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ABSTRACT

This thesis examined the relationships between mitochondrial functions and genes related
to diseases with neurodegenerative effect like Alzheimer disease (AD), the Parkinson
disease (PD) and Huntington disease (HD). Neurodegenerative diseases seem to be found
in a large percentage of the general population and this raises our awareness to find the
pathways that are implicated to these diseases. This research begins with the presentation
of neurodegenerative diseases and their pathways under a framework of a correlation with
mitochondria. Then it goes on to explain the main mitochondrial pathways mentioned in
the first part of this study and continues to try to find a correlation between mitochondrial
genes and genes that have been associated with some of the diseases analyzed. Finally, a
comparison was made in pathways and gene level and some common findings were
found, while some non-common ones could possibly be used later for further research

that will help to find new possible targets for the treatment of these diseases.



HEPIAHYH

2E OUTN TN TTLYOKN €pyoacion EEETAGTNKAV Ol GYECELS OV VTAPYOLV UETAED TOV
LLTOYOVOPLAKMY AEITOVPYIDV KOt YOVISI®V GYETILOUEVOV UE TIG KUPLEG VEVPOEKPVAICTIKEG
acBéveteg onwg to AD (vooog tov Alzheimer), to PD (vécog tov Parkinson) kot to HD (
vooco¢ tov Huntington). 'Eywve eotioon oe avtéc Tic acbéveleg enedn @oivetal va
vdpyovv o€ UeEYAAO TOGOoTO TOL YeEVIKOD mANnBvopod kol ovtd avédver TV
evaioOntonoinon pog yo va Ppovpe TiG 0000G OV KAVOLV OVTEG TIG 0oBéveleg va
enpaviCovtar. H épevva avty apyilet pe v mopovoiaon TOV VEVPOEKPLAIGTIKOV
acfeveEl®V Kol TOV HOVOTOTIOV TOVG, Omov €xet Ppebel kamowo cvoyétion pe To
ptoxovopla. AxorovBwg, cvveyiler pe v emeENynon TV KOHPLWV LITOXOVOPLOK®OV
LOVOTIOTIOV T OTTOL0L OVOPEPOVTOL GTO TPADTO KOUUATL TNG EPELVOAG OVTNG Kot Guve)ilet
pe v mpoomdBelor €OPEONG GLOYETIONG UETOED TMOV UITOXOVOPLOKAOV YOVIdI®mV Kot
Kdmolwwv yovidiov ta omoio €yovv cvoyeticBel pe kdmowa amd TG acHéveleg mov
avaAvOnkav. Téhog, éywve pa obykpion (oe emimedo povomatidv kol yovidiov) Kot
Bpédnkav kdmowr Kowd petald TOLG EVA KMol un kowvéd Ba pmopovcav  va
YPNOUOTONOOVV GTN GUVEXELN Y10 TEPETAIP® EPEVVO KO EVPEST VEWV THAVOV GTOYWOV

Y10 OVTILETMTIOT TOV 0COEVELDV AVTAOV.
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APP: Amyloid-beta precursor protein

ATP: Adenosine triphosphate

Drpl: Dynamin-related protein 1

ER: Endoplasmic reticulum

ETC: Electron transport chain

FIS1: Mitochondrial Fission 1 protein
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NF-xB: Nuclear factor kappa- light- chain- enhancer of activated B cells
NMDAR: N- methyl- D- aspartate receptor
Nrf1/2: Nuclear respiratory factor 1/2

Opal: Optic atrophy 1
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PARL: MIM protease presenilin that is associated with rhomboid-like protein
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PTP: Permeability transition pore

RyRs: Ryanodine receptors

TFAM: transcription factor A, mitochondrial
VDAC: Voltage-Dependent Anion Channel

a-SYN: Alpha-Synuclein



INTRODUCTION

If we want to talk about a disease that affects the mitochondrion, at first, we have to know
more about the mitochondrion and its functions that is analysed in chapter 13. It has been
shown that mitochondria are derived from an organelle that was created due to the entry
of an endosymbiotic alphaproteobacterium into a cell that was related to Asgard Archaea.
This integration caused a big amount of changes such as the creation of many genes and a
protein import system, insertion of membrane transporters, integration of metabolism and
reproduction, genome reduction and also the endosymbiotic gene transfer (Roger et al.,
2017).

Mitochondria are spherical organelles, consisting of a double membrane and their

functions are important for the proper functioning and survival of mitochondria.

At first the OMM contains pores that allow molecules less than 5 kilodaltons to pass.
Secondly the IMM contains the components of the ETC and the complex that is
responsible for ATP synthesis. This membrane also has many folds that are called cristae,
which increase its total area of the membrane. These two membranes creates two
mitochondrial chambers, the intermembrane space that is placed in the middle of the both
membranes, and the uterus which is inside the inner membrane, with the mtDNA to be
inside the mitochondrial lattice (Chial et al., 2008).

The mtDNA is different from that of nuclear DNA. In humans the mitochondrial DNA
includes 37 genes that are encoded by 16,569 base pairs. These 37 genes produces 13
polypeptides (ND1, ND2, ND3, ND4, ND4L, ND5, ND6, COX1, COX2, COX3, CYTB,
ATP6 and ATP8), 22 tRNAs and two ribosomal RNAs. Those polypeptides are
responsible for the creation of the OXPHOS complexes I, 11, 1V, and V, and they are
critical for its activity. mtDNA also contains a noncoding region, D-loop (displacement
loop), which holds all the mtDNA replication and transcription regulatory sequences (Yan
etal., 2019).


https://pubmed.ncbi.nlm.nih.gov/?term=Roger+AJ&cauthor_id=29112874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yan%20C%5BAuthor%5D&cauthor=true&cauthor_uid=31027297

ALZHEIMER DISEASE

Alzheimer, is the one of the main causes of dementia and it is characterized by the
overproduction of peptide AP, that leads to increased fission and reduced fusion and as a
result the production of mitochondria that are smaller and damaged, but also the
accumulation of tau phosphorylated proteins in various brain areas. Especially in the
hippocampus seems to affect the memory and the learning abilities (Zhang et al., 2019).
Many studies shows that the scientific community is starting to change prospective about
the factors that were given in the original amyloid hypothesis and give attention to age-
related, protective, and disease-promoting factors that probably interact with the core
mechanisms of the disease (Scheltens et al., 2016).

Amyloid-p peptide
Amyloid-p peptide (AP) is the main component of amyloid plaques that is produced by a
median of 4 kilodalton fragments (Roher et al., 2017). Due to the splicing that happens to
APP gene mRNA the APP protein has many it
isoforms. APP gene is expressed in almost all
cells and a change in APP proteolysis results
in accumulation of Ap-fragments that
associate in amyloid fibrils (Dovidchenko et [ &
al., 2014). Mutations in the presenilins that %’ e
break down APP but also in the APP itself

lead to a process called "amyloid cataract.”

Presenilins

This suggests that the disease occurs when

APP is broken down by B-secretase to produce

APP 99 AICD

a C99 molecule, which is then broken down _ _

Figure 1: APP secretion by B8and y-secretase
by y-secretase. With the action of y-secretase,
it produces an intracellular area of 50-aa APP (AICD) as well as Ab fragments that have a
median length of 40 amino acids in normal individuals, but 42 amino acids in Alzheimer,
with a simultaneous increase in the ratio of AP42: AB40. Unlike AP40, AB42 is
fibrinogen and you can find it inside the plaques. This disparity is lethal to cells that

promote tau hyperphosphorylation resulting in AD symptoms (Area-Gomez et al., 2016).

With its production, the C99 moves to the endoplasmic reticulum, where it is broken
down by the y-secretase located in the MAM. In AD, however, this process is defective,
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https://pubmed.ncbi.nlm.nih.gov/?term=Scheltens+P&cauthor_id=26921134
https://pubmed.ncbi.nlm.nih.gov/?term=Dovidchenko+NV&cauthor_id=25749162

leading to the abnormal aggregation of C99 in the MAM, which associate with increased
conversion of sphingomyelin to ceramidine from an increase of sphingomyelinase
activity. Ceramidine then move to mitochondria and stops both the ETC assembly and the
ATP production (Area-Gomez et al., 2019).
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Figure 2: c99 secretion by 8- and y-secretase

Amyloid-p peptide and VDAC1

AP peptides can form protofibrils but also they can aggregate. The aggregated AP
peptides interact with many receptors like the Voltage-dependent Anion Channels
(pIVDACL) that is located at the mitochondrial membrane. As it was shown in cell
membranes, pl-VDAC1 collaborates with A oligomers in their N-terminal domain and it
creates a pl-VDAC1-Ap heterooligomer. These pores allow the peptides to get inside the
cell and interfere with the mitochondrial VDACL, causing the dissociation of the HK-I -
VDAC1 complex with the formation of heteromeric AB-VDACL1 pores on the surface of
mitochondria. The cytosolic AP peptide then interacts with the N-terminal domain of
VDACI1 channel that is located on the mitochondria, leading to VDAC1 oligomerization
and subsequent cytC release followed by the activation of the apoptotic pathway
(Smilansky et al., 2015, Shoshan-Barmatz et al., 2018). Ap peptides still have strong
effects on mitochondrial processes, especially mitochondrial enzyme activity, reducing

complexes Il and IV activity and producing respiratory dysfunction by inhibiting
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mitochondrial respiration. Ap proteins also seems to activate and interact with signaling
pathways, like NF-xB, which plays a major impact in inflammation, cell death and

division (Arun et al., 2016).

Monomeric AR Sagureae

" -
oo VDACI-A hetero-ofigomer

wsejdoif)

Figure 3: Amyloid-8 peptide and VDAC1

Amyloid-B peptide and Ca?*

Calcium movement in mitochondria is coordinated by the mitochondrial calcium
uniporter, Na'/ Ca®* exchanger and the VDCA that was described before and the
mitochondrial permeability transition pore (Sushma et al., 2019). ER calcium levels are
increased in AD and in aging neurons. This increase in calcium concentration shifts the
balance between calcium dependent phosphatase calcineurin (CaN) and its opponent
calcium/ calmodulin-dependent protein kinase Il (CaMKII), which are extremely
abundant in synaptic locations and produces long-term potentiation, it is producing also
long-term depression, causing synaptic loss and neurodegeneration (Pchitskaya et al.,
2018). AP can activate NMDARs channels or create pores at the membrane of
glutamatergic synapses, allowing the calcium to get inside the cell and in relationship
with the activation of metabotropic receptors that release calcium from internal stores, it
elevates the concentration of calcium inside the cell. After that more calcium travels
inside the ER and mitochondria. AB triggers also the calcium to move from the ER,
through the InsPsR and RyR to the plasma and with the help of VDAC (at OMM) and
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MCU (at IMM) to mitochondria leading to the increase of calcium mitochondrial content.
These peptides seems to reduce the entry of proteins that are encodes to the nucleus due
to the interactions they have with complex TOM40, and also they create aggregates in the
intramembrane space that affects the permability of both mitochondrial membranes. They
also interact with the respiratory chain complexes IV and V at inner. Furthermore, Ap
may bind also to CypD promoting its translocation to the IMM, and then stops the
activation of the mPTP (Naia et al., 2017).

AR channel NMDAR

Calcium @
CypD @

Cytoplasm

Figure 4: Amyloid-8 peptide and Ca2+homeostasis

Tau Hyperphosphotylate

A second feature of AD is the accumulation of phosphorylated tau proteins in various
areas of the brain. The percentage of tau protein phosphorylation also adjust microtubules
stability due to kinases and the specific phosphatases that adjust the percentage of

phosphorylation with the non-phosphorylated form preferentially links to microtubules
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https://scholar.google.com/citations?user=CCGOMHYAAAAJ&hl=en&oi=sra

(Jouanne et al., 2017). Tau hyperphosphorylated protein appears to be afflicted by a
variety of pathological factors like abnormal kinase activation, abnormal gene expression
and chronic stress or disease, leading to over-aggregation and formation of neurofibrillary
tangles (NFTs). NFTs causes loss of synapses, impaired axial transport, mitochondrial

and cytoskeletal dysfunction and oxidative stress. (Gao Y et al., 2018).
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Figure 5: TAU and the interaction with neurons

Neuroinflammation in Alzheimer

It has been reported that both mitochondrial dysfunction but also neuroinflammation
occur in AD. However, the relationship between them is interrelated since mitochondrial
dysfunction causes inflammation, as well as inflammation leading to mitochondrial
dysfunction. Mitochondrial dysfunction affects the cellular metabolism that produces the
cell energy and it can release a big amount of components inside or outside of the
mitochondrio. Then it triggers a number of mechanism, like apoptosis, necrosis, and
inflammation. As a result, failure to produce bioenergy and combinations of
mitochondrial dysfunction, neuroinflammation, and bioenergetic insufficiency can lead to
the development of neurodegenerative diseases like AD. Damage-related molecular
patterns (DAMPSs) have been linked to sepsis in recent years. Mitochondrial DAMPSs
including mtDNA, formylopeptides, RNA, ATP, certain mitochondrial localized proteins
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and cardiolipin are bound to the template recognition receptors (PRRs), such as toll-like
receptors, formylpeptide receptors, or inflammatory NLRP3. These receptors are located
in the cytosolic membrane and when they are activated they stimulate a number of
inflammatory paths that are correlated with the appearance, development and outcome of
many diseases. Activation of PRRs receptors leads to phosphorylation and activation of
p38 mitogen-activated protein kinases (p38 MARK). These kinases then activate the NF-
kB causing it to shift to the nucleus. NF-xB can initiate the transfer of APP (Amyloid
precursor protein) but also facilitate the transfer of cytokines such as TNFa which can
enhance inflammation by independently activating the signaling activated by p38 MARK
and NFKB (Wilkins et al., 2016, Li et al., 2019). Subsequently, APP then will be cut by 3
and y-secretases and it will cause the production of A peptides that are also responsible
for the appearance of amyloid plaques in AD (Roher et al., 2017).

Nucleus

Figure 6: Neuroinflammation and AD
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PARKINSON DISEASE

Parkinson's disease is associated with aging and dysfunction in mitochondria (Arun et al.,
2016). It appears generally to 1 percent of persons older than 60 years, and up to 4
percent of elders with more than 80 years (Gazewood et al., 2013). Parkinson has been
characterised by the classical motor features of Parkinsonism associated with Lewy
bodies and loss of dopaminergic neurons in the substantia nigra (Kalia et al., 2015). This
disease may appear with non-motor symptoms, like sleep disturbance, cognitive

impairment and depression (Macdonald et al., 2018).

PINK1 and Parkin

PINK1 and Parkin play important part in the mitochondrial degradation pathway.
Normally PINK1 can be found in mitochondria connected to the IMM, where it is cleaved
and subsequently degraded with the help of PARL protein that causes the N-terminal
fragmentation of PINK1. Due to that the phosphorylation of parkin stops and the
mitophagy pathway stops. When mitochondrial membrane potential decreases, PINK1
accumulates in the outer membrane
and then ingests parkin from the
cytoplasm. This permits the activation
of mitophagy or the degradation of
mitochondria that have been damaged
(figure 8) (Eiyama et al., 2015, Liu et
al., 2019). Consequently, Parkin
ubiquitinates  outer  mitochondrial

membrane  proteins that  trigger

selective autophagy. (Pickrell et al.,

Figure 7: Loss of PINK1 or Parkin and cell death 2013). Futhermore Diana Matheoud et

al., 2016 in an experiment observed that the loss of function of PINK1 and Parkin showed
high levels of mitochondrial antigens in macrophages and dendritic cells but also loss of
mitophagy, increase of oxidative stress and neurodegeneration of the black substance
(figure 7) (Barodia et al., 2016).

16


https://pubmed.ncbi.nlm.nih.gov/?term=Gazewood+JD&cauthor_id=23418798

pnki) Degradation

PINK1

Parkin-substance
mep & 0 o a
parL @ uw @

PHOSPHORICACID ©

Figure 8: Pink1 and Parkin proteins actions when mitochondrial membrane potential changes. In the left one is
shown the activity of Pink1 when the mitochondrial membrane potential is normal and in the right one the activity of
the 2 proteins when it occurs mitochondrial membrane depolarization.

Pink1 and Fusion/Fission

Mitochondrial fusion requires the correct form of proteins Mfn and Opal, and
mitochondrial fission requires the proteins Drpl and Fisl. Pinkl and Parkin promote
fission and/or inhibit fusion, either directly or indirectly (Deng et al., 2018). It has been
shown that Drpl-mediated fission is required for mitophagy and loss of Drp-1 function
disturbed mitochondrial fission and mitophagy. This can lead to cell or neuron death that
occur in PD (Feng et al., 2019). Mutations in PINK1 are known to alter fusion-fision
machines and ultimately add to the pathogenesis of PD. In a study by Y. Yang et al. in
2008, it was indicated that PINK1 acts through Fisl and Drpl to regulate mitochondrial
cleavage. Moreover an experiment conducted by Dadga et al. in 2009, the overexpression
of the PINK1 in wild-type mitochondrial showed that less damaged and more elongated
mitochondria were present. Then the loss of PINK1, led to increased mitochondrial
fragmentation, showing that PINK1 and mutations in PINK1 interact with the

mitochondrial fusion-fission mechanisms (Arun et al., 2016).
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SNCA

Genetic anomalies in the o-SYN coding gene SNCA seems to make a-SYN a major
factor in the disease pathogenesis (Guhathakurta et al., 2017). a-Syn fibrillation proceeds
through oligomerisation to the formation of multiple nonfibrillar oligomer that
intermediates termed protofibrils, which subsequently convert into fibrils (Paleologou et
al., 2012). Improper folding of a-SYN creates aggregates, initially in a small number of
cells, where it could gradually lead to the spread of the aggregates to multiple areas of the
brain after a time frame has elapsed since the initial infection. With the help of
neurotoxins, the aggregates can be transferred to other areas of the brain and finally
released into the extracellular space. Cell experiments showed that the weakening of LAS
leads to elevated secretion of a-synuclein in the extracellular space through
extracorporeal cells and that endocytosis is a key mechanism of cellular a-SYN uptake.
(Poewe et al., 2017). As it is shown in figure 9, the formation of toxic oligomers from a-
SYN has as a result the creation of B-pleated sheets that stop the degradation of a-SYN
but also produce oxidative stress to mitochondria. E.M. Rocha et al. in 2018 searched for
the actions between a-SYN and the receptors of the OMM. They found out that a-SYN
has a mitochondrial targeting sequence (MTS) at its N-terminal which is recognized by
the displacement of the receptors on the outer membrane (TOM) of the mitochondria.
These proteins, which initially target the network, are transported through the TOM
complex to TIM (translocase of the inner membrane) and then to the uterus. a-SYN can
still bind to the TOM20 receptor and prevent its interaction with the TOM22 co-receptor,
causing inhibition of mitochondrial protein induction. The interaction between o-SYN
and TOM20 was found also that takes part in mitochondrial damage and excessive ROS

production.
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Figure 9: Mutation on SNCA
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LRRK2

The mutant LRRK2 seems to appear in the majority of the Parkinson cases but also many
versions of the LRRK2 gene have also been associated with sporadic PD. Genetic control
of LRRK2 mutations is important for endangered populations (Sharon L et al., 2017).
Mutations in LRRK2 were subsequently shown to be a relatively common genetic cause
of PD worldwide. Only six of these have been identified as disease-causing: G2019S,
Y1699C, 12020T and R1441C/G/H (Kluss et al., 2019). There are three mechanisms that
seem to be affected from mutant LRRK2: the interaction between both LRRK2 and a-
SYN that through Drpl leads to mitophagy and cell death, the autophagic system from
the decrease of Rab7 which blocks the degradation of o-SYN and at last the
inflammation. The interaction between a-SYN and LRRK2 showed increased toxicity and
elevated complex | inhibitors which as a result proved the effect of those two on
mitochondrial respiratory chain. These complex | dysfunction caused from LRRK2 and

a-SYN can lead to oxidative stress and ATP production impairments (Cresto et al., 2019).
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Figure 10: Mutant LRRK2 and the effect on mitochondria

HUNTINGTON DISEASE

Huntington’s disease is one of the most fatal autosomal dominant neurodegenerative
disorder with the average age of onset around 30 years. Key features of this disease are a
combo of motor, cognitive and psychiatric symptoms, atrophy of the basal ganglia and
cerebral cortex which is still observed, with the escalation of symptoms leading patients
to death 5-20 years after the start of its initial symptoms. The onset of the disease appears
due to the pathological increase in the number of copies of the repeated CAG in exon 1 of
the Huntingtin gene that is located on chromosome 4 (lllarioshkin et al., 2018).
Huntingtin has an anti-apoptotic role by affecting members of the caspase-3 family and
also the family of the pro-apoptotic Bcl-2s such as BIK and BAK. Non mutant htt, seems
to protect also the neurons from neurotoxins such as 3-nitropropionic acid (3-NP) which

inhibits mitochondrial complex 11 and causes HD-like symptoms (Farshbaf et al., 2017).
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HTT and the homeostasis of calcium

The interaction between the mHTT and MOM may reduce the activation of the
mitochondrial PTP, which is activated by calcium, ROS or reduced adenine nucleotide
levels and can cause mitochondrial swelling, depolarization and at last cell death (Carmo
et al., 2017). Where mHTT is present, the normal huntingtin is no longer available to bind
the PSD-95 protein, which activates NMDAR and leads to mitochondrial calcium
overload. In ER, the interaction between InsPsR1 with HAP:A and mHTT increases
calcium release and making mitochondria more sensitive to calcium overload. This
increase of calcium, has as a result the movement of calcium inside the mitochondria
through the interaction between InsP3R and VDAC and MCU. When the mitochondrial
calcium storage capacity is reached, the mPTP is activated and promoting the
mitochondrial depolarization and further calcium release into the cytoplasm but also
mutant huntingtin may be associated with the OMM and IMM, through the direct
connection to the translocase of the TIM23 that is located in IMM and the complex Il of

the respiratory chain, boosting energy lose and mPTP activation (Naia et al., 2017).
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Figure 11: mHTT and calcium homeostasis
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Htt and the PGC-1a pathway

The weak PGC-1a expression and function has emerged as a factor that produces the
mitochondrial dysfunction in HD (Johri et al., 2013). The interactions between PGC-1a
and the nuclear transcription factors NRF1 and NRF2 have a key role in mitochondrial
biogenesis. The expression and the activity of these two nuclear factor increases through
protein-protein interactions. NRF1 and NRF2 activates TFAM and binds to promoter
regions of nuclear genes encoding subunits of the five complexes in ETC, where it
increases the assembly of respiratory chain, it regulates genes that are involved in heme
biosynthesis, imports nuclear encoded mitochondrial proteins, and promote mtDNA
replication and transcription (Li et al, 2017). Different pathways seem to occur and
control the expression of PGC-1a but also its activity. It seems that PGC-1a increases its
own expression by an auto-regulatory loop but also with the phosphorylation by AMPK
and p38 a, methylation by PRMT1, de-acetylation by SIRT1 and at last it is also
modulated by cAMP, Ca?* and CREB (Lloret et al., 2019).

Cell

Figure 12: The suspension of PGC-1a activating pathway by mutant huntingtin
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Htt and Drpl expression

Mutant Htt reduce movement of mitochondria in neurons, which leads to loss of
mitochondrial mobility and dysfunction. The increased expression of Drpl and Fisl but
also the under-expression of mitofusins and OPAL in cellular models of HD (Chaturvedi
et al., 2011), seems to interact with Drpl GTPase domain, propagating enzyme activity
leading to disproportionate mitochondrial fission (Oliver et al., 2019). Hemachandra
Reddy in 2014 revealed that some mechanisms are likely to be involved in excessive
mitochondrial fission in HD-affected neurons. Extreme production of ROS can activate
fission proteins and increases the Drpl GTPase enzymatic activity, while mHtt interaction
with Drpl has as a result the increase of GTPase Drpl enzymatic activity that increase
mitochondrial fission and creates an imbalance in mitochondrial dynamics. Also the S-
nitrosylation of Drpl in mHtt improved GTPase Drpl activity, can cause excessive
mitochondrial fission. The last mechanism that was described was the phosphorylation of
Drpl at Ser 616, Ser 585 and Ser 637, sites that increases the GTPase activity and causing

the elevate fission in mitochondria.
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Figure 13: Metabolic Pathway of Huntington Disease
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AMYOTROPHIC LATERAL SCLEROSIS

A number of cases links axial transport disorders with motor neuron disease, such as
ALS, a devastating neurodegenerative disease that affects both of motor neurons (upper
and lower) and causing paralysis and early death (Manfredi et al., 2009). In
neurodegenerative diseases, maintaining a healthy mitochondrial network is often at stake
as mitochondrial dysfunction contributes to neuronal disruption and the loss of motor
neuronal. A big percentage (near 90%) of ALS cases have the sporadic form of ALS
which is the most common and about the 10% have the familial form (Tadic et al., 2014).
In addition, repeated GGGGCC in the first intron of the C9ORF72 gene has recently been
shown to be associated with ALS. The factors that cause the disease are still unclear,
although recent calcium disorders, ERstress, and mitochondrial dysfunction seems to be
involved in the pathogenesis of ALS (Tadic et al., 2014). Other mechanisms that seems to
be related with the ALS patient pathophysiology include: oxidative stress, protein
aggregation, unregulated intracellular trafficking, reduced axial transport,
neuroinflammation, and unregulated transcription, RNAic et al. (Tadic et al., 2014).
Another factor is the members of the Bcl-2 family, that have role in the apoptosis like the
pro- and anti-apoptotic proteins that controls the release of factors that can activate
caspases from mitochondria and then activates the apoptotic signalling cascades. (Smith
et al., 2017). Broken mitochondria concentrate in motor neurons affected by genetic or
sporadic forms of ALS, increases and that is strongly suggesting that the failure to keep a
healthy mitochondrial group plays a role in the disease progress (Manfred et al., 2018).
Mitochondria are normally found in high-use ATP sites and Ca?* storage requirements,
like cell bodies, Ranvier nodes, and synchronous terminals. So, changes in mitochondrial
transport can lead to local loss of energy, calcium imbalance and it can also cause
consistent dysfunction and loss of neurons (Magrane et al., 2009).

Superoxide dismutase 1 (SOD1)

SOD1 is an antioxidant protein and when mutant SOD1 protein occurs, it promotes the
apoptosis of mitochondria. Tan et.al in 2014 found that self-oligomerized SOD1 that may
not be balanced by self-dissociation is a factor to the onset of the disease. That paper also
found out that the oxidized form of SOD1 (OxSOD1 is open to assessment more than its
wild type counterpart, just like the mutant SOD1-G93A. Also the mutant SOD1 has been
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shown to increase the creation of damaging hydroxyl radicals and peroxynitrite
derivatives, which stop the mitochondrial electron-transport chain resulting to a
significant decrease of ATP. Mutant SOD1 can be found to the intermembrane space
(IMS), where it has been shown to accumulate and decrease the ETC activity. When the
mutant SOD1 starts to aggregate they moved to the surface of OMM (Tadic et al., 2014,
Smith et al., 2017) and interacts with mitochondrial function that leads to cell death (Tan
et al., 2014). This form also showed an increased oxidative stress and structural damage,
which can cause the release of cytC.

Superoxide dismutase 1 and calcium homeostasis

In a study by Magrane and Manfredi in 2009, it was found that in G93A SOD1 mutations,
there was a decrease in mitochondrial calcium capacity not only in the brain but also in
spinal cord which appeared in the early stages in the course of the disease. When
mitochondrial calcium uptake isn’t working properly, as seen by the low calsium
movement in SOD1G93A and followed by elevated calcium levels, can cause the reduced
capability to limit calcium transient amplitudes in the cytosol (Jaiswal et al., 2014). This
can lead to the production of ROS which eventually will cause the creation of misfolded
proteins such as TDP-43, FUS and SOD1. This proteins and abnormal RNA processing
can cause ER stress and increase calcium concentration in neurons. This increase of
calcium, the production of ROS and the mitochondrial depolarization will activate the
mPTP channel (Tadic et al., 2014). The activation of that channel will cause the increase

of cytC in neuron and then the activation of the apoptotic pathway.
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Figure 14: SOD1 and calcium homeostasis

Superoxide dismutase 1 and the apoptotic pathway

Mutant SOD1 has directly influenced apoptotic signalling by interaction with B-cell
lymphoma 2 (Bcl-2). Wild-type and mutant SOD1 have been shown to bind the anti-
apoptotic factor Bcl-2 in spinal cord. When bound to mutant SOD1, the BH3 domain of
Bcl-2 is exposed and this causes a pro-apoptotic gain of function of the Bcl-2 protein in
both cell and animal models of mutant SOD1 G93A ALS and in a mutant SOD1 patient
spinal cord. The toxic mutant SOD1-Bcl-2 complex inhibits mitochondrial permeability
to ADP and induces mitochondrial hyperpolarization due to reducing the interaction of
SOD1 and VDACL1 (Smith et al., 2017). Another study showed that the proteins Bcl-2,
Bcl-2-associated Xprotein (Bax/Bak) and the Bcl-2 interacting killer (BIK) can enhance
calcium transfer from ER to mitochondria and the ensuing calcium accumulation
activates apoptosis via cytC (Tadic et al., 2014). The increased calcium levels that can
prevent kinesin from binding to microtubules due to the exposure to the activity of mutant
SOD1 can lead to decreased anterograde axonal transport (Shi et al, 2011). The
relationship between mutant SOD1 and Bcl-2 have, showed that the exposure of the BH3
domain in Bcl-2 by mutant SOD1 could potentially affect the fission and fusion
machanism in mitochondria as BH3 domain only proteins like Bax and Bak can elevate
mitochondrial fission (Tan et al., 2014).
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Superoxide dismutase 1 and axonal transport

The mutant SOD1 can also interact with factors of the axonal transport of mitochondria
such as phosphorylate kinesin heavy chain and kinesin light chain, interact with the
dynein-dynactin complex and may result in impairment of retrograde transport or the
disturbed mitochondrial membrane potential could have an impact on mitochondrial
transport (Shi et al., 2011). There was found that specific transportation of mitochondria
depends on the correct motors and linkers combinations, except of SOD1 mutations.
Resently have been discovered the implication in specific linkage of mitochondrial to

kinesin-1 by two cargo adaptor proteins (Magrane et al., 2009)

Miro-Milton pathway

It was shown that mutations in the pathway of miro-milton but also mutations or loss of
function in parkin effects the axonal movement of mitochondria and as a result they
trigger neuron cell death. To begin with, Milton is an adaptor protein that interacts with
kinesin heavy chain (KHC), the mitochondrial protein Miro and recruits mitochondria to
the kinesin motor in microtubule-dependent transport (Shi,2009). Together all the three of
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them can provide a mitochondria-certain axonal transport mechanisms (Granatiero et al.,
2018). Mitochondrial rho-like GTPase Miro-1, which is found on the external side of the
OMM, is connected to the membrane by a carboxy-terminal transmembrane domain.
Miro then interacts to the Milton protein and then Milton connects to the kinesin-1 heavy
chain (Magrane et al., 2009). Furthermore, Miro-1 carries a GTPase and calcium binding
domains, and mutations in these domains trigger a negative phenotype that is described
by the accumulation of mitochondria in the perinuclear region and increased apoptosis in
cultured cells (Magrane et al., 2009). Veronica Granatiero et al., in 2018 showed that
there are two mechanisms that have been proposed to describe the way that Miro controls
the mitochondrial movement in a calcium-dependent manner. Motor-Miro binding model,
shows that when the concentration of calcium is low, the C-terminal tail of kinesin is
bound to the mitochondrion through its interaction with the Milton—Miro complex and
then allowing the mitochondria to move. When calcium concentration starts to increase, it
binds to Miro EF hands, causing a direct interaction of kinesin with Miro, which stops the
mitochondrial movement. The motor-Miro binding mechanism, proposed that when
calcium concentration increases, Miro stay connected to Milton and to mitochondrion,
and separates from the kinesin, and as a result it stops the mitochondrial transport
(Granatiero et al., 2018).
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Figure 16: The Miro-Milton pathway

Optineurin mutations
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Another mutated gene that was found related with ALS is OPTN that encodes the
optineurin protein. There are three OPTN mutations that are found in ALS, first the
deletion of exon 5, secondly a nonsense mutation and at last a missense mutation. This
protein controls the membrane trafficking, the mitochondrial clearance impairment,
protein secretion, cell division and it hosts also defence mechanism against pathogens.
Optineurin normally stops NF-«kB activity, but the mutant one seems to be unable to stop
the activity of NF-kB. Moreover, there is a sign that incorrect NF-xB activation is the
pathogenic mechanism under optineurin mutation-related ALS. (Tadic et al., 2014 & Kim
et al., 2020). Optineurin also plays role in PINK1-Parkin mediated mitophagy. After
Parkin is recruited to the OMM, optineurin connects to ubiquitinated mitochondria
promoting the autophagosome nucleation through LC3 recruitment. The interaction
between optineurin and LC3, which finalizes autophagic clearance of damaged
mitochondria, depends on Tank-binding kinase that interacts with optineurin and by
phosphorylating it at specific serine residues adjust its ability to connect to ubiquitinated

mitochondrial proteins (Granatiero et al., 2019).
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Figure 17: Mutant optineurin and ALS

FRIEDRIECH ATAXIA

Friedreich’s ataxia (FRDA) is an autosomal recessive and degenerative disease which
interacts with the central and the peripheral nervous systems, non-neural tissues (Liet et
al., 2019), but also is considered as a cardio degenerative condition, where the loss of
mitochondrial functions plays a crucial role in this disease progression (Shannon Chiang
et al., 2017). FRDA is caused by a GAA triplet-repeat that is placed within an Alu
sequence element in intron 1 of frataxin (FXN) gene, a protein that encodes in the
mitochondria (Li et al., 2019). FXN is a nuclear-encoded protein that is transferred to

mitochondria and whose function in mitochondria supports the formation of iron—sulfur

29



clusters, protects from oxidative stress, and maintain iron homeostasis (Jasoliya et al.,

2017). It takes part in mitochondrial iron-sulfur cluster biogenesis, and in the creation of

mitochondrial enzyme complexes I, Il and Ill, other mitochondrial enzymes and

therefore, a decrease in FXN might impact mitochondrial function and numbers (Jasoliya

et al., 2017). As a result, frataxin loss of function leads to mitochondrial DNA damage,

mitochondrial iron accumulation, ISC deficiency, perturbed heme synthesis, and

oxidative damage (Li-Hsuan Huang, 2009). There are two mitoferrins MFRN1 and

MFRN2 that take the responsibility to transfer the Iron across the IMM into erythroid and

non-erythroid cells, which normally provides a normally homeostasis of iron. (Chiang et

Figure 18: The Friedriech Ataxia pathway
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Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a
neurodegenerative disease and is considered to be one the most usual types of autosomal-
recessive ataxias in the world after Friedreich ataxia and ataxia telangiectasia (O.
Bereznyakova et al., 2018). This disease is caused due to mutations in SACS, which
encodes sacsin protein that is placed on the mitochondrial surface and is possibly
involved in mitochondrial dynamics (Criscuolo et al., 2015). This mutation on sacsin
showed altered transcript levels for OXPHOS and oxidative stress genes (Bradshaw et al.,
2016). This disease at first was described as a homogeneous syndrome that was including
spasticity, dysarthria, distal muscle wasting, foot deformities, truncal ataxia, absence of

sensory evoked potentials in the lower limbs (O. Bereznyakova et al., 2018).

Spastic Ataxia 5

The ATPase family 3-like gene (AFG3L2) encodes a subunit of the m-AAA class of
mitochondrial proteases (Pierson et al., 2011). AFG3L2 also encodes an ATP-dependent
proteolytic complex of the IMM that degrades misfolded proteins and regulates ribosome
assembly (Dosi et al., 2020). These ATP-dependent metallopeptidases assemble into large
proteolytic complexes in the IMM and function to ensure mitochondrial protein quality
control through the degradation of misfolded proteins and the maturation of essential
proteins (Pierson et al., 2011). In mitochondria, the m-AAA protease is having 2 highly
homologous subunits, the paraplegin that is encoded by the SPG7 gene and AFG3L2,
which assemble to form hetero-oligomeric and, in the case of AFG3L2 only, homo-
oligomeric functional complexes (Almajan et al., 2012). m-AAA proteases adjust the
creation of the MCU and the reduce of its subunit EMRE in AFG3L2-deficient
mitochondria results are the unregulated MCU complexes, the increase mitochondrial

calcium concentration and promote the calcium related nevron death (Patron et al., 2018).

Spastic Ataxia 7

The SPG7-AFG3L2 complex take part in many pathways that are critical for
mitochondrial function, including mitochondrial protein quality control and homeostasis

(Dosi et al., 2020). Mutant paraplegin, can cause an autosomal recessive form of
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hereditary spastic paraplegia (HSP) (Atorino et al., 2003). Also the complex impairment
can lead to dysfunctions in mitochondrial protein synthesis, respiration, mitochondrial
integrity and networking, axonal transport, as well as dysfunctions in Ca* flow and Ca**
- related cell death (Dosi et al., 2020). The reduced complex SPG7-AFG3L2 promotes the
impairment of the complex | activity and an elevated sensitivity to oxidant stress that can
be altered with the grand of exogenous expression of wild-type paraplegin (Atorino et al.,
2003).
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Figure 19: Metabolic Pathway of Spastic Ataxia 5 and 7

32



BULBOSPINAL MUSCULAR ATROPHY

Bulbospinal muscular atrophy (BSMA) disease, also known as Kennedy's disease, is a
rare, adult-onset, X-linked, recessive trinucleotide and polyglutamine (poly-G) disorder,
that is caused by expansion of an unstable CAG-tandem repeat in exon 1 of the androgen-
receptor (AR) gene on chromosome Xqll-12 (Finsterer et al., 2010). BSMA is
characterized by selective degeneration of lower motor neurons (Finsterer et al, 2016).
The number of CAG repeats often exceeds 40, compared with 17-26 repeats for healthy
controls (KM Au et al., 2003). Several findings suggest that the main factor in BSMA is
the creation of polyQ-AR, likely due to defects in mitochondrial trafficking but also the
interference it has with the PGC-1a, a master regulator of mitochondrial biogenesis and
function that is decrease during the disease. At last, polyQ-AR N-terminal fragments can
regulate a mitochondrial-originating Bax-dependent apoptotic cascade, potentially

connecting mitochondrial damage with neuronal death (J. Cortes et al., 2018).
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Figure 20: Metabolic Pathway of Bulbospinal muscular atrophy
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Neurodegenerative Diseases and Mitochondrial functions

The next step is to discuss the mitochondrial processes that are affected by the

neurodegenerative diseases that was discussed above.

Fusion and Fission

There are two mechanisms that control the mitochondrial dynamics: fusion and fission,
and the mitochondrial biogenesis and degradation, but also processes like intracellular
transport that can sustain mitochondrial homeostasis, adjust the mitochondrial form, and
take part in cellular stress response (Meyer et al., 2017). Both processes fission and fusion
can be controlled by GTPases (Youle et al., 2012). The mitochondrial dynamics include
dynamin-related/-like protein 1 (Drpl/DLP1), Mfn, and OPALl. Drpl/DLP1 controls
mitochondrial fission, where Mfn and OPAL1 control the fusion of outer and inner
membranes, respectively and in case of mitochondrial fusion the inner membrane
dynamin OPAL1 is required for not only IMM fusion, but also maintenance of cristae
structure. The OMM fusion protein Mfn has two isoforms: Mfnl and Mfn2. Mfn2 also
can be found to the ER membranes where it interacts with proteins Mfnl or Mfn2 that are
localized in mitochondria to tether two organelles or to keep the critical distance (Lee et
al., 2016).
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Figure 21: Fusion and Fission pathway
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Apoptosis

The process which controls the regulation form of cell death is called Apoptosis. It is also
responsible for the mechanism that controls the maintenance of cell numbers, and also it
acts as a defence mechanism to remove dangerous and unwanted cells (Estaquier et al.,
2011). Proteins of the Bcl-2 family have either pro- or anti-apoptotic jobs and can
regulate the mitochondrial pathway of apoptosis by controlling the permeabilization of
the OMM so in response to many types of stress or damage, members of the Bcl-2 family
(like BH3-only proteins) are activated (Joslyn K et al., 2009). This allows the release of
mitochondrial intermembrane space proteins like BAX and BAK that activate cytC which
binds to apoptotic peptidase activating factor 1 (APAF1), forming a heptameric structure
called the apoptosome. Then the apoptosome recruits and activates the initiator caspase 9,
and from that activation caspase 9 activates the caspase 3 and caspase 7 (Bock et al.,
2020). As a result this activation produce the apoptosis of nerve cells and

neurodegeneration.
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Figure 22: The apoptotic pathway

Oxidative phosphorylation

Respiration is one of the most important mechanisms of living organisms and is
completed by respiratory chain complexes located on the MIM (Guo et al., 2017). In the
ETC, the electrons go through complexes that elevate the mitochondrial membrane
potential and produce a release in energy that can be released as heat or utilized to pump
hydrogen ions (H*) from the mitochondrial matrix to the intermembrane space and create
a proton gradient. The OXPHOS is composed of five enzymes complexes and all of them

except for Complex |1, have subunits encoded both in the mitochondrial genome and the
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nuclear genome (Signes et al., 2018). Complex | (NADH: ubiquinone oxidoreductase)
plays a central role in cellular metabolism. By oxidizing NADH to NAD™ in the
mitochondrial matrix, it supplies reducing equivalents to support the Krebs cycle and the
B-oxidation of fatty acids (Sousa et al., 2018). The proton pumps that is located in
Complex |, transfers two electrons to ubiquinone and then tho to cytochrome c
oxidoreductase but also moves four protons across the membrane (Sousa et al., 2018).
Complex 11, also known as succinate dehydrogenase, takes electrons from succinate and
acts as a second entry point to the ETC. When succinate approaches the Complex Il it
oxidizes to fumarate, 2 electrons are accepted by FAD within Complex Il. Then FAD
passes the 2 electrons to Fe-S clusters and then to coenzyme Q, that is similar to Complex
| without protons moving across the membrane and as a result less ATP production with
this pathway. Complex Il (CIII) or Q-cytochrome c oxidoreductase, catalyzes the
transfer of electrons from ubiquinol to cytC coupling this redox reaction to the
translocation of protons across the IMM (Cogliati et al., 2018). Complex IV is also
known as cytC oxidase or COX that terminates the flow of electrons through the ETC,
reducing oxygen to water and it’s activity can be regulated by signals including the
mitochondrial ATP/ADP ratio (Van der Bliek et al., 2017). Complex V or ATPase is
responsible for the generation of ATP through phosphorylation of ADP by using
electrochemical energy generated by the process that was described earlier (Neupane et
al., 2019).
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Figure 23: The Oxidative phosphorylation
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Mitophagy

Mitophagy is the selective removal and degradation of dysfunctional mitochondria to
prevent damages or the promotion of cell death (V' asquez-Trincado et al., 2017). PINK1-
Parkin-dependent mitophagy is initiated when a decrease in mitochondrial membrane
potential caused by mitochondrial damage leads to the stabilization of the ubiquitin kinase
(PTEN)-induced kinase 1 (PINK1) on the OMM (Elayne M et al, 2017). In normal
conditions, where mitochondria are polarized, PINK1 is maintained in low basal levels
and for that is imported into IMM and processed by mitochondrial peptidases, such as the
protease presenilin-associated rhomboid-like protein (Moreira et al., 2017). Accumulated
PINK1 is autophosphorylated and activated, and then it phosphorylates ubiquitin on
serine 65, which recruits Parkin and when Parkin is phosphorylated and activated by
PINK1, (Yoo et al., 2017) it polyubiquitinates mitochondrial proteins (such as VDACI,
MFEN 1/2 and Miro 1), leading to their association with the ubiquitin-binding domains of

autophagy receptors and the formation of the autophagosome (Fivenson et al., 2017).
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PGC-1 pathway

Members of the PGC-1 family have been shown to have role in the regulation of energy
metabolism. All the members of the PGC-1 family such as PGC-1a, PGC-1b and PRC
can interfere in mitochondrial biogenesis by regulating overlapping gene expression
programs (Villena et al., 2014). The lack of energy, that is produced due to the decreased
amount of the ATP/AMP and NADH/NAD" ratios, activates PGC-1a. because of the
phosphorylation by the AMP activated protein kinase (AMPK) or by sirtuin (SIRT1)
mediated deacetylation. Also it has been found that cellular energy status also signals to
PGC-1a through mammalian target of rapamycin (mTOR) and YY1, and intriguingly, the
regulation of PGC-1a activity by exercise and cold exposure is also under the control of
stress signalling via the MAPK pathway, as well as through cellular calcium and cAMP
signalling (Jones et al., 2011). The PGC-1 family members interact and strength the
activity of a diverse set of transcription factors, exemplified by PPARs, nuclear
respiratory factor-1/2 (NRF1/2), yin yang 1 (YY1), and estrogen-related receptors
(ERRs), which collectively control expression of a large number of proteins involved in
mitochondrial biology (Luo et al., 2017). The NRF1 was identified through its binding
to a palindromic sequence in the cytC promoter (Scarpulla et al, 2012), and has been
associated with the expression of many genes that are crucial for the correct synthesis and
mechanism of the respiratory chain. Similarly, NRF2 was identified as a multi subunit

activator of cytochrome oxidase expression (Scarpulla et al., 2011).
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Figure 25 The PGC-1 pathway
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Mitochondrial Movement

There are 2 models which are considered to be used for the axial transport of
mitochondria which had been described earlier (figure 16). One model proposes that
increased calcium homeostasis promotes the binding of Mirol to the motor domain of
kinesin-1, thereby sterically inhibiting access to the microtubule and the second one
suggests that dicreased calcium levels cause the dissociation of Kkinesin-1 from
mitochondria and the Miro/TRAK complex (Maday et al., 2014).

BIOINFORMATICS ANALYSIS

According to all above, it has been observed that among the neurodegenerative diseases
studied there are common biochemical pathways and mutations. Thus the Bioinformatics
approach of this work aimed to explore the relathionship between mitochondrial
metabolic pathways and previously studied diseases. The results are shown in the table
and the network below. As shown in the table below, diseases such as AD and PD have
common paths where they seem to affect such as Oxidative Phosphorylation and
Apoptosis but it was noticed that there are some paths that they do not have common but

which are common with some other diseases.

Table 1: Diseases and Common Pathways

MOVEMENT | PGC1 Mitophagy | Oxidative Apoptosis | Fusion
PATH phosphorylation and
Fission

NFTs

AD - - -

PD x -

ALS X -

X | X [ X
1
X | X [ X |[X

BSMA - x

FRIEDRIECH
ATAXIA

SPASTIC
ATAXIA

HUNTIGTON - x - x X X
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Figure 26: Disease-to-Disease Network based on their common mitochondrial mechanism

The first stage started with the use of UCSC genome browser and the use of
mitochondrial DNA that showed the expression of 37 genes. This genes showed that were
encoding for 13 proteins (polypeptides). These 13 proteins were put in the STRING
database (https://string-db.org/), a network was generated and then first and second
neighbours with a score of over 0.400 were added to these network. STRING is a
database that hosts known and predicted protein-protein interactions including physical
and functional associations. It forms networks where it connects genes or proteins with
neighboring genes / proteins allowing the user to select the types of interactions he wants

to see but and what score the neighbours want to appear using filtering.
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Figure 27: String Network of the 13 mitochondrial proteins with first & second neighbours

The second stage, continued with the help of DisGeNET (https://www.disgenet.org/), a
database from which data on the relationship of diseases to various genes are derived.
DisGeNET located the genes associated with the diseases in question, and then, with the
VENNY tool (https://bioinfogp.cnb.csic.es/tools/venny/), common genes between
mitochondrial proteins/protein interactions and disease-related genes were discovered.
This is achieved by using the first and second neighbours of the mitochondrial genes

found through the STRING and the genes designated by DisGeNET as registrations.
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Figure 28: Common genes between mitochondrial proteins/protein interactors and disease-related genes were
discovered through VENNY diagram for each disease

Then the third stage included the collection of the scores from DisGeNET, as well as
from another database, Expression Atlas (https://www.ebi.ac.uk/gxa/home), from which
expression data for these genes were collected using the diseases studied as records. Once
these data were found, we used them as input to the Enrichr database
(https://maayanlab.cloud/Enrichr/) that facilitates multi-database functional analysis. We
proceeded with the cases where the number of genes was sufficient to obtain data from
the database to find the pathways where these genes appear in each of these diseases. As
entries to Enrichr database we used the related genes for each disease and pathways for
KEGG 2019 HUMAN and GO Biological Process 2018 databases were collected. The
findings from Enrichr proved that the genes that we used have a relationship with not
only mitochondrial functions but also with the other diseases that were analysed before.
For example GO Biological Process 2018 showed that AD has a connection with ETC
and also with the synthesis of ATP and as it was described before AD can reduce the
synthesis of ETC, stop the activity of complex IV and as a result the ATP concentration is
reduced.
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Table 2: Alzheimer disease result in Enrichr database

ALZHEIMER DISEASE

KEGG 2019 HUMAN

Term P-value Adjusted P- Odds Ratio Combined

value Score
Oxidative 5.99E-37 1.85E-34 65.25748 5442.805723
phosphorylation
Parkinson disease 3.05E-36 4.70E-34 61.12145 4998.291496
Non-alcoholic fatty 1.16E-33 1.20E-31 55.71736 4225.234117
liver disease (NAFLD)
Huntington disease 5.54E-33 4.27E-31 44.97018 3340.065784
Alzheimer disease 2.90E-32 1.79E-30 48.54905 3525.474926
Thermogenesis 2.90E-29 1.49E-27 35.9389 2361.573401
Retrograde 2.60E-20 1.14E-18 38.24579 1724.806922
endocannabinoid
signaling
Cardiac muscle 1.96E-06 7.56E-05 24.18965 317.8667418
contraction
Cholesterol 0.007781 0.26629 15.09434 73.29876387
metabolism
Necroptosis 0.009087 0.279884 6.98812 32.85040982
Legionellosis 0.009354 0.261899 13.72213 64.10978617
Influenza A 0.010521 0.270048 6.620324 30.15126382
NOD-like receptor 0.011723 0.277739 6.359975 28.2778749
signaling pathway
Tuberculosis 0.011901 0.261812 6.324444 28.02468332
NF-kB pathway 0.026296 0.539954 7.944389 28.90424104
Toll-like receptor 0.031073 0.598154 7.256894 25.19171792
pathway
MAPK signaling 0.043339 0.785205 3.837544 12.04488744
pathway
Apoptosis 0.055201 0.944557 5.277741 15.28838538
Phagosome 0.061471 0.996481 4.965243 13.84898495
Hepatitis C 0.063613 0.979646 4.869142 13.41415217
Collecting duct acid 0.069182 1 13.97624 37.3307721
secretion
Protein processing in 0.070933 0.993061 4.574042 12.10300942
endoplasmic
reticulum
Citrate cycle (TCA 0.076573 1 12.57862 32.32096116
cycle)
Primary 0.093594 1 10.19888 24.15894704
immunodeficiency
Epstein-Barr virus 0.099319 1 3.754811 8.671438542
infection
Porphyrin and 0.105564 1 8.984726 20.20159948
chlorophyll
metabolism
Human 0.108543 1 3.559986 7.905322259
immunodeficiency
virus 1 infection
Human T-cell 0.11453 1 3.446196 7.46763178
leukemia virus 1
infection
Hedgehog signaling 0.117378 1 8.028904 17.20073816
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pathway

Intestinal immune
network for IgA
production

0.119723

7.861635

16.68691304

Human
cytomegalovirus
infection

0.119728

3.354298

7.11960001

Vibrio cholerae
infection

0.124393

7.54717

15.73060673

Amyotrophic lateral
sclerosis (ALS)

0.12672

7.399186

15.28507586

GO Biological Process 2018

Term

P-value

Adjusted P-
value

Odds Ratio

Combined
Score

respiratory electron
transport chain

5.88E-48

3.00E-44

104.3758

11351.09

mitochondrial ATP
synthesis coupled
electron transport

8.49E-47

2.17E-43

110.9878

11773.85

mitochondrial
electron transport,
NADH to ubiquinone

4.27E-36

7.26E-33

147.662

12025.96

NADH dehydrogenase
complex assembly

2.25E-35

2.87E-32

112.0283

8937.499

mitochondrial
respiratory chain
complex | biogenesis

2.25E-35

2.30E-32

112.0283

8937.499

mitochondrial
respiratory chain
complex | assembly

2.25E-35

1.91E-32

112.0283

8937.499

mitochondrial
respiratory chain
complex assembly

1.14E-33

8.31E-31

77.80587

5901.902

cellular respiration

2.57E-14

1.64E-11

59.58292

1864.429

mitochondrial
electron transport,
cytochrome c to
oxygen

2.12E-09

1.20E-06

89.84726

1794.355

aerobic respiration

1.01E-08

5.16E-06

67.38544

1240.591

ATP synthesis coupled
electron transport

1.46E-06

6.77E-04

125.7862

1690.249

mitochondrion
organization

5.14E-06

0.002185

13.55779

165.1162

mitochondrial
electron transport,
ubiquinol to
cytochrome c

6.27E-06

0.002459

80.86253

968.774

cytochrome complex
assembly

3.06E-04

0.111488

75.4717

610.7444

energy coupled
proton
transmembrane
transport, against
electrochemical
gradient

3.06E-04

0.104056

75.4717

610.7444

oxidative
phosphorylation

3.73E-04

0.119028

68.61063

541.5705

DNA deamination

4.47E-04

0.134204

62.89308

485.0796

necroptotic process

6.14E-04

0.174166

53.90836

398.6499
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protein stabilization 7.03E-04 0.188818 9.930487 72.0965
heme biosynthetic 8.07E-04 0.206003 47.16981 335.9301
process
programmed necrotic 8.07E-04 0.196193 47.16981 335.9301
cell death
chaperone-mediated 9.13E-04 0.211885 44.39512 310.6882
protein complex
assembly
porphyrin-containing 0.001026 0.227621 41.92872 288.5604
compound
biosynthetic process
mitochondrial calcium 0.001401 0.297884 35.9389 236.1395
ion transmembrane
transport
positive regulation of 0.001973 0.402778 7.509622 46.7705
ERK1 and ERK2
cascade
respiratory chain 0.001988 0.390159 30.18868 187.7943
complex IV assembly
hydrogen ion 0.002492 0.470994 26.95418 161.5811
transmembrane
transport
negative regulation of 0.002492 0.454172 26.95418 161.5811
response to DNA
damage stimulus
TRIF-dependent toll- 0.002672 0.470197 26.02472 154.1937
like receptor signaling
pathway
Table 3: Parkinson disease result in Enrichr database
PARKINSON DISEASE
KEGG 2019 Human
Term P-value Adjusted P-value | Odds Ratio Combined
Score
Parkinson disease 7.41E-18 2.28E-15 48.28974 1904.715
Oxidative 2.69E-16 4.14E-14 47.26101 1694.438
phosphorylation
Huntington disease 3.17E-16 3.26E-14 35.52924 1267.918
Non-alcoholic fatty liver 9.65E-16 7.43E-14 42.186 1458.544
disease (NAFLD)
Alzheimer disease 4.50E-15 2.77E-13 36.75856 1214.277
Thermogenesis 1.26E-13 6.45E-12 27.21088 808.3097
Retrograde 1.48E-10 6.50E-09 30.88803 699.1815
endocannabinoid
signaling
Cholesterol metabolism 9.09E-05 0.003501 34.28571 319.0369
Cardiac muscle 3.41E-04 0.011682 21.97802 175.4411
contraction
NF-kappa B signaling 0.011997 0.369511 12.03008 53.2101
pathway
Toll-like receptor 0.014251 0.39902 10.98901 46.71372
signaling pathway
Neuroactive ligand- 0.021006 0.539142 5.071851 19.59241
receptor interaction
Necroptosis 0.03258 0.771906 7.054674 24.1555
NOD-like receptor 0.038681 0.850977 6.420546 20.88226
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signaling pathway

Renin-angiotensin 0.039506 0.811184 24.84472 80.281

system

Calcium signaling 0.042698 0.821944 6.079027 19.17078

pathway

Human T-cell leukemia 0.05608 1 5.218526 15.03445

virus 1 infection

Endocytosis 0.067802 1 4.683841 12.60497

Hedgehog signaling 0.079112 1 12.15805 30.84369

pathway

Pathogenic Escherichia 0.091958 1 10.38961 24.79404

coli infection

Legionellosis 0.091958 1 10.38961 24.79404

MAPK signaling 0.093915 1 3.874092 9.163645

pathway

Cytosolic DNA-sensing 0.10463 1 9.070295 20.47464

pathway

Acute myeloid leukemia 0.109337 1 8.658009 19.16294

RIG-I-like receptor 0.115576 1 8.163265 17.61489

signaling pathway

Pertussis 0.124856 1 7.518797 15.64358

RNA degradation 0.12946 1 7.233273 14.78759

Salmonella infection 0.140112 1 6.644518 13.05858

Morphine addiction 0.147642 1 6.279435 12.01232
GO Biological Process 2018

Term P-value Adjusted P-value | Odds Ratio Combined

Score

mitochondrial ATP 2.19€-27 1.12E-23 100.8403 6190.167

synthesis coupled

electron transport

respiratory electron 1.12E-26 2.86E-23 91.18541 5448.481

transport chain

NADH dehydrogenase 1.40E-24 2.39E-21 116.0714 6375.066

complex assembly

mitochondrial 1.40E-24 1.79E-21 116.0714 6375.066

respiratory chain

complex | biogenesis

mitochondrial 1.40E-24 1.43E-21 116.0714 6375.066

respiratory chain

complex | assembly

mitochondrial electron 3.67E-24 3.12E-21 149.0683 8044.034

transport, NADH to

ubiquinone

mitochondrial 4.81E-22 3.51E-19 76.58321 3759.136

respiratory chain

complex assembly

cellular respiration 6.59E-12 4.20E-09 70.17544 1806.714

apoptotic process 4.82E-05 0.027307 12.36858 122.9557

mitochondrion 2.01E-04 0.102377 13.68691 116.5317

organization

mitochondrial electron 2.67E-04 0.123947 81.63265 671.6401

transport, ubiquinol to

cytochrome c

necroptotic process 2.67E-04 0.113618 81.63265 671.6401

programmed necrotic 3.52E-04 0.137997 71.42857 568.0825

cell death
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regulation of protein
phosphorylation

0.00108

0.393484

8.757526

59.82477

aerobic respiration

0.001093

0.371802

40.81633

278.3236

TRIF-dependent toll-like
receptor signaling
pathway

0.001173

0.373973

39.40887

265.9533

synaptic vesicle
endocytosis

0.001173

0.351975

39.40887

265.9533

MyD88-independent
toll-like receptor
signaling pathway

0.001255

0.355774

38.09524

254.5017

positive regulation of
tumor necrosis factor
superfamily cytokine
production

0.001428

0.383471

35.71429

233.987

endoplasmic reticulum
organization

0.001611

0.411136

33.61345

216.1574

regulation of
interleukin-8
production

0.001611

0.391558

33.61345

216.1574

clathrin-dependent
endocytosis

0.002117

0.490983

29.30403

180.4509

positive regulation of
interleukin-8
production

0.002688

0.596285

25.97403

153.7435

positive regulation of
tumor necrosis factor
production

0.003061

0.650845

24.31611

140.7663

ATP metabolic process

0.004318

0.881381

20.40816

111.1219

anion transport

0.004318

0.847482

20.40816

111.1219

positive regulation of
cell death

0.00447

0.844845

20.05013

108.4782

I-kappaB kinase/NF-
kappaBsignaling

0.00447

0.814672

20.05013

108.4782

regulation of tumor
necrosis factor
production

0.005103

0.897966

18.73536

98.88358

Table 4: Huntington disease results in Enrichr database

HUNTINGTON DISEASE

KEGG 2019 HUMAN

Term P-value Adjusted P-value | Odds Ratio Combined Score
Sphingolipid 0.025555 1 38.68472 141.8546
metabolism

Cholesterol 0.027165 1 36.36364 131.1205
metabolism

Pathogenic 0.029845 1 33.05785 116.0909
Escherichia coli

infection

Legionellosis 0.029845 1 33.05785 116.0909
Acute myeloid 0.035716 1 27.54821 91.79532
leukemia

Pertussis 0.041025 1 23.92344 76.4015
Salmonella infection 0.046307 1 21.14165 64.95684
NF-kappa B signaling 0.051039 1 19.13876 56.94104
pathway
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Amoebiasis 0.051563 1 18.93939 56.15429
Hematopoietic cell 0.052087 1 18.74414 55.38581
lineage
Toll-like receptor 0.055749 1 17.48252 50.47018
signaling pathway
Sphingolipid 0.063552 1 15.27884 42.10682
signaling pathway
Oxidative 0.070782 1 13.67054 36.20155
phosphorylation
Parkinson disease 0.075404 1 12.8041 33.09732
Retrograde 0.078473 1 12.28501 31.26541
endocannabinoid
signaling
Non-alcoholic fatty 0.078983 1 12.20256 30.97643
liver disease
Phagosome 0.080514 1 11.96172 30.13551
Alzheimer disease 0.090152 1 10.63264 25.58488
Tuberculosis 0.094183 1 10.15744 23.99714
Transcriptional 0.097696 1 9.775171 22.73599
misregulation in
cancer
Huntington disease 0.101197 9.420631 21.57966
Human T-cell 0.114094 1 8.3022 18.02186
leukemia virus 1
infection
Thermogenesis 0.119989 1 7.870917 16.68912
Cytokine-cytokine 0.150359 1 6.184292 11.71758
receptor interaction
MAPK signaling 0.150833 1 6.163328 11.65845
pathway
Neuroactive ligand- 0.171 1 5.379236 9.500212
receptor interaction

GO Biological Process 2018
Term P-value Adjusted P-value | Odds Ratio Combined Score
mitochondrion 8.98E-05 0.458318 32.66195 304.3368
organization
mitochondrial 2.81E-04 0.716708 79.05138 646.4446
electron transport,
NADH to ubiquinone
mitochondrial 5.44E-04 0.925673 56.81818 427.0572
respiratory chain
complex | biogenesis
NADH 5.44E-04 0.694255 56.81818 427.0572
dehydrogenase
complex assembly
mitochondrial 5.44E-04 0.555404 56.81818 427.0572
respiratory chain
complex | assembly
mitochondrial ATP 9.58E-04 0.814461 42.78075 297.3713
synthesis coupled
electron transport
respiratory electron 0.001169 0.85244 38.68472 261.1732
transport chain
mitochondrial 0.001244 0.793804 37.48828 250.7614
respiratory chain
complex assembly
neutrophil 0.001952 1 11.38736 71.04653

degranulation
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neutrophil activation
involved in immune
response

0.001999

11.29305

70.1895

neutrophil mediated
immunity

0.002046

0.94932

11.2003

69.34887

cellular response to
lipoteichoic acid

0.003296

303.0303

1731.848

cellular response to
bacterial lipopeptide

0.003296

303.0303

1731.848

response to
lipoteichoic acid

0.003296

303.0303

1731.848

regulation of sterol
transport

0.003844

259.7403

1444.467

negative regulation
of MyD88-
independent toll-like
receptor signaling
pathway

0.003844

259.7403

1444.467

positive regulation
of protein
localization to Cajal
body

0.004392

227.2727

1233.617

regulation of protein
localization to Cajal
body

0.004392

227.2727

1233.617

regulation of
MyD88-independent
toll-like receptor
signaling pathway

0.004392

227.2727

1233.617

membrane lipid
catabolic process

0.004392

227.2727

1233.617

positive regulation
of establishment of
protein localization
to telomere

0.00494

202.0202

1072.804

regulation of
establishment of
protein localization
to telomere

0.005488

181.8182

946.4128

sphingolipid
catabolic process

0.006035

165.2893

844.6627

magnesium ion
transport

0.006035

165.2893

844.6627

positive regulation
of protein
localization to
chromosome,
telomeric region

0.006035

165.2893

844.6627

positive regulation
of establishment of
protein localization

0.006582

151.5152

761.1284

apoptotic process

0.006821

15.74183

78.51745

positive regulation
of interleukin-8
secretion

0.007675

129.8701

632.441

necroptotic process

0.007675

129.8701

632.441
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Table 5: ALS disease results in Enrichr database

ALS

KEGG 2019 Human

Term P-value | Adjusted P-value | Odds Ratio Combined
Score

Cholesterol metabolism 3.18E-06 9.80E-04 100 1265.759

NF-kappa B signaling 0.001429 0.219991 35.08772 229.8639

pathway

Toll-like receptor 0.001708 0.1754 32.05128 204.2363

signaling pathway

Necroptosis 0.00408 0.314174 20.57613 113.2019

NOD-like receptor 0.004902 0.301994 18.72659 99.5882

signaling pathway

Calcium signaling 0.005452 0.279883 17.7305 92.40645

pathway

Human T-cell leukemia 0.007328 0.322439 15.2207 74.82545

virus 1 infection

Neuroactive ligand- 0.016805 0.646988 9.861933 40.29671

receptor interaction

Pathogenic Escherichia 0.032514 1 30.30303 103.8207

coli infection

Legionellosis 0.032514 1 30.30303 103.8207

Cytosolic DNA-sensing 0.037162 1 26.45503 87.1025

pathway

Acute myeloid leukemia 0.038899 0.998418 25.25253 81.9893

RIG-I-like receptor 0.041212 0.976402 23.80952 75.92933

signaling pathway

Pertussis 0.044671 0.982756 21.92982 68.16747

Salmonella infection 0.05041 1 19.37984 57.89845

Amoebiasis 0.056118 1 17.36111 50.00512

Hematopoietic cell 0.056687 1 17.18213 49.31625

lineage

TNF signaling pathway 0.064056 1 15.15152 41.63621

Parkinson disease 0.081972 1 11.73709 29.35892

Apoptosis 0.082527 1 11.65501 29.075

Phagosome 0.087506 1 10.96491 26.71111

Hepatitis C 0.08916 1 10.75269 25.99275

Cellular senescence 0.091911 1 10.41667 24.86396

cGMP-PKG signaling 0.095201 1 10.04016 23.61205

pathway

Influenza A 0.097935 1 9.746589 22.64567

Tuberculosis 0.102294 1 9.310987 21.22813

Transcriptional 0.106092 1 8.960573 20.10256

misregulation in cancer

Huntington disease 0.109876 1 8.635579 19.07086

Epstein-Barr virus 0.114182 1 8.291874 17.99308

infection

Human 0.120071 1 7.861635 16.6641

immunodeficiency virus

1 infection

GO Biological Process 2018

Term P-value | Adjusted P-value | Odds Ratio Combined

Score
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apoptotic process 7.98E-06 0.040725 28.86003 338.7733
necroptotic process 2.99E-05 0.076315 238.0952 2480.313
programmed necrotic 3.94E-05 0.067046 208.3333 2112.781
cell death

mitochondrion 1.19E-04 0.151836 29.94012 270.5462
organization

TRIF-dependent toll-like 1.33E-04 0.135516 114.9425 1026.07
receptor signaling

pathway (GO:0035666)

MyD88-independent 1.42E-04 0.120956 111.1111 984.2389
toll-like receptor

signaling pathway

positive regulation of 1.62E-04 0.118137 104.1667 909.1235
tumor necrosis factor

superfamily cytokine

production

positive regulation of 3.08E-04 0.196367 75.75758 612.5693
interleukin-8 production

positive regulation of 3.51E-04 0.199258 70.92199 564.079
tumor necrosis factor

production

anion transport 4.99E-04 0.254713 59.52381 452.5367
positive regulation of 5.17E-04 0.239898 58.47953 442.5281
cell death

I-kappaB kinase/NF- 5.17E-04 0.219906 58.47953 442.5281
kappaBsignaling

regulation of tumor 5.92E-04 0.232442 54.64481 406.1065
necrosis factor

production

toll-like receptor 0.001173 0.427513 38.75969 261.5619
signaling pathway

mitochondrial transport 0.002856 0.971444 24.69136 144.6544
cellular response to 0.003595 1 277.7778 1563.392
lipoteichoic acid

peptidyl-serine 0.003595 1 277.7778 1563.392
autophosphorylation

positive regulation of 0.003595 1 277.7778 1563.392
oxidative stress-induced

cell death

response to lipoteichoic 0.003595 0.965541 277.7778 1563.392
acid

positive regulation of 0.003595 0.917264 277.7778 1563.392
humoral immune

response

cellular response to 0.003595 0.873585 277.7778 1563.392
bacterial lipopeptide

negative regulation of 0.003595 0.833876 277.7778 1563.392
glucocorticoid receptor

signaling pathway

positive regulation of 0.003595 0.797621 277.7778 1563.392
flagellated sperm

motility

regulation of 0.004193 0.89154 238.0952 1303.413
glucocorticoid receptor

signaling pathway

regulation of sterol 0.004193 0.855878 238.0952 1303.413
transport

modification by 0.004193 0.82296 238.0952 1303.413

symbiont of host
morphology or
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physiology
activation of signaling 0.004193 0.79248 238.0952 1303.413
protein activity involved
in unfolded protein
response
progesterone receptor 0.004193 0.764177 238.0952 1303.413
signaling pathway
death-inducing signaling 0.004193 0.737826 238.0952 1303.413
complex assembly
Table 6: Alzheimer related genes scores
Alzheimer
Genes DisGeNET score Expression Atlas
Adjusted p-value log2- fold change
ACKR3 0.04 1.0077*10A7-3 -2
AICDA 0.12
BCAP31 0.01
ATP6VOD1 0.01 4.8418*107-5 -2.5
CD14 0.1
CHCHD2 0.03
CISD2 0.02 1.5461*107-4 -2
ECSIT 0.01
GLP1R 0.1
EXOSC6 0.01
HSP90AB1 0.01 1.1237*107-4 -2.4
MAGT1 0.01
MTCH2 0.01
PHB 0.01
PHB2 0.02
RER1 0.01
SURF1 0.01
TSPO 0.1
VDAC1 0.09 8.074*107-4 -2.3
MT-COX3 0.02
COx4l1 4.1644*107-5 -2.3
COX5A 0.05
COX6B1 0.01
Ccyc1 2.3746*10"-4 -2.1
MT-COX1 0.07
MT-COX2 0.1
MT-CYTB 0.01
NDUFA10 1.0681*107-5 -2
NDUFA12 0.1
NDUFA3 3.2933*107-6 -2
NDUFAS 0.01 3.0802*107-5 2.1
NDUFA6 0.01
NDUFA9 0.01
NDUFB4 3.9179*107-5 -2.6
NDUFB5 8.4793*107-5 -2
NDUFB7 2.9288*10"-6 -3.2
NDUFB8 0.01
NDUFS3 8.2845*107-5 -2.1
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NDUFS7 2.1843*10"-6 -2.6
NDUFS8 1.1146*10"-6 -2.9
NDUFV1 3.6436*107-5 -2.2
NDUFV3 3.0725*107-5 -2.3
SDHB 1.8228*10"-4 -2.1
UQCRC1 0.01 1.0077*10"-3 -2
MT-ND1 0.01

MT-ND2 0.04

MT-ND4 0.02

RIPK1 0.07

COX15 0.01

ARRB1 0.01 3.7897*107-7 2.8
CCT2 0.01 7.4928*10"-6 -2.2
DDX39B 0.01

CYCS 0.1

Table 7: Parkinson related genes scores

Parkinson
Genes DisGeNET score Expression Atlas
Adjusted p-value log2- fold change
NDUFAS5 3.3022*10A7-2 -1.3
NDUFS1 8.9174*107-4 -1.2
ACAD9 0.01
ARRB1 0.01
CD14 0.01
COX5A 0.01
EXOSC6 0.01
FKBP7 0.01
NDUFS7 0.01
PHB 0.01
RIPK1 0.02
TACR1 0.01
VIPR1 0.01
MT-CYTB 0.02
MT-ND5 0.02
NDUFA1 0.02
NDUFA2 0.02
NDUFS3 0.02
NDUFS4 0.02
NDUFV2 0.02
VDAC1 0.03
RER1 0.01
DNAIC6 0.05 3.3022*107-2 -1.2
MT-COX2 0.05
TSPO 0.07
CHCHD2 0.1
MT-ND1 0.2
MT-ND2 0.2
MT-ND3 0.21
GAK 0.5
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ATP6AP2 0.02
cisp1 0.02
VAPB 0.01
UQCRH 0.01
cvet 0.01

Table 8: Huntington related genes scores

Huntington

Genes DisGeNET score Adjusted p-value log2- fold change
ACKR3 0.02

ATAD3A 0.01

CD14 0.01

CHCHD2 0.01

MAGT1 0.01

MT-CYTB 0.01

MT-ND3 0.2

NDUFA1 0.01

SGPL1 0.01

TSPO 0.02

CCT2 0.01

Table 9: ALS related genes scores
ALS

Genes DisGeNET score Adjusted p-value log2- fold change
MT-ND5 0.01

MT-COX2 0.03

MT-ATP6 0.01

TACR1 0.01

CD14 0.01

CHCHD2 0.04

PHB 0.01

TSPO 0.02

VAPB 0.5

VDAC1 0.04

ZFYVE27 0.01

RIPK1 0.07
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Table 10: BSMA and Spastic Ataxia related genes score

BSMA
Genes DisGeNET score Adjusted p-value log2- fold change
COX5B 0.01
SPASTIC ATAXIA
Genes DisGeNET score Adjusted p-value log2- fold change
AFG3L2 0.01
SPASTIC ATAXIA TYPE 5
Genes DisGeNET score Adjusted p-value log2- fold change
AFG3L2 0.7

At last with the help of Cytoscape (https://cytoscape.org/), an application that accepts data
from tables in order to form networks according to the data and features provided by the

user. Thus a network was created using the diseases that were presented above, the genes

that were found to have a relationship with them, but also the point of the ETC that those

genes seem to have a connection. With red colour are presented the diseases, with green

the complexes of the ETC, with blue the genes that were used and lastly with pink the 13

mitochondrial proteins that were discussed above. Also the scores that were collected

form DisGeNET were used to create the width of the edges in the following network in

order to show the strength of the relationship between the diseases and the genes that

were found.
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Figure 29 Interaction between the diseases and ETC
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CONCLUSION

With the help of these tools, it was observed that there is a direct implication of the
mitochondrial function in the examined neurodegenerative diseases. The examination of
those mitochondrial function showed that some genes may involve in the pathogenesis of
those diseases. After finding the related genes, those diseases were put in some databases
and scores (Table 6-10) but also pathways (Table 3-5) were collected. From the scores it
became clear that the down-regulation of those genes seems to have a relationship with
the diseases that are related. Furthermore the pathways that was found from the Enrichr
database verified the findings of the theoretical aspect of this work. As an example
Alzheimer disease seems to stop complex V and the production of ATP in the
mitochondria but also genes that are related to complex V like HSP90AB1 and
ATP6VOD1 which were found to trigger the AD. According to this network and all the
above in the theoretical aspect of this thesis, it is concluded that a lot of those diseases
seem to affect the same mitochondrial complexes and also be triggered by the same
mitochondrial genes or neighbors of those genes. The table below shows the relationship
between the theoretical and the bioinformatics aspect of this work.

Table 11: Comparison of theoretical and bioinformation aspect

COMPLEX THEORETICAL | BIOINFORMATICS

ALZHEIMER NADH-Q oxidoreductase *
ALZHEIMER Succinate dehydrogenase *
ALZHEIMER Q-cytochrome c oxidoreductase *
ALZHEIMER Cytochrome c oxidase * *
ALZHEIMER ATP synthase * *
ALZHEIMER CYTC * *
PARKINSON NADH-Q oxidoreductase * *
PARKINSON Q-cytochrome c oxidoreductase *
PARKINSON Cytochrome c oxidase *
PARKINSON ATP synthase *
HUNTINGTON NADH-Q oxidoreductase *
HUNTINGTON Succinate dehydrogenase *

HUNTINGTON Q-cytochrome c oxidoreductase *
HUNTINGTON ATP synthase *
HUNTINGTON CYTC *

ALS NADH-Q oxidoreductase * *
ALS Cytochrome c oxidase *
ALS ATP synthase *
ALS CYTC *

BSMA NADH-Q oxidoreductase *

BSMA Cytochrome c oxidase *
SPASTIC ATAXIA | NADH-Q oxidoreductase * *
FRDA NADH-Q oxidoreductase *

FRDA Q-cytochrome c oxidoreductase | *

FRDA Succinate dehydrogenase *

58



REFERENCES

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.
34.

Ahmad, M. and Kahwaji, C.1., 2018. Biochemistry, electron transport chain.

Almajan, E. R., Richter, R., Paeger, L., Martinelli, P., Barth, E., Decker, T., ...&Rugarli, E. 1. (2012). AFG3L2 supports
mitochondrial protein synthesis and Purkinje cell survival. The Journal of clinical investigation, 122(11), 4048-4058.
Area-Gomez, E. and Schon, E.A., 2016. Mitochondria-associated ER membranes and Alzheimer disease. Current opinion in
genetics & development, 38, pp.90-96.

Area-Gomez, E., Guardia-Laguarta, C., Schon, E.A. and Przedborski, S., 2019. Mitochondria, OxPhos, and neurodegeneration:
cells are not just running out of gas. The Journal of Clinical Investigation, 129(1), pp.34-45.

Arun, S., Liu, L. and Donmez, G., 2016. Mitochondrial biology and neurological diseases. Current neuropharmacology, 14(2),
pp.143-154.

Asiimwe, N., Yeo, S.G., Kim, M.S., Jung, J. and Jeong, N.Y., 2016. Nitric oxide: exploring the contextual link with alzheimer’s
disease. Oxidative medicine and cellular longevity, 2016.

Atorino, L., Silvestri, L., Koppen, M., Cassina, L., Ballabio, A., Marconi, R., ...&Casari, G. (2003). Loss of m-AAA protease in
mitochondria causes complex | deficiency and increased sensitivity to oxidative stress in hereditary spastic paraplegia. The
Journal of cell biology, 163(4), 777-787.

Au, KM., Lau, K.K., Chan, A.Y., Sheng, B. and Li, H.L., 2003. Kennedy's disease. Hong Kong Medical Journal, 9(3), pp.217-
220.

Baker, N., Patel, J. and Khacho, M., 2019. Linking mitochondrial dynamics, cristae remodeling and supercomplex formation:
how mitochondrial structure can regulate bioenergetics. Mitochondrion, 49, pp.259-268.

Barodia, S.K., Creed, R.B. and Goldberg, M.S., 2017. Parkin and PINK1 functions in oxidative stress and neurodegeneration.
Brain research bulletin, 133, pp.51-59.

Bereznyakova, O. and Dupré, N., 2018. Spastic ataxias. In Handbook of clinical neurology (Vol. 155, pp. 191-203). Elsevier.
Bock, F.J. and Tait, S.W., 2019. Mitochondria as multifaceted regulators of cell death. Nature Reviews Molecular Cell Biology,
pp.1-16.

Bradshaw, T. Y., Romano, L. E., Duncan, E. J., Nethisinghe, S., Abeti, R., Michael, G. J., ...& Chapple, J. P. (2016). A reduction
in Drpl-mediated fission compromises mitochondrial health in autosomal recessive spastic ataxia of Charlevoix Saguenay.
Human molecular genetics, 25(15), 3232-3244.

Breza, M. and Koutsis, G., 2019. Kennedy’s disease (spinal and bulbar muscular atrophy): a clinically oriented review of a rare
disease. Journal of neurology, 266(3), pp.565-573.

Brunelle, J.K. and Letai, A., 2009. Control of mitochondrial apoptosis by the Bcl-2 family. Journal of cell science, 122(4),
pp.437-441.

Carmo, C., Naia, L., Lopes, C. and Rego, A.C., 2018. Mitochondrial dysfunction in Huntington’s disease. In Polyglutamine
Disorders (pp. 59-83). Springer, Cham.

Chan, S.L. and Tan, E.K., 2017. Targeting LRRK2 in Parkinson’s disease: an update on recent developments. Expert Opinion on
Therapeutic Targets, 21(6), pp.601-610.

Chaojun Yan, XiaoyingDuanmu, Ling Zeng, Bing Liu and Zhiyin Song, 2019, Mitochondrial DNA: Distribution, Mutations, and
Elimination, Cells2019, 8(4), 379.

Chaturvedi, R.K. and Beal, M.F., 2013. Mitochondrial diseases of the brain. Free Radical Biology and Medicine, 63, pp.1-29.
Chelban, V., Patel, N., Vandrovcova, J., Zanetti, M.N., Lynch, D.S., Ryten, M., Botia, J.A., Bello, O., Tribollet, E., Efthymiou,
S. and Davagnanam, I., 2017. Mutations in NKX6-2 cause progressive spastic ataxia and hypomyelination. The American
Journal of Human Genetics, 100(6), pp.969-977.

Chiang, S., Kalinowski, D.S., Jansson, P.J., Richardson, D.R. and Huang, M.L.H., 2018. Mitochondrial dysfunction in the neuro-
degenerative and cardio-degenerative disease, Friedreich's ataxia. Neurochemistry international, 117, pp.35-48.

Cogliati, S., Lorenzi, I., Rigoni, G., Caicci, F. and Soriano, M.E., 2018. Regulation of mitochondrial electron transport chain
assembly. Journal of molecular biology, 430(24), pp.4849-4873.

Cook, A. and Giunti, P., 2017. Friedreich’s ataxia: clinical features, pathogenesis and management. British Medical Bulletin,
pp.1-12.

Cortes, C.J. and La Spada, A.R., 2018. X-linked spinal and bulbar muscular atrophy: from clinical genetic features and molecular
pathology to mechanisms underlying disease toxicity. In Polyglutamine Disorders (pp. 103-133). Springer, Cham.

Cresto, N., Gardier, C., Gubinelli, F., Gaillard, M.C., Liot, G., West, A.B. and Brouillet, E., 2019. The unlikely partnership
between LRRK 2 and a-synuclein in Parkinson's disease. European Journal of Neuroscience, 49(3), pp.339-363.

Criscuolo, C., Procaccini, C., Meschini, M. C., Cianflone, A., Carbone, R., Doccini, S., ...&Filla, A. (2015). Powerhouse failure
and oxidative damage in autosomal recessive spastic ataxia of Charlevoix-Saguenay. Journal of neurology, 262(12), 2755-2763.
Deng, H., Dodson, M.W., Huang, H. and Guo, M., 2008. The Parkinson's disease genes pinkl and parkin promote mitochondrial
fission and/or inhibit fusion in Drosophila. Proceedings of the National Academy of Sciences, 105(38), pp.14503-14508.

Dosi, C., Galatolo, D., Rubegni, A., Doccini, S., Pasquariello, R., Nesti, C., ...&Santorelli, F. M. (2020). Expanding the clinical
and genetic heterogeneity of SPAX5. Annals of Clinical and Translational Neurology, 7(4), 595-601.

Eiyama, A. and Okamoto, K., 2015. PINK1/Parkin-mediated mitophagy in mammalian cells. Current opinion in cell biology, 33,
pp.95-101.

Estaquier, J., Vallette, F., Vayssiere, J.L. and Mignotte, B., 2012. The mitochondrial pathways of apoptosis. In Advances in
Mitochondrial Medicine (pp. 157-183). Springer, Dordrecht.

Farshbaf, M.J. and Ghaedi, K., 2017. Huntington’s disease and mitochondria. Neurotoxicity research, 32(3), pp.518-529.

Feng, S.T., Wang, Z.Z., Yuan, Y.H., Wang, X.L., Sun, H.M., Chen, N.H. and Zhang, Y., 2020. Dynamin-related protein 1: A
protein critical for mitochondrial fission, mitophagy, and neuronal death in Parkinson’s disease. Pharmacological research, 151,
p.104553.

Finsterer, J., 2010. Perspectives of Kennedy's disease. Journal of the neurological sciences, 298(1-2), pp.1-10.

Finsterer, J., Mishra, A., Wakil, S., Pennuto, M. and Soraru, G., 2016. Mitochondrial implications in bulbospinal muscular
atrophy (Kennedy disease). Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration, 17(1-2), pp.112-118.

59



35.

36.

37.

38.

39.

40.

41,

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.
59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

Fivenson, E. M., Lautrup, S., Sun, N., Scheibye-Knudsen, M., Stevnsner, T., Nilsen, H., ...& Fang, E. F. (2017). Mitophagy in
neurodegeneration and aging. Neurochemistry international, 109, 202-209.

Gao, Y., Tan, L., Yu, J.T. and Tan, L., 2018. Tau in Alzheimer's disease: Mechanisms and therapeutic strategies. Current
Alzheimer Research, 15(3), pp.283-300.

Gazewood, J.D., Richards, D.R. and Clebak, K.T., 2013. Parkinson disease: an update. American family physician, 87(4),
pp.267-273.

Girard, M., Lariviére, R., Parfitt, D.A., Deane, E.C., Gaudet, R., Nossova, N., Blondeau, F., Prenosil, G., Vermeulen, E.G.,
Duchen, M.R. and Richter, A., 2012. Mitochondrial dysfunction and Purkinje cell loss in autosomal recessive spastic ataxia of
Charlevoix-Saguenay (ARSACS). Proceedings of the National Academy of Sciences, 109(5), pp.1661-1666.

Granatiero, V. and Manfredi, G., 2019. Mitochondrial transport and turnover in the pathogenesis of amyotrophic lateral
sclerosis. Biology, 8(2), p.36.

Guhathakurta, S., Bok, E., Evangelista, B.A. and Kim, Y.S., 2017. Deregulation of a-synuclein in Parkinson’s disease: Insight
from epigenetic structure and transcriptional regulation of SNCA. Progress in neurobiology, 154, pp.21-36.

Guo, R., Gu, J, Zong, S., Wu, M., & Yang, M. (2018). Structure and mechanism of mitochondrial electron transport
chain. Biomedical journal, 41(1), 9-20.

Hashimoto, M., Bacman, S.R., Peralta, S., Falk, M.J., Chomyn, A., Chan, D.C., Williams, S.L. and Moraes, C.T., 2015.
MitoTALEN: a general approach to reduce mutant mtDNA loads and restore oxidative phosphorylation function in
mitochondrial diseases. Molecular Therapy, 23(10), pp.1592-1599.

Heales, S.J., Bolafios, J.P., Stewart, V.C., Brookes, P.S., Land, J.M. and Clark, J.B., 1999. Nitric oxide, mitochondria and
neurological disease. BiochimicaetBiophysicaActa (BBA)-Bioenergetics, 1410(2), pp.215-228.
https://amp.pharm.mssm.edu/Enrichr

Huang, M.L.H., Becker, E.M., Whitnall, M., Rahmanto, Y.S., Ponka, P. and Richardson, D.R., 2009. Elucidation of the
mechanism of mitochondrial iron loading in Friedreich's ataxia by analysis of a mouse mutant. Proceedings of the National
Academy of Sciences, 106(38), pp.16381-16386.

Illarioshkin, S.N., Klyushnikov, S.A., Vigont, V.A., Seliverstov, Y.A. and Kaznacheyeva, E.V., 2018. Molecular pathogenesis in
Huntington’s disease. Biochemistry (Moscow), 83(9), pp.1030-1039.

Jaiswal, M.K., 2014. Selective vulnerability of motoneuron and perturbed mitochondrial calcium homeostasis in amyotrophic
lateral sclerosis: implications for motoneurons specific calcium dysregulation. Molecular and cellular therapies, 2(1), pp.1-15.
Jasoliya, M.J., McMackin, M.Z., Henderson, C.K., Perlman, S.L. and Cortopassi, G.A., 2017. Frataxin deficiency impairs
mitochondrial biogenesis in cells, mice and humans. Human molecular genetics, 26(14), pp.2627-2633.

Jimenez-Sanchez, M., Licitra, F., Underwood, B.R. and Rubinsztein, D.C., 2017. Huntington’s disease: mechanisms of
pathogenesis and therapeutic strategies. Cold Spring Harbor perspectives in medicine, 7(7), p.a024240.

Johri, A., Chandra, A. and Beal, M.F., 2013. PGC-1a, mitochondrial dysfunction, and Huntington's disease. Free Radical
Biology and Medicine, 62, pp.37-46.

Jones, A\W., Yao, Z., Vicencio, J.M., Karkucinska-Wieckowska, A. and Szabadkai, G., 2012. PGC-1 family coactivators and
cell fate: roles in cancer, neurodegeneration, cardiovascular disease and retrograde mitochondria—nucleus
signalling. Mitochondrion, 12(1), pp.86-99.

Jouanne, M., Rault, S. and Voisin-Chiret, A.S., 2017. Tau protein aggregation in Alzheimer's disease: an attractive target for the
development of novel therapeutic agents. European journal of medicinal chemistry, 139, pp.153-167.

Kalia LV, Lang AE. Parkinson's disease. Lancet. 2015;386(9996):896-912. d0i:10.1016/S0140-6736(14)61393-3

Kausar, S., Wang, F. and Cui, H., 2018. The role of mitochondria in reactive oxygen species generation and its implications for
neurodegenerative diseases. Cells, 7(12), p.274.

Kim, G., Gautier, O., Tassoni-Tsuchida, E., Ma, X.R. and Gitler, A.D., 2020. ALS genetics: Gains, losses, and implications for
future therapies. Neuron.

Kluss, J.H., Mamais, A. and Cookson, M.R., 2019. LRRK?2 links genetic and sporadic Parkinson's disease. Biochemical Society
Transactions, 47(2), pp.651-661.

Labbadia, J. and Morimoto, R.1., 2013. Huntington's disease: underlying molecular mechanisms and emerging concepts. Trends
in biochemical sciences, 38(8), pp.378-385.

Lee, H. and Yoon, Y., 2016. Mitochondrial fission and fusion. Biochemical Society Transactions, 44(6), pp.1725-1735.

Li, K., 2019. Iron Pathophysiology in Friedreich’s Ataxia. In Brain Iron Metabolism and CNS Diseases (pp. 125-143). Springer,
Singapore.

Li, P.A., Hou, X. and Hao, S., 2017. Mitochondrial biogenesis in neurodegeneration. Journal of neuroscience research, 95(10),
pp.2025-2029.

Li, S., Hu, Q., Huang, J., Wu, X. and Ren, J., 2019. Mitochondria-derived damage-associated molecular patterns in sepsis: from
bench to bedside. Oxidative Medicine and Cellular Longevity, 2019.

Liu, J., Liu, W., Li, R. and Yang, H., 2019. Mitophagy in Parkinson’s disease: from pathogenesis to treatment. Cells, 8(7), p.712.
Liu, X. and Hajnoczky, G., 2009. Ca2+-dependent regulation of mitochondrial dynamics by the Miro—Milton complex. The
international journal of biochemistry & cell biology, 41(10), pp.1972-1976.

Lloret, A. and Beal, M.F., 2019. PGC-1a, sirtuins and PARPs in Huntington’s disease and other neurodegenerative conditions:
NAD+ to rule them all. Neurochemical research, 44(10), pp.2423-2434.

Ludtmann, M.H. and Abramov, A.Y., 2018. Mitochondrial calcium imbalance in Parkinson’s disease. Neuroscience Letters, 663,
pp.86-90.

Luo, C., Widlund, H.R. and Puigserver, P., 2016. PGC-1 coactivators: shepherding the mitochondrial biogenesis of
tumors. Trends in cancer, 2(10), pp.619-631.

M Wilkins, H. and H Swerdlow, R., 2016. Relationships between mitochondria and neuroinflammation: implications for
Alzheimer’s disease. Current topics in medicinal chemistry, 16(8), pp.849-857.

Maday, S., Twelvetrees, A.E., Moughamian, A.J. and Holzbaur, E.L., 2014. Axonal transport: cargo-specific mechanisms of
motility and regulation. Neuron, 84(2), pp.292-309.

Magrané, J. and Manfredi, G., 2009. Mitochondrial function, morphology, and axonal transport in amyotrophic lateral
sclerosis. Antioxidants & redox signaling, 11(7), pp.1615-1626.

60



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Magri, S., Fracasso, V., Plumari, M., Alfei, E., Ghezzi, D., Gellera, C., Rusmini, P., Poletti, A., Di Bella, D., Elia, A.E. and
Pantaleoni, C., 2018. Concurrent AFG3L2 and SPG7 mutations associated with syndromic parkinsonism and optic atrophy with
aberrant OPA1 processing and mitochondrial network fragmentation. Human Mutation, 39(12), pp.2060-2071.

Matheoud, D., Sugiura, A., Bellemare-Pelletier, A., Laplante, A., Rondeau, C., Chemali, M., Fazel, A., Bergeron, J.J., Trudeau,
L.E., Burelle, Y. and Gagnon, E., 2016. Parkinson’s disease-related proteins PINK1 and Parkin repress mitochondrial antigen
presentation. Cell, 166(2), pp.314-327.

McColgan, P. and Tabrizi, S.J., 2018. Huntington's disease: a clinical review. European journal of neurology, 25(1), pp.24-34.
Meyer, J.N., Leuthner, T.C. and Luz, A.L., 2017. Mitochondrial fusion, fission, and mitochondrial toxicity. Toxicology, 391,
pp.42-53.

Mondal, A.C., 2019. Role of GPCR signaling and calcium dysregulation in Alzheimer's disease. Molecular and Cellular
Neuroscience, 101, p.103414.

Moreira, O.C., Estébanez, B., Martinez-Florez, S., Paz, J.A.D., Cuevas, M.J. and Gonzalez-Gallego, J., 2017. Mitochondrial
function and mitophagy in the elderly: effects of exercise. Oxidative medicine and cellular longevity, 2017.

Naia, L., Ferreira, I.L., Ferreiro, E. and Rego, A.C., 2017. Mitochondrial Ca2+ handling in Huntington's and Alzheimer's
diseases—Role of ER-mitochondria crosstalk. Biochemical and biophysical research communications, 483(4), pp.1069-1077.
Neupane, P., Bhuju, S., Thapa, N., &Bhattarai, H. K. (2019). ATP synthase: structure, function and inhibition. Biomolecular
concepts, 10(1), 1-10.

Oliver, D. and Reddy, P.H., 2019. Dynamics of Dynamin-related protein 1 in Alzheimer’s disease and other neurodegenerative
diseases. Cells, 8(9), p.961.

Paleologou, K.E. and El-Agnaf, O.M., 2012. a-synuclein aggregation and modulating factors. In Protein Aggregation and
Fibrillogenesis in Cerebral and Systemic Amyloid Disease (pp. 109-164). Springer, Dordrecht.

Pasinelli, P., Belford, M.E., Lennon, N., Bacskai, B.J., Hyman, B.T., Trotti, D. and Brown Jr, R.H., 2004. Amyotrophic lateral
sclerosis-associated SOD1 mutant proteins bind and aggregate with Bcl-2 in spinal cord mitochondria. Neuron, 43(1), pp.19-30.
Patron, M., Sprenger, H. G., & Langer, T. (2018). m-AAA proteases, mitochondrial calcium homeostasis and
neurodegeneration. Cell research, 28(3), 296-306.

Pickrell AM, Youle RJ. The roles of PINK1, parkin, and mitochondrial fidelity in Parkinson's disease. Neuron. 2015;85(2):257-
273. doi:10.1016/j.neuron.2014.12.007

Pierson, T. M., Adams, D., Bonn, F., Martinelli, P., Cherukuri, P. F., Teer, J. K., ...& Kwan, J. (2011). Whole-exome sequencing
identifies homozygous AFG3L2 mutations in a spastic ataxia-neuropathy syndrome linked to mitochondrial m-AAA
proteases. PLoS Genet, 7(10), e1002325.

Poewe, W., Seppi, K., Tanner, C.M., Halliday, G.M., Brundin, P., Volkmann, J., Schrag, A.E. and Lang, A.E., 2017. Parkinson
disease. Nature reviews Disease primers, 3(1), pp.1-21.

Reddy, P.H., 2014. Increased mitochondrial fission and neuronal dysfunction in Huntington's disease: implications for molecular
inhibitors of excessive mitochondrial fission. Drug discovery today, 19(7), pp.951-955.

Rocha, E.M., De Miranda, B. and Sanders, L.H., 2018. Alpha-synuclein: pathology, mitochondrial dysfunction and
neuroinflammation in Parkinson’s disease. Neurobiology of disease, 109, pp.249-257.

Roger, AJ., Mufioz-Gomez, S.A. and Kamikawa, R., 2017. The origin and diversification of mitochondria. Current
Biology, 27(21), pp.R1177-R1192.

Roher, A.E., Kokjohn, T.A., Clarke, S.G., Sierks, M.R., Maarouf, C.L., Serrano, G.E., Sabbagh, M.S. and Beach, T.G., 2017.
APP/AB structural diversity and Alzheimer's disease pathogenesis. Neurochemistry international, 110, pp.1-13.

Ruby Macdonald, Katy Barnes, Christopher Hastings and Heather Mortiboys, 2018, Mitochondrial abnormalities in Parkinson’s
disease and Alzheimer’s disease: can mitochondria be targeted therapeutically?, Portland Press

Russell, O. and Turnbull, D., 2014. Mitochondrial DNA disease—molecular insights and potential routes to a cure. Experimental
cell research, 325(1), pp.38-43.

Sassone, J., Maraschi, A., Sassone, F., Silani, V. and Ciammola, A., 2013. Defining the role of the Bcl-2 family proteins in
Huntington’s disease. Cell death & disease, 4(8), pp.e772-e772.

Saxton, W.M. and Hollenbeck, P.J., 2012. The axonal transport of mitochondria. Journal of cell science, 125(9), pp.2095-2104.
Scarpulla, R.C., 2011. Metabolic control of mitochondrial biogenesis through the PGC-1 family regulatory
network. Biochimicaetbiophysicaacta (BBA)-molecular cell research, 1813(7), pp.1269-1278.

Scarpulla, R.C., Vega, R.B. and Kelly, D.P., 2012. Transcriptional integration of mitochondrial biogenesis. Trends in
Endocrinology & Metabolism, 23(9), pp.459-466.

Scheltens P, Blennow K, Breteler MM, et al. Alzheimer's disease. Lancet. 2016;388(10043):505-517. doi:10.1016/S0140-
6736(15)01124-1

Seong, E., Insolera, R., Dulovic, M., Kamsteeg, E.J., Trinh, J., Briiggemann, N., Sandford, E., Li, S., Ozel, A.B., Li, J.Z. and
Jewett, T., 2018. Mutations in VPS13D lead to a new recessive ataxia with spasticity and mitochondrial defects. Annals of
neurology, 83(6), pp.1075-1088.

Shi, P., Gal, J., Kwinter, D.M., Liu, X. and Zhu, H., 2010. Mitochondrial dysfunction in amyotrophic lateral
sclerosis. BiochimicaetBiophysicaActa (BBA)-Molecular Basis of Disease, 1802(1), pp.45-51.

Shoshan-Barmatz, V., Nahon-Crystal, E., Shteinfer-Kuzmine, A. and Gupta, R., 2018. VDAC1, mitochondrial dysfunction, and
Alzheimer's disease. Pharmacological research, 131, pp.87-101.

Signes, A. and Fernandez-Vizarra, E., 2018. Assembly of mammalian oxidative phosphorylation complexes |-V and
supercomplexes. Essays in biochemistry, 62(3), pp.255-270.

Singh, A., Zhi, L. and Zhang, H., 2019. LRRK2 and mitochondria: recent advances and current views. Brain research, 1702,
pp.96-104.

Smilansky, A., Dangoor, L., Nakdimon, I., Ben-Hail, D., Mizrachi, D. and Shoshan-Barmatz, V., 2015. The voltage-dependent
anion channel 1 mediates amyloid f toxicity and represents a potential target for Alzheimer disease therapy. Journal of Biological
Chemistry, 290(52), pp.30670-30683.

Smith, E.F., Shaw, P.J. and De Vos, K.J., 2019. The role of mitochondria in amyotrophic lateral sclerosis. Neuroscience
letters, 710, p.132933.

61



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

Sousa, J.S., D’Imprima, E. and Vonck, J., 2018. Mitochondrial respiratory chain complexes. In Membrane Protein Complexes:
Structure and Function (pp. 167-227). Springer, Singapore.

Stucki, D.M., Ruegsegger, C., Steiner, S., Radecke, J., Murphy, M.P., Zuber, B. and Saxena, S., 2016. Mitochondrial
impairments contribute to Spinocerebellar ataxia type 1 progression and can be ameliorated by the mitochondria-targeted
antioxidant MitoQ. Free Radical Biology and Medicine, 97, pp.427-440.

Tadic, V., Prell, T., Lautenschlaeger, J. and Grosskreutz, J., 2014. The ER mitochondria calcium cycle and ER stress response as
therapeutic targets in amyotrophic lateral sclerosis. Frontiers in cellular neuroscience, 8, p.147.

Tan, W., Pasinelli, P. and Trotti, D., 2014. Role of mitochondria in mutant SOD1 linked amyotrophic lateral
sclerosis. BiochimicaetBiophysicaActa (BBA)-Molecular Basis of Disease, 1842(8), pp.1295-1301.

Ténnies, E. and Trushina, E., 2017. Oxidative stress, synaptic dysfunction, and Alzheimer’s disease. Journal of Alzheimer's
Disease, 57(4), pp.1105-1121.

Toth, R.P. and Atkin, J.D., 2018. Dysfunction of optineurin in amyotrophic lateral sclerosis and glaucoma. Frontiers in
immunology, 9, p.1017.

Turner, M.R., Hardiman, O., Benatar, M., Brooks, B.R., Chio, A., De Carvalho, M., Ince, P.G., Lin, C., Miller, R.G., Mitsumoto,
H. and Nicholson, G., 2013. Controversies and priorities in amyotrophic lateral sclerosis. The Lancet Neurology, 12(3), pp.310-
322.

van der Bliek, A.M., Sedensky, M.M. and Morgan, P.G., 2017. Cell biology of the mitochondrion. Genetics, 207(3), pp.843-871.
Vasquez-Trincado, C., Garcia-Carvajal, L., Pennanen, C., Parra, V., Hill, J. A., Rothermel, B. A., &Lavandero, S. (2016).
Mitochondrial dynamics, mitophagy and cardiovascular disease. The Journal of physiology, 594(3), 509-525.

Villena, J.A., 2015. New insights into PGC-1 coactivators: redefining their role in the regulation of mitochondrial function and
beyond. The FEBS journal, 282(4), pp.647-672.

Ward, J.M., Stoyas, C.A., Switonski, P.M., Ichou, F., Fan, W., Collins, B., Wall, C.E., Adanyeguh, I., Niu, C., Sopher, B.L. and
Kinoshita, C., 2019. Metabolic and organelle morphology defects in mice and human patients define spinocerebellar ataxia type
7 as a mitochondrial disease. Cell reports, 26(5), pp.1189-1202.

Yoo, S.M. and Jung, Y.K., 2018. A molecular approach to mitophagy and mitochondrial dynamics. Molecules and cells, 41(1),
p.18.

Youle, R.J. and Van Der Bliek, A.M., 2012. Mitochondrial fission, fusion, and stress. Science, 337(6098), pp.1062-1065.

Zhang, Q., Lei, Y.H., Zhou, J.P., Hou, Y.Y., Wan, Z., Wang, H.L. and Meng, H., 2019. Role of PGC-1a in Mitochondrial
Quality Control in Neurodegenerative Diseases. Neurochemical research, pp.1-13.

Zhang, S., Napierala, M. and Napierala, J.S., 2019. Therapeutic prospects for Friedreich’s ataxia. Trends in pharmacological
sciences, 40(4), pp.229-233.

62



