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The Impact of Mitochondrial DNA and Nuclear Genes Related to Mito-
chondrial Functioning on the Risk of Parkinson’s Disease
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Abstract: Mitochondrial dysfunction and oxidative stress are the major factors implicated in Parkinson’s disease (PD)
pathogenesis. The maintenance of healthy mitochondria is a very complex process coordinated bi-genomically. Here, we
review association studies on mitochondrial haplogroups and subhaplogroups, discussing the underlying molecular
mechanisms. We also focus on variation in the nuclear genes (NDUFV2, PGC-lalpha, HSPA9, LRPPRC, MTIF3,
POLGI, and TFAM encoding NADH dehydrogenase (ubiquinone) flavoprotein 2, peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha, mortalin, leucine-rich pentatricopeptide repeat containing protein, translation initiation
factor 3, mitochondrial DNA polymerase gamma, and mitochondrial transcription factor A, respectively) primarily linked
to regulation of mitochondrial functioning that recently have been associated with PD risk. Possible interactions between
mitochondrial and nuclear genetic variants and related proteins are discussed.
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1. INTRODUCTION

Parkinson’s disease (PD) is the second most common
progressive neurodegenerative disorder, clinically defined by
cardinal motor features: tremor, rigidity, bradykinesia and
postural instability [1]. The symptoms appear upon the loss
of approximately 50% of substantia nigra (SN) dopaminer-
gic (DA) neurons resulting in a depletion of striatal dopa-
mine by about 70-80%, indicative of compensatory mecha-
nisms enabling “normal” functioning despite the ongoing
deterioration [2, 3]. Also other neuronal populations in the
brain stem and subcortical and cortical regions are affected
in PD [4]. Additionally, PD is associated with non-motor
symptoms that can co-occur or precede the motor manifesta-
tions by many years [5]. They comprise cognitive and psy-
chiatric problems, impaired olfaction, sleep disturbances,
and autonomic insufficiency [6, 7]. PD is clinically hetero-
geneous, with two major subtypes associated with different
prognoses: the tremor- prevalent and the “postural imbalance
and gait disorder” (PIGD) form, the latter aggravating more
rapidly [8]. The pathological hallmark of PD are proteina-
ceous aggregates in neuronal perikarya (Lewy bodies, LBs)
and processes (Lewy neurites, LNs) containing mainly mis-
folded a-synuclein (SNCA) [4]. They are observed in most
PD cases with the exception of some genetically caused ones
(e.g. PARK?2 mutations).

Despite their apparently different causative factors and
possibly also the course of pathogenesis, most of the
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sporadic PD forms are difficult to be distinguished from the
genetic ones at the clinical level [8, 9]. Only about 10% of
PD cases arise due to mutations in known genes. Mutations
in PARK? (coding for parkin), PARK6 (coding for PTEN
induced kinase 1, PINK1), and PARK7 (coding for DJ-1) are
responsible for autosomal recessive PD forms, while PARK ]
(coding for a-synuclein, a-SNCA) and PARKS (coding for
leucine-rich repeat kinase 2, LRRK?2) mutations cause auto-
somal dominant PD. The remaining cases are idiopathic,
however, currently unknown genetic background could not
be ruled out in those cases.

PD pathogenesis involves complex interactions between
individual inherited genetic background, physiological ag-
ing, and the environment. At present aging is considered the
most important PD risk factor connected with a decline in
the efficiency of numerous cellular processes and aggravated
by possible environmental insults, e.g., exposure to mito-
chondrial toxins. Additionally, male gender seems to predis-
pose to PD [10].

Analysis of sporadic and genetically caused PD in hu-
mans, in animal and in vitro PD models enabled identifica-
tion of major molecular mechanisms involved in PD patho-
genesis, namely, oxidative stress, mitochondrial dysfunction,
inflammation, impairment of cellular degradation systems,
(including micro- and macroautophagy, chaperone-mediated
autophagy, and the ubiquitine-proteasome system), defective
protein folding, and cellular transport abnormalities. These
processes are interdependent, which makes it difficult to
determine the primary cause of the neurodegeneration.

Mitochondrial dysfunction has been implicated in both
sporadic and genetically caused PD, in patients as well as in
numerous PD models; reviewed in [11-13]. Mitochondrial
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DNA (mtDNA) encodes 13 proteins of oxidative phosphory-
lation, two rRNAs and 22 tRNAs. The remaining ETC
subunits and approximately 1000-1500 other mitochondrial
proteins are encoded by nuclear DNA (nDNA) [22]. There-
fore, proper mitochondrial functioning requires a coordi-
nated interplay among factors encoded by both nuclear and
mitochondrial DNA.

The products of genes involved in the pathogenesis of
rare genetic PD cases have turned out to be involved in the
maintenance of mitochondrial function, reviewed in [12-15].
To date, parkin, PINK1, and DJ-1 have been implicated in
mitochondrial autophagy (mitophagy), where they likely
operate in a network of reciprocally regulated pathways [16,
17]. Moreover, parkin and PINK1 seem to be crucial for mi-
tochondrial biogenesis, transport, and dynamics [12-14, 18,
19]. Also LRRK2 and SNCA take part in mitochondrial dy-
namics and homeostasis [20, 21]. All these processes are
engaged in the maintenance of healthy mitochondria, which
seems especially important in stress conditions.

Here, we focus on common variation of mtDNA and
nDNA as a potential source of functional changes that could
affect mitochondrial performance and thus influence PD risk.
We also discuss possible interactions between the two ge-
nomes and their potential significance for future design of
PD association studies.

The genes coding for the mammalian mitochondrial pro-
teome consisting of about 1000-1500 distinct proteins [22,
23] are all potentially plausible candidates for PD association
studies. For this reason our report is limited to those encod-
ing the main mitochondrial biogenesis/maintenance factors
(NDUFV2, PGC-lalpha, HSPA9, LRPPRC, MTIF3,
POLGI, TFAM, TFBIM, TFB2M) and for which association
studies/mutational screening have been performed. These
genes only recently have been linked to PD pathogenesis and
thus have not been deeply studied. We have searched exten-
sively the public databases, including NCBI (National Center
for Biotechnology Information) and PDGene (a database of
Parkinson’s disease association studies) [24]. The role of
genetic variation in PARK genes and of their products
(parkin, PINK1, DJ-1, SNCA, LRRK?2) in mitochondrial
physiology and PD pathogenesis have been reviewed exten-
sively elsewhere [12-14, 25, 26] and is not the subject of this
review.

2. WHAT CAUSES THE SELECTIVE VULNERABIL-
ITY OF PD-AFFECTED NEURONS TO MITOCHON-
DRIAL DYSFUNCTION AND OXIDATIVE STRESS?

A common denominator of neurons degenerating in PD
are long, thin axons with little or no myelination [27]. Gene
expression profiling studies indicate that substantia nigra A9
DA neurons are more metabolically active, with up-
regulation of genes involved in energy metabolism, electron
transport and those coding for mitochondrial proteins, than
the A10 DA neurons of ventral tegmental area (VTA) that
are relatively well preserved in PD [28-30]. These character-
istics make the SN DA neurons highly dependent on prop-
erly regulated mitochondrial function: efficient oxidative
phosphorylation (OXPHOS) providing ATP, mitochondrial
fusion and fission, transport between cell bodies and long
axon terminals, biogenesis and mitophagy. In addition, the
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selective vulnerability of the SN DA neurons preferentially
affected in PD could also stem from:

1). sustained cytosolic and mitochondrial Ca** overload
driven by unique to substantia nigra voltage-dependent L-
type Ca>" channels contributing to increased reactive oxygen
species (ROS) generation [31, 32];

2). higher oxidative stress caused by prooxidative dopamine
metabolism, in addition to the OXPHOS-derived ROS [33].
ROS are generated during dopamine autooxidation while
H,0, is produced during physiological activity of tyrosine
hydroxylase and monoamine oxidase — enzymes of dopa-
mine biosynthesis and degradation pathways;

4). the highest frequency of mtDNA deletions relative to
other brain regions, possibly as a result of oxidative damage
induced by ROS derived from OXPHOS, dopamine metabo-
lism, and Ca®" overload [34].

3. MITOCHONDRIAL DYSFUNCTION
PATHOGENESIS

IN PD

Mitochondria are crucial in energy generation, ROS pro-
duction, Ca*" cellular homeostasis, apoptosis, and numerous
metabolic pathways including steroid and heme biosynthesis,
and B-oxidation of fatty acids. Thus, it is not surprising that
mitochondrial failure is implicated in a wide variety of dis-
eases, generally involving organs with a high-energy demand
such as brain, heart and skeletal muscles [35, 36].

One of the earliest pieces of evidence of mitochondrial
dysfunction in PD was the discovery that the complex I (CI)
NADH:ubiquinone oxidoreductase activity was decreased in
platelets from patients with sporadic PD [37]. Those results
were confirmed in midbrain substantia nigra, frontal cortex,
skeletal muscles, and platelets of PD patients and in cybrid
models of PD [38-47]. Moreover, analysis of cybrids ob-
tained by fusion of rhoO cells lacking mtDNA and platelets
from sporadic PD patients showed that mitochondria from
the PD platelets are sufficient to reproduce parkinsonian-like
changes at the cellular level, including the PD hallmarks
such as LBs - like proteinaceous inclusions containing o.-
synuclein, ubiquitin, parkin and synphilin-1 [48]. Further-
more, since Langston et al. described acute PD development
in drug addicts after exposure to a complex I inhibitor, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), in the
early 1980s [49], administration of complex I inhibitors
(MPTP, rotenone, paraquat, maneb, etc.) has become a stan-
dard approach in animal and cellular PD models reproducing
PD pathology to different extents [50-55]. The rotenone-
based animal PD model is still among the most faithful ones,
recapitulating Lewy body-like cytoplasmic inclusions, in-
creased oxidative stress, microglia activation, and behavioral
symptoms, such as bradykinesia, stiffness and tremor-like
movements [51]. Rotenone crosses the blood-brain barrier
(unlike MPTP which is selectively taken up by dopamine
receptors) causing systemic inhibition of complex I and de-
generation of SN DA neurons. A role of endogenous neuro-
toxins (dopamine metabolites - tetrahydroisoquinolines and
their derivatives with neurochemical characteristics similar
to MPTP) has been also proposed in PD pathogenesis, re-
viewed in [56]. Moreover, numerous epidemiological studies
have shown an association between PD and exposure to
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complex I inhibitors, used as pesticides/insecticides in agri-
culture [57].

However, the hypothesis that mitochondrial CI defi-
ciency is a causal factor of PD has been challenged recently.
Selective inactivation of the nucleus-encoded CI subunit of
NADH:ubiquinone oxidoreductase, iron-sulfur protein 4
(Ndufs4), in neurons and glia of knockout mice affected
primarily non-DA neurons of the olfactory bulb, cerebellum,
and vestibular nuclei, without substantia nigra degeneration
[58, 59]. The Ndufs4 loss in mice led to fatal encephalomy-
opathy with growth retardation, ataxia, unsteady gait, and
blindness, recapitulating some features of Leigh syndrome
[58, 60]. As subsequently demonstrated a conditional Ndufs4
knockout in DA neurons in mice resulted in only a small
decrease in DA neurons, with striatal innervation preserved.
Although the DA release was impaired and the level of DA
metabolites increased, no symptoms of parkinsonism were
observed. In addition, the knockout mice were more vulner-
able to the neurotoxin MPTP [61].

Nonetheless, it is worth noting that induced mitochon-
drial dysfunction in DA neurons of transgenic mice, results,
in most cases, in parkinsonian-like phenotypes. For instance,
a conditional SN-specific deletion of both mitochondrial
transcription factor A (TFAM) alleles in mice leads to pro-
gressive motor dysfunction with adult onset, formation of
intraneuronal inclusions, striatal dopamine depletion, death
of DA neurons, abnormal mitochondrial morphology, re-
duced mtDNA expression, and respiratory chain deficiency
[62-64]. In another model, selective overexpression of a mi-
tochondria-targeted restriction enzyme Pstl introducing
DNA double-strand breaks in DA neurons resulted in
mtDNA depletion, a progressive neurodegeneration of the
SN DA neurons, striatal dopamine depletion, and a motor
phenotype responsive to L-DOPA treatment [65]. Finally,
overexpression of mutant twinkle, a helicase essential for
mtDNA maintenance and replication, in DA neurons in
mouse, causes mtDNA deletions, degeneration of SN DA
neurons, and some PD-like behavioral deficits [66].

The differences in the outcome between the targeted dis-
ruption of TFAM or twinkle versus Ndufs4 in DA neurons
could be explained by the different molecular mechanisms
and the compensatory potential related to the different causes
of the mitochondrial dysfunction. In the case of TFAM or
twinkle, mtDNA damage seems to be the primary source of
mitochondrial dysfunction. In contrast, upon the Ndufs4 gene
disruption, the cause of the mitochondrial impairment is CI
deficiency, possibly due to CI assembly failure and instabil-
ity [58]. Ndufs4 is one out of at least 45 different subunits
forming CI, the largest respiratory chain complex encoded
both by nuclear and mitochondrial DNA. As it has turned out
subsequently, CI activity is only partially compromised in
vivo in the Ndufs4 knockouts, due to compensatory forma-
tion of respiratory supercomplexes with mitochondrial com-
plex III [61, 67]. Thus, it could be speculated that the
Ndufs4-related mitochondrial dysfunction is easier to com-
pensate than TFAM or twinkle-related impairment.

4. MITOCHONDRIAL HAPLOGROUPS AND PD
RISK

The mtDNA is inherited exclusively maternally as a
haplotype. Based on phylogenetic relationships, the mtDNA
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haplotypes can be classified into subhaplogroups,
haplogroups and haplogroup clusters characterized by a set
of specific polymorphisms. An analysis of mtDNA haplo-
types has enabled creation of a human migration map and
trace the human origins to Africa, where the most ancient
and variable lineages occur: LO, L1, L2 and L3 [68]. They
evolved into macrohaplogroups M and N, that subsequently
left Africa to colonize Eurasia. In Europe, nine mtDNA line-
ages prevail: H, I, J, K, T, U, V, W and X, forming four clus-
ters: HV, UK, WIX and TJ. Haplogroup H is the most com-
mon one, in spite of being relatively young in evolution [69-
73]. The haplogroup distribution on Earth shows highly spe-
cific regional variation that, according to some researchers,
cannot be explained merely by the founder effect [68, 74-
77].

An exclusively maternal mode of inheritance has been
observed in few PD pedigrees [78, 79]. Only cybrids carry-
ing mtDNA from the maternal descendants of PD patients
(asymptomatic or manifesting PD) had a lower activity of
complex I, increased ROS levels and activities of ROS scav-
enging enzymes, and altered mitochondrial morphology [78].
In contrast, a recent large case-control study of 168 multi-
plex PD families found no evidence of maternal inheritance
in familial PD [80].

Importantly, no inherited causative mtDNA mutations
have been identified through mtDNA sequencing in PD pa-
tients [81-83]. Thus, it was proposed that common mito-
chondrial DNA variation, comprising inherited and somatic
mutations, could influence the OXPHOS efficiency, mito-
chondrial functioning, and thereby modify the PD risk. Nu-
merous association studies have addressed this issue produc-
ing ambiguous results [84-93]. In parallel, in vitro and in
silico studies allowed the formation of a hypothesis that fa-
cilitated interpretation of discordant outcomes of the associa-
tion studies.

4.1. Do “Partially Uncoupling” mtDNA Lineages De-
crease PD Risk?

The hypothesis posits that the JTKU cluster and its spe-
cific sublineages (U4, USal, K, Jlc and J2) could exert a
protective effect in PD and other diseases, such as Alz-
heimer’s disease (AD), diabetes, and aging due to the pres-
ence of sub/haplogroup-specific polymorphisms that de-
crease the mitochondrial coupling. In such conditions, ATP
but also ROS production is decreased, while more energy
dissipates as heat [68, 94-97], (Fig. 1). To date, Montiel-Sosa
et al. have found that, within the UK cluster, sperm carrying
subhaplogroups U4, K and U5al exhibit lower viability and
motility (parameters directly related to OXPHOS coupling
efficiency and ATP generation) than the USb sperm [94, 97].
In silico studies pinpointed potentially “partially uncoupling”
polymorphisms within subhaplogroups J1c and J2 [95, 97].
These results underline functional heterogeneity even within
a given haplogroup that could account for the discrepant
results obtained in association studies and underscore the
need to stratify haplogroups into subhaplogroups [93]. Inter-
estingly, it has also been found that lineages carrying “par-
tially uncoupling” mtDNA variants (U5a and U4) are en-
riched in Northern Europe, and could have played a role in
the adaptation to cold climates by more efficient heat genera-
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Fig. (1). mtDNA common variation and PD risk.

JTKU cluster and specific sublineages within it (U4, USal, K, Jlc and J2) are postulated to decrease PD risk due to the presence of
sub/haplogroup-specific polymorphisms that lead to a less efficient coupling efficiency. In such conditions, ATP but also ROS production is
decreased, while relatively more energy dissipates as heat. Also the influence of non-coding SNPs (such as 295T within the TFAM binding
site) should be taken into account (see paragraph 4.5). On the other hand, the most common European haplogroup H (present in about 40%
of Caucasians) has been demonstrated to increase PD risk in the recent meta-analysis. It has been associated with higher levels of inflamma-
tion biomarkers than haplogroup U. It is plausible that mtDNA background interacts with nuclear variants. For example, PARK?2 and TFAM
SNPs seem to increase PD risk on the HV cluster background (see paragraph 5.5).

tion [97]. In addition, cytochrome b gene has been shown to
have a higher ratio of non-synonymous vs. synonymous
(NS/S) variants in European than African mtDNAs. Al-
though purifying selection is regarded the major driving
force in the human mtDNA evolution [95, 98], the above
results suggest that the role of adaptive selection increased
upon human migration from Africa to the moderate and arc-
tic climates of Eurasia [95]. They also explain the specific
geographic pattern of haplogroups [68].

The discussed hypothesis, however, has been challenged
by other researchers [98-101]. For instance, Sun er al. did
not find differences in the NS/S ratio between haplogroups
from three distinct climatic regions, proposing instead that
the specific haplogroup distribution on Earth should be at-
tributed to genetic drift and purifying selection [98], while
Kivisild et al. found gene-specific differences in the NS/S
ratio between mtDNA haplotypes even in the same geo-
graphic region [101]. Moreover, no functional respiratory
differences between Arctic- and African-specific mtDNA
lineages, expected from the hypothesis in question, were
found in a cybrid model, with even better OXPHOS coupling
observed in cybrids carrying the arctic ones [99].

4.2. Haplogroup J — Less ROS, More Protection?

Despite the controversy regarding the hypothesis dis-
cussed above, some studies have found an association be-
tween the JTKU cluster or particular haplogroups within it
and a decreased PD risk [87-90, 93] or reported such a trend
for haplogroup J [92]. In particular, we and others have

found that sublineages U4, U5Sal, K, Jlc, J2 (collectively)
proposed to be partially uncoupling are associated with a
decreased PD and AD risk in Polish and Russian Tatar co-
horts [90, 93, 102].

In addition, haplogrup J has been associated with longev-
ity [103-106]. It has also been shown to protect from os-
teoarthrithis, where oxidative damage is strongly implied in
the pathogenesis [107, 108]. As demonstrated by a growing
number of functional studies, the beneficial effect of
haplogroup J seems to arise from a lower systemic oxidative
and nitrosative stress due to less efficient ATP generation in
comparison with other haplogroups [109-111], (Fig. 1). Con-
sistent with this notion, various cybrid models using differ-
ent lines of thoO cells have demonstrated lower ATP produc-
tion and ROS levels for haplogroup J cybrids in comparison
to non-J or haplogroup H cybrids [112, 113]. Interestingly,
haplogroup J cybrids grew faster than H cybrids, which
could be related to higher lactate levels indicating enhanced
glycolysis rate in those cybrids [113].

Similar observations have been made for human-derived
tissues, despite potentially confounding variation of the nu-
clear genome [110]. Martinez-Redondo ez al. have shown
lower maximum oxygen consumption (VO,max) rates and
lower oxidative damage in individuals carrying haplogroup J
[110]. In addition, Fernandez-Moreno ef al. have reported
that subjects harboring haplogroup J have decreased mRNA
levels of inducible nitric oxide synthase (iNOS), lower pro-
duction of nitric oxide (NO) in cultured chondrocytes, and
longer telomeres in leukocytes, independently of age and
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gender [111]. Although oxidative stress has been suggested
as a causative factor of telomere shortening, telomere length
analyses in PD patients are inconclusive [114-118].

Recently, mitochondrial haplogroups have been reported
to modulate global DNA methylation levels, found higher in
peripheral blood DNA of J - carriers in comparison with
non-J ones [112]. The significance of the latter finding re-
mains to be clarified.

In some specific disorders, however, haplogroup J has
detrimental effects, as it increases the penetration of mild
mtDNA complex I mutations associated with Leber’s heredi-
tary optic neuropathy (LHON) [119, 120]. The partially un-
coupling OXPHOS variants have therefore been proposed to
act synergistically with mild mtDNA complex I mutations,
lowering the ATP level below the physiological threshold
and thus leading to energetic deficit and blindness manifesta-
tion [96].

4.3. Haplogroup H — A Pro-oxidative Haplogroup?

On the other hand, the most common European
haplogroup H and the HV cluster have been proposed to pre-
dispose to certain neurodegenerative diseases, such as PD
and AD due to the most efficient OXPHOS coupling among
the European haplogroups, and the consequent increased
ATP and ROS production [96], (Fig. 1). For this reason,
haplogroup H is thought to be advantageous for organs with
a high ATP demand such as brain, liver, and heart [121] and
has been shown to exert a protective effect in temporarily
compromised OXPHOS as occurs in sepsis and stroke [122,
123]. Indeed, functional studies have demonstrated that
haplogroup H carriers have a higher VO,max and increased
ATP and oxidative stress levels in comparison with
haplogroup J carriers [109, 110, 112, 113]. Also patients
with Huntington’s disease carrying haplogroup H display
higher ATP levels than non-H individuals [121]. The asso-
ciation studies supporting haplogroup H-related increased
PD risk have low statistical power [55, 90], with the excep-
tion of a recent one including meta-analysis [124]. Similar
evidence has been also provided for AD [125, 126].

Despite the elegance of the hypothesis on benefi-
cial/detrimental effects of “partially uncoupling vs. effi-
ciently coupling” haplogroups (respectively) in neurodegen-
erative diseases, consistent evidence is lacking. Some studies
found no association of mitochondrial haplogroups with the
risk of PD [80, 91]. Likewise, some functional studies failed
to corroborate the postulated bioenergetic differences be-
tween the “partially uncoupling” and “efficiently coupling”
haplogroups such as J, T, K and H [127-129], while others
do not match the hypothesis [73]. For example, K cybrids
show higher ATP production than haplogroup H cybrids and
comparable ROS levels [73].

Contradictory functional results have also been obtained
for cybrids carrying Asian mitochondrial haplogroups, many
of which had been previously associated with the risk of
various disorders including PD, AD and diabetes [130-135].
One study on Taiwanese population-derived cybrids reported
that haplogroup B4b cybrids had a significantly lower oxy-
gen consumption rate and higher mitochondrial membrane
potential compared to Fla, B5, D5a, D4a, and N9a cybrids,
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but at the same time they were more susceptible to H,O,-
induced oxidative stress than Fla, D4a, or N9a cybrids
[135]. A N9a cybrid had a higher oxygen consumption and
H,0,-challenged viability compared to B4b, Fla, B5, D5a,
and D4a [135]. On the other hand, a Korean study did not
detect any differences in ATP and ROS levels, mitochondrial
membrane potential, and viability among analyzed cybrids
[134]. However, microarray gene expression profiling
showed that haplogroups N9a, D5 and F did influence the
expression pattern of both mitochondrial and nuclear genes
involved in cellular energetics [134]. For example,
haplogroup N9a cybrids featured up-regulation of the oxida-
tive phosphorylation pathway and down-regulation of glyco-
lysis and gluconeogenesis signaling, as compared to
haplogroup F ones [134], suggesting that variations in
mtDNA can affect the expression of nuclear genes regulating
mitochondrial functioning or cellular energetics.

4.4. Changes of mtDNA Levels in PD

Although some data indicate that the amount of mtDNA
decreases during aging in humans and animal models, they
are generally inconclusive [136-143]. No systematic effort to
correlate the mtDNA level with PD pathogenesis and pro-
gression has been undertaken to date. Cybrids containing
mtDNA from sporadic PD patients demonstrated decreased
mtDNA and mtRNA levels [144, 145]. Interestingly, the
MPP(+) ion (l-methyl-4-phenylpyridinium), apart from
complex I inhibition, has also been proposed to destabilize
mtDNA D-loop structure, inhibit mtDNA replication and
decrease its content in cultured cells [146, 147]. Also early
onset (EOPD) patients carrying PARK2 mutations display a
22% decrease in mtDNA level [19]. Moreover, in substantia
nigra of elderly people up to 80% of mtDNA molecules
carry deletions [34, 148], suggesting that mtDNA and the
mitochondrial network can be damaged more promptly there
than in other brain regions, possibly due to prooxidative do-
pamine metabolism.

The mtDNA copy number has been proposed to be regu-
lated by ROS levels. Low-level chronic oxidative stress has
been shown to increase the copy number in vitro and in vivo,
and in mice cybrids [149-151]. Thus, the “partially uncou-
pling” sublineages within the UKTJ cluster could be ex-
pected to display higher mtDNA levels in comparison with
the prooxidative haplogroup H [152]. However, the results
obtained so far are inconsistent. The amount of mtDNA has
been reported either lower for K cybrids or higher/un-
changed for J cybrids in comparison with haplogroup H cy-
brids [73, 113, 152].

45. Do Control Region Variants Contribute to
Haplogroup-related PD Risk?

The studies on the role of mtDNA variation in PD fo-
cused mainly on the coding-sequence polymorphisms poten-
tially influencing encoded RNA or protein products. Re-
cently the attention has turned to, so far neglected, non-
coding SNPs, occurring within the control region, which
comprises mtDNA promoters and origins of replication — the
binding sites for the mtDNA replication and transcription
machineries [153, 154]. For instance, the mtSNP 295T
unique to haplogrup J is localized within the mitochondrial
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transcription factor A binding site. Haplogroup J cybrids had
higher mtDNA level, increased TFAM binding and mtDNA
transcription level in vifro in comparison with haplogrup H
cybrids [152]. mtSNP 295T could be potentially responsible
for these phenomenon. However, no differences were found
in mitochondrial RNA (mtRNA) levels between cybrids with
the haplogroups J and H [152]. It is plausible that compensa-
tory normalization of mitochondrial gene expression in re-
sponse to changed mtDNA levels could account for this ob-
servation [145]. It is also known that increased mtDNA level
is not necessarily coupled with increased mRNA level [152].
Interestingly, lower levels of mtRNA transcripts have been
observed in K cybrids in comparison with H cybrids [73,
152].

The above results indicate that a dysfunction of mtDNA
replication and/or transcription may be a common feature in
both sporadic and genetic PD forms. It is conceivable that
the higher mtDNA level and possibly also transcription effi-
ciency in haplogroup J carriers (if confirmed in future stud-
ies) could favor a more efficient compensatory mechanism
when mitochondrial functioning is compromised in the
course of PD and therefore slow down PD progress, shifting
the threshold towards functional mitochondria (Fig. 1).

The inconsistent outcomes of studies addressing physio-
logical differences among mtDNA sub/haplogroups indicate
that a) some mtDNA lineages may be functionally signifi-
cant while others not, or/and b) the nuclear genome may
compensate for subtle functional differences between
mtDNA lineages [134]. All in all, there is a need of an inte-
grative approach combining well-designed association stud-
ies with functional ones, simultaneously analyzing the
mtDNA haplotype and its physiological properties in human
subjects/animal/in vitro models, in conditions related to
health and disease.

4.6. mtDNA Somatic Mutations

Mitochondrial dysfunction can also result from accumu-
lation of somatic mtDNA mutations throughout the lifespan,
particularly detrimental for post-mitotic cells such as neu-
rons. The burden of somatic point mutations in the mtDNA
control region is increased in PD brain samples [35], al-
though it is not known whether it is accompanied by com-
promised mtDNA replication and transcription, similarly to
what has been shown for AD brains [155]. Other studies
reported insignificantly higher levels of somatic point muta-
tions in the frontal cortex and substantia nigra of PD pa-
tients, in the ND4 gene of complex I [156], and in the NDJ5
gene in muscle biopsies, in comparison to healthy controls
[157]. This trend has not been replicated in all studies [158].
Also mtDNA deletions seem to play a role in PD pathogene-
sis [34, 159]. Substantia nigra has the highest frequency of
mtDNA deletions among all tissues, possibly due to the pro-
oxidative dopamine metabolism mentioned earlier [34].
They reach a very high level (up to 50%) in PD patients and
in healthy elderly subjects, which correlates with decreased
cytochrome c activity, although the deletion level is only
slightly higher in PD patients than in age-matched controls
[34]. However, in patients with early stage PD and those
with incidental Lewy body disease (ILBD) the burden of
somatic mutations in SN neurons is significantly higher than
in a control group [160].
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5. POLYMORPHISMS IN NUCLEAR GENES IN-
VOLVED IN MITOCHONDRIAL FUNCTIONING
AND BIOGENESIS AFFECT PD RISK

Mitochondrial biogenesis is coordinated by three PGC-1
family proteins, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1alpha) [161], PGC-1beta
and PGC-l-related coactivator (PRC) [162]. PGC-1lalpha
integrates the activity of a wide range of transcription factors
responsible for mitochondrial biogenesis [163]. All PGC-1
family members are able to co-activate nuclear respiratory
factors (NRF1, NRF2) and trans-activate NRFs-responsive
genes directly and indirectly involved in mitochondrial bio-
genesis. The NRFs regulate the majority of nuclear genes
encoding subunits of five respiratory complexes [162]. They
also act on genes whose products conduct mtDNA transcrip-
tion and replication (TFAM; mitochondrial transcription
factor B1, TFB1M; mitochondrial transcription factor B2,
TFB2M; mitochondrial RNA polymerase, POLRMT; mito-
chondrial DNA polymerase gamma, POLG1; RNA compo-
nent of mitochondrial RNA processing endoribonuclease,
RMRP) and those encoding components of the mitochon-
drial translation apparatus (ribosomal proteins, tRNA syn-
thetases), mitochondrial protein import and assembly ma-
chinery (translocases of the outer mitochondrial membrane,
TOM20, TOM70), and heme biosynthesis enzymes [153,
164], see also (Fig. 2).

There is a growing body of evidence that nucleus — en-
coded proteins participating at different stages in mitochon-
drial maintenance and biogenesis are important for PD
pathogenesis.

5.1. Nucleus-encoded Respiratory Chain Subunits

Polymorphisms/mutations in nuclear genes encoding
respiratory chain subunits seem obvious candidates for PD
risk factors. However, according to the PDgene most of the
obtained results, so far, are negative [24]. Only a single such
gene has been implicated in PD pathogenesis that codes for a
subunit of mitochondrial complex I - NADH dehydrogenase
(ubiquinone) flavoprotein 2 (NDUFV2). Homozygotes with
a substitution Ala29Val in the mitochondrial targeting se-
quence have a 2.4-fold higher PD risk than a control group
[165]. A screen of the entire NDUFV?2 coding region in 33
familial and 238 sporadic PD patients of North African
Arab-Berber ethnicity revealed two cases of a novel substitu-
tion p.K209R (c.626A>G), possibly with an autosomal
dominant mode of inheritance [166], (Fig. 2).

5.2. PGC-1alpha

Of the PGC-1 family members only PGC-lalpha poly-
morphisms have been analyzed in the context of PD risk in a
single study [167]. Interactions with a coding mtDNA SNP
10398G present in haplogroups J, K and I were found, how-
ever, only in subgroups comprising less than 200 patients
[167]. The rs6821591 C/C genotype was associated with the
risk of early onset PD, with age of PD onset, and with lon-
gevity (Fig. 2). The rs2970848 G/G allele was associated
with the risk of late onset PD (p = 0.027). The PGC-lalpha
rs8192678 (c.1444C>T, Gly482Ser) C/C genotype was asso-
ciated with longevity (p = 0.019), but not with PD risk [167].
Functional studies demonstrated that c.1444C>T decreased
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Fig. (2). Genes related to mitochondrial function and implicated in PD pathogenesis.

About 10% of PD cases arise due to mutations in PARK genes. PARK?2 (parkin), PARK6 (PINK1), and PARK7 (DJ-1), are responsible for
autosomal recessive PD forms, while PARKI (a-SNCA) and PARKS (LRRK2) mutations cause autosomal dominant PD. The influence of
polymorphisms in PARK genes on PD risk has been extensively studied. Recent research have demonstrated that variation in other (than
PARK) mitochondria-related genes may modulate PD risk. Parkin, PINK1, DJ-1, LRRK2 and a-SNCA are involved in regulation of mito-
chondrial function to different extent. Parkin regulates PGC-1alpha levels through PARIS. PGC-1alpha coordinates mitochondrial biogenesis
through trans-activation of NRF1/2-responsive genes, such as NDUFV2, TFAM, POLG1, MTIF3. The function given above arrows is gen-
eral. Black dots designate mutations. Grey dots designate polymorphisms.

the PGC-1lalpha level [168] and that this variant of the pro-
tein co-activated downstream transcription factors less effi-
ciently [169]. In silico analysis suggested that splicing of the
T-allele could be defective [170]. Interestingly, the c¢.1444C
>T allele was associated previously with type II diabetes
[171] and hypertension [172], while carriers of at least one
¢.1444C>T allele had an almost two times higher risk of late
onset AD (LOAD) than those with the C/C genotype, how-
ever, only among APOE4 carriers [102].

A meta-analysis of genome-wide expression studies has
shown that PGC-Ialpha and its target genes involved in cel-
lular bioenergetics are downregulated in sporadic PD pa-
tients in comparison with control groups [173]. Also in
parkin deficiency conditions the PGC-lalpha level is
changed [174, 175], reviewed in [14]. Thus, PGC-1alpha has
been proposed as a therapeutic target for PD treatment.
However, there are some important concerns that should be
stressed. It has recently been shown that sustained overex-
pression of PGC-1lalpha in the rat nigrostriatal system leads
to metabolic alterations followed by degeneration of DA
neurons. This result indicates that maintaining physiological
levels of therapeutic proteins is critical [176]. Moreover, the

functional redundancy among the PGC-1 coactivator family
members should be taken into account, as well, for review
see [162].

5.3. Other Genes Involved in Mitochondrial Biogenesis:
HSPA9, LRPPRC and TOMM40

Apart from the PGC-1 family co-activators, several
other proteins involved in mitochondrial biogenesis have
been implicated in PD pathogenesis, such as mortalin and
LRPPRC.

Mortalin is a mitochondrial matrix chaperone of the heat
shock protein 70 family encoded by the HSPAY gene. Its lev-
els are downregulated in PD brains, animal and cellular PD
models [177-180] and correlate with disease progression in
PD patients [179]. So far, four potentially pathogenic variants
in the mortalin gene have been identified in PD patients from
Spain (two missense R126W, P509S; one intron 8 insertion of
17 bp, predicted to affect RNA splicing) and Germany
(A476T) but not in control groups [181, 182], Fig. 2.

The Translocase of Outer Mitochondrial Membrane 40
homolog (TOMM40) is essential for import of proteins into
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mitochondria [183]. Previously, a common polymorphic,
deoxythymidine-tract in intron 6 of the TOMMA40 gene
(rs10524523) has been associated with Alzheimer's disease
[184, 185]. However, we have found no association between
this polymorphism and the risk of PD [186].

The LRPPRC protein (leucine rich PPR-motif containing
protein, also known as LRP130) is one of the seven proteins
of the pentatricopeptide repeat (PPR) family that all localize
to mitochondria [187]. It plays a role in the post-
transcriptional regulation of all mtDNA-encoded mRNAs,
increasing their stability [188, 189]. Sequencing of the
LRPPRC gene in 46 atypical EOPD patients has revealed
over 20 variants, some of potential significance for PD
[190], (Fig. 2).

Above-mentioned data suggest that association studies of
PGC-1 family, NRFs, LRPPRC, HSPA9 and other genes in-
volved in the regulation of mitochondrial biogenesis ought to
be performed.

5.4. Genes Encoding mtDNA Expression Machinery

Mitochondrial transcription factors A and two B isoforms
(TFAM and TFB1M, TFB2M, respectively) and mitochon-
drial RNA polymerase (POLRMT) form the basal mtDNA
transcription apparatus [187]. TFBIM and TFB2M are re-
cruited to the transcription initiation complex through the
TFAM’s C-terminal tail. TFAM is also implicated in pack-
aging of mtDNA in a nucleoid-like structure, displaying both
mtDNA  promoter-specific and non sequence-specific
mtDNA binding capacity [191, 192]. The use of TFAM in
experimental PD therapy has been suggested since it protects
from oxidative stress and improves mitochondrial respiratory
functions in cellular and animal models [193, 194]. A mo-
lecular therapy based on transfection of either free or
mtDNA-complexed recombinant TFAM led to a marked
improvement of mitochondrial functioning in cybrids with
mtDNA from PD patients, characterized by decreased
mtDNA and mtRNA levels and impaired respiratory capac-
ity [144]. Eleven weeks after single recombinant TFAM-
mtDNA complex application, the mtDNA and mtRNA levels
were restored, and the levels of PGClalpha mRNA, TFAM
and ETC proteins increased, indicative of an induction of
mitochondrial biogenesis and also a feedback loop between
TFAM and/or mtDNA levels and PGClalpha. Control cy-
brids, as well as those exhibiting limited mitochondrial dys-
function, did not respond to the therapy, which suggested
selectivity of the treatment without interference with normal
mitochondrial functioning.

TFBIM and, to a lesser extent, TFB2M display also a
12S rRNA methyltransferase activity and thus contribute to
the biogenesis of mitochondrial ribosomes and translation
[187, 195]. This suggests that mitochondrial transcription
and translation are regulated in a coordinated manner.
TFB2M is more potent in promoting mtDNA transcription
than TFB1M, while the latter one is primarily a 12S rRNA
methyltransferase; reviewed in [187].

Mutational screening of TFAM, TFBIM and TFB2M has
not revealed any potentially pathogenic mutations in PD pa-
tients [196, 197]. No TFBIM or TFB2M polymorphisms
showed association with PD risk [197]. In the case of TFAM,
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only our previous study reported that the rs2306604 G/G
genotype is an independent risk factor for PD (OR 1.789,
95% CI 1.162-2.755, p=0.008) [198], (Fig. 1). Other studies,
including GWAS and a meta-analysis, have not found any
association with PD risk [24, 196, 199-201]. Our data indi-
cated that four of five haplotypes containing allele G had
higher frequencies in the PD group, but without reaching
statistical significance [198]. Earlier in silico analysis
showed that the TFAM rs2306604G (IVS4 + 113 G) allele
creates a putative new splice donor and a cryptic splice ac-
ceptor resulting in a truncated TFAM protein of 102 amino
acids [202], although its presence is yet to be demonstrated
in vivo.

As to the translation machinery, a polymorphism in one
of the two mitochondrial translation initiation factors that
operate in mammalian mitochondria - translation initiation
factor 3 (MTIF3) - was recently associated with PD risk
[203-205]. The protein is crucial for ribosome assembly and
initiation of translation in mitochondria; reviewed in [187].
The rs7669 ¢.798C>T polymorphism of the MTIF3 gene
showed allelic or genotype association with PD [203-
205]. The rs7669 T/T-genotype is associated with a de-
creased MTIF3 mRNA expression in comparison to the C/C-
genotype [205], (Fig. 2). A dearth of MTIF3 could impair
the ability of mitochondria to respond rapidly and dynami-
cally to stress or damage by limiting the pool of available
mtDNA-encoded proteins, and thus the organelle biogenesis.
An increased PD risk could be a consequence.

5.5. Genes Encoding mtDNA Replication Machinery

Defects of the mtDNA replication machinery (mutations
in the DNA polymerase gamma 1, POLGI and Twinkle
genes) have been found to contribute to the parkinsonian
phenotype [206-210].

Twinkle is a DNA helicase unwinding mtDNA at the
replication fork, essential for mtDNA maintenance and copy
number regulation in mammals [211, 212]. As previously
mentioned, targeted overexpression of mutant twinkle in SN
DA neurons recapitulated some of the cardinal features of
Parkinson disease [66]. However, the role of twinkle variants
in idiopathic PD remains to be addressed.

The POLGI gene coding for the catalytic subunit of the
heterotrimeric mitochondrial DNA polymerase is responsible
for mtDNA replication (5'—3' polymerase activity) and re-
pair (3'=5' exonuclease activity) in mammals [213, 214].
POLGI1 contains at its N-terminus a variable poly-glutamine
tract (poly-Q) encoded by exon 2 CAG repeat sequence cru-
cial for the exonuclease activity and the proofreading of
mtDNA. The most common STR variant has ten CAG re-
peats (10Q, frequency >80%), a moderately common allele
11Q has a frequency of 6-12%, while minor variants 6Q-9Q
and 12Q-14Q each have frequencies not exceeding 4%. Rare
poly-Q variants of POLGI have been shown to increase spo-
radic PD risk in Finnish [215], North American Caucasians
(non-10Q) [216], Swedish (non-10/11Q) [217], and Norwe-
gian populations (non-10/11Q) [218], though it was not con-
firmed in all studies [219]. A recent meta-analysis of asso-
ciation studies corroborated the notion that rare non-10Q
variants are significantly associated with PD risk (p=0.0017)
[218], (Fig. 2). A bioinformatic analysis showed aberrant
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mRNA folding energy for non-10/11Q variants [217]. A
recombinant POLG1 lacking the poly-glutamine tract
(deltal0Qs) overexpressed in a cellular model exhibited in-
creased mRNA, protein level and polymerase activity in
comparison with a control variant (10Qs) [220]. Those cells
had a lower than normal mtDNA content. However, no
changes in the composition, amount or assembly state of
respiratory chain complexes and no up-regulation of TFAM
or mtSSB expression have been found [220].

These results indicate that rare POLG! STR variants
could modulate the POLG1 functioning, but more detailed
functional studies are necessary to elucidate the underlying
molecular mechanism.

5.6. Interplay Between Nuclear and Mitochondrial Ge-
nomes in PD Pathogenesis — Old Actors on New Stage

As mentioned earlier, proper mitochondrial activity re-
quires a well-coordinated expression of mitochondrial and
nuclear genomes.

We hypothesized that the impact of nuclear genes on PD
risk could be modified by the mtDNA background (see also
Fig. 1). Parkin has been shown to interact with TFAM and
mtDNA in vitro and in vivo and to increase mtDNA tran-
scription, replication and mitochondrial mass in a cellular
model [18, 19]. Those results suggested that parkin and
TFAM could operate in the same physiological pathway,
prompting us to analyze the interaction between mitochon-
drial haplogroups/clusters and 1) PARK2 polymorphisms,
and 2) TFAM variation. Our results indicated that genotypes
G/G V380L of PARK2 and G/G rs2306604 of TFAM in-
creased PD risk in combination with the prooxidative back-
ground of the most common mitochondrial HV cluster al-
though the rs2306604 TFAM has been shown to be an inde-
pendent PD risk factor [198, 221]. We have also found a
significant interaction between the 152306604 G/G genotype
of TFAM and the V380L G/G genotype of PARK?2, in sub-
jects with the mitochondrial HV cluster. Those findings im-
ply that simultaneous presence of G/G V380L PARK2 and
G/G 152306604 TFAM in the pro-oxidative HV cluster back-
ground is a PD risk factor with detrimental influence
stronger than predicted by additive model [221], (Fig. 1).

Meta-analyses of PARK2 polymorphism studies indicate
that allele C of V380L is protective against PD, but only
when all ethnicities and studies with control groups violating
Hardy-Weinberg equilibrium are included [24]. Earlier re-
ports showed either no association for V380L or pointed to
the G/G V380L genotype as increasing the PD risk and/or
allel C decreasing it [222, 223]. Among PD patients poten-
tially exposed to pesticides (postulated to increase PD risk)
those carrying allele C of V380L had a higher age at onset
[224]. Interestingly, this allele also decreases the risk of fa-
milial and sporadic progressive supranuclear palsy (PSP), a
tauopathy that genetically, clinically and histopathologically
partially overlaps PD [25]. The amino acid position 380 of
parkin is located in the IBR (in between RING) domain.
Structural analyses indicate that the domain is likely respon-
sible for stabilizing the geometry and relative orientation of
the two RING domains of parkin [24]. Thus, the V380L re-
placement could bring about a decreased interaction with E2
protein—ubiquitin conjugating enzymes and impaired ubiq-
uitination of substrates [24].
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A plethora of polymorphisms in other nuclear genes in-
cluding PARK genes have been implicated in PD pathogene-
sis (Fig. 1). The results are available in the database for PD
genetic association studies and feature also meta-analyses
[24]. It can be speculated that the influence of nuclear genes
(especially those tightly regulating mitochondrial function-
ing) could be modified by mtDNA background. Recent find-
ings have demonstrated that the levels of inflammatory bio-
markers related to air-pollution, such as interleukin-6 (IL-6)
and tumor necrosis factor-alpha (TNF-alpha), are higher in
subjects with mitochondrial haplogroup H (as compared to
subjects with haplogroup U) [225] (Fig. 1), however, com-
mon genetic variation in /L-6 or TNF-alpha genes has not
been associated with late-onset sporadic Parkinson's disease.

6. CONCLUSION

Individual susceptibility to PD is a result of complex in-
teractions between genetic factors, environment and physio-
logical aging. Natural consequence of such complexity is the
pathophysiological heterogeneity of PD. It seems plausible
that different molecular pathways are compromised to a dif-
ferent extent in individual PD patients, possibly creating
“molecular/genetic” subtypes of the disease. To date, mito-
chondrial dysfunction and/or increased oxidative stress are
only found in a subset of sporadic PD patients (30%) [226].
Detailed understanding of this obvious heterogeneity is of
great importance for the development of future individual-
ized therapies, for example those targeting mitochondrial
dysfunction and/or oxidative stress [9].

Although there is convincing evidence of mitochondrial
dysfunction both in sporadic and familial PD cases, none of
the genes discussed here (NDUFV2, PGC-lalpha, HSPA9Y,
LRPPRC, MTIF3, POLGI1, TFAM), have been highlighted in
PD genome-wide association studies (GWAS). To date,
PARKI and PARKS common variation (coding for SNCA
and LRRK2, respectively), and TAU are fairly consistently
reported in GWAS as risk factors for PD [24, 200, 227-236].
This can be partially due to the specificity of GWAS, which
usually do not allow for the detection of rare variants or
markers with small effects that are lost in the background
noise.

The presented results of candidate-gene driven associa-
tion studies and sequence analyses in case and control
groups underscore the differences in the predisposition to
develop PD related to common variation of nuclear and mi-
tochondrial genomes. There is growing evidence from func-
tional studies that common variants of mtDNA influence
numerous biological parameters, such as ATP and oxidative
stress levels, mtDNA transcription/replication rate, and nu-
clear gene expression pattern. The interactions between the
two genomes in PD pathogenesis can be addressed through
carefully designed association studies. The main challenge
for the future is to secure sufficient statistical power allow-
ing for reliable conclusions to be drawn (several thousands
of participants). Ideally, the environmental PD risk factors
should also be taken into account, such as caffeine intake,
smoking or exposure to mitochondrial toxins, because they
may constitute important confounding factors, leading to
discrepant results of association studies [237]. It would be
also important to verify whether clinical subtypes of PD
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(such as the previously mentioned tremor-prevalent and
PIGD forms) are associated with different molecular mecha-
nisms or different genetic background, a question not ad-
dressed so far in association studies.

An integrative approach combining detailed characteriza-
tion of mitochondrial parameters (bioenergetics, ROS levels,
biogenesis, mitophagy, mitochondrial dynamics) along with
other highly related pathways (such as response to oxidative
stress, cellular clearance pathways, etc.) in PD patients and
healthy controls with well defined genetic background
(mtDNA haplogroups, nuclear gene variants tightly regulat-
ing mitochondrial functioning and oxidative stress such as
PGClalpha, TFAM, POLGI, PARK2, HSPAY, etc.) would
greatly advance the understanding of the impact of common
genetic variants on PD risk. It remains to be established
whether knowing of individual patient’s genotype could help
to select them for a specific type of therapy, e.g. mitochon-
dria-targeted one, or help to predict the response to treat-
ment. The usefulness of genetic markers (such as individual
PARK?2 mutations) is already being tested along with clinical
symptoms considered as predisposing to PD in so called en-
riched risk cohorts approach, reviewed by [238].
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