di Maio et al., 2016). This was supported by evidence
indicating that treatment with oligomeric or S129E a-synuclein reduced the mitochondrial
import of endogenous, nuclear encoded proteins, including complex | subunit Ndufs3,
cytochrome ¢ oxidase subunit 4 (COX4), and mitochondrial heat shock protein 70
(mtHSP70) (Di Maio et al., 2016). The two plausible mechanisms by which a-synuclein
inhibits protein import are: (1) direct competition for TOMMZ20 pre-sequence receptor sites
and (2) interruption of the TOMMZ20 interaction with TOMMZ22 (Di Maio et al., 2016). On
the other hand, a-synuclein overexpression is also associated with the degradation of
TOMMA40, which is one of the main import channels for the translocation of nuclear
encoded proteins into the mitochondria (Bender et al., 2013). Consequently, reduced
TOMMA4O0 levels in response to a-synuclein overexpression can also result in reduced
mitochondrial translocation of important nuclear encoded proteins. This combination of
findings supports the conceptual premise that a-synuclein can promote mtDNA damage by
preventing the import of essential proteins. In addition, mitochondrial quality control
pathways, including the Pink1/Parkin pathway, rely heavily on TOMM complex
functionality to execute mitophagy (Bertolin et al., 2013). Inhibiting the selective removal of
damaged mitochondria can result in high frequencies of deleterious mutant mtDNA (Kandul
et al., 2016). Therefore, there is abundant room for further work that identifies a mechanism
by which a-synuclein contributes to elevated levels of mtDNA mutations in SN
dopaminergic neurons in PD.

8. Concluding remarks and future directions

As debated comprehensively in this article, the recent profound progress in research related
to a-synuclein neurobiology in PD has led to new paradigms and mechanistic insights.
These advancements may reveal drivers of disease progression that are potential biomarkers
and therapeutic targets. The complexity and challenges associated with understanding the
specific implications of a-synuclein mediated molecular and cellular events are immense,
especially considering that these events can be neuroprotective, neurotoxic, or in some cases,
both. Moreover, the relative involvement of loss-of-function vs. gain-of-function toxicity
factors in a-synuclein induced neurodegeneration is still obscure. A critical look into recent
advancements in the field highlight several new challenges and raise additional questions.
Some of these that we addressed in this article are: (1) What are other important molecular
events that accompany a.-synuclein pathology? Notably, pro-oxidant metal/oxidative
dyshomeostasis, nuclear and mitochondrial genome damage and repair defects, altered
Parkin/PINK pathways, outer mitochondrial membrane protein degradation, and abnormal
endosomal/lysosomal pathways can be both dependent and independent of a-synuclein
toxicity. In addition, some of these pathways may be initially activated for neuroprotection
but turn out to be neurotoxic after sustained activation. A precise understanding of the
crosstalk among these pathways during disease progression and their neuroprotective versus
neurotoxic outcomes is critical to identifying appropriate therapeutic targets. (2) Our recent
study demonstrated that a-synuclein binds chromatin in neurons and identified a direct
mechanism for oxidized a-synuclein under pathological conditions to induce genome
damage, a process aggravated by excess iron (Vasquez et al., 2017). Intriguingly, increased
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Fe in PD may cause ferroptosis, a newly discovered cell death pathway (Do Van et al.,
2016). Although the sequestration of Fe by a-synuclein may prevent ferroptosis, the
accumulation of damaged a-synuclein in cell membranes can also promote ferroptosis
(Angelova et al., 2018). A careful re-evaluation of neuroprotective vs. pathological
consequences of a-synuclein in PD pathophysiology is needed to address these challenges
comprehensively. (3) The implications of genome damage in neurons are complex.
Unrepaired DNA strand breaks can induce multiple pathways, including senescence, cell
cycle re-entry, and ferroptosis (in the presence of Fe). (4) Another significant challenge is
the reproducibility of /n vitro models of a-synuclein toxicity. The constitutive
overexpression of wildtype a-synuclein, which occurs in PD patient-derived iPSC lines with
inherited triplication of the SNCA gene, affects neuronal differentiation. Furthermore,
prolonged constitutive expression leads to cell resistance and adaptation. As we recently
advocated, a conditionally expressing neuronal line may overcome this challenge (Vasquez
et al., 2018). (5) Finally, given the involvement of a-synuclein pathology in other
neurodegenerative conditions where it overlaps with other amyloidogenic proteins, it is
essential to understand how the crosstalk of these pathologies impacts genome damage and
repair. Evidence on overlapping proteinopathy in many motor neurodegeneration/mixed
dementia disorders, including AD, PD, ALS, and frontotemporal dementia (FTD), is
pushing the researchers to look beyond the “one disease — one protein aggregation” concept
(Figure 5A). We recently showed that the RNA binding proteins TDP-43 and FUS, which
may overlap with a-synuclein toxicity, play specific roles in genome maintenance (Guerrero
et al., 2019; Mitra et al., 2019; Wang et al., 2018b). A key characteristic of amyloidogenic
protein involvement in genomic instability is its high DNA-binding capacity (Figure 5B).
For instance, the direct binding of a-synuclein and Ap-42 to DNA can result in SSBs and
stabilization of altered DNA conformations (Suberbielle et al., 2013; Suram et al., 2007,
Vasquez et al., 2017; Vasudevaraju et al., 2012).

Conversely, functional loss of TDP-43 and FUS proteins contributes to genomic instability
by affecting DNA repair pathways, including BER (Wang et al., 2018b) and non-
homologous end joining (NHEJ)-mediated DNA double-strand break repair (Mitra et al.,
2019). We have found that TDP-43 toxicity impairs NHEJ by inhibiting XRCC4 and DNA
ligase IV recruitment at break sites, which leads to persistent DDR signaling and apoptosis
of ALS motor neurons (Mitra et al., 2019). Interestingly, a previous study noted that
concomitant overexpression of WT TDP-43 and mutant a.-synuclein caused severe
dopaminergic neuron loss (Tian et al., 2011). These findings suggest a possible synergistic
interplay between TDP-43 and a-synuclein toxicities in ALS-PD, whose impact on genome
instability requires further investigation. Understanding how amyloidogenic proteins bind to
DNA could reveal how these proteins induce DNA damage and alter repair activities in an
independent or interdependent manner.

Addressing these pertinent challenges associated with understanding a.-synuclein toxicity in
neurons would not only provide new avenues to improve the early diagnosis of PD
pathology, but would also aid in developing a comprehensive, mechanism driven therapy.
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Highlights

. This review outlines the complex and multi-faceted neurotoxic role of a-
synuclein in Parkinson’s disease.

. A particular emphasis is given to the emerging role of a-synuclein in
promoting genome instability.

. Pro-oxidant metal ions together with reactive oxygen species, significantly
modulate a-synuclein’s DNA binding and genotoxicity.

. Oxidized, chromatin-bound a.-synuclein causes strand breaks in genome.

. Potential residues mediating a-synuclein-DNA binding identified by
molecular dynamics simulation.
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Figure 1. Structural domain map of a-synuclein.
Schematic representation of a-synuclein structural domains indicating the potential residues

involved in nuclear and mitochondrial localization. Residues 1-60 and 103-140 are involved
in the nuclear localization of a-synuclein (Ma et al., 2014). Residues 1-33 potentially
contain a cryptic mitochondrial targeting signal (Devi et al., 2008). Missense a-synuclein
mutations, including A30P, which is associated with familial PD, occur in the N-terminal
domain. The aggregation-prone non-amyloidogenic region (NAC) is part of the membrane-
binding domain. The C-terminal domain is proposed to be disordered and modulates
interactions with various molecules including pro-oxidant metals associated with PD
pathology.
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Figure 2. NP-Dock graphical representation of a-helical and p-sheet a-synuclein structures
bound to DNA.

Description of protein-DNA complexes (left to right): Protein domains are highlighted;
protein residues interacting with either the DNA backbone or base atoms are shown as
colored red, blue, or yellow spheres; protein residues interacting with the major or minor
DNA grooves are blue or green, respectively. (A) The SLAS-bound a-synuclein structure
(PDB:2KKW) contains ~20 predicted binding residues and interacts only with DNA major
groove. (B) The SDS-bound a-synuclein structure (PDB: 1X8Q) contains ~23 predicted
binding residues and interacts with both the major and minor DNA grooves. (C) The fibril
a-synuclein structure (PDB2NOAchain A-D) contains ~29 predicted binding residues that
are distributed across structural chains B-D.
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Figure 3. HDOCK graphical representation of a-helical and p-sheet a-synuclein structures
bound to DNA.

(A) The anti-parallel a-synuclein structure (PDB: 2KKW) contains ~13 predicted binding
residues located mainly within the NAC domain and interacts only with the DNA major
groove. (B) The micelle-bound a-synuclein structure (PDB: 1X8Q) contains ~18 predicted
binding residues within the NAC and C-terminal domains and interacts only with the DNA
major groove. (C) The a-synuclein fibril structure (PDB 2NOA) contains ~14 predicted
binding residues that are located within the C-terminal domain and interacts with both the
major and minor DNA grooves.
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Figure 4. Comparative analysis of two DNA-protein docking methods for three characterized
PDB structures of a-synuclein.

Amino acid residues 60-100 within the NAC domain are the most likely to interact with
DNA when a-synuclein adopts an a-helical folded conformation (PDB ID: 1XQ8 and
2KKW). Amino acids residues located in either the N-terminal or the C-terminal of the a.-
synuclein fibril structure (PDB ID: 2NOA) are more free to interact with DNA.
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FTD
A spectrum of dementia
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Protein Genomic Instability Signatures Key References
+ Chromatin bound a-Syn promotes DNA strand (Hegde and Jagannatha
breaks. Rao, 2003), (Vasquez et
a-Synuclein al., 2017)
a-Syn overexpression activates DNA damage (Milanese et al., 2018)
response signalfactors.
+ AB binding to DNA causes DNA nicks. (Hegde et al., 2004),
Amyloid-8 (Suram et al., 2007)
« AR overexpression induces double strand (Suberbielle et al., 2013)
breaks.

* Nuclearloss of TDP-43 or mutants increases

accumulation of DSBs by impairing NHEJ (Mitraet al., 2019)
TOP-43 pathway. i (Guerrero et al., 2019)

+ Lossof nuclear FUS causes DNAnick ligation
FUS defects by impairing the recruitment of (Wang et al., 2018)
XRCC1/Lig lll complex to DNA strand breaks.

Figure 5. Crosstalk between a-synuclein and other amyloidogenic proteins.
(A) Venn diagram of key amyloidogenic proteins involved in motor- and dementia-related

neurodegenerative disorders illustrating the overlapping proteins involved in various disease
states. Notably, a-synuclein overlaps with other amyloidogenic proteins, which are also
known to induce genomic instability in specific neurodegenerative conditions. In Guamanian
ALS/PD, a-synuclein overlaps with DNA repair inhibiting proteins TDP-43 and FUS. In
Dementia with Lewy Bodies (DLB), a-synuclein interacts with DNA damage inducing
factor amyloid-p. Complex conditions that are not fully characterized, including
Parkinsonism-dementia complex syndromes and the frontotemporal spectrum of dementia
may result from the pathological overlap of key amyloidogenic proteins (Bougea et al.,
2017; Steele, 2005; Tan et al., 2017). (B) Table indicating key genomic instability signatures
of amyloidogenic proteins.
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Figure 6. Multi-faceted toxicity of a-synuclein in dopaminergic neurons.
Schematic representation of the reactive oxygen ROS accumulation and metal imbalance

that promote a-synuclein DNA nicking activity and mitochondrial dysfunction in
dopaminergic neurons. (A) Nucleus. Metal ions can contribute to a-synuclein oxidation by
binding to the oxidation prone residues, methionine, serine, and tyrosine, which facilitates
DNA nicking activity when a-synuclein is bound to chromatin. Chromatin-bound oxidized
a-synuclein can lead to DNA repair inhibition and DNA strand breaks that result in genomic
instability. Pro-oxidant metals and ROS can induce the inactivation of DNA repair proteins.
(B) Mitochondria. Oxidized or oligomeric a.-synuclein can induce mitochondrial
dysfunction by binding to TOMM complex proteins, which inhibits the translocation of
important antioxidant proteins and potential DNA repair machinery. In the absence of these
repair machineries, ROS can induce mtDNA strands breaks and somatic point mutations.
These defects can result in deficient oxidative phosphorylation complex activity that leads to
mitochondrial dyshomeostasis.

Prog Neurobiol. Author manuscript; available in PMC 2021 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Vasquez et al.

Table 1.

Nucbind protein-nucleic acid binding residues prediction

Nun}ber
Inpu Reerence  conoriation PRECIC  ginging Resies
PDB sites
FASTA 2q12A Alpha helical 5 9,21,43,54,58
PDB 1X8Q 2q12A Alpha helical 5 9,21,43,54,58
PDB 2KKW 3r8fA Alpha helical 5 9,21,43,54,58
PDB 2NOA Chain A-D N/A Beta sheet 3 9,21,43,54,58

Prog Neurobiol. Author manuscript; available in PMC 2021 February 01.

Page 35



	Abstract
	Introduction
	Structural characteristics and physiological properties of α-synuclein
	Multi-faceted α-synuclein toxicity in dopaminergic neurons
	Emerging mechanisms of cell death associated with α-synuclein toxicity
	Ferroptosis in PD: Interaction of Fe and α-synuclein?
	Neuronal cell cycle re-entry and abortive cell cycle induced apoptosis
	Cell-to-cell transmission of α-synuclein pathology and ER stress

	Nuclear localization and chromatin binding of α-synuclein: A new perspective
	Metal ions contribution to α-synuclein’s oxidation and genotoxicity

	Implications of α-synuclein binding to DNA
	Predicting the potential binding residues of α-synuclein

	Mitochondrial DNA lesions and mitochondrial protein import defects
	Evidence of mtDNA defects in PD and linkage to α-synuclein toxicity

	Concluding remarks and future directions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

