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Over the past decade, the role of mitochondria has extended beyond those tasks for
which these organelles are historically known. Recent proteomics investigations have
highlighted the extraordinary complexity of mitochondrial protein organization, which
is a reflection of the numerous and disparate mitochondrial functions [1]. These include
the synthesis of most of the ATP present in the cell, apoptosis, ion homeostasis, cellular
stress response, antioxidant control, redox regulation, mitophagy, involvement in various
biosynthetic pathways and many more processes. Furthermore, mitochondria are dynamic
organelles, and their morphology can vary significantly within a cell. This is mainly due
to the mitochondrial fusion and fission processes, referred as mitochondrial dynamics,
which are crucial for the organelles’ interactions with other cell compartments and for the
cross-talk with the cell cycle and metabolism as well as differentiation and senescence [2].

An intriguing feature of mitochondria is that they possess their own DNA (mtDNA),
which is functionally coordinated with the nuclear genome. Indeed, numerous nucleus-
encoded proteins are required for complex molecular processes such as replication, tran-
scription, RNA processing and degradation, translation, and assembly of respiratory chain
complexes that take place inside the mitochondria [3,4]. On the other hand, mitochondrial
gene expression plays an important role in the communication between mitochondria and
the nucleus, contributing to the regulation of cell physiology. Recent studies have pointed
to novel RNA-driven mechanisms according to which mitochondrial-derived transcripts,
in addition to their role in maintaining mitochondrial function, act as signalling molecules
modulating the innate immune response [5].

Dysfunctions affecting the mitochondria can lead to various pathological conditions,
including aging and neurodegenerative disorders, and are associated with a whole range
of complex genetic disorders, known as mitochondrial diseases [6]. In recent years, great
advances have been made in the field of mitochondrial diagnostics thanks to the rapid devel-
opment of next-generation sequencing (NGS) technologies, particularly the whole-genome
approach [7]. However, most of the aspects and mechanisms underlying mitochondrial
diseases remain unclear and, to date, effective therapies are still lacking. Therefore, a
thorough understanding of the molecular processes occurring in mitochondria is essential
from a pathological perspective.

The Special Issue “Mitochondria: from Physiology to Pathology” published in Life
(ISSN 2075-1729) collects a series of research and review articles and aims to provide an
updated view of the main topics covering the physiological and the pathological aspects of
mitochondrial biology.

Several contributions focus on the mitochondrial genome and its link to the phys-
iopathological aspects of the various mitochondrial processes. Chapman et al. [8] present
a comprehensive review on mtDNA metabolism, highlighting the interplay occurring
between the organization of the mitochondrial genome, mitochondrial dynamics and
cristae structure. After a brief excursus on the organization of mtDNA and on its main
processes, such as replication and transcription, the authors deal in depth with the pro-
cesses of fission and fusion relative to the structure of mtDNA, discussing the known
genetic defects that affect mitochondrial dynamics. To complete the picture, they describe
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the close relationship between the nucleoid, OPA1 and the other “cristae-shaping pro-
teins” constituting the MICOS complex, whose interactions modulate the formation and
dynamics of mitochondrial cristae. These are critical process that, if not well regulated,
can prompt mitochondrial dysfunction with the onset of neuromuscular diseases. Another
important process whose dysregulation can lead to severe pathologies is the elimination of
mitochondrial genome. Orishchenko and colleagues [9] review the mechanisms underlying
the regulation of heteroplasmy level and mtDNA segregation, illustrating in detail the
natural process of mitochondrial genome elimination in both the somatic cells and the
germline. The development of methodologies for artificial manipulation of the mtDNA
heteroplasmy level that aim either to prevent or potentially cure human diseases associated
with mitochondrial dysfunction, is also examined.

Mitochondrial encephalopathy with lactic acidosis and stroke-like episodes (MELAS)
is a metabolic disorder caused by point mutations in the mitochondrial tRNALeu(VUR) gene,
with a prevalence of A>G substitution in position 3243. Several papers have reported that
overexpression of human mitochondrial leucyl-tRNA synthetase (LARS2) or its C-terminal
domain (Cterm) has proven effective in rescuing the pathological phenotype in cellular
models. In their research article, Capriglia et al. [10] investigated the molecular basis
underlying the ability of the Cterm domain in rescuing the MELAS phenotype. The cellular
model employed, consisting of a trans-mitochondrial cybrid line with a >95% mutation load,
confirmed the therapeutic potential of the Cterm peptide but also showed that its rescuing
ability was independent of the mitochondrial bioenergetics, unlike what has previously
been observed in other cybrid lines. The authors proposed that the beneficial effect of this
peptide could also be mediated by retrograde mitochondrial signals or, alternatively, by its
potential ability to bind regulatory RNA in the cytosol. This research indicates that the full
understanding of Cterm-rescuing mechanisms imposes the development of tissue-specific
cellular models that accurately reproduce the pathological MELAS phenotype.

Another study, based on a cohort of 468 subjects from the Siberian region, was con-
ducted by Kirichenko et al. [11] with the purpose of determining the impact of mitochon-
drial heteroplasmy measurements in the prognosis of atherosclerosis development. They
investigated the association of nine different mtDNA mutations with carotid intima-media
thickness (cIMT), a measurement of the artery wall thickness obtained by ultrasound imag-
ing. Several mtDNA variants correlated with the mean cIMT, thus constituting potential
prognostic markers. Interestingly, the mutations m.13513G>A and m.14846G>A showed
a significant inverse correlation being associated with a low value of cIMT, representing
good candidates for the development of anti-atherosclerotic gene therapies.

The dysregulation of mitochondrial functions certainly depends on faulty mitochon-
drial gene expression at different levels, but also on other factors. One of these, which takes
on particular importance in mitochondrial physiology, is the post-translational modifica-
tion of mitochondrial proteins. Phosphorylation is commonly employed in mitochondria
either to modify protein functions or to activate fundamental signalling pathways, inside
and outside the mitochondria. Kotrasova et al. [12] center their review on mitochondrial
kinases and their role in keeping organelles fully efficient. This function is exerted on
various and distinct substrates: mitochondrial import machinery, subunits of respiratory
chain complexes and proteins involved in the main steps of mtDNA maintenance and
expression. In addition, the activity of mitochondrial kinases is also important for organelle
quality control and apoptosis. One of the central key players in mitochondrial quality
control pathways is PINK1 (PTEN-induced kinase 1). Barroso Gongalves and Morais [13]
emphasize how valuable the supply of PINK1 is for the mitochondrial clearance through
mitophagy and for the maintenance of mitochondrial homeostasis, thereby keeping cells
healthy and functional. The precise mechanisms that mediate PINK1 function in the dif-
ferent mitochondrial pathways remain to be elucidated. Nevertheless, the genetic link
between PINK1 and Parkinson’s Disease (PD) has long been proven, particularly for the
familial form of this pathology. Further research needs to be carried out to define whether
the mitochondrial homeostasis imbalance, due to the aberrant function of PINKI, is the key
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element that contributes to the pathological phenotype in both the familiar and sporadic
forms of PD.

An important aspect of mitochondrial physiology is its hormone-mediated regulation.
Medar et al. [14] analysed mitochondrial response to luteinizing hormone (LH) stimulation
in Leydig cells, the major producers of steroid hormones that regulate sexual differentiation
and development. In these cells, endocrine function requires the cAMP signalling pathway,
whose involvement in modulating respiratory chain complexes activity, ATP production,
biogenesis, import, dynamics, and mitochondrial-dependent apoptosis has been widely
investigated. The reported results, obtained by different experimental approaches in rat
Leydig cells ex vivo and in vivo with a different LH environment and steroidogenic capacity,
supported the involvement of LH-cAMP pathway in the regulation of mitochondrial
biogenesis and dynamics coupled with mitochondria-mediated steroidogenesis. Additional
studies carried out in Leydig and other steroidogenic cells, e.g., derived from adrenal glands
and placenta, will shed light on the pathogenic mechanisms triggered by the presence of
unhealthy mitochondria in these tissues.

The last research article of this Special Issue focuses on the Saccharomyces cerevisiae
FADI1 gene, encoding the FAD synthase that adenylates the flavin mononucleotide (FMN)
to flavin adenine dinucleotide (FAD), an essential coenzyme for various flavoenzymes.
Barile and colleagues previously proved that FAD-forming activities, paralleled by FAD
precursors uptake in mitochondria and mitochondrial FAD export to cytosol, could be
specifically revealed in mitochondria. However, a protein responsible for the synthesis
of FAD had never been identified in yeast mitochondria. In this paper [15], the presence
of two Fadlp echoforms, dually localised to the cytosol and mitochondria, was reported.
Intriguingly, the authors demonstrated the existence of two pools of FADT mRNAs with
3’ untranslated regions (UTRs) of different length and containing a mitochondrial targeting
signal. Therefore, the 3’ UTRs would be responsible for the fate of Fadlp echoforms, with
the long FADT mRNA generating the mitochondrial Fadlp. In this context, the authors
discussed the role of specific RNA binding proteins (e.g., Puf3p) that modulate the import
of the mitochondrial Fad1p echoform. Overall, the paper adds a useful piece of knowledge
to the post-transcriptional control of genes encoding mitochondrial proteins, proposing the
existence of novel regulatory mechanisms in yeast as well as in higher eukaryotes.
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Abstract: The search for markers of predisposition to atherosclerosis development is very important
for early identification of individuals with a high risk of cardiovascular disease. The aim of the present
study was to investigate the association of mitochondrial DNA mutations with carotid intima-media
thickness and to determine the impact of mitochondrial heteroplasmy measurements in the prognosis
of atherosclerosis development. This cross-sectional, population-based study was conducted in
468 subjects from the Novosibirsk region. It was shown that the mean (carotid intima-media
thickness) cIMT correlated with the following mtDNA mutations: m.15059G>A (r = 0.159, p = 0.001),
m.12315G>A (r = 0.119; p = 0.011), m.5178C>A (r = 0.114, p = 0.014), and m.3256C>T (r = 0.130,
p = 0.011); a negative correlation with mtDNA mutations m.14846G>A (r = —0.111, p = 0.042) and
m.13513G>A (r = —0.133, p = 0.004) was observed. In the linear regression analysis, the addition of the
set of mtDNA mutations to the conventional cardiovascular risk factors increased the ability to predict
the cIMT variability from 17 to 27%. Multi-step linear regression analysis revealed the most important
predictors of mean cIMT variability: age, systolic blood pressure, blood levels of total cholesterol,
LDL and triglycerides, as well as the mtDNA mutations m.13513G>A, m.15059G>A, m.12315G>A,
and m.3256C>T. Thus, a high predictive value of mtDNA mutations for cIMT variability was
demonstrated. The association of mutation m.13513G>A and m.14846G>A with a low value of cIMT,
demonstrated in several studies, represents a potential for the development of anti-atherosclerotic
gene therapy.

Keywords: atherosclerosis; carotid intima-media thickness; mitochondrial mutations; cardiovascular
risk factors
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1. Introduction

Current knowledge about the mechanisms of atherosclerosis development has significantly
increased in recent decades, but atherosclerotic-based diseases still occupy a leading position in the
structure of mortality in developed countries [1]. In this regard, the early detection and treatment
of patients with a high risk of atherosclerosis development is a primary medical and social problem.
Timely prevention of subclinical atherosclerosis has a potential to decrease cardiovascular morbidity
and mortality. The search for markers of subclinical atherosclerosis is one of the fundamental factors
in the identification of individuals with a high risk of cardiovascular disease (CVD). The thickness
of the intimal-medial layer of the carotid arteries (cIMT) is considered to be a direct non-invasive
marker of subclinical atherosclerosis, used in clinical and epidemiological studies to assess the effect
of conventional and new cardiovascular risk factors (CVRFs) on the progression of atherosclerotic
lesions [2,3]. However, conventional CVRFs are poorly associated with cIMT, which suggests the
presence of other factors determining the risk atherosclerosis development [4,5].

Currently, the existence of a genetic predisposition to the development of atherosclerosis is not in
doubt. In particular, a family history of CVD (coronary artery disease, acute myocardial infarction,
and arterial hypertension in first-degree relatives under 60 years of age) is an independent predictor
of the risk of these diseases and is taken into account in many modern algorithms for cardiovascular
risk prediction [6]. The association of numerous polymorphisms of the nuclear genome with risk of
CVD has been revealed [7]. At the same time, the effect of mutations of the mitochondrial genome is
more significant for the formation of atherosclerotic lesions since mitochondrial dysfunction leads to
activation of the key factors of atherogenesis, such as oxidative stress and inflammation [8]. Nowadays,
the role of mitochondrial genome mutations in the predisposition to atherosclerosis development and
cardiovascular disease is being investigated [9].

In our previous studies, variants of mitochondrial heteroplasmy were identified in samples of the
human aorta with atherosclerotic lesions [10]. In several populations, the association of mitochondrial
mutations in blood leukocytes with coronary artery disease and carotid atherosclerosis has been
studied [11-13]. It was revealed in the IMPROVE study, a European multicenter study aimed to
investigate the prognostic value of cIMT for future cardiovascular events, that latitude is an important
determinant of cIMT in Europe and traditional CVRFs do not fully explain cIMT variability in European
population, which suggests the presence of other factors, including hereditary ones, in formation
of a predisposition to atherosclerosis development [14]. In this regard, replicative studies on the
association of mitochondrial heteroplasmy and carotid atherosclerosis need to be carried out in other
regions that differ in ethnic composition, as well as in socio-economic and geographical conditions.
We have previously investigated the association between mitochondrial heteroplasmy and carotid
atherosclerosis in a population of the European part of Russia [15]. The objective of the present
research is to study the possible relationship of mitochondrial heteroplasmy and cIMT variability in
the Siberian region.

2. Results

In total, 500 participants were included in the study; 32 of them were excluded from the analysis
due to unreadable ultrasound images (13) and the insufficient quality of their DNA samples (19).
Therefore, 134 male and 334 female samples were analyzed. The clinical and laboratory characteristics
of the study participants are presented in Table 1. Female and male groups were different by
the following parameters: there were significantly more smokers in the male group (p = 0.038);
men had higher systolic blood pressure (p = 0.001) and a lower level of high-density lipoproteins
(p = 0.032). The additional estimated parameter in the female group was the period after menopause,
which averaged 12.4 (7.4) years.
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Table 1. Clinical and laboratory characteristics of the study participants.

Characteristic Total Group Men Women Difference, p-Value

Age, years 62.3 (5.7) 62.9 (5.4) 62.1 (5.8) 0.141

BMI, kg/m? 28.6 (4.9) 28.4 (4.9) 28.7 (4.9) 0.515

SBP, mm Hg 130 (16) 134 (18) 127 (15) 0.001

DBP, mm Hg 81 (10) 82(9) 80 (10) 0.121

Smoking, % 9 14 7 0.038

Diabetes, % 6 3 8 0.190

Family history of CVD, % 34 32 35 0.398

Hypotensive therapy, % 55 51 57 0.442

Total Cholesterol, mg/dL 231.7 (42.3) 227.4 (40.4) 233.5 (42.9) 0.131

TG, mg/dL 119.1 (73.3) 120.9 (74.6) 118.4 (72.8) 0.732

HDL, mg/dL 49.8 (14.2) 47.8 (12.8) 50.6 (14.7) 0.032

LDL, mg/dL 158.5 (38.3) 155.2 (37.0) 159.8 (38.8) 0.213

cIMT, mm 0.778 (0.170) 0.772 (0.149) 0.777 (0.150) 0.731

Mitochondrial DNA (mtDNA) mutations m.13513G>A, m.3336T>C, m.15059G>A, m.12315G>A,

m.1555A>G, m.5178C>A, m.14459G>A, m.14846G>A, and m.3256C>T were estimated in all the study
participants. Figure 1 represents an example of the results of the pyrosequencing for mutation m.5178.
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Figure 1. Sample of the sequencing results for mutation m.5178C>A. For the detection of mutation
m.5178C>A, a reverse primer for sequencing was used, so the replacement of G by T was analyzed.
(A) The theoretical height of the nucleotide peaks in homoplasmy for the mutant allele 5178A in the
mitochondrial genome; (B) the theoretical height of the nucleotide peaks in homoplasmy for the normal
allele 5178C in the mitochondrial genome; and (C) a pyrogram of a study participant’s DNA sample

revealed the heteroplasmy level for mutation m.5178C>A is 48%.

Table 2 demonstrates the levels of mtDNA mutations in total and in men and women separately.
The difference between the male and female group was observed only for mutation m.15059G>A,
which was significantly higher in women (p = 0.009).
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Table 2. The MtDNA mutation levels of the study participants.

MtDNA Mutations, % Total Group Men Women Difference, p-Value

m.13513G>A 24.3 (13.8) 23.8 (13.5) 24.5(13.9) 0.635
m.3336T>C 3.9(0.4) 3.1(4.7) 42 (9.5) 0.086
m.15059G>A 11.7 (14.3) 9.5(9.3) 12.6 (15.8) 0.009
m.12315G>A 36.0 (24.1) 35.4 (23.3) 36.2 (24.4) 0.714
m.1555A>G 22.8 (12.5) 24.2 (12.8) 22.2(12.4) 0.070
m.5178C>A 5.8(12.3) 4.8 (11.3) 6.3 (12.7) 0.216
m.14459G>A 4.1 (5.5) 44(54) 4.1 (5.6) 0.540
m.14846G>A 17.1 (16.6) 17.7 (18.5) 16.9 (15.8) 0.654
m.3256C>T 15.0 (16.3) 15.4 (15.5) 14.9 (16.7) 0.772

Further, the association of mtDNA with mean cIMT was estimated and demonstrated in
Table 3. In the total group, the mean cIMT correlated significantly with the following mtDNA
mutations: m.15059G>A, m.12315G>A, m.5178C>A, and m.3256C>T, as well as inversely correlated
with m.13513G>A and m.14846G>A. While the total group was divided by sex, the negative correlation
of m.13513G>A with mean cIMT was observed in both men and women, while the correlation of
m.14846G>A with cIMT reached statistical significance neither in men nor in women. A positive
correlation of mutations m.15059G>A, m.12315G>A, and m.5178C>A was found only in women and
m.3256C>T only in men.

Table 3. Correlation of mtDNA mutations with mean cIMT.

MtDNA Mutations (r; p) Total Group Men Women
m.13513G>A —0.133 *; 0.004 —0.173%;0.048 -0.119 *; 0.030
m.3336T>C 0.064; 0.176 —0.101; 0.251 0.097; 0.079
m.15059G>A 0.159 *; 0.001 0.006; 0.942 0.208 *; <0.001
m.12315G>A 0.119 *; 0.011 —0.040; 0.655 0.179 *; 0.001
m.1555A>G -0.030; 0.525 —-0.120; 0.193 0.011; 0.843
m.5178C>A 0.114 *; 0.014 -0.078; 0.375 0.181 *; 0.001
m.14459G>A 0.058; 0.220 —0.152; 0.085 0.138 *; 0.012
m.14846G>A —0.111 *; 0.042 —0.144; 0.100 -0.071; 0.195
m.3256C>T 0.130 *; 0.011 0.297 *; 0.002 0.069; 0.257

r, Pearson’s correlation coefficient, with the significance of the correlation shown. *, statistical significance at p < 0.05.

The next stage of the study was a multi-step regression analysis that was performed to identify the
factors that may affect cIMT progression in a population from the Novosibirsk region. Mean cIMT was
used as a dependent variable, while variants of mitochondrial heteroplasmy as well as conventional
cardiovascular risk factors were used as independent variables. The initial independent variables
were age, sex, systolic and diastolic blood pressure, BMI, status of smoking, diabetes, a family history
of CVD, parameters of the lipid profile—total cholesterol, triglycerides, and low- and high-density
lipoproteins—as well as the levels of all the determined mtDNA mutations. The initial linear regression
model, including the 20 variables listed above, explained the variability of mean cIMT with r = 0.521,
12 = 0.274, p < 0.001. The least significant independent variables were sequentially excluded from
the analysis to obtain the most predictive linear regression model. In the resulting linear regression
model (r = 0.462, ¥ = 0.218, p < 0.001) the following parameters determined the variability of the
dependent variable, mean cIMT: age, systolic blood pressure, blood levels of total cholesterol, LDL and
triglycerides, and the mtDNA mutations m.13513G>A, m.15059G>A, m.12315G>A, and m.3256C>T.
The exclusion of all mtDNA mutations from the initial analysis led to a decrease in the determination
coefficient, i.e., deteriorate the explanatory capacity of the model to » = 0.413, 2 =0.171, p < 0.001.
A set of levels of mitochondrial mutations without other factors explained the variability of mean cIMT
with r = 0.333, r> = 0.111, p < 0.001.
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In women, the initial set of predictors determined a cIMT value with » = 0.583, 2 = 0.340,
p = 0.005; the most predictive variables were age, period after menopause, diabetes, blood levels of total
cholesterol, LDL and triglycerides, and mtDNA mutations m.13513G>A, m.14459G>A, and m.5178C>A
(r=10.540, 2 =0.292, p <0.001). For men, the initial linear regression model was not significant (r = 0.657,
2 = 0.431, p = 0.227); the most important predictors of mean cIMT variability in the male group
were age, blood levels of total cholesterol, HDL and triglycerides, smoking, diabetes, and mitochondrial
heteroplasmy m.3256C>T (r = 0.600, r* = 0.360, p = 0.003).

3. Discussion

In present study, the relationship between mutations of the mitochondrial genome with carotid
atherosclerosis in the Novosibirsk region was studied for the first time. It was demonstrated that variants
of mitochondrial heteroplasmy m.15059G>A, m.12315G>A, m.5178C>A, and m.3256C>T significantly
correlated with the intima-media thickness of common carotid arteries; a negative correlation of
m.13513G>A and m.14846G>A with mean cIMT was revealed. When a correlation analysis was carried
out in men and women separately, it was shown that the mean cIMT correlated with m.13513G>A,
m.15059G>A, m.12315G>A, m.5178C>A, and m.14459G>A in the female group and only with
m.13513G>A and m.3256C>T in the male group. Probably, these results are associated with one of the
main limitations in this study—the unequal volume of the male and female groups, so most correlations
did not reach statistical significance in male group due to the small sample size. In previous studies,
the association of variants of mitochondrial heteroplasmy was demonstrated in other populations.
The association of mitochondrial heteroplasmy in the European part of Russia partially coincides with
the results of the present study in the Siberian region. A previous study in the Moscow region revealed
the positive correlation between carotid atherosclerosis and the following mitochondrial mutations:
m.652delG, m.3256C>T, m.3336T>C, m.5178C>A, m.12315G>A, m.14459G>A, and m.15059G>A;
and an inverse correlation for m.652insG, m.13513G>A, and m.14846G>A. [15]. In subjects derived
from a Kazakhstan population, m.12315G>A was associated with cIMT only in women, but a negative
correlation of m.13513G>A with cIMT was confirmed in the total group [16].

The present study also included an estimation of the predictive value of mitochondrial
heteroplasmy for cIMT variability along with conventional CVRFs using a linear regression analysis.
The linear regression model, including a set of conventional cardiovascular risk factors together with
the investigated mitochondrial mutations, predicted the cIMT variability with r? = 0.274. The coefficient
of determination > shows that this set of factors explains only 27% of variability of the mean cIMT
in the presented linear regression model; however, the exclusion of the levels of mitochondrial
heteroplasmy from the analysis led to a decrease in the predictive ability of this model by 10%
(2 = 0.171), which indicates a high contribution of mitochondrial mutations in cIMT variability in
participants of the present study. Exclusion of the non-significant variables during the multi-step
regression analysis resulted in a decrease in the determination coefficient to 0.218, i.e., reduced the
explanting ability of the model to 22%, but allowed identifying the most predictive variables—age,
systolic blood pressure, parameters of the lipid profile, and the mtDNA mutations m.13513G>A,
m.15059G>A, m.12315G>A, m.3256C>T. In our previous study, the factors affecting the cIMT value in
subjects from Moscow were determined. It was shown that the same set of conventional cardiovascular
risk factors explained 21% of the cIMT variability. The inclusion of the m.652delG, m.3256C>T,
m.13513G>A, m.14459G>A, and m.15059G>A heteroplasmy levels in the linear regression model
provided a significantly better explanatory level of 36% [17].

The association of mitochondrial genome mutations, occurring during ontogenesis or inherited
through the maternal line, with the development of a number of pathological conditions in humans
is widely known [18,19]. One more limitation of the present study was the fact that detected levels
of mitochondrial heteroplasmy did not reach 50%, while it is known that the level of mitochondrial
heteroplasmy should exceed 50% for development of clinical manifestations [20]. However, a number of
other studies have demonstrated a significant relationship between cardiovascular diseases associated
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with atherosclerosis and some mutations in the mitochondrial genome, determined at a level comparable
to the results of the current study. For example, in a study of 482 patients with coronary heart disease,
the variant of mitochondrial heteroplasmy m.16189T>C, at a level of 21.6%, was associated with an
increased risk of coronary heart disease compared to healthy participants who had a 4.5% prevalence
of m.16189T>C [21]. In another study it was shown that mtDNA with a 4977 bp deletion in blood cells
was at significantly higher level in patients with coronary artery disease in comparison with healthy
subjects (26.2% vs. 4.5%) [22].

4. Materials and Methods

4.1. Study Design

The present study aimed to investigate the association of mitochondrial mutations with cIMT
and to determine the most important factors affecting the development of carotid atherosclerosis
in a Siberian population with a special focus on genetic predisposition, namely, mtDNA mutations.
This cross-sectional, population-based trial was conducted in men and women aged 55-79 years from
the Novosibirsk region. Conventional CVRFs, such as body mass index (BMI), systolic and diastolic
blood pressure, smoking status, history diabetes mellitus, family history of CVD, treatment of arterial
hypertension, blood lipids parameters (total cholesterol, triglycerides, and low- and high-density
lipoproteins) were assessed. All study participants were free of CVD. The recruitment of patients
was carried out at the Research Institute of Internal and Preventive Medicine, Novosibirsk, Russia.
The additional inclusion criterion in the female group was time after menopause (>5 years). History of
angina pectoris, myocardial infarction, intermittent claudication, stroke or transient ischemic attacks,
as well as arterial revascularization was exclusion criteria. The thickness of the intima-media layer
of the common carotid arteries was determined as a direct quantitative characteristic of carotid
atherosclerosis. Blood samples of the study participants were obtained to measure the lipid profile and
the levels of mtDNA mutations previously identified as related to atherosclerosis and cardiovascular
disease. The study was performed in accordance with the Declaration of Helsinki of 1975 and its
revised version of 2013. The study protocol was approved by the Institute for Atherosclerosis Research
Committee on Human Research (Moscow, Russia). All study participants provided written informed
consent prior the inclusion in the study.

4.2. Measurements of cIMT

B-mode high-resolution ultrasonography with a linear array vascular probe 7.5 MHz on ultrasonic
scanner SonoScape SSI-1000 (SonoScape, Shenzhen, China) was used for examination of the carotid
arteries. The left and right common carotid arteries, the carotid bifurcation area, as well as the external
and internal carotid arteries were scanned [14]. The measurements of cIMT were performed at the
far wall of the common carotid artery 10 mm opposite the top of the carotid bifurcation in three fixed
projections—lateral, anterolateral, and posterolateral. The carotid ultrasound was carried out by one
researcher throughout the study. Frozen images of the far wall of right and left carotid arteries in three
projections (6 images for each person) were saved for subsequent analysis using the dedicated software
package M’Ath (Metris, SRL, Argenteuil, France). The cIMT was measured as the distance from the
leading edge of the first echogenic area to the leading edge of the second echogenic area. The average
of six measurements was considered as an integral indicator of the intima-media thickness.
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4.3. DNA Isolation, PCR and Pyrosequencing

To perform pyrosequencing, total mtDNA was isolated from whole venous blood by
phenol-chloroform extraction using the method previously developed by our group on the basis of the
method by Maniatis et al. [23]. Polymerase chain reaction (PCR) was performed to obtain fragments of
mtDNA containing the region of the investigated mutations [24]. MtDNA samples were kept in TE
buffer at a concentration of 0.03 ug/uL. The analysis of the heteroplasmy level in the mutations was
carried out using the quantitative method, developed by M. A. Sazonova et al. Pyrosequencing was
performed by using the PSQ HS96MA (Biotage, Uppsala, Sweden) device, to determine the defective
allele quantified by analyzing the peak heights in the pyrogram of the one-chained PCR-fragments of a
mitochondrial genome [25]. The heteroplasmy level was measured as a percent of the mtDNA mutant
copies. In our previous study we investigated 40 mitochondrial mutations in samples of the aorta’s
intima and revealed a high level of heteroplasmy for some mutations in the atherosclerotic lesions [24].
Further, these mutations were selected to assess the relationship between mitochondrial heteroplasmy
in the blood leukocytes and ultrasound indicators of carotid atherosclerosis. The levels of the
following mtDNA mutations were measured: m.13513G>A, m.3336T>C, m.15059G>A, m.12315G>A,
m.1555A>G, m.5178C>A, m.14459G>A, m.14846G>A, and m.3256C>T.

4.4. Statistical Analysis

Statistical analysis was performed using SPSS 27.0 (IBM SPSS Statistics, IBM Corp., Armonk,
NY, USA)) [26]. A Kolmogorov-Smirnov test with Lilliefors’s correction was performed to estimate
the data distribution. The comparison of mean values for continuous variables was performed by
a Mann-Whitney test, and for categorical variables by a chi-square Pearson’s test. Results were
expressed in terms of the mean and standard deviation. Significance was defined at the 0.05 level of
confidence. Pearson’s correlation coefficient was used for the correlation analysis between the cIMT
and mtDNA mutations. Multi-step linear regression analysis was performed to identify the factors
affecting the cIMT.

5. Conclusions

Association of the mtDNA mutations m.12315G>A, m.15059G>A, m.3256C>T, and m.5178C>A,
and an inverse correlation of m.13513G>A and m.14846G>A, with thickening of the intimal-medial
layer of carotid arteries was found in the study participants from the Novosibirsk region. The set of
investigated mtDNA mutations had a high predictive value for cIMT variability and increased the
explanatory ability of the linear regression models by 10% when added to conventional cardiovascular
risk factors. The strong association of the mutation m.13513G>A and m.14846G>A with a low
value of cIMT, demonstrated in several studies, represents a potential for the development of
anti-atherosclerotic gene therapy, but further replication studies in other populations and in larger
samples are required.

Author Contributions: Conceptualization, M.A.S. and A.N.O.; methodology, M.A.S. and 1.A.S; validation,
T.VK., V.VS. and A.LR; formal analysis, T.V.K.,, M.A.S., V.V.S. and L. A.S,; investigation, ALR., M.D.S,, V.A.O.,
Y.LR. and V.V.S,; resources, E.V.G., YIR. and M.1.V,; data curation, V.PK., V.A.O. and T.V.K,; writing—original
draft preparation, T.V.K.; writing—review and editing, .A.S., T.V.K. and V.PK,; visualization, E.V.G., M.D.S. and
A.LR,; supervision, .A.S. and M.LV,; project administration, I.A.S., A.N.O. and M.I.V,; funding acquisition, M.A.S.,
LA.S., AN.O. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Russian Science Foundation (Grant # 20-15-00364).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

11



Life 2020, 10, 160

Abbreviations

BMI Body mass index

cIMT Carotid intima-media thickness

CVD Cardiovascular disease

CVRFs Conventional cardiovascular risk factors

DBP Diastolic blood pressure

HDL High-density lipoproteins

LDL Low-density lipoproteins

mtDNA Mitochondrial DNA

SBP Systolic blood pressure
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Abstract: Mitochondria are complex organelles that harbour their own genome. Mitochondrial DNA
(mtDNA) exists in the form of a circular double-stranded DNA molecule that must be replicated,
segregated and distributed around the mitochondrial network. Human cells typically possess
between a few hundred and several thousand copies of the mitochondrial genome, located within the
mitochondrial matrix in close association with the cristae ultrastructure. The organisation of mtDNA
around the mitochondrial network requires mitochondria to be dynamic and undergo both fission and
fusion events in coordination with the modulation of cristae architecture. The dysregulation of these
processes has profound effects upon mtDNA replication, manifesting as a loss of mtDNA integrity and
copy number, and upon the subsequent distribution of mtDNA around the mitochondrial network.
Mutations within genes involved in mitochondrial dynamics or cristae modulation cause a wide range
of neurological disorders frequently associated with defects in mtDNA maintenance. This review
aims to provide an understanding of the biological mechanisms that link mitochondrial dynamics
and mtDNA integrity, as well as examine the interplay that occurs between mtDNA, mitochondrial
dynamics and cristae structure.

Keywords: mitochondria; mtDNA; cristae; mitochondrial fission; mitochondrial fusion;
mitochondprial diseas

1. Introduction

Mitochondria act as metabolic hubs within the cell to facilitate a myriad of essential cellular
processes such as energy production, the regulation of apoptosis and cellular signalling pathways,
amongst others. They are unique organelles in the fact that they harbour their own genome that
is distinct from the nuclear genome. In human cells, this consists of a circular double-stranded
DNA molecule, referred to as mitochondrial DNA (mtDNA). A typical cell possesses between a few
hundred and several thousand copies of mtDNA that are replicated independently of the cell cycle
within the mitochondrial matrix and segregated between mitochondria. These genomes are closely
interlinked with the cristae ultrastructure of the mitochondrion. Once they have been replicated,
mtDNA molecules are subsequently distributed around the mitochondrial network by processes
that rely on the plastic nature of mitochondria to undertake fission and fusion events, as well as the
modulation of cristae structure. Defects in the fission and fusion machinery, or in proteins associated
with modulating cristae structure, disrupt the even allocation of mtDNA throughout the network and
subsequently to daughter organelles and cells. Defects in mtDNA metabolism typically manifest as the
accumulation of mtDNA molecules harbouring deletions and/or as a depletion in the number of copies
of mtDNA per cell. The close association between mtDNA and cellular energy production means that
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the loss of mtDNA number and integrity limits the capacity for the mitochondria to meet the energy
demands of an organism. From a clinical perspective, patients carrying mutations within dynamics or
cristae-associated genes display heterogeneous neurological phenotypes. There is a clear requirement
to understand the basic biological processes linking mitochondrial structure with mtDNA maintenance
and its links to mitochondrial disease.

This review aims to disentangle the relationships that exist between mitochondrial dynamics,
cristae structure and the organisation of mtDNA. In addition, the biological mechanisms that may
prompt the disruption of mtDNA integrity following the impairment of mitochondrial dynamics are
assessed. Finally, these mechanisms are discussed in context with observations from the clinic.

2. Mitochondrial DNA

2.1. The Origins of mtDNA

mtDNA is present in the mitochondria of almost all eukaryotic organisms, and the advent
of genome sequencing has allowed its evolutionary origins to be dissected. It is now understood
that mtDNA derives from an event whereby a host cell engulfed an alphaproteobacterium [1].
This endosymbiotic occurrence fostered a relationship in which the bacterium was utilised for its
energy-producing capacity by the host cell. This gave rise to the first complex eukaryotic cells,
and since then the course of evolution and the transfer of mitochondrial genes to the nucleus has led to
mitochondrial genomes that vary significantly in both structure and size between modern eukaryotic
organisms. For example, higher plants harbour genomes that are typically 200-300 kb in size made
up of linear and small circular regions of DNA, whereas, algae and fungi have much smaller linear
genomes in the region of 30-90 kb [2,3].

Human mtDNA is 16,569 base pairs in length and is organised into a double-stranded circular
structure containing 37 genes which encodes for 13 mitochondrial proteins (Figure 1a) [4]. These proteins
are all essential components of the oxidative phosphorylation (OXPHOS) system. The OXPHOS
machinery is made up of four respiratory chain complexes and the ATP (adenosine triphosphate)
synthase which are responsible for energy production in the currency of ATP [5]. In addition,
mtDNA encodes 22 transfer RNA (tRNA) and 2 ribosomal RNA (rRNA) molecules which are
components of the mitochondrial translation system [4]. The rest of the mitochondrial proteome,
currently estimated at 1158 proteins [6], is encoded by the nucleus as the result of the lateral transfer
of mitochondrial genes [1]. This evolutionary pressure towards mtDNA reduction means that
human mtDNA possesses very few noncoding regions and contains areas of overlapping genes [4].
The OXPHOS system is made up of approximately 90 proteins, and as such is comprised of the products
of both mitochondrial and nuclear genes [7]. This dual-genetic origin requires that nuclear-encoded
subunits be translated in the cytosol prior to being imported into the mitochondria. Conversely,
subunits encoded by mtDNA are synthesised and assembled within the mitochondria by a dedicated
mitochondrial translation machinery. Once the nuclear subunits are imported, they are assembled
alongside the mtDNA-encoded subunits to form the respiratory complexes that make up the electron
transport chain.
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Figure 1. Schematic overview of the human mtDNA genome, its replication and the formation of
deletions. (a) The structure of mtDNA highlighting the arrangement of protein coding genes, rRNAs
(orange) and tRNAs (yellow). The replication origins of the heavy and light strand (OriH and OriL,
respectively) are highlighted. (b) Enlargement of the mtDNA non-coding region (NCR) depicting
the arrangement of the heavy strand promoter (HSP) and light strand promoter (LSP), the three
conserved sequence boxes (CSB), OriH and the termination-associated sequence (TAS). The premature
termination of the DNA synthesis of the H-strand at TAS results in the formation of a triple-stranded
displacement-loop structure termed the D-loop. The short double stranded product formed within the
D-loop is termed 7S DNA. (¢) mtDNA replication is initiated at OriH and proceeds unidirectionally
until OriL is reached. At this point, DNA synthesis of the light strand is initiated, and both strands are
synthesised simultaneously until two completely replicated genomes are produced. The two replicated
genomes are physically interlinked by a single-stranded overlap structure, termed a hemicatenane.
This structure is resolved by topoisomerase 3o (TOP3x) to produce two separate mtDNA molecules.
(d) Copy choice recombination model for the formation of mtDNA deletions. mtDNA deletions
generally occur in the major arc. The replication of a repeat sequence in the template heavy strand
(yellow boxes) can lead to stalling of POLy which results in its dissociation from the newly synthesised
DNA-end. When Poly reanneals, it may associate at another repeat sequence further along the template.
Following the completion of replication, this slippage event produces two mtDNA genomes; one full
length molecule and a second heteroduplex molecule (which has a full-length heavy strand alongside a
deletion-containing light strand). The subsequent replication of the heteroduplex molecule culminates

Deletion formation

in the formation of mtDNA harbouring the deletion.
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2.2. mtDNA Replication and Segregation

Unlike nuclear DNA, the replication of mtDNA occurs throughout the cell cycle. The process
of mtDNA replication utilises a different set of proteins to those which carry out replication of the
nuclear genome [8]. These proteins are all nuclear-encoded and are imported into the mitochondrial
matrix from the cytosol. The mitochondrial transcription machinery generates the primers for mtDNA
synthesis and can therefore be considered essential components of the mtDNA replication machinery.
The mechanisms of replication will be outlined in brief here; for further details there are a number of
excellent reviews on the topic [9,10].

2.2.1. mtDNA Transcription

Human mtDNA consists of a ‘heavy’ (guanine rich) and a ‘light’ (cytosine rich) strand, with each
strand having a single promoter region located close together within the noncoding region (NCR)
of the genome (Figure 1b) [11]. These are referred to as the light strand promoter (LSP) and heavy
strand promoter (HSP) respectively and facilitate polycistronic transcription of both strands of mtDNA
almost in their entirety. Transcription initiation minimally requires the mitochondrial RNA polymerase
(POLRMT) with mitochondrial transcription factor A (TFAM) and mitochondrial transcription factor
B2 (TFB2M) [12,13]. Following initiation, the mitochondrial transcription elongation factor TEFM
promotes POLRMT processivity [14,15]. RNA primers responsible for the initiation of DNA synthesis
are generated when transcription from the LSP is terminated prematurely around a series of conserved
sequence blocks (CSBs) downstream of LSP, forming an R-loop [16]. This allows the DNA synthesis
machinery to assemble and leads to the initiation of DNA synthesis from OriH [17,18].

2.2.2. mtDNA Replication

The protein complex responsible for DNA synthesis is termed the replisome. At the core of the
replisome is DNA polymerase-y (POLy) which is responsible for synthesising the DNA [19]. POLy is a
heterotrimer made up of a catalytic subunit (POLyA) which functions as a highly accurate proofreader
of the newly synthesised DNA [20]. The processivity of POLyA is increased by two copies of the
accessory subunit (POLyB) which interact with the DNA substrate [21,22]. In order for POLy to access
and replicate the DNA, it is necessary for the dsDNA to first be unwound. This is performed by
the DNA helicase TWINKLE which travels in front of the replication fork and unwinds DNA in the
5’ to 3’ direction [23]. The activity of both TWINKLE and POLY is enhanced by the mitochondrial
single stranded DNA-binding protein (mtSSB) [24]. mtSSB has also been demonstrated to bind to and
stabilise the unwound single stranded DNA behind the replication fork [23,24].

During the initial phase of DNA synthesis only the H-strand is replicated. Once the replisome has
travelled approximately 12,000 bp it reaches the origin of L-strand replication (OriL), which becomes
single stranded and folds into a stem-loop structure [25]. This structure prevents mtSSB from binding
and provides a stretch of poly(T) ssDNA that is accessible to POLRMT [26,27]. POLRMT transcribes
a short 25-75 bp primer on the single-stranded template, from which synthesis of the L-strand is
initiated [27]. See Figure 1c for a schematic overview of mtDNA replication. The strand displacement
model proposes that the long tract of exposed H-strand ssDNA is coated and protected by mtSSB until
DNA synthesis is initiated from OriL. This model has been reviewed in depth elsewhere [9]. In addition
to this model, the bootlace model proposes that the displaced single-stranded lagging-strand template
DNA is instead coated by RNA transcripts [28]. Fully double-stranded replication intermediates
reminiscent of coupled leading and lagging-strand DNA replication have also been observed and
characterised using two-dimensional agarose gel electrophoresis [29-31].

2.2.3. Termination of mtDNA Replication

Once DNA synthesis is complete, the primers at OriL and OriH must be removed to allow for
ligation of the DNA ends. Studies have revealed that RNase H1 is involved in the process of primer
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removal as the loss of RNase H1 in mouse embryonic fibroblasts (MEF) leads to the retention of the
primers at sites including both origins of replication; OriL and OriH [32]. The role of RNase H1 in
removing primers has been reconstituted in vitro at OriL [33]. Furthermore, the loss of RNase H1
in vivo in mice is embryonically lethal as a consequence of significant mtDNA loss [34]. Following
primer removal, the DNA ends need to be prepared to allow ligation by DNA ligase III to occur [35,36].
In a reconstituted system, the mitochondrial genome maintenance exonuclease 1 (MGMEL1) protein
facilitates efficient ligation by modifying single stranded DNA overhangs that occur on the 5" end
of the newly synthesised DNA following primer removal [36]. The loss of MGMEI in vivo has been
shown to result in diminished ligation at OriH [37].

Once replication is complete, the two genomes remain connected at the OriH region by a single
stranded linkage (termed a hemicatenane) and must be separated (see Figure 1c for a schematic
overview). Recent work has revealed that topoisomerase 3«, a type 1A topoisomerase, cleaves the
single strand linkage to allow passage of one of the strands to occur, resulting in the separation of the
two mtDNA molecules [38].

2.2.4. Formation of mtDNA Deletions

Common manifestations of defects in mtDNA maintenance are deletions and rearrangements of
mtDNA. Single, large-scale deletions can cause mitochondrial DNA diseases if they undergo clonal
expansion to accumulate beyond a biochemical threshold, typically 60-90% [39]. Such deletions
are sporadic and believed to be formed during embryonic development. The most well-studied
single deletion is the 4977 bp “common deletion”, underlying Pearson’s syndrome and Kearns-Sayre
syndrome in early life, and chronic progressive external ophthalmoplegia (CPEO) in later life [40].
Alternatively, multiple mtDNA deletions can occur secondarily to disease-causing mutations in nuclear
genes that encode factors involved in mtDNA replication, nucleotide metabolism and mitochondrial
dynamics [41]. Multiple deletions are also observed in post-mitotic tissues during normal ageing [42,43].
Both the mechanism of deletion formation and the mechanism of clonal expansion of deletions have
been the subject of debate. The clonal expansion of mtDNA deletions has been recently reviewed
extensively elsewhere [44].

The formation of mtDNA deletions has been proposed to occur either during mtDNA replication
or as the result of double-strand breaks [45]. An early model proposed a slip-replication mechanism
for the formation of the common deletion [46]. This model involves the annealing of the displaced
H-strand to a downstream repeat sequence in the leading-strand template, leading to the removal
of the sequence between the two repeats [46]. A more recent model that is supported by in vitro
reconstitution experiments suggests that deletions are the result of copy-choice recombination [45,47].
Deletions in mtDNA predominantly form in the major arc between OriH and OriL in the direction of
replication. During the synthesis of the L-strand, replication slippage can occur. Specifically, the 3’
end of the nascent L-strand becomes dissociated from the H-strand template at one repeat sequence,
and subsequently reanneals to another repeat sequence further along the template. This produces a
heteroduplex molecule consisting of a complete H-strand and a shortened L-strand harbouring the
deletion. Subsequent rounds of replication will produce shortened mtDNA molecules containing the
deletion, see Figure 1d [47].

It has also been observed that inducing high levels of double-strand breaks in mtDNA, which are
normally rapidly degraded [48], can result in the formation of deletions [49,50]. Therefore, it has been
suggested that limited nucleolytic processing of double-strand breaks could lead to the annealing of
repeat sequences and the generation of deletion-containing mtDNA molecules [45,51]. As mitochondria
have not been found to possess repair pathways for double-strand breaks comparable to those in the
nucleus, this mechanism would presumably operate by a distinct mechanism.
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2.3. mtDNA Packaging

A typical mammalian cell harbours between 1000 and 10,000 copies of the mtDNA genome that
existina DNA-protein complex, termed anucleoid [52]. Studies using super-resolution microscopy have
revealed that nucleoids generally contain a single copy of mtDNA and have a diameter of approximately
100 nm [53,54]. This small size is attributed to the compaction of mtDNA by TFAM. Specifically,
TFAM binds along the length of mtDNA at a ratio of 1 subunit per 16-17 bp, instigating bending and
loop formation along the DNA backbone that results in compaction [55-58]. The stable protein filaments
that are formed prevent POLRMT and TWINKLE from accessing the DNA [52,55]. Reconstituted
nucleoids in vitro were demonstrated to become progressively more compact with increasing levels of
TFAM, and a wide range of packaging densities were observed at typical physiological concentrations
of TFAM [52]. It has therefore been speculated that TFAM may regulate the overall transcription
and replication rate of mtDNA by controlling its accessibility to relevant proteins. TFAM is the most
abundant protein found associated with nucleoids, however, a number of proteins related to replication,
transcription and translation are also commonly found in association with nucleoids [59-61]. It has
been proposed that these proteins are located within the “inner core” of the nucleoid, whereas other
proteins such as mitochondrial chaperones and membrane binding proteins constitute the peripheral
layer [62].

3. Membrane Dynamics and the Organisation of mtDNA

Once the mitochondrial genomes have been separated, they need to be segregated and dispersed
around the mitochondrial network. Because the OXPHOS complexes are composed of both
mtDNA-encoded and nuclear-encoded subunits, the complexes are assembled in situ proximal
to the nucleoid [63,64]. The capacity for mtDNA to spatially diffuse by itself is limited and so nucleoids
require mitochondrial membrane structure and dynamics to aid in their distribution around the
mitochondrial network [65]. The disruption of nucleoid distribution can lead to a mosaic pattern of
respiratory activity, in which only regions of the mitochondrial network that contain nucleoids are
capable of assembling OXPHOS complexes and are therefore capable of oxidative ATP production [66].
Structurally, mitochondria are composed of two phospholipid membranes arranged as an outer
mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM). The space between these
two membranes is referred to as the intermembrane space (IMS). The IMM is intricately folded to
form the cristae structures that harbour the respiratory chain complexes. The interior space enclosed
by the IMM is referred to as the matrix and contains the mitochondrial genome. mtDNA is closely
associated with the IMM and is suggested to be physically attached, a relationship that likely aids
in its distribution [67-69]. Early studies identified a protein complex bound to the OriH region of
mtDNA and to the IMM, although the factors responsible were not identified [67,70]. It has since been
found visually using electron microscopy and immuno-gold labelling that mtDNA is found in close
apposition to the IMM [69]. A number of plausible candidates for mtDNA tethering are discussed later
in this review. This section aims to evaluate how the dynamic nature of mitochondrial membranes
facilitate the distribution of the replicated genomes around the network.

3.1. Mitochondrial Fission and Its Role in mtDNA Distribution

Mitochondria cannot be synthesised de novo; they must have the capacity to grow and divide in
order to distribute the replicated genomes to daughter mitochondria. The appearance of mitochondria
within a cell can vary significantly; they can exist as isolated entities or be fused together in vast
sprawling networks [71]. This versatile nature allows them to sustain energy production as well as act as
signaling platforms in complex cellular processes such as apoptosis, autophagy and senescence [72-74].
There are two main mechanisms that underlie mitochondrial dynamics: fission and fusion. First,
the relationship between fission and mtDNA distribution and maintenance will be discussed.
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3.1.1. Mitochondrial Fission

Mitochondrial fission is the division of a mitochondrion into multiple distinct mitochondria and
has been implicated in the distribution of nucleoids around the mitochondrial network [75-77].
Fission requires the progressive constriction, and eventual scission, of the IMM and OMM.
The initial constriction occurs at contact sites between the OMM and the endoplasmic reticulum (ER),
where actin polymerisation provides the force required to contract the mitochondrial membrane [78-80].
Further constriction is primarily fulfilled by dynamin-related protein 1 (DRP1), a cytosolic protein
that translocates to the OMM and interacts with several adaptor proteins [81]. DRP1 binds with
mitochondrial fission factor 1 (MFF), mitochondrial dynamics protein of 49kDa (MID49), MID51 and
mitochondrial fission 1 protein (FIS1) [82-85]. Utilising GTP (guanine triphosphate), polymerisation of
DRP1 with MID49 and MID51 occurs leading to the formation of linear filaments. GTP hydrolysis
induces the oligomerisation of DRP1 and filament shortening to create rings which constrict around
the mitochondria [79,86]. It has now been established that DRP1-mediated constriction is sufficient
for the final scission step to separate mitochondria [87,88]. Recent studies have also highlighted the
importance of additional interorganelle contacts for mitochondrial fission, with roles for lysosomes in
fission regulation and with Golgi-derived vesicles during final scission [89,90].

It has been observed that ER-OMM contact sites that mark sites of mitochondrial division are
often also spatially located adjacent to replicated nucleoids [75-77], suggesting a role for fission in
mtDNA segregation. Furthermore, the visualisation of DRP1 and MFF using confocal microscopy
has demonstrated colocalisation at sites adjacent to the nucleoid [69,77,91]. Where division occurs
between replicated nucleoids, the daughter mtDNA molecules are subsequently observed to be located
at the tips of the separated mitochondria [75,76]. This mechanism ensures that following division
each mitochondrion receives a copy of the genome, and secondly functions to disperse nucleoids
throughout the mitochondrial network. At this stage, it is unclear what signalling takes place to ensure
that division occurs between the two replicated nucleoids.

3.1.2. Defects in Mitochondrial Fission and Human Disease

At this point in time, the prevalence of human diseases secondary to defects in mitochondrial
fission is not known. However, they would appear to be much less common than diseases that are
related to mitochondrial fusion. The most common clinical manifestations that occur in relation to
disruption of mitochondrial fission genes are subtypes of Charcot-Marie-Tooth (CMT) neuropathy
and optic neuropathy, as identified following mutations that occur in DRP1, GDAP1, INF2, MFF and
SLC25A46 [92-96]. Severe neurological presentations, such as neurodevelopmental delay and epilepsy,
are observed following mutations of the DRP1 gene [97]. Leigh-like syndrome has been observed in
patients harbouring mutations in MFF and SLC25A46 [98,99]. Mutations in DNM2 have been linked
to CPEO and central core myopathy [100,101], a form of myotubular myopathy. Extra-neurological
involvements are relatively uncommon, except cardiac arrhythmia and neutropenia, which have been
associated with mutations in DNM2 [101,102], and glomerular disease, described in INF2-related
disease (Appendix A Table Al).

Mitochondrial respiratory chain deficiencies and multiple mtDNA deletions have been
demonstrated in muscle biopsies taken from patients harbouring DNM2 mutations [103].
Normal qualitative and quantitative assessments of mtDNA were reported in the skeletal muscle or
fibroblasts that contain mutant forms of other mitochondrial fission-associated genes such as GDAP1,
INF2 and MFF (Table A1) [93,94,98,104-109]. These observations would suggest that the biological
consequences of these genetic defects are tissue specific, given that only DNM2 mutations primarily
manifest with a myopathic phenotype [100,101]. Whilst other fission-associated genes predominantly
cause peripheral neuropathy including optic neuropathy or CNS involvement, it is important to note
that these affected tissues are far less accessible for further characterisation compared to muscle biopsy.
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3.1.3. Mitochondrial Fission and mtDNA Integrity

The disruption of mitochondrial fission by genetic knockdown of the fission factors DRP1 or
MFF results in an elongated and fused mitochondrial network that prevents the even distribution of
nucleoids around the network, resulting in the clustering of nucleoids [66,77]. Reports in the literature
differ on its effects on mtDNA copy number and respiratory activity. In human cells, one study
reported that the loss of DRP1 induced mtDNA loss and a reduction in respiratory activity as measured
by ATP production [110], while a separate study found that the knockdown of DRP1 or MFF using
siRNA did not affect the overall mtDNA copy number [77]. In mice, mtDNA copy number and
respiratory function were shown to be unaffected in Drpl knockout MEFs [111], but a whole-body
knockout of Drp1 is embryonically lethal [111,112]. In a tissue-specific knockout of Drp1 in the heart,
mice survived for 11 days and displayed exacerbated mitochondrial fusion, nucleoid clustering,
reduced mtDNA and respiratory defects [66]. Interestingly, in this model immunofluorescent staining
of the mtDNA-encoded cytochrome c oxidase 1 subunit (COX1) revealed that there was an increased
staining intensity in regions where nucleoids were clustered together, and a decreased intensity in areas
with a sparse presence of nucleoids [66]. These data suggest that nucleoid clustering leads to a mosaic
pattern of respiratory subunit distribution in the mitochondrial network. Similarly, the knockout of
MEFF is associated with premature death and defective mitochondrial respiratory activity [113]. In some
cases, it was reported that DRP1 knockout was associated with enlarged nucleoid size [77]. However,
this may be a limitation associated with the microscope resolution used, as it would not be expected
that fission would affect the decatenation of the DNA molecules. As such, these apparently enlarged
nucleoids may represent decatenated mtDNA molecules located in close proximity, which are beyond
the limits of detection, although this remains to be confirmed.

Cardiolipin is an integral structural component of mitochondrial membranes that is synthesised
from phosphatidic acid (PA). The IMM contains approximately 20% cardiolipin, the presence of which
is considered a signature of the IMM. Both cardiolipin and PA have been implicated in facilitating
the fission and fusion processes (this topic has been reviewed in depth elsewhere [114]). Briefly,
DRP1 binds to both cardiolipin and PA, cardiolipin at the OMM can stimulate oligomerisation of
DRP1 and subsequent GTP hydrolysis to induce fission [115-117]. It has also been shown that DRP1
binding to cardiolipin induces reorganisation of the membrane to an inverted hexagonal, nonbilayer
configuration that promotes membrane constriction [118]. Conversely, the activity of DRP1 can be
restrained at the OMM by the reversion of cardiolipin to PA by MitoPLD (mitochondria-localised
phospholipase D), as the enhanced level of PA inhibits oligomerisation-stimulated GTP hydrolysis that
is responsible for membrane constriction [119]. As such, the loss of cardiolipin is associated with a
reduced capacity to correctly segregate and guide nucleoids to the daughter mitochondria; this leads
to a lack of mtDNA inheritance between replicating cells, resulting in a dysfunctional respiratory
phenotype in daughter cells [120-122]. Modulating the level of cardiolipin has also been associated with
loss of mtDNA and subsequent mitochondrial dysfunction [121,123]. Clearly, fission plays an important
role in facilitating the dissemination of mtDNA around the mitochondrial network and to subsequent
daughter organelles (see Figure 2a for a schematic overview). Furthermore, these observations also
highlight how mitochondrial fission maintains respiratory function independently of mtDNA copy
number or integrity. It is clear that if the fission process is not tightly regulated then cellular respiration
will be affected and can contribute to the mitochondrial disease phenotypes discussed earlier.
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Figure 2. Mitochondrial dynamics and its role in mtDNA distribution. (a) Schematic overview of
mitochondrial fission. Constriction of the mitochondrion occurs by the endoplasmic reticulum (ER) and
dynamin related protein 1 (DRP1). The final scission step is performed by DRP1 to produce multiple
independent mitochondria. (b) Mitochondrial fusion outline. The mitofusins (MFNs) are responsible
for tethering neighbouring mitochondria and fusing the outer membranes together. Fusion of the inner
mitochondrial membrane is mediated by optic atrophy 1 (OPA1). (c) Summary of mtDNA segregation
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and distribution. First, newly replicated mtDNA molecules that are joined by a hemicatenane must be
physically separated by topoisomerase 3«. Failure of this process results in the formation of multiple
physically joined mtDNA genomes, termed mtDNA catenanes. Following separation, mitochondrial
fission is required to distribute the replicated nucleoids into separate mitochondria and facilitate
distribution of the genomes around the mitochondrial network. An impairment of fission results in a
clustered phenotype whereby many replicated nucleoids are observed in close proximity to each other
but are not physically linked together. (d) A lack of mitochondrial fusion is associated with mtDNA
instability as observed by the progressive onset of mtDNA deletions and point mutations. In addition,
the lack of fusion leads to a depletion in mtDNA copy number.

3.2. Mitochondrial Fusion and Its Role in mtDNA Maintenance and Distribution

Together with mitochondrial fission, mitochondrial fusion has been implicated in the dissemination
of nucleoids around the network. Furthermore, fusion is recognized as an important mediator of
mtDNA maintenance. Defects in mtDNA maintenance may manifest as either a quantitative reduction
in mtDNA copy number (depletion) or as an accumulation of rearranged mtDNA molecules (deletions
and/or duplications), all of which may be indicative of impaired mtDNA replication. Defects in the
proteins that regulate mitochondrial fusion dynamics have been implicated in a range of genetic
diseases that will be discussed here and are summarised in Table Al. Their contribution to the
development of disease will be described in relation to their role in mtDNA maintenance.

3.2.1. Mitochondrial Fusion

Mitochondrial fusion is the joining of two separate mitochondria and is important to enable the
sharing of contents between neighbouring mitochondria [124]. The fusion of the OMM and IMM occur
sequentially, therefore the outer membranes are joined first. This is regulated by two outer membrane
proteins, the dynamin related GTPases mitofusin 1 & 2 (MFN1 and MFN2). MFNT1 is responsible for
tethering the adjoining mitochondria together in a GTP-dependent dimerization process, prompting
a conformational change which in turn mediates GTP hydrolysis by MFN1 to pull the membranes
together, resulting in mitochondrial fusion [125-127].The role of MFN2 is less clear, although it has
been implicated in interactions between mitochondria, as well as between mitochondria and the
ER [128-130]. Following OMM fusion the IMM can be fused. IMM fusion is controlled by optic
atrophy 1 (OPA1). OPA1 exists in multiple forms of different sizes which are regulated by proteolytic
processing; long OPA1 is IMM-anchored while the short OPA1 is soluble. The presence of OPA1 in its
long isoform has been associated with promoting IMM fusion [131]. Processing of OPAL1 to its short
isoform either by YME1L1 or OMAL is associated with mitochondrial fission [132,133].

There is evidence that OMM fusion proteins also play a role in the dissemination of nucleoids.
It has been reported that the knockout of OMM fusion proteins Mfn1 & 2 in MEFs leads to the clustering
of nucleoids [134]. Using super-resolution microscopy these clusters were confirmed to be separate
individual nucleoids in close proximity rather than a cluster of interlinked DNA molecules. The role
of IMM fusion in nucleoid distribution is less clear. It has been reported by some groups that the
loss of OPA1 is associated with a reduction in the number of nucleoids per cell, and in some cases a
clustered phenotype [77,135,136]. In contrast, a recent study found that in MEFs the removal of Opal
was not associated with any alterations in mtDNA distribution, although there was a reduction in copy
number [134]. This normal nucleoid distribution following Opal knockout may be explained by the role
of MEN2 in forming a tether between the OMM and ER [137,138]. As discussed earlier, it is recognized
that the ER localises at positions of nucleoid replication and is implicated in coordinating mitochondrial
constriction at these sites [75]. Taken together, this highlights the importance of the OMM acting as a
signalling platform for coordinating the circulation of nucleoids around the mitochondrial network.

Interestingly, the knockdown of MFN1 & 2 in conjunction with DRP1 has been found to prevent
the clustering of nucleoids in human cells [77]. Mechanistically, how the impairment of both fission
and fusion would restore nucleoid distribution is not clear as it may be expected that this would render
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the mitochondria unable to be dynamic, and thus unable to evenly distribute nucleoids. Another study
in vivo demonstrated that the dual knockout of Mff and Mfn1 in mice could completely rescue the heart
dysfunction, shortened life span, and respiratory chain dysfunction associated with Mff knockout [113],
although this rescue was tissue specific. It was suggested that this dual knockout reinstates a balance of
fission and fusion, rather than hyperfusion or fragmentation. The relationship between mitochondrial
dynamics, nucleoid segregation and maintenance of the respiratory chain is complex and therefore
further study is still required to disentang]e its intricacies. See Figure 2 for an overview of the interplay
between fission and fusion in mtDNA distribution.

3.2.2. Defects in Mitochondrial Fusion and Human Disease

In recent years, genetic defects involved in mitochondrial fusion have emerged to be the common
cause of several neurological and ophthalmological disorders. OPAI1 mutations account for 60%
of dominant optic atrophy (DOA) cases [139], and the prevalence of the disease has recently been
revised to 1 in 34,000 [140]. More complex neurological phenotypes such as cerebellar ataxia,
spasticity, CPEO [141,142] and more recently, Parkinsonism and dementia, have been identified
in patients with OPA1 mutations [143]. MFN2 mutations are the fourth most common cause
of CMT neuropathy [144,145], accounting for 20% of CMT2 [146], a form of dominant axonal
neuropathy. Mutations in SPG7 were initially described in hereditary spastic paraplegia associated
with mitochondrial OXPHOS defects [147]. Independent cohort studies have subsequently shown
that cerebellar ataxia could be the most prominent clinical feature without evidence of upper motor
signs in cases of SPG7 mutations, and are the most common or second most frequent cause of recessive
genetic ataxia in European populations [148,149]. Interestingly, a recent Spanish study suggested that
around one-fifth of SPG7 cases exhibited Parkinsonism [150].

AFG3L2 and SPGY together form the subunits of the m-AAA metalloprotease complex, which is
crucial for the maturation, maintenance and quality control of the mitochondrial proteome [151].
Heterozygous mutations in AFG3L2 cause spinocerebellar ataxia type 28 (SCA28) and mitochondrial
respiratory chain deficiency [151]. Given the close interaction between AFG3L2 and paraplegin
(SPG?7), there is little surprise that genetic defects result in many overlapping clinical features of
neurodegeneration and the classic phenotypes of mitochondrial dysfunction such as CPEO and
multiple mtDNA deletions in the muscle [152,153].

Severe, childhood-onset encephalopathy has been observed in mutations in OPA1 (recessive),
FBXL4 and YME1L1 (Table Al). On the other hand, mitochondrial DNA depletion is rare in defects
of mitochondrial fusion and has only been identified in several cases of severe childhood disease
secondary to mutations in MFN2 and FBXL4 [154,155]. Intriguingly, multiple lipomatosis, as previously
observed in myoclonic epilepsy and ragged-red fibres (MERRF) syndrome but no other forms of
primary mtDNA mutations, has been identified in several families of MFN2 mutations [156-158].

3.2.3. Mitochondrial Fusion and mtDNA Copy Number

A number of studies have highlighted that mitochondrial fusion is critical for the maintenance
of mtDNA copy number. In yeast, the loss of fusion activity leads to a loss of mtDNA copy
number [159,160]. Consistent with this observation, mtDNA content and respiratory activity is
reduced in MEFs following the knockout of OMM fusion factors Mfnl &2 either alone or together or
following knockout of the IMM fusion factor Opal [134,135]. Mice carrying a mutation in Opal display
mtDNA loss and reduced mitochondrial function in the heart [161], while whole-body knockouts of
MENT1 & 2 are embryonically lethal [162]. The roles of both MEN1 & 2 have therefore been studied
in a tissue-specific context. Work in mice has shown that the knockout of Mfn1 & 2 in heart and
skeletal muscle leads to a drop in overall mtDNA copy number and OXPHOS deficiency [134,136].
Cardiolipin also has a role in regulating fusion as it is necessary for the biogenesis of OPA1 and for the
formation of higher order OPA1 oligomers which are required for fusion [163-165]. The cardiolipin
precursor PA has also been associated with the induction of fusion in an MFN dependent manner [166].
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The disruption of cardiolipin levels is linked with a reduction in mtDNA copy number [121,123].
ATAD3 (ATPase family AAA-domain containing protein 3 A) has also been implicated in maintaining
mitochondrial fusion as its manipulation either by knockdown or overexpression leads to mitochondrial
fragmentation [167-170]. This fragmented phenotype is mediated by the recruitment of DRP1 to the
OMM via oligomerisation of the ATAD3 coiled-coil domain [170]. Furthermore, it was demonstrated
that in addition to activating DRP1, the dimerisation of ATAD3 provokes mtDNA instability by
disrupting the binding of TFAM and mtDNA. Indeed, the knockdown of ATAD3 has been associated
with a reduction in mtDNA content [170]. In human fibroblasts that are either deficient for ATAD3 or
harbour a duplication of the ATAD3 gene cluster, nucleoids were found to be enlarged and clustered
together suggesting a role of ATAD3 and fusion in mtDNA distribution [171,172]. The knockout of
ATAD3 in skeletal muscle has been associated with the progressive formation of mtDNA deletions and
copy number depletion [173].

The mechanisms underlying the loss of mtDNA when fusion is impaired have long been unclear,
although recent work has shed light on potential links between the two. In general, the loss of copy
number indicates that there is a defect with the process of mtDNA replication. It has been demonstrated
that mitochondrial fusion is necessary to facilitate high levels of replication through content mixing to
ensure a proper stoichiometry of replisome components. The loss of OPA1 alone or the collective loss
of MFNT1 & 2 together prompts an imbalance of replisome factors and thus leads to a reduced rate of
mtDNA replication, leading to mtDNA depletion [134].

3.2.4. Mitochondrial Fusion and mtDNA Integrity

It has been observed that aside from being required to maintain copy number, fusion appears
to play an important role in maintaining the integrity of the mitochondrial genome. For example,
mutations in the OPA1 gene have been associated with the accumulation of mtDNA deletions and
OXPHOS defects in the skeletal muscle of patients [141,174,175]. Similarly, patients with mutations in
the OMM fusion protein MFN2 display evidence of deletion-containing mtDNA genomes [154,176].
In animal models, the knockout of Mfn1 & 2 in the skeletal muscle of mice is associated with an increased
occurrence of point mutations and deletions of mtDNA [136]. On the other hand, another group
studying the cardiac tissue of mice with MFN1 & 2 genetically removed found no differences in levels
of mtDNA mutations or deletions [134]. These studies highlight that effects may be tissue-specific,
and that care must be taken when comparing effects in patients carrying missense mutations with
effects seen in knockout animal models. However, from a clinical perspective, mutations in the fusion
machinery have a clear association with the progressive onset of mtDNA mutations and deletions
(see Table A1).

Multiple lines of evidence indicate that fusion plays a protective role against mutations. Work using
fibroblasts derived from MFN2 patients found that these cells display a reduced capacity to repair
mtDNA damage [176]. This finding potentially suggests that fusion may preserve mtDNA integrity
by enabling the repair of DNA damage or by facilitating the clearance of mitochondria harbouring
damaged DNA. In support of this notion, excessive mitochondrial fragmentation (which would
occur with impaired fusion) has been associated with an increased production of reactive oxygen
species [177]. Indeed, in an Opal mutant mouse it was observed that there was an increased level of
ROS coupled with a reduced antioxidant capacity [161]. A separate study used the mutator mouse,
which has a mutation in the proofreading domain of polymerase PolgA, and consequently rapidly
accumulates mtDNA mutations, crossed with a knockout of MEN1 [178]. The mutator mouse or
the MFN1 knockout mouse individually survive into adulthood, however crosses between the two
resulted in embryonic lethality [136]. In this case it is plausible that fusion exerts a protective effect
through its ability to “dilute” mutation-containing mtDNA via content mixing and therefore preserve
mitochondrial function.

It remains unclear how defects in fusion contribute to the molecular mechanism of deletion
formation. Deletions may conceivably accumulate at an increased rate either because of impaired
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mtDNA replication or because of increased mtDNA damage. It has been speculated that the primary
purpose of mitochondrial fusion is to enable the sharing of contents between two mitochondria.
Indeed, it has been published that matrix proteins and mtDNA are transferred between fused
mitochondria [179]. Conversely, mitochondria from dual MEN knockout cells were found to have
increased protein heterogeneity compared to their wild-type counterparts [136]. It may therefore be
that the loss of content mixing associated with defective fusion impairs mtDNA replication through an
imbalance of replisome components [134]. This could then promote replication stalling and copy-choice
recombination, leading to increased deletion formation. Alternatively, it is possible that increased
mtDNA damage in the absence of fusion promotes the formation of deletion-containing mtDNA
molecules via double-strand break formation. However, a key limitation in the idea of mtDNA repair
underlying the formation of deletions is that at this stage the proteins that are responsible for DNA
repair have not been identified as being present in mitochondria.

It is also conceivable that deletions accumulate in the absence of fusion because their removal
is impaired. However, the observation that defects in fusion are associated with an accumulation of
mtDNA mutations and deletions appears counterintuitive, as it would be expected that a fragmented
network would be optimal for selective mitophagy to clear dysfunctional mitochondria away. Indeed,
in a Drosophila melanogaster model of mtDNA heteroplasmy, the knockdown of MEN promoted the
mitophagy of fragmented mitochondria and a reduction in the mutant mtDNA load [180]. Similarly,
a perpetually fused network due to the inhibition of fission by DRP1 or FIS1 in human cells was
associated with a shift in heteroplasmy towards mutant mtDNA, possibly because of reduced mitophagy,
although this was not addressed [181]. As such, it appears that the accumulation of mtDNA mutations
and deletions in the absence of fusion is not related to a reduction in mitophagy.

Collectively, these studies demonstrate that IMM and OMM fusion have an important role in
maintaining the integrity of mtDNA and coordinating its replication. However, the relationship is
complex and further study is certainly required. It seems likely that the role of fusion in facilitating
content mixing between mitochondria is important to maintain the balance of proteins required for
mtDNA replication [134,136]. There is also evidence to suggest that fusion also has a protective role
against the effects of ROS and DNA damage [161,177]. This, coupled with an imbalance of replisome
proteins leading to replication stalling/slippage, could underlie the onset of mutations and deletions
associated with fusion defects, as well as contribute to mtDNA copy number loss.

4. The Relationship between mtDNA and Mitochondrial Cristae Structure

The IMM is a complex structure that can be subdivided into two further regions: the inner
boundary membrane (IBM) and the cristae (Figure 3b). The IBM runs parallel to the OMM and
houses proteins responsible for localising and importing proteins into the matrix, as well as inserting
and assembling proteins into the IMM [182,183]. The IBM is divided at regions where the IMM
is folded inwards to form cristae structures. Cristae are functionally active structures that contain
the respiratory chain complexes and the ATP synthase [184]. At points where the cristae joins the
IBM, the cristae narrows to form a cristae junction (approximately 20-40 nm in diameter) which
allows the separation of the intracristal space from the intermembrane space between the IMM and
OMM [185-187]. The mitochondrial contact site and cristae organising system (MICOS) complex is
located at these junctions and plays a key role in maintaining their structure.

It has long been appreciated that mtDNA is located close to the IMM and to the cristae structure.
It has been recently demonstrated using correlative 3D super-resolution fluorescence and electron
microscopy that nucleoids are found within cristae regions of the mitochondria [68]. Sophisticated
super-resolution imaging has now revealed that nucleoids are typically located in the voids that form
between groups of cristae rather than being embedded within the cristae structure itself [188]. This is
in line with the observation that the size of the nucleoid, at approximately 100 nm, is greater than the
gaps between cristae, which are found tightly packed together [53,54,188]. It is postulated that these
voids where nucleoids are located may function to provide space for transcription, replication and
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segregation to occur [68,188]. In this section we will summarise current data on cristae structure and
modulation, and its relationship with mtDNA maintenance and segregation.
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Figure 3. The relationship between cristae modulators and mtDNA organisation. (a) Schematic
overview of a normal mitochondrion. (b) Enlarged cristae region depicting the spatial arrangement of
key proteins that are necessary for dictating cristae structure and shape, as well as the organisation of
the respiratory chain complexes. Proteins that are potentially responsible for the tethering of mtDNA
to the IBM are also highlighted. (c) Loss of the fission factor DRP1 has been associated with the
formation of mito-bulb structures. These are regions of dense cristae structure which harbour a number
of clustered mtDNA molecules. (d) The loss of IMM fusion and cristae shaping protein OPA1 results in
mitochondria that display enlarged cristae junctions and a perturbed cristae structure. In addition,
mtDNA copy number is reduced. (e) The loss of MICOS components (MIC60, MIC10 and MIC19) has
been associated with a complete loss of cristae junctions and the formation of cristae in concentric
circles. Nucleoid clustering is evident following the loss of MICOS components.

4.1. The Importance of Lipids in the IMM and Their Role in mtDNA Tethering

The capacity for mtDNA to freely diffuse around the mitochondrial network is limited, due in
part to the relatively large size of the nucleoid and to the high density of proteins located within

28



Life 2020, 10, 164

the matrix and cristae regions [53,69,189]. There is also evidence that has led to the suggestion that
mtDNA is tethered to the IMM [67,69,70,190,191]. However, at this stage the factors responsible remain
poorly understood.

Several studies have highlighted the importance of the lipid composition of the IMM to mtDNA
attachment, replication and organisation. The composition of phospholipids in the IMM is tightly
regulated. Phospholipids have a hydrophobic lipid domain tail which is larger than their charged
hydrophilic head groups; this configuration forms a rough conical shape which pulls head groups
together, inducing membrane tension and facilitating the bending of the IMM to form cristae
invaginations [192,193]. Cardiolipin has an important role in stabilising IMM proteins such as
the respiratory complexes [194]. Alterations in the level of cardiolipin have been associated with
mitochondrial dysfunction, mtDNA loss and the formation of abnormal cristae structures [121,123].
Similarly, in mammalian cells the removal of the IMM phospholipid phosphatidylethanolamine has
comparable effects; mitochondrial function is reduced coupled with obvious swelling of mitochondria
which lack distinct cristae structures [195].

It has been demonstrated in both yeast and mammalian cells that cardiolipin is physically
associated with the nucleoid [120]. Furthermore, as discussed earlier cardiolipin is a key constituent of
the IMM and has a role in mitochondrial fission and fusion. As such, the role of cardiolipin in mtDNA
maintenance is multi-faceted. The loss of cardiolipin is associated with a reduced capacity to correctly
segregate and guide nucleoids to daughter mitochondria. In addition, this defective IMM-nucleoid
association coupled with defects in mitochondrial dynamics leads to a lack of mtDNA inheritance
between replicating cells resulting in a dysfunctional respiratory phenotype in daughter cells [120-122].

The composition of the mitochondrial IMM is subject to a relatively low ratio of cholesterol to
phospholipids [196]. Cholesterol has been implicated in nucleoid organisation as its modulation
either through pharmacological inhibition or supplementation prompts the formation of aggregated
nucleoids in human fibroblasts [171]. The majority of mitochondrial cholesterol is clustered in
specialised structures that span the IMM and OMM [197]. TWINKLE-containing nucleoids were
shown to be associated with these cholesterol structures in a complex that also contains ATAD3.
ATADBS is an essential protein that is anchored into the IMM, with its C-terminal AAA ATPase domain
located in the mitochondrial matrix while its N-terminus interacts with the OMM where it is present
at ER-mitochondria contact sites [62,169,197-199]. It has been proposed that these cholesterol-rich
sites provide a platform for mtDNA replication, and act as an attachment site at ER-mitochondria
junctions to allow for the coordinated distribution of mtDNA. As discussed earlier, ATAD3 has been
demonstrated to have a regulatory role in mitochondrial morphology and dynamics and has been
implicated in nucleoid organisation [167-170]. ATAD3 also has an important role in maintaining IMM
architecture as the disruption of ATAD3 leads to impaired transfer of cholesterol from the ER into
the mitochondria and lipid metabolism [171,200]. The knockout of ATAD3 in skeletal muscle has
been associated with alterations in cholesterol metabolism and the progressive formation of mtDNA
deletions and copy number depletion [173]. As discussed earlier, the formation of these mtDNA
rearrangements has been associated with stalling of the replication machinery and a loss of cristae
structure. It has been suggested that ATAD3 may interact with OPA1 or the MICOS complex to stabilise
cristae structure [173]. Collectively, it is clear that ATAD3 is an important regulator of mitochondrial
dynamics, mtDNA attachment, maintenance and organisation. However, at this stage it is not entirely
clear whether these effects are directly associated with the loss of ATAD3 or due to cholesterol-mediated
alterations in the IMM structure as a consequence of the role of ATAD3 in the uptake of cholesterol to
the mitochondria [200].

In addition to ATAD3, OPA1 has also been implicated as having a potential role in the attachment of
nucleoids to the IMM [135]. OPA1 is embedded in the IMM, co-immunoprecipitates with nucleoids and
as discussed earlier, its deletion has profound effects on nucleoid organisation [77,135,136]. Thus, it has
been suggested that OPA1 may have a role in membrane attachment of the nucleoid (Figure 3b). Loss of
either ATAD3 or OPA1 has been shown to cause significant aberrations in cristae structure [161,197,201].
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The structure of proteins and lipids within the IMM is also supported by a group of evolutionarily
conserved scaffolding proteins termed prohibitins. Prohibitin 1 and 2 are essential proteins that form
high molecular weight ring-shaped heterooligomers in the IMM. They have also been found to associate
with nucleoids which prompts speculation that they may be involved in tethering of nucleoids to
the IMM [57]. It has been demonstrated that the prohibitins can influence mtDNA copy number
through their interactions with TFAM [202]. Cultured cells lacking the prohibitins display impaired
cardiolipin maturation, loss of cristae structure and disorganisation of nucleoids [203—-205]. It has also
been demonstrated that the effects of prohibitin 2 depletion upon cristae structure are dependent upon
OPA1, a known modulator of cristae structure [204].

4.2. Modulators of Cristae Structure

Mitochondrial cristae are dynamic structures that can modulate their shape in response to various
physiological conditions. As they are the primary site of the OXPHOS machinery, it is important that
the folding of the IMM into cristae structures facilitates the most efficient manner of producing ATP.
Recent work has found that individual cristae act as autonomous bioenergetic units, highlighting the
importance of their structural integrity [206]. Cristae structure is dictated by a variety of “cristae-shaping
proteins” (Figure 3b). A key mediator of cristae architecture is the MICOS complex. The MICOS
complex consists of at least the subunits MIC10, MIC12, MIC13, MIC19, MIC25, MIC26, MIC27 and
MIC60 [207]. Each of these proteins has a specific role in shaping the cristae structure. MIC60 is a core
component of the complex and is associated with the formation of cristae junctions and contact sites
with the OMM [208-210]. MIC10 can also bend membranes and is known to be responsible for forming
hairpin structures in the IMM [211,212]. MIC13 has also been recently recognised as being essential for
maintaining the stability of the MICOS complex and cristae junction formation [212]. MIC26 has a role
in cristae junction formation, and both MIC26 and MIC27 are necessary to maintain normal cristae
architecture [213,214].

The FiFy ATP synthase is embedded in the IMM and is localised to the cristae tips, where it exists
in a dimer confirmation. These dimers are also assembled into oligomers. The presence of these dimers
prompts a bending of the surrounding IMM lipid bilayer, highlighting their importance as mediators
of cristae structure [215,216]. As such, the loss of the F;Fy ATP synthase is associated with a loss of
cristae invaginations [216]. However, the F;Fy ATP synthase may also act indirectly to maintain cristae
morphology, as it has also been recognized that the F1Fy ATP synthase interacts with the MICOS
complex [217]. It has also been reported that oligomerisation of F1Fy ATP synthase dimers is promoted
by OPA1, which also has a role in cristae shaping [218].

The role of OPA1 in cristae shaping is reflected in its ability to define the diameter and width of
cristae junctions [209]. It has been demonstrated in yeast that the OPA1 homologue MGML is required
to maintain cristae structure by tethering to other OPA1 molecules on the opposing IMM [219]. Indeed,
it has been observed that high molecular weight multimers of OPA1 stabilise and induce the formation
of tight cristae junctions, whereas lower-order OPA1 oligomers are associated with increased cristae
junction and lumen width [209]. The remodeling of cristae is mediated by the integral membrane
protease PARL. Processing by PARL produces a short, intramembrane-soluble form of OPA1 that binds
with the membrane-bound form to maintain tight cristae junctions [220]. There is some evidence that
OPAL1 has a broader regulatory role and can adjust mitochondprial respiration by modulating cristae
shape. It has been reported that in response to hypoxia there is an increase in the abundance of OPA1
oligomers that prevent cristae remodeling, thereby acting to enhance mitochondrial respiration [221].
It has also been shown that OPA1 can interact with metabolic sensors in response to starvation, acting
to adjust the cristae shape to maintain ATP production [222]. High molecular weight OPA1 multimers
have also found to be associated with MIC60 and F;Fy ATP synthase [209,218,223]. Further work will
be required to understand the extent to which OPA1 dictates cristae shape alone, and how it functions
as part of an interactive network with other cristae shaping proteins.
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A number of other proteins have been observed to have an impact on cristae structure, but for
which the precise mechanisms are less well understood. MCL1 has been found to have a role in
preserving cristae ultrastructure and the maintenance of oligomeric ATP synthase [224]. The loss of
proteins that interact with cardiolipin have also been found to disrupt cristae architecture. Specifically,
the prohibitins and UQCC3 have all been demonstrated to bind to cardiolipin, and their loss is
associated with alterations in cristae structure [204,225,226].

4.3. The Relationship between Cristae Structure and mtDNA

A number of studies indicate that there is an interesting but poorly-understood link between
mtDNA and cristae ultrastructure. Dissecting this relationship is problematic because of the role
that mtDNA-encoded proteins, such as components of the ATP synthase, play in maintaining cristae
structure. For example Rho-0 (p0) fibroblasts, which are devoid of mtDNA, display sparse cristae
structures and swollen mitochondria compared to mtDNA-containing cells [227-229]. Embryos lacking
TFAM also lack mtDNA and display abnormal cristae structure [230]. Similarly, tissue-specific knockout
of TEFAM in developed animals has also been shown to ablate cristae structure [231,232]. In cultured
cells, the transient depletion of mtDNA using the replication inhibitor 2’-3’-dideoxycytidine also leads
to a loss of cristae structure [77]. Other data has suggested a direct role for mtDNA in maintaining
cristae structure. The loss of DRP1 is associated with the formation of structures filled with very
densely packed cristae and clustered nucleoids termed “mito-bulbs” (Figure 3c) [77]. The formation
of these cristae-rich mito-bulbs in DRP1 knockdown cells was not impacted when mitochondrial
translation was inhibited using chloramphenicol. However, the depletion of mtDNA prior to DRP1
knockdown prevented the formation of mito-bulbs. This suggests that mtDNA itself may be important
for determining cristae architecture rather than its gene products. These data highlight the need for
further study to understand how mtDNA contributes to the maintenance of normal cristae structure.

The loss of OPAI has been associated with a reduced mtDNA copy number, both in model
systems and in patients harbouring OPA1 mutations [135,161,233]. OPAl-deficient cultured cells also
show a distinct loss of cristae structure (Figure 3d) [201,234]. Similarly, in mice, both the mutation of
Opal in the heart and deletion of Opal in the skeletal muscle was found to cause the loss of cristae
structures [161,235,236]. Other in vivo models in which mtDNA content was reduced, such as the
deletion of Mfn2 in Purkinje cells or the dual knockout of Mfn1 & 2 in skeletal muscle, have also been
shown to be associated with sparse cristae structures. Whilst these observations support the idea that
the loss of mtDNA is linked with the disruption of cristae structure, it is likely that the relationship is
not this simple. For example, one study noted that the loss of cristae structure in Opal mutant mice
occurred prior to the reduction in mtDNA content [235], although this is not surprising because of the
key role of OPA1 in maintaining cristae junctions [209].

Analysis of the relationship between mtDNA and cristae structure is also complicated by the
fact that a number of interventions which alter mtDNA content also impact on the balance of fission
and fusion rates of mitochondria, and therefore the proper organisation of nucleoids around the
network. There is also evidence to suggest that normal cristae structure is required to facilitate fission
and fusion [210]. The MICOS complex can be destabilized by the loss of the core protein MIC60.
This results in a striking phenotype of enlarged mitochondria that display abnormal circular cristae,
commonly described as “concentric rings” or an “onion-like structure”, alongside an almost complete
loss of cristae junctions (Figure 3e) [210,237]. It has also been reported that the loss of MIC60 causes a
reduction in the copy number of mtDNA (139). The downregulation of other MICOS subunits such as
MIC19 and MIC10 also leads to a disruption of cristae structure [210]. The silencing of MIC19 and
MIC60 led to the formation of enlarged and disorganised nucleoids in both mammalian cells and
yeast, accompanied by a reduction in mtDNA transcription [210,238]. Similarly, it has been noted that
mutations in CHCHDI10, a constituent of the MICOS complex, leads to a loss of cristae junctions and
structure. Furthermore, this was also shown to be linked with the formation of mtDNA deletions,
as well as a reduction in nucleoid number without an overall effect on copy number [239].
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It is worth noting that it is often difficult to determine whether apparently enlarged nucleoids
represent one single enlarged nucleoid consisting of multiple physically joined (catenated) mtDNA
molecules, or a group of nucleoids clustered in close proximity. An interesting aspect of the enlargement
or clustering of nucleoids associated with the loss of MIC60 is that it was not reported to lead to
the formation of cristae-enriched mito-bulb structures as are seen following DRP1 knockdown [77].
However, it is likely that these cells are unable to form dense cristae regions as a consequence of the
fundamental role of MIC60 and the MICOS complex in shaping cristae [207]. Interestingly, MIC60
knockdown cells showed a normal balance of fission and fusion compared to wild-type cells, but this
occurred at a reduced rate with DRP1 being one of the mitochondrial dynamics proteins observed to be
downregulated. When DRP1 was overexpressed to promote mitochondrial fragmentation, the presence
of enlarged nucleoids associated with the loss of MIC60 was partially reverted [210]. Furthermore,
work in yeast has found that when MIC60 (FCJ1) is knocked out in conjunction with DRP1 (DNM1) the
nucleoids are further enlarged compared to the loss of MIC60 alone [238].

Cristae junctions have also been implicated in enabling nucleoid distribution. Unlike MIC60
deletion, the knockout of F1 Fy ATP synthase dimerization factors does not promote nucleoid aggregation
or affect the number of cristae junctions. However, its knockout does reduce the number of cristae
tips. The dual knockout of MIC60 (FC]1) and dimerization partners of F1Fy ATP synthase results in
an increased number of ring-like cristae structures that rescues the nucleoid aggregation phenotype
associated with MIC60 deletion alone [238]. This finding indicates that cristae structure is likely
important for partitioning nucleoids to prevent their aggregation.

Addressed collectively, these studies support the idea that normal cristae structure is required
to support the even distribution of mtDNA nucleoids around the mitochondrial network (Figure 3).
Firstly, dynamic cristae structure is required to facilitate normal rates of fission and fusion, which as
discussed earlier are key mediators of nucleoid dispersal. Secondly, cristae can also prevent the
aggregation of nucleoids by forming partitioning structures. This is in logical agreement with the
observation that nucleoids are generally located in voids between groups of cristae structures [188].
At this stage, it is unclear whether nucleoid partitioning is a precursor to the distribution of nucleoids
around the network via fission. Therefore, further study will be necessary to understand the intricate
interplay between these two events.

4.4. Cristae Remodelling by Independent Fission and Fusion of Cristae Membranes

It has been speculated for some time that cristae are dynamic structures that can undergo
remodelling of their membranes in response to various physiological conditions. However, studying
these remodelling events in real-time has been particularly challenging until recently. A number of
groups have developed methods that allow for the visualisation of cristae structures in live cells using
super-resolution microscopy [188,206,240]. Recent work has established that cristae within the same
mitochondrion can have different membrane potentials, thus demonstrating that cristae can behave
as independent bioenergetic units [206]. This work suggests that within a mitochondrion cristae can
functionally isolate themselves from one another, and it is postulated that this mechanism can prevent
individual dysfunctional cristae from disrupting membrane potential in the broader mitochondrial
network. Further work has revealed that cristae membranes within a mitochondrion undergo fission
and fusion events in a MICOS-dependent manner [241]. Specifically, this study provides evidence for a
model in which MIC60 is evenly distributed along the IBM, acting as a docking or scaffolding platform
to facilitate the formation of cristae junctions following the recruitment of MIC10. The recruitment of
other subunits to complete the MICOS complex allows cristae junctions to fully form. Both cristae
junctions and cristae membranes are dynamic, and it was observed that cristae junctions have the
capacity to split and merge. Cristae membranes can detach from one cristae junction, and fuse
with either the same cristae junction or another cristae junction, such as one on the opposing IBM.
It was demonstrated that the merging of cristae membranes is associated with changes in membrane
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potential at that region, and that these events can facilitate content mixing between distinct cristae
compartments [241].

The fact that cristae continuously undergo remodelling and have the capacity to function
independently raises the question of how these processes are involved in maintaining the integrity
of mtDNA, as well as its segregation and normal distribution. This novel ability to study cristae
dynamics in live cells allows an unprecedented opportunity for the field to address some of these
experimentally difficult questions. For example, what is the importance of dynamic cristae membranes
in maintaining mtDNA integrity by content mixing? Other directions may include understanding the
interplay between overall mitochondrial dynamics and cristae dynamics, as well as addressing how
the modelling of cristae membranes impacts the segregation and movement of mtDNA around the
mitochondrial network.

4.5. Genetic Defects Associated with Perturbed Mitochondrial Cristae Structure and Diseases

Mammalian MICOS comprises seven protein subunits of which defects in two encoding genes
have been linked to human disease so far. Mutations in MICOS13 (aka QIL1) cause severe infantile
mitochondrial disease characterised by failure to thrive, microcephaly, truncal hypotonia, spasticity
and cerebellar atrophy, lactic acidosis and 3-methylglutoconic aciduria (3-MGA) [242-244]. Subclinical
hepatic involvement manifesting with persistently abnormal liver function tests was also reported.
Altered mitochondrial cristae morphology was evident in liver tissue and fibroblasts, but the
mitochondrial ultrastructure in muscle appeared normal. Multiple mitochondrial respiratory chain
deficiencies were identified in skeletal muscle and liver biopsies, and isolated complex IV deficiency
was present in fibroblasts. However, there was no evidence of mtDNA deletions or depletion in muscles
and fibroblasts [242-244]. More recently, a mutation in APOO, encoding MIC26, has been reported to
cause an X-linked disease associated with developmental delay, hypotonia, autistic spectrum disorder,
gastrointestinal symptoms, lactic acidosis and abnormal carnitine profile [245]. The pathogenicity of
the APOO variant was supported by work with fibroblasts and a fly model.

Homozygous mutations in the PINK1 gene, encoding for PTEN-induced kinase 1, were first
identified in three consanguineous families with early-onset Parkinsonism through linkage analysis in
2004 [246]. Overall, PINK1 mutations account for less than 10% of autosomal recessive Parkinson’s
disease (PD) [247]. Both Parkin and PINK1 have been shown to play crucial roles in mediating
the mitophagy process [248]. More recently, PINK1 was found to maintain cristae junctions by the
phosphorylation of the MICOS subunit MIC60 in both Drosophila melanogaster and human neurons [249].
Furthermore, mutations within the mitochondrial targeting sequence of MIC60 were evident in a
subset of PD patients. The introduction of these patient mutations into a Drosophila melanogaster model
disrupted the ability for MIC60 to localise to mitochondria and prompted the formation of abnormal
cristae junctions. Furthermore, the overexpression of MIC60 in a PINK17~ model of PD compensated
for the loss of PINK1-mediated phosphorylation and rescued both cristae defects and mitochondrial
function [249]. In addition, mutations in the mitochondrial targeting sequence of CHCHD2 have been
identified as a risk factor for PD and Lewy body disease [250].

CHCHDIO0 is a protein located in the mitochondrial inter-membrane space and it has been
demonstrated to play a role in the maintenance of cristae integrity [239]. Heterozygous mutations in
CHCHD10 were first linked to motor neuron disease and frontotemporal dementia, myopathy and
hyperkalemia, impaired respiratory chain function and multiple mtDNA deletions in the skeletal muscle
in a large family of French origin, and in a Spanish family (none of the family members underwent
muscle or skin biopsy) in 2014 [251]. Whilst mutations of CHCHDI10 display a mitochondrial disease
that resembles motor neuron disease, a large consortium of motor neuron disease (amyotrophic lateral
sclerosis) patients (n = 4365) and healthy controls (n = 1832) from seven countries subsequently
demonstrated that pathogenic CHCHD10 variants are exceptionally rare [252]. Therefore, in pure
forms of amyotrophic lateral sclerosis it is not necessarily associated with CHCHD10 mutations.
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Prominent extra-neurological disease has been observed following the disruption of several
proteins implicated in the maintenance of cristae structure, for example, hypertrophic cardiomyopathy
occurs in patients harbouring mutated forms of ATAD3A and TAZ (Barth syndrome) [253,254],
and 3-MGA in ATAD3A, TAZ, MICOS13 and ATP5F1E [243,253,255,256].

5. Conclusions

The structure and dynamics of the mitochondrial membranes are required to maintain both the
integrity of mtDNA and well as its distribution within the mitochondrial network. Mitochondrial
membranes make a poorly understood contribution to mtDNA replication, the impairment of which
manifests either as an inability to maintain a sufficient number of copies of mtDNA, or as rearrangements
of the genome. Following replication, the dynamics of mitochondria are also required for the segregation
of mtDNA, and the disruption of mitochondrial dynamics can lead to the clustering of nucleoids
within cells. The direct association between mtDNA and the respiratory chain means that an uneven
distribution of nucleoids can lead to a mosaic pattern of respiratory activity within cells, which may
represent an under-appreciated molecular contributor to mitochondrial pathologies. Observations
from the clinic highlight the importance of these mechanisms, with mutations in genes associated with
fusion, fission and cristae structure manifesting mainly in severe neurological disorders frequently
associated with mtDNA depletion or rearrangements.

Work from the laboratory puts forward the notion that mitochondrial fusion is necessary to
maintain adequate levels of mtDNA replication, likely highlighting the importance of content mixing
for maintaining a proper stoichiometry of replisome components between mitochondria. Indeed, it is
plausible that this protein heterogeneity may prompt replication stalling resulting in the formation of
deletions and rearrangements of mtDNA. The reduction in mitochondrial DNA copy number observed
in conjunction with the disruption of fusion therefore likely occurs due to reduced rates of replication.

Defects in mitochondrial fission on the other hand have less of an association with the onset
of mtDNA rearrangements or a reduction in mtDNA copy number in the laboratory. However,
mutations of fission genes still result in severe neurological disorders in the clinic. As mitochondrial
function is often observed to be normal when fission is impaired, the mechanism underlying these
clinical phenotypes is not entirely clear at this stage. It is understood that mitochondrial fission is
necessary for mitochondrial quality control which can facilitate the accumulation of dysfunctional
mitochondria. Furthermore, fission is essential for the even allocation of nucleoids around the
mitochondrial network and to subsequent daughter cells. Disruption of fission leads to the clustering
of nucleoids. Indeed, the presence of mtDNA is intricately linked to the formation of normal cristae
architecture. The clustering of nucleoids is associated with the formation of dense cristae regions in the
form of mito-bulb structures, and the loss of mtDNA is often correlated with the loss of cristae structure.
The data available suggests that dynamic cristae are necessary to facilitate normal rates of mitochondrial
fission and fusion, as well as allow for the partitioning of mtDNA. As such the interactions between
dynamics, cristae and mtDNA organisation are tightly interwoven and interdependent. It is therefore
likely that if each of these processes is not tightly regulated then there are subsequent downstream
effects that disrupt the delicate balance and prompt the onset of mitochondrial dysfunction.
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Abbreviations

3-MGA
AD

AR
ATAD3
ATP
CK
CMT
COX1
CPEO
CSF
DOA
DD
DRP1
ER
ESRF
FIS1
FSGS
GTP
HSP
IBM
IMM
m™MS

LA

LS

LSP
MCL1
MEF
MERRF
MFN
MICOS
MID49
MitoPLD
MRC
mtDNA
MTERF1
mtSSB
NCR
OA
OMA1
OMM
OPA1
OriH
OriL
OXPHOS
PA
PARL
PD
POLy
POLRMT
rRNA
RRFs

3-methylglutoconic aciduria

autosomal dominant

autosomal recessive

ATPase family AAA domain-containing protein 3
adenosine triphosphate

creatine kinase

Charcot-Marie-Tooth

cytochrome c oxidase 1 subunit

chronic progressive external ophthalmoplegia
cerebrospinal fluid

dominant optic atrophy

developmental delay

dynamin-related protein 1

endoplasmic reticulum

end-stage renal failure

mitochondrial fission 1 protein

focal segmental glomerulosclerosis

guanine triphosphate

heavy strand promoter

inner boundary membrane

inner mitochondrial membrane

intermembrane space

lactic acidosis

Leigh syndrome

light strand promoter

induced myeloid leukemia cell differentiation protein
mouse embryonic fibroblast

myoclonic epilepsy and ragged-red fibres
Mitofusin

mitochondrial contact site and cristae organising system
mitochondrial dynamics protein of 49kDa
mitochondria-localised phospholipase D
mitochondrial respiratory chain

mitochondrial DNA

mitochondrial transcription termination factor 1
mitochondrial single stranded DNA-binding protein
noncoding region

optic atrophy

overlapping with the M-AAA protease 1 homolog
outer mitochondrial membrane

optic atrophy 1

origin of H-strand replication

origin of L-strand replication

oxidative phosphorylation

phosphatidic acid

presenilin-associated rhomboid-like
Parkinson’s disease

DNA polymerase-y

mitochondrial RNA polymerase

ribosomal RNA

ragged-red fibres
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RTA
SCA28
SNHL
TEFM
TFAM
TFB2M
tRNA
VLCFA
WM
YMEI1L1

renal tubular acidosis

spinocerebellar ataxia type 28

sensorineural hearing loss

mitochondrial transcription elongation factor
mitochondrial transcription factor A
mitochondrial transcription factor B2
transfer RNA

very long chain fatty acid

white matter

YMETL like 1 ATPase
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Abstract: Knowledge about the relationship between steroidogenesis and the regulation of the mito-
chondrial bioenergetics and dynamics, in steroidogenic cells, is not completely elucidated. Here we
employed in vivo and ex vivo experimental models to analyze mitochondrial physiology in Leydig
cells depending on the different LH-cAMP environments. Activation of LH-receptor in rat Leydig
cells ex and in vivo triggered cAMP, increased oxygen consumption, mitoenergetic and steroidogenic
activities. Increased mitoenergetic activity i.e., ATP production is achieved through augmented
glycolytic ATP production and a small part of oxidative phosphorylation (OXPHOS). Transcription
of major genes responsible for mitochondrial dynamics was upregulated for Ppargcla (regulator
of mitogenesis and function) and downregulated for Drp1 (main fission marker), Prkn, Pinkl and
Tfeb (mitophagy markers). Leydig cells from gonadotropin-treated rats show increased mitogenesis
confirmed by increased mitochondrial mass, increased mtDNA, more frequent mitochondria ob-
served by a transmission electron microscope and increased expression of subunits of respiratory
proteins Cytc/CYTC and COX4. Opposite, Leydig cells from hypogonadotropic-hypogonadal rats
characterized by low LH-cAMP, testosterone, and ATP production, reduced markers of mitogenesis
and mitofusion (Mfn1/2, Opal) associated with reduced mtDNA content. Altogether results underline
LH-cAMP signaling as an important regulator of mitochondrial physiology arranging mitochondrial
dynamics, bioenergetic and steroidogenic function in Leydig cells.

Keywords: mitochondrial dynamics; mitoenergetics; mitosteroidogenesis; LH; cAMP; Leydig cell

1. Introduction

Mitochondria are multifunctional cellular organelles with essential roles in vitally
important processes including cellular energy production, reactive oxygen species (ROS)
synthesis, apoptosis signaling, maintaining calcium homeostasis, and metabolic integration.
In steroidogenic cells, the initial step of steroid hormones synthesis occurs in mitochondria.
Despite the importance of the mitochondria in cellular and metabolic health, the details
about their organization and synchronization are not well characterized.

In Leydig cells, mitosteroidogenesis is enabled by cholesterol availability and mi-
tochondrial targeting including steroidogenic enzyme localization in mitochondria. It
is controlled by the interaction of luteinizing hormone (LH) with its specific receptor
which triggers the cyclic adenosine monophosphate—protein kinase A (cCAMP-PRKA) sig-
naling [1,2] that activates mitochondria-targeted StAR protein [3] and other proteins of
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transduceosome responsible for cholesterol transport into inner mitochondrial membrane.
Once cholesterol comes to the inner mitochondrial membrane it is converted to preg-
nenolone by CYP11A1 to start steroidogenesis [4]. The CYP11A1 cleaves the 20, 22 bound
in the insoluble cholesterol to become soluble pregnenolone which activates a downstream
HSD3B and other steroidogenic enzymes to produce testosterone. Activation of mito-
chondrial CYP11A1 is a hormonally regulated and rate-limiting step and is considered a
determinant of the steroidogenic capacity of the cells [5].

The mitoenergetic role arises from the generation of ATP by oxidizing hydrogens
derived from carbohydrates and fats. Electrons from NADH are sent to multimeric mi-
tochondrial protein Complex I (NADH dehydrogenase) which forwards to ubiquinone
(coenzyme Q/CoQ) and then to Complex III (ubiquinol/cytochrome ¢ oxidoreductase)
which further shuttles the electrons to cytochrome c. Cytochrome c transfers electrons to
cytochrome-containing Complex IV (cytochrome ¢ oxidase, COX), the terminal protein
complex of the mitochondrial respiratory chain, which uses the electrons to reduce O, to
yield H,O. The free energy of electron movement through the OXPHOS pathway is used to
pump protons (H*) out of the mitochondrial matrix into the mitochondrial intermembrane
space, creating a capacitance across the inner membrane i.e., mitochondrial membrane
potential (Am). This potential energy is utilized to drive ATP synthesis by the Complex V
(ATP synthase) OXPHOS [6].

Subsequently, ATP is also synthesized by cytosolic glycolysis. Although glycolysis
produces much less ATP per cycle than OXPHOS, it nonetheless plays an important role in
stimulated and proliferated cells with high metabolic demand [7,8].

For efficient steroidogenesis in Leydig cells, functional mitochondria are required for
both Alm and ATP synthesis [9,10]. Cellular bioenergetic demands are closely linked to
mitochondrial dynamics whose maintenance is particularly important for efficient steroido-
genesis [11]. Mitochondria are dynamic organelles able to rearrange themselves, through
coordinated cycles of fusion and fission, to properly adapt to cellular metabolic needs. Mi-
tochondrial fusion is responsible for the formation of the mitochondrial network, allowing
more efficient operation in both bioenergetic and metabolic senses. By contrast, fission
is responsible for fragmenting the mitochondrial network, which is normally associated
with resting cells, or disposing of damaged organelles through mitophagy/autophagy
processes [12,13]. Additionally, cells activate mitochondrial biogenesis to form new mito-
chondria but also rearrange mitochondrial architecture to adapt to changes in metabolic
demands [14]. The balance between these states is crucial for maintaining a physiological
mitochondrial network. The mitochondrial dynamics are enabled by the coordinated action
of many genes and following proteins that can be considered as a marker of mitochon-
drial dynamics: the Ppargcla/PGCla plays a role in mitochondrial biogenesis through
transcriptional regulation of its downstream genes such as Nrf1, Nrf2, and Tfam leading to
synthesis of mitochondrial DNA, proteins, and generation of new mitochondria [15,16];
two key multifunctional gene products, Pink1/PINK1 and Prkn/PARKIN, jointly promote
the degradation of defective mitochondria providing quality control by mitophagy [17];
mitochondrial fusion/fission is regulated by several essential genes such as Mfn1, Mfn2,
Opal, and Drp1 [14].

It is known that the cAMP/PRKA signaling at the outer membrane of mitochondria
regulates several processes, such as mitochondrial protein import [18,19], apoptosis [20],
autophagy [21], mitophagy [22] and mitochondrial fission and fusion [11,23-25]. In addi-
tion, mitochondrial cAMP signaling has been involved in modulation of OXPHOS [26,27]
and regulation of ATP synthesis [27-30].

However, the details of the regulation of mitochondrial fission—fusion dynamics to-
gether with biogenesis and mitophagy/autophagy remain to be completely elucidated,
and is particularly poorly characterized in the hormonal regulation of steroidogenic func-
tion. Despite the key role of mitochondria in steroid synthesis, the reports exploring the
relationship between steroidogenesis, bioenergetics, and mitochondrial dynamics i.e., mito-
chondrial fitness in respect to tropic stimulation of Leydig cells are insufficient. Therefore,
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in this study, we analyzed the Leydig cell’s mitochondrial response/fitness on in vivo and
ex vivo LH stimulation. Results were analyzed from the point of view of the cAMP and
testosterone changes.

2. Materials and Methods
2.1. Animals

All experiments were conducted using male Wistar rats which were bred and raised
in the animal facility of the Faculty of Sciences, University of Novi Sad (Novi Sad, Serbia).
The animals were sustained in carefully regulated environmental conditions (22 & 2 °C;
14 h light-10 h dark cycle) with unlimited access to water and food (ad libitum). The
experiments were approved by local Ethical Committee on Animal Care and Use of the
University of Novi Sad (statement no. 01-201/3) operating under the rules of the National
Council for animal welfare and the National Low for Animal Welfare (March 2009) and in
accordance with the National Research Council publication Guide for the Care and Use of
Laboratory Animals (copyright 1996, National Academy of Science, Washington, DC, USA)
and European Convention for the Protection of Vertebrate Animals used for Experimental
and other Scientific Purposes (Council of Europe No 123, Strasbourg 1985).

2.2. In Vivo Experiments

The animals underwent two different in vivo treatments mimicking acute and chronic
manipulation of intracellular cAMP level: (1) treatment of intact male rats with agonist of
LH receptors in order to increase cAMP signaling in Leydig cells, (2) experimental model
of hypogonadotropic hypogonadism in order to downregulate reproductive axis and lower
cAMP signaling in Leydig cells. In the first approach, a group of adult male rats were
treated with a subcutaneous injection of Pregnyl (Organon, Holland, active component is
human chorionic gonadotropin (hCG)), 40 IU/50 uL per 100 g of animal weight (a dose
that effectively increases cAMP in rat Leydig cells [6]. The control group received the same
amount of 0.9% NaCl. Animals were decapitated 2 h and 6 h after treatment. In the second
approach, adult male rats were injected intramuscularly with the long-lasting GnRH analog
diphereline (PharmaSwiss, Belgrade, Serbia; 0.29 mg/50 uL/100 g). Control rats were
injected with the same amount of vehicle. After one month, animals were sacrificed in the
morning. In both experimental approaches, trunk blood and testes were collected and used
for further analysis.

2.3. Collection of Testicular Interstitial Fluid (TIF) and Preparation of Purified Leydig Cells

Leydig cells were isolated following the same protocol previously described by our
research group [9,31-33]. Briefly, after isolation, testes were decapsulated and main blood
vessel removed. With the intention to collect testicular interstitial fluid (TIF), testes were
placed in the Falcon Mash 100 um (Sigma, St. Louise, MO, USA) in 50 mL tubes and cen-
trifuged at 100 x g/7 min. TIF samples were stored at —80 °C until utilization. Testicular tis-
sue was further used and placed in 50 mL plastic tubes containing 0.25 mg/mL collagenase;
1.5%-bovine serum albumin (BSA); 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)-M199, Sigma, St. Louise, Missouri (2 testes per tube). Cell isolation was con-
tinued by placing plastic tubes into shaking-water bath (15 min/34 °C/120 cycles per min).
In order to stop enzymatic reaction 40 mL of cold medium was added and seminiferous
tubules were removed during filtration through Mesh cell strainer 100 um (Sigma Inc.).
Remaining interstitial cell suspension was centrifuged (160 x g for 5 min) and resuspended
in 8 mL per tube Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-
F12) medium (Sigma, St. Louise, MO, USA). With the purpose of isolating Leydig cells
from interstitial cells different densities (1.080, 1.065 and 1.045 g/mL) of Percoll gradient
were used. Interstitial cells were centrifuged 1100x g for 28 min (brake free). Gradient
fragments that contained Leydig cells (1.080/1.065 g/mL and 1.065/1.045 g/mL) were
collected, washed in M199-0.1% BSA and centrifuged at 200x g/5 min. Cell precipitate
was resuspended in 5 mL DMEM/F12 and the proportion of Leydig cells present in culture
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was determined by staining for HSD3B activity using nitro blue tetrazolium (NBT) chloride
test [34] with some modifications). Briefly, Leydig cells were incubated in presence of 10 uM
pregnenolone, 1 mg/mL NBT and 3 mg/mL -NAD + for 1.5 h/34 °C/500 rpm/O», in
final volume of 200 uL. At the end of the incubation period, the suspension was centrifuged
for 7 min/500x g. Supernatant was discarded while cells pellet resuspended in a drop of
medium and put on the microscopic slide (two slides per tube). Positive (blue) cells were
counted using Image Tool Ink, Ver 3.00 software. According to HSD3B staining, presence
of Leydig cells in the culture was more than 90%. As for the Trypan blue exclusion test, cell
viability was greater than 95%.

2.4. Ex Vivo Experiments

Leydig cell primary culture was obtained by plating 3 x 10° cells in Petri dish (55 mm)
and placed in a CO; incubator at 34 °C for 3 h to recover and attach. Cells were respectively
treated with hCG (100 ng/mL, Sigma, St. Louise, MO, USA) and oligomycin (20 uM, Sigma,
St. Louise, MO, USA) or CMI (a PRKA inhibitor, 0.5 uM; 4-cyano-3-methylisoquinoline
from Calbiochem, (San Diego, CA, USA)) [35]. After period of stimulation, cell medium
and cells were collected and stored until analysis.

2.5. Testosterone and cAMP Measurements

Testosterone level was measured in serum using radioimmunoassay (RIA). Androgens
detected in serum by RIA were referred to as testosterone + dihydrotestosterone (T + DHT)
because the antitestosterone serum number 250 used in this study showed 100% cross-
reactivity with DHT. All samples were measured in duplicate in one assay (sensitivity:
6 pg/tube; intra-assay coefficient of variation: 5-8%; inter-assay coefficient of variation:
7.5%). Cyclic nucleotide levels were measured by the cAMP enzyme-linked immunosorbent
assay (ELISA) kit (Cayman Chemicals, Ann Arbor, MI, USA), with a quantification limit of
0.1 pmol/mL for acetylated cAMP samples.

2.6. ATP Level, Mitochondrial Membrane Potential and Oy Consumption Measurements

Determination of ATP level was performed using the ATP Bioluminescence CLS
II kit following manual instruction (Roche, lifescience.roche.com). Leydig cells (2 x
10°/0.5 mL) were incubated in shaking-water bath (1 h/34 °C/80 cycles per min) and
centrifuged (1200x ¢/5 min). Precipitated cells were resuspended in boiling water and
Tris-Ethylenediaminetetraacetic acid (EDTA) (1:9), boiled for 2 more minutes, centrifuged
(900x g/1 min) and final supernatant was used for ATP measurement. Sample/standard
and Luciferase reagent were mixed 1:1 and luminescence was measured by the Biosys-
tems/luminometar (Fluoroscan, Ascent, FL, USA). Mitochondrial abundance and mito-
chondrial membrane potential (A¥m) were determined by mitotrack green and tetram-
ethylrhodamine (TMRE), respectively, staining for 20 min/34 °C/5% CO, were applied
with subsequent fluorescence reading (Fluoroscan, Ascent, FL, USA). The excitation wave-
length used for the each test was 485 and 550 nm while emission wavelengths were 510
and 590 nm respectively; after staining, cells were washed with 0.1% BSA-PBS [31,33,36].
Oxygen consumption by Leydig cells suspension was measured by Clark electrode at 34 °C
and oxygen uptake and oxygraphic curves were obtained by digital multimeter VC820
(Conard Electronic, Hirsau, Bavaria, Germany) and software Digiscope for Windows
(version 2.06) [31].

2.7. Genomic DNA Purification, RNA Isolation, cDNA Synthesis and Real-Time Polymerase
Chain Reaction (PCR) Relative Quantitative Analysis

Genomic DNA from Leydig cells was purified by Wizard® Genomic DNA Purification
Kit (www.promega.com, #TM050) and total RNA isolation was performed using the Rneasy
Mini Kit (www.giagen.com) according to manuals instructions. Concentration and purity of
total RNA and DNA were measured using BioSpec-nano (Shimadzu Biotech, Kyoto, Japan)
followed by DNAse I treatment of the isolated RNA (www.invitrogen.com). First strand of
c¢DNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Thermo
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Fisher Scientific, Waltham, MA, USA) following manufacturer’s protocol. Relative gene
expression analysis was accomplished by quantitative real-time polymerase chain reaction
(qQRT-PCR) using SYBR-Green based technology (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA, USA). The qRT-PCR reaction was performed in the presence
of 25 ng/5 uL. cDNA from reverse transcription reaction and 500 nM specific primers.
The expression of several reference genes (Actb, Rsp16, Rsp18, Gapdh) were tested. The
Actb, Gapdh and Rspl6 were identified as the stable genes. In this study the relative
quantification of all samples was analyzed in duplicate and Gapdh was used as endogenous
control. The MtNd1-B2m ratio estimated in genomic DNA was used for mtDNA copies
determination [37]. Sequences of all primers were arranged using www.ncbi.nih.gov/sites/
entrez and showed in Table S1.

2.8. Protein Extraction and Western Blot Analysis

Platted cells (3 x 10°) were lysed by buffer (20 mM HEPES, 10 mM EDTA, 2.5 mM
MgCly, 1 mM dithiothreitol (DTT), 40 mM -glicerophosphate, 1% NP-40, 2 uM leupeptin,
1 uM aprotinin, 0.5 mM 4-bensenesulfonyl fluoride hydrochloride (AEBSF), phosphatase
inhibitor cocktail [PhosSTOP, www.roche.com]) and the lysates were uniformed in protein
concentration by Bradford method. Samples were mixed with SDS protein gel loading solu-
tion (Quality Biological, Inc., Gaithersburg, MD, USA), boiled for 3 min, and separated by
one-dimensional SDS-PAGE electrophoresis (www.bio-rad.com). Transfer of the proteins to
the PVDF membrane was performed by electroblotting overnight at 4 °C/40 A and efficacy
of transfer was checked by staining and distaining of the gels. The membranes were blocked
by 3% BSA-1x TBS for 2 h/RT, incubation with primary antibody was done overnight at
4°C, 0.1% Tween-1 x TBS was used for washing membranes, and incubation with secondary
antibody was done for 1 h/RT [31]. Inmunoreactive bands were detected using luminol
reaction and MyECL imager (www.fischer.sci)/films and densitometric measurements were
performed by Image ] program version 1.32 (https://rsbweb.nich.gov/ /ij/download.html).
Antiserums for COX4 (Cat. No. sc-58348), and actin (ACTN) (sc8432) were purchased from
Santa Cruz Biotechnology (Heidelberg, Germany), antiserum for cytochrome C (CYTC)
(ABIN3024606) was obtained from Oncogene Research Products (San Diego, CA, USA).

2.9. Transmission Electron Microscope (TEM) Analysis of Leydig Cell Mitochondria

Testes were collected from control and hCG treated animals, and fragments of testicu-
lar tissue were fixed in 3% glutaraldehyde, post-fixed in 1% osmium tetroxide, dehydrated
in graded alcohols, and then embedded in Epon 812. The ultrathin sections were stained
in uranyl acetate and lead citrate and were examined using a Morgagni 268D electron
microscope (FEI, Hillsboro, OR, USA).

2.10. Statistical Analysis

For in vivo studies the results represent group mean =+ standard error of the mean
(SEM) values of individual variations from 4 rats per group. For ex vivo measurements
data represents mean & SEM from three to five independent replicates. The results were
analyzed by Mann-Whitney’s unpaired nonparametric two-tailed test (for two point data
experiments), or for group comparison one-way analysis of variance (ANOVA), followed
by the Student-Newman-Keuls multiple range test. Correlation analysis was performed in
the R studio using 95% confidence intervals.
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3. Results
3.1. Activation of LHR Increases Mitochondrial Bioenergetics and Steroidogenic Function in
Leydig Cells Ex Vivo

To compare Leydig cell’s mitochondria bioenergetic and steroidogenic response on
LHR activation, isolated and purified cells were hCG treated. As expected, increased cAMP
(Figure 1A) and testosterone (Figure 1B) but also ATP (Figure 1C) production and Ajpm
(Figure 1D) were detected in hCG treated cells. The Leydig cell’s oxygen consumption
showed that hCG-treated cells consume more oxygen than control (Figure 1E) which is
followed by stimulated mitochondrial and steroidogenic activities of the cells. Basal O,
usage increased by 271.4% in treated compared with control cells (Figure 1E).
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Figure 1. Activation of LHR increases mitochondrial function in rat Leydig cells ex vivo. Leydig
cells (2 x 10°/tube) isolated from adult rats were incubated (1 h/34 °C/5% CO,) with/without
hCG (50 ng/mL) and cAMP (A) testosterone (B) and ATP (C) production were estimated in cell
content or media, respectively. For AYm determination, Leydig cells (10% /well) were stained with
tetramethylrhodamine (TMRE) (D). Suspension of Leydig cells (15 x 10°/2 mL) were incubated
30 min in the presence/absence of hCG and O, consumption was monitored using Clark electrode
(E) for 3 min. Leydig cells (2 x 10° /tube) were treated with hCG (50 ng/mL) or oligomycin (20 uM)
or with combination for 1h/34 °C/5% CO, and ATP content were determined in cells (F). Estimation
of the glycolytic and mitochondrial ATP quantity (G). Testosterone levels were measured in culture
media (H). Data bars represent group means =+ standard error of the mean (SEM) values from three
independent ex vivo experiments (1 = 3). * Statistical significance at level p < 0.05 compared to the
untreated group; # Statistical significance at level p < 0.05 compared to the hCG-treated group.

Stimulation of LHR signaling could affect glycolysis or OXPHOS ATP production.
To examine which portion in ATP synthesis is predominantly affected, the effects of ATP
synthase inhibitor, oligomycin, alone or in combination with hCG, on Leydig cell’s ATP
and testosterone production were analyzed. Oligomycin treatment significantly decreases
ATP production (Figure 1F). In basal condition, Leydig cells retain 26% and cells stimulated
with hCG 34% of their ATP levels upon oligomycin exposure. These results suggest that
both groups of cells derive a substantial proportion of their cellular ATP from OXPHOS.
Oligomycin blocked the hCG-dependent stimulation, suggesting that increased cAMP lev-
els most probably boost mitochondrial ATP production (Figure 1F). However, data showed
an increased dependence on glycolytic and less dependence on oxidative metabolism
in hCG-treated cells (Figure 1G). Under basal conditions, ATP produced by glycolysis
accounts for about 1/4 of total cellular ATP; while in hCG-stimulated cells 1/3 of ATP
comes from glycolysis. Furthermore, hCG-treatment elevated 18% of oxidative and 58.4%
of glycolytic ATP amount, respectively.
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However, oligomycin did not affect basal but completely blocked hCG-dependent
testosterone stimulation, indicating that mitochondrial respiration is important for hCG-
stimulated testosterone production (Figure 1H).

3.2. Activation of LHR Changed the Expression of Genes Important for Mitochondrial Function in
Rat Leydig Cells Ex Vivo

Considering the mitochondrial function and dynamics as interdependent processes the
expression of genes that control biogenesis, mitofission, mitofusion, and mitophagy were
monitored in conditions of excessive production of cAMP and stimulated steroidogenesis.
Consequently, to determine if altered mitochondrial activity, due to LHR stimulation, is
accompanied by early or delayed changes in expression of genes crucial for mitochondrial
dynamics, primary cell culture was established. Cells were treated with hCG for 30 min
(hCG stimulation window; time 0 is when stimulation started), and gene expression were
monitored every 30 min for 6 h. The effectiveness of the hCG treatment was determined
by measuring intracellular cAMP concentration and expression of Star and Cypllal, a
steroidogenesis-related gene known to be stimulated by hCG [30]. As expected, an in-
creased level of cAMP (Figure 2A) followed by increased expression of Star and Cyp11al
(Figure 2D) was detected. Treatment also initiated the rise of Am (Figure 2B) and ATP
production (Figure 2C). All the monitored values approached the basal values in the sixth
hour. Furthermore, markers of mitogenesis (Ppargcla and Cytc) increased early after hCG
stimulation and were apparent for long times (Figure 2E). However, its downstream genes
Nrfl and Tfam (Figure 2E) were reduced; Tfam expression decreased from the fourth hour
indicating different regulation, probably indirect regulation. Mitofusion regulators (Mfn1/2,
Opal) were not disturbed by the treatment. Transcription of profisson Drp1 decreased very
early, i.e., it was detected in the thirtieth minute of hCG-stimulation and approached the
basal values at the sixth hour (Figure 2E). Gene regulators of mitophagy/autophagy (Pink1,
Prkn, Tfeb) decreased from the fourth hour onwards in hCG-stimulated cells (Figure 2E). In
the sixth hour of stimulation, Ucp2, decreased (Figure 2E). The stimulatory effect of hCG
on mitobiogenesis was supported by improved expression of COX4 and CYTC in Leydig
cells (Figure 2F).

To confirm PRKA-dependent effect on mitochondrial biogenesis and dynamics, the pri-
mary Leydig cell culture was incubated with gonadotrophin w/wo PRKA inhibitor (CMI)
and mitochondrial mass together with expression of genes important for mitochondrial
dynamics regulation were measured (Figure 3). Validation of inhibitor action was done by
measuring testosterone production (Figure 3A), A¥m (Figure 3B) and Star transcription
(Figure 3D). Results confirmed PRKA-dependent increase of mitochondrial mass following
hCG stimulation (Figure 3C). Additionally, the involvement of a PRKA-dependent regula-
tion of mitochondrial biogenesis was confirmed by a reduction of hCG-stimulated Ppargcla
expression in the presence of a PRKA-inhibitor (Figure 3D). PRKA inhibition was without
effect on Mfn1, Mfn2 and Opal mRNA level (Figure 3D). However, the inhibitor prevented
hCG-triggered increase in transcription of Fis1 but also hCG-evoked decrease in Drpl
transcription (Figure 3D) suggesting cAMP-PRKA dependent regulation of mitofission.
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Figure 2. Activation of LHR changed expression of genes important for mitochondrial function in
rat Leydig cells ex vivo. Leydig cells from adult rats were isolated and primary culture was formed.
The cells were stimulated with hCG (100 ng/mL) for 30 min, media changed and cell incubation was
continued; cells were collected every 30 min for 6 h; moment when stimulation started was referred
to as Oh. Cells were collected in indicated time points and used for measurement of intracellular
concentration of cAMP (A), AYm (B) and ATP (C). RNA was isolated and quantitative real-time
polymerase chain reaction (QRT-PCR) was performed to detect expression level of steroidogenic (D)
or genes important for mitochondrial function/dynamics (E). Abundances of CYTC and COX4 in
Leydig cells stimulated w/wo hCG for 2 h were evaluated by Western blot (F). Representative blots
are shown. The bars near the respective bands show values obtained by scanning densitometry
and normalized on the ACTN. Data points are group mean £ SEM values of three independent
experiments, n = 3. * Statistical significance between the groups for the same time point (p < 0.05).
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Figure 3. Activation of cAMP-PRKA signaling increased mitochondrial mass and changed expression
of genes important for regulation of mitobiogenesis and mitofission. Primary culture of rat Leydig
cell was stimulated with hCG (100 ng/mL) in presence or absence of PRKA inhibitor (CMI, 0.5 uM)
for 30 min. After 30 min culture media were changed with fresh media without hCG but with CMIL
Cells were collected after 2 h from beginning of stimulation. T + DHT was measured in culture
media (A) while cells were used for AYm (B), and mitochondrial mass (C) determination. RNA
was isolated and qRT-PCR was performed to detect expression level of Star and genes important for
mitochondrial function/dynamics (D). Data bars are group mean 4 SEM values of three independent
experiments, n = 3. * Statistical significance between the control and treated group; # difference in
respect to hCG-treated group, (p < 0.05).
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3.3. Activation of LHR Changed the Expression of Genes Important for Mitochondrial Function in
Rat Leydig Cells In Vivo

To investigate in vivo effects of LHR activation on the mitochondrial physiology in
Leydig cells, adult male rats were treated with hCG, and effects were estimated 2 and 6 h
following the treatment. Blood testosterone level (Figure 4A) and cAMP concentration in
TIF (Figure 4B), were significantly higher in treated rats in both examined time points indi-
cating treatment efficiency. Elevated testosterone, Alm in both time points (Figure 4C) and
rise ATP production in the 2nd hour after hCG injection (Figure 4D) suggested increased
mitochondrial engagement in both processes, energy production, and steroidogenesis.

As expected, treatment increased genes responsible for mitochondrial steroidogenesis
(Star and Cypl1al), in both time points (Figure 4E). Changes in the expression of the
main regulators of mitochondrial dynamics after in vivo administration of hCG were
very similar to those occurring after ex vivo treatment (Figure 4F-I). Results suggested
altered mitochondrial biogenesis following hCG injection: Ppargcla increased following
2 h treatment but was below control values in the 6th hour; transcription of Nrfl decreased
2 h after injection and then approached the control values; Nrf2, remained unchanged
while the reduction of Tfam occurred in the 6th hour (Figure 4F). Expression of genes
involved in the regulation of mitofusion, Mfn1, Mfn2, and Opal, remained unchanged, and
the mitofission regulator, Drp1 was reduced in the 6th hour after hCG injection (Figure 4G).
However, results pointed to altered mitophagy in Leydig cells following LHR activation:
Pink1 and Prkn decreased in the 6th hour as well as a marker of autophagy, Tfeb (Figure 4H).
The trend of decreased transcription after hCG treatment was also noticed in Ucp2 and
Cox4/2 expression while Cytc increased in both time points (Figure 4I).
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Figure 4. Activation of LHR changed expression of genes important for mitochondrial function in rat
Leydig cells in vivo. Rats were sacrificed 2 h and 6 h after hCG/vehicle application. Serum and TIF
were collected for measurement of testosterone (A) and cAMP (B), respectively. Leydig cells were
isolated and used for A¥m (C) and ATP (D) determination. RNA was isolated from Leydig cells and
used in qRT-PCR analysis in order to examine expression level of genes that regulate mitochondrial
function (E-I). Data points/bars are group mean + SEM values of three independent experiments,
n = 3. * Statistical significance between the groups for the same time point (p < 0.05).

Increased mitochondrial biogenesis in Leydig cells following gonadotropin injection
was analyzed (Figure 5A). The Mitotracker-green dye has high affinity and specificity for
lipid mitochondrial membranes and produces green fluorescence which was employed
to examine mitochondrial abundance. The gonadotropin injection caused a 32% increase
in mitochondrial abundance compared with control values (Figure 5A). Additionally, in-
creased mitochondrial abundance due to LHR stimulation was confirmed by the estimation
of mtDNA content (Figure 5B).

The ultrastructural appearances of mitochondria in Leydig cells from hCG treated and
control rats were assessed by transmission electron microscopy (TEM) analysis. Mitochon-
dria were more frequently detected in hCG treated Leydig cells (Figure 5E,F), compared to
control Leydig cells (Figure 5C,D). Treated and control Leydig cells mitochondria had both
tubular and lamellar cristae, and occasionally mitochondria in gonadotropin stimulated
cells had more electron dense matrix (Figure 5E,F). Leydig cells treated with hCG had more
electron lucent chromatin (euchromatin) (Figure 5E,F) while more regions of condensed
chromatin (heterochromatin) were seen in nuclei of control cells (Figure 5C,D).
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Figure 5. Activation of LHR increased mitochondrial mass and changed Leydig cell’s mitochondrial
ultrastructure. Two hours after hCG injection testes were isolated, fragments of testicular tissue
immediately fixed for transmission electron microscopy (TEM) analysis while the rest of the tissue was
used for Leydig cells isolation. Cells, individually isolated, were plated for mitochondrial abundance
determination (10°/well) using Mitotracker green (A) or for genomic DNA isolation (10 /well) (B).
The mtNd1/B2m ratio was used for mtDNA content determination. Ultramicrographs of Leydig
cell from control rats at low (89,000 ; C) and high magnification (28,000 x; D) with well preserved
mitochondria, and Leydig cell from hCG-treated rats at low (56,000 ; E) and high magnification
(28,000 x; F) with numerous mitochondria with electron dense matrix. Data bar represents group
means £ SEM values from three rats (1 = 3). * Statistical significance at level p < 0.05 compared to the
untreated group.

3.4. Mitochondrial Function Was Dampened in Leydig Cells from Hypogonadotropic
Hypogonadal Rats

Given the high performance of mitochondria in Leydig cells after LHR stimulation,
it was of interest to investigate the effects of a low level of LH and intracellular cAMP
on mitochondrial physiology. To do this, the rats were treated with the long-lasting
GnRH analog [32]. Such treatment in male rats causes hypogonadotropic hypogonadism,
which is characterized by a low level of testosterone (Figure 6A) in circulation as well as
a low level of cAMP in Leydig cells (Figure 6B). Additionally, treatment reduced Ajpm
(Figure 6C) and ATP production (Figure 6D). Expression of the main steroidogenic genes
involved in steroid production in mitochondria Star and Cyp11al were decreased in Leydig
cells from hypogonadal rats (Figure 6E). Furthermore, genes involved in the regulation
of mitochondrial biogenesis Ppargcla, Nrfl and Nrf2 were reduced but Tfam remained
unchanged (Figure 6F). Hypogonadism has affected mitofission and mitofusion in Leydig
cells by reducing transcription of Drp1 as well as Mfnl and Mfn2 without changing Opal
(Figure 6G). Hypogonadism elevated Tfeb transcription in Leydig cells but not Pinkl and
Prkn (Figure 6H). In Leydig cells from hypogonadal rats, transcription of Cox4/2 and Cytc
lessened but no changes were observed in Ucp2 (Figure 6I). Finally, the expression of
mitochondrial NdI decreased in Leydig cells from hypogonadal rats (Figure 6]).
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Figure 6. Mitochondrial function is altered in Leydig cells from hypogonadotropic hypogonadal
rats. Serum from control and hypogonadotropic hypogonadal rats was prepared for testosterone
measurement (A). Leydig cells were isolated and used for cAMP (B), AYm (C) and ATP (D) deter-
mination. The RNA was isolated and used in qRT-PCR analysis in order to examine expression
level of genes that regulate mitochondrial function (E-J). Data bars are group mean & SEM values
of three independent experiments, n = 3. * Statistical significance (p < 0.05) between control and

hypogonadal rats.

4. Discussion

Since mitochondpria are at the core of cellular needs, communication with the host cells
is vitally important. The Leydig cell’s endocrine function is governed by LH-cAMP-PRKA
signaling which is the most essential signaling pathway involved in the regulation of
mitosteroidogenesis and consequently testosterone production. The question addressed in
this study is at what extend mitochondrial functions including energetic, steroidogenic,
and overall mitochondrial fitness are regulated by LH signaling.

Results obtained indicated the regulatory impact of LH-cAMP on Leydig cell’s mi-
tochondrial energetic and steroidogenic function including regulation of mitochondrial
dynamics and biogenesis which generally alleviate these processes. The main conclusions
were derived based on in vivo and ex vivo models with a different LH environment and
Leydig cells with different steroidogenic capacity.

Our results pointed out that the stimulation of LHR signaling in vivo and ex vivo can
increase Am and stimulate ATP and steroid production. This is in line with earlier studies
on Leydig cell primary culture that emphasized the importance of maintaining the Aljpm for
energetic and steroidogenic mitochondrial activities [10,38]. Furthermore, mitochondrial
electron transport chain, which drives formation of the A{m utilized for ATP synthesis,
is critical for LH-mediated testosterone production [39], as a number of steroidogenic
steps were suppressed upon OXPHOS inhibition. The results presented here show that
blocking of ATP synthase, besides ATP, blocks also the increase in testosterone caused by
LHR-activation, indicating that mitochondrial respiration is important for testosterone
synthesis. These events are supported by increased O, consumption which is necessary for
both processes. Namely, LHR-stimulation of Leydig cells increases basal O, usage and rate
of ATP production. However, LHR-stimulation of basal O, consumption could indicate a
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leak of the respiration rate [40] which can be interpreted as increased O, usage in expense
for steroid and ROS formation.

In LH stimulated cells, ATP is predominantly produced in OXPHOS but showed an
increased dependence on glycolysis and less dependence on oxidative metabolism. The ATP
produced in glycolysis increased by 58% while ATP produced in mitochondrial respiration
increased by 18% in gonadotropin-stimulated cells. The important metabolic coupling could
be present. It is well documented that the cAMP-PRKA pathway plays a regulatory role in
the glycolytic metabolism, exerting a stimulatory effect on glucose transport and utilization
via phosphorylation of different downstream target proteins [41,42]. Increasing glycolytic
activity in the cytosol could also lead to an adequate increase in NADH which are readily
transferred to the matrix of mitochondria where they can be involved in the OXPHOS
process [43].

However, in LH stimulated cells a mitosteroidogenesis and energetics do not appear
to be parallel processes. Our results showed the stimulatory effect of LH on mitochondrial
steroidogenesis lasts longer than the effect on ATP production. This may be the result of LH-
cAMP-PRKA activation of genes important for mitosteroidogenesis (Star, Cyp11al). Results
from the hypogonadal model illustrate the described relationship among energetic and
steroidogenic mitochondrial parameters but on a reduced scale i.e., low cAMP, followed by
decreased Am, ATP, testosterone, and Star and Cyp11al transcription.

Effective energetic, steroidogenic, and other mitochondrial functions are essentially
dependent on a proper mitochondrial dynamic network regulated by mitochondrial fu-
sion and fission [29,44]. Mitofusion represents a limiting step in the onset of processes
required for the transport of intermediate products in/out mitochondria and is essential
for cholesterol import into mitochondria and steroid formation [11,24]. Nonetheless, in
Leydig cells with LH-activated steroidogenesis the expression of Mfn1, Mfn2, and Opal,
were unchanged suggesting regulatory action on the posttranslational level of these gene
products. Under the same conditions, the decreased transcription of profission Drpl was
observed. Since mitofusion is a prerequisite for steroid hormone synthesis in Leydig
cells [11], reduced Drpl expression could facilitate mitochondrial fusion that might be
important for the formation of the multiprotein complex that delivers cholesterol to the
CYP11 system in addition to stimulation of oxidative phosphorylation. Indeed, blocking
of DRP1 activity results in increased mitofusion in Leydig cells [25]. Moreover, PRKA
phosphorylation of DRP1 inhibits mitofission enabling an optimal environment for steroids
biosynthesis [25]. Results obtained by ex vivo PRKA inhibition prevented hCG-triggered
decrease of Drp1 transcription supporting PRKA-regulation of DRP1 expression.

It has been shown that inhibiting fission or promoting fusion decreases mitophagy,
whereas enhanced fission precedes and facilitates it [45]. In LH-stimulated Leydig cells
the expression of genes involved in quality control, mitophagy Pink1, Prkn and autophagy
Tfeb were decreased. Accordingly, the activation of the cAMP-PRKA pathway is associated
with an inhibitory effect on mitophagy [29]. By contrast, the increased transcription of
mitobiogenesis marker, Ppargcla in addition to Cytc as well as COX4 indicates LH-potential
for new mitochondria formation. This is in agreement with observed increased PGCla
in Leydig cells cultivated with hCG for long [33]. Indeed, results obtained by Mitotrack
clearly indicate LHR-regulated grow in mitochondrial mass. Moreover, TEM analysis
revealed more abundant mitochondria in Leydig cells obtained from hCG-treated rats.
Gonadotropin treatment of Leydig cells stimulates expression of CYTC and COX4 sub-
units of respiratory proteins which again points to increased biogenesis. However, the
transcriptional pattern of Cox4/2 over time, after in vivo hCG-treatment, differs from the
protein pattern, indicating possible paracrine regulation as well as the existence of a post-
transcriptional /posttranslational modulatory mechanism. It is known that genes that
contribute to the same respiratory protein complex are from both mtDNA and nuclear
DNA [46]. Thus, mitochondria and the nucleus finely coordinate the transcription, trans-
lation, and import of mitochondrial proteins to ensure the proper relationship between
the various OXPHOS components. This communication occurs bidirectionally in time
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dependent manner indicating very sophisticated regulation of many signaling pathways.
The nucleus can influence mitochondrial structure, replication, biogenesis, fission, and
fusion, the number of mitochondria, and the mitophagy turnover rate [47]. Nonetheless,
the regulation of respiratory proteins expression and different behavior of genes encod-
ing the subunits together with proteins involved in mitochondrial dynamics including
anterograde and retrograde signaling in steroidogenic cells need to be further investigated.
Results from the study on the hypogonadal model show that decreased steroidogenesis
in Leydig cells is enabled by mitochondrial dysfunction. This is connected to decreased
mitochondrial engagement in steroidogenesis due to decreased expression of Star and
Cypl1al, thereby decreased cholesterol import and convert into biologically active steroid
precursors; decreased aerobic energy production by mitochondria resulting in lowered
ATP levels; decreased mitochondrial biogenesis illustrated by decreased expression of the
main marker of mitochondrial biogenesis (Ppargcl); amended mitochondrial dynamics i.e.,
mitofusion due to decreased Mfn1 and Mfn2 as well as mitofission due to decreased Drp1
expression with potential to increased autophagy as result of increased Tfeb.

Taken together, the results from all experimental models in this study revealed the de-
pendence of mitochondrial physiology on LH-cAMP signaling in Leydig cells (Figure 7).
Specifically, the expression level of genes that indicate the intensity of mitochondrial bio-
genesis (Ppargcla and Cytc; Figure 7C), as well as genes responsible for mitosteroidogenesis
(Star, Cyp11al; Figure 7D), are positively correlated with the level of cCAMP in the cell.
On the contrary expression of genes involved in the regulation of mitophagy (Prkn) and
autophagy (Tfeb) are in negative correlation with cAMP level (Figure 7A).
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Figure 7. Relationships between the concentration of cAMP and expression of genes responsible
for mitochondrial physiology in Leydig cells. Data shown are pool from 3 different experimental
models (ex vivo and in vivo stimulation of LHR as well as experimental model for hypogonadotropic
hypogonadism). Data for several groups of genes involved in regulation of mitophagy (A), mitofusion
(B), mitochondrial biogenesis (C) and mitochondrial steroidogenesis (D), covaried with cAMP
concentration. Ribbons represent 95% confidence intervals.

Results support the conclusion that the LH-cAMP pathway is involved in the control
of mitochondrial biogenesis and dynamics coupled with mitosteroidogenesis and energetic
function; therefore, it significantly influences mitochondrial fitness in Leydig cells.
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Abstract: The generally accepted theory of the genetic drift of mitochondrial alleles during mam-
malian ontogenesis is based on the presence of a selective bottleneck in the female germline. However,
there is a variety of different theories on the pathways of genetic regulation of mitochondrial DNA
(mtDNA) dynamics in oogenesis and adult somatic cells. The current review summarizes present
knowledge on the natural mechanisms of mitochondrial genome elimination during mammalian
development. We also discuss the variety of existing and developing methodologies for artificial
manipulation of the mtDNA heteroplasmy level. Understanding of the basics of mtDNA dynamics
will shed the light on the pathogenesis and potential therapies of human diseases associated with
mitochondrial dysfunction.

Keywords: mitochondrial DNA segregation; heteroplasmy; selective elimination; mitophagy;
mitochondrial engineered nucleases

1. Introduction

Ten years after the discovery of the DNA double helix, Magrit and Sylvan Nass found
that mitochondria harbor their own double-stranded DNA (mitochondrial DNA, mtDNA),
whose structure differs from the nuclear DNA [1]. Currently, it is established that human
circular mtDNA of 16,659 bp in length encodes 37 genes, which are essential for oxidative
phosphorylation (OXPHOS) and stable energy production by the cell [2,3].

Highly compact mtDNA possesses many features distinct from the nuclear genome [4],
some of which lead to the unique genetic drift of mtDNA. The transmission of the mitochon-
drial genome is strictly maternal. Uniparental inheritance was first shown in rats [5] and
mice [6] and then confirmed in humans [7]. Although several studies debate the biparental
mtDNA inheritance [8-11], such cases seem to be very rare, and their mechanisms remain
largely unknown. Secondly, the mitochondrial genome exists in multiple copies. One so-
matic cell contains around 103-10* molecules of mtDNA [12,13]. Most frequently, a cell has
only one type of mitochondrial genome. This condition—homoplasmy—usually occurs
when all alleles of mtDNA are clonally expanded. However, considering the increased
mutation rate of mtDNA comparing to the nuclear DNA, defective copies of mtDNA could
coexist with wild-type alleles in a cell [14-17]. This phenomenon referred as heteroplasmy
is specific to mitochondrial genome.

Different cells in a multicellular organism might have diverse mtDNA species. More-
over, the level of heteroplasmy may vary between the cells of the same tissue or organ,
between the organs in one individual, and between individuals in a single family [18].
Such heterogeneity may occur at different developmental stages and proceed in an unpre-
dictable direction. Defining the causes, dynamics, and driving forces of heteroplasmy will
provide an insight on the inheritance and the progression of many mitochondrial diseases,
the prevalence of which is approximately 1:4300 in the human population [19].
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Here, we review several mechanisms of heteroplasmy level regulation and mtDNA
segregation in somatic and germ cells, including the natural processes of mtDNA elimina-
tion. Additionally, we discuss how cells control the diversity of mtDNA species. Addition-
ally, we review the state-of-the-art approaches (including those under active development)
for the artificial modulation of mtDNA heteroplasmy. Finally, we provide specific examples
of how these mechanisms can be used for uncovering the pathogenesis and rising novel
therapies of mitochondrial dysfunction-associated diseases.

2. Mitochondrial Genome Heteroplasmy

It is believed that due to the proximity of the respiratory chain complexes, the absence
of histones on mtDNA, and the lack of effective mechanisms of mtDNA repair, the mito-
chondrial genome is extremely vulnerable to the effects of reactive oxygen species (ROS).
However, it is known that mitochondria possess several DNA repair mechanisms present
in the nucleus. Most notably, there are base excision repair (BER) and microhomology-
mediated end joining (MME]). The possibility of the presence of nucleotide excision re-
pair (NER), mismatch repair (MMR), homologous recombination (HR,) and classical non-
homologous end joining (NHE]) is still under extensive debate [20]. In addition to that,
even a rescue mechanism for the replication fork has been demonstrated in mitochon-
dria [21]. However, the overall number of effectively proceeding DNA repair mechanisms
in mitochondria is somewhat smaller than in the nucleus [20]. Moreover, although it is
now known that mtDNA is not naked, the nucleoid structures formed to protect mtDNA
are not exactly analogous to histones in the nuclear genome [22], and therefore, mitochon-
drial DNA is more available for mutagenic agents than the nuclear one. In turn, all this
leads to a 10-100-fold increase of mutation rate compared to the nuclear DNA [14-17].
However, in a recent study, Kauppila et al. [23] demonstrated that the increase of ROS
level in mitochondria does not lead to the growth in the number of de novo mutations in
the mitochondrial genome. Moreover, point mutations in mtDNA most frequently form
as transitions, suggesting the high error rate of mitochondrial DNA polymerase (POLG)
during the replication. Based on that, one could infer that the main mutagenesis-inducing
factor of mtDNA is an incorrect functioning of mitochondrial DNA replicative machinery.
However, we cannot completely exclude the effect of ROS, intermolecular recombination,
and specific mechanisms of mtDNA repair in mtDNA mutation formation.

MtDNA mutations could lead to the manifestation of a wide spectrum of neuromus-
cular and neurodegenerative diseases [24]. Regardless of the cause, the mutated copies
of mtDNA can create the heteroplasmy within the cell. Depending on the mutation, cell,
and tissue type, the critical heteroplasmy level for the manifestation of mitochondrial
disease varies between 60% and 90% of defective copies [25]. The differential sensitivity
of organs to physiological changes in mitochondria is a crucial parameter to determine
the heteroplasmy threshold effect. The threshold in highly aerobic tissues such as muscle,
heart, and central nervous system is usually lower than in less aerobically active tissues [26].
In addition to the tissue specificity of the heteroplasmy threshold level, it also depends on
whether it is a point mutation (average critical level >80%) or a deletion (>60%) [27,28].

Until recently, it was considered that mtDNA heteroplasmy is an extremely rare
event and that its threshold level is achieved due to a clonal expansion of mutant mtDNA
molecules during the development [29]. However, ultra-deep resequencing revealed
that the majority of human population, regardless of age, has low-level heteroplasmy
in many tissues [30,31]. The universality and the prevalence of heteroplasmy cannot be
explained only by spontaneous mutagenesis during early development. A portion of
heterogenous mtDNA is inherited, which is proved by the presence of some of the low-
frequency mutant alleles in both offspring and mothers [32]. Once emerged, somatic and
inherited mutations might either reach a threshold level during life or be transmitted to
the next generation preserving the low abundance, or even be completely eliminated after
a certain time [33]. Therefore, the heteroplasmy is dynamic, and the behavior of mtDNA
haplotypes segregation is rather unpredictable.
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For the first time, a heteroplasmic shift within one generation was reported for the
Holstein cows [34]. It is well established that one of the critical events affecting the genetic
drift of mtDNA is the female germline bottleneck during the oogenesis. Resulting from it,
the number of mtDNA copies decreases from 100,000 in the fertilized oocyte to 200 in
a primordial germline cell [35-38]. Therefore, only a selected subpopulation of mtDNA
would become prevalent in the formation of the mitochondrial bioenergetics function in
the next generation.

Currently, a bottleneck theory is confirmed in multiple model organisms and systems,
including early embryogenesis in humans [16,37]. Mathematical and statistical models
demonstrated that the decrease in the amount of mtDNA in the germline cells is suffi-
cient to shift the heteroplasmy level considerably between mother and offspring [39-42].
Importantly, a bottleneck theory predicts only a stochastic mtDNA segregation during
embryogenesis, without considering a potentially significant change in heteroplasmy level
during the entire span of individual development. The rate of the genetic drift of mtDNA
might be affected by the vegetative segregation of mitotic cells, the preferential replication
of certain mtDNA subpopulations, the subcompartmentalization of mtDNA into separate
homoplasmic clusters, and a number of other less studied factors [18,36,43]. Notably, ROS
have been shown to direct mtDNA segregation toward homoplasmy in human primary
fibroblasts via a linear concatemer formation during mtDNA replication [44]. In addition,
the intracellular mitochondrial quality control system might affect the consequent clonal ex-
pansion of certain mtDNA variants. Although it is currently impossible to determine which
of the above mechanisms is the most relevant, it is obvious that together, they can lead
to changes in the intracellular level of heteroplasmy during development, and, possibly,
to the manifestation of mitochondrial disease.

3. Natural Mechanisms of mtDNA Elimination
3.1. A Selective Elimination of mtDNA in the Germline

Previously, it was considered that the animal mitochondrial genome undergoes nei-
ther positive nor negative selection during the evolution. However, after analyzing the
inheritance of mtDNA in different model organisms, several groups established that
mtDNA segregation proceeds under an intense negative selection during individual devel-
opment [39,45,46]. After assessing the dependence of heteroplasmy level in the offspring
on the mother’s heteroplasmy level for several mutations, Stewart et al. demonstrated
that pathological mutations are selectively eliminated during female oocyte maturation in
mice [47]. Following this work, there have been multiple papers focused on the effects of
certain mutations on mtDNA segregation in fruit fly [46,48], mouse [49], and human [16].
In case of the presence of two different mitochondrial mutations within mouse mitochon-
drial genome, a directional selection proceeded against a severe mutation causing an open
reading frameshift in the ND6 gene. At the same time, a milder missense mutation in
cytochrome c oxidase I (Col) gene was retained despite causing myopathy and cardiomyopa-
thy in mice [49]. These results suggest the presence of effective complementation in the
mitochondrial genome, leading to the elimination of mutations with a strong pathogenic
effect while maintaining less pathogenic ones [46]. The mutation type and the possibility
of its inheritance also correlate with the mutation localization in the mitochondrial genome.
For instance, mtDNA variants with mutations in the D-loop are transmitted more frequently
than the variants with mutations in ribosomal RNA genes, while mtDNA mutations of
structural and transport RNA genes are transmitted to the next generation with similar
frequencies [16]. As for protein-coding genes, mtDNA molecules with synonymous muta-
tions are more frequently transferred to the next generation than nonsynonymous [47,50].
Overall, the above studies suggest that the negative selection in female germline cells
helps to maintain and expand mtDNA variants that do not decrease the activity of the
mitochondrial respiratory chain.
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Potential Mechanisms of mtDNA Negative Selection

There is scarce knowledge of the negative mtDNA selection during female germline de-
velopment. One study suggests that it proceeds before the germline bottleneck [51]. By elim-
inating oocytes with pathological mtDNA mutations, negative selection decreases the
probability of a severe mitochondrial disease manifestation and promotes non-pathological
mtDNA haplotypes to the next generation [52]. The mitochondrial quality control (MQC)
process is considered to predominantly regulate mtDNA variant selection [16]. PTEN-
induced kinase 1 (PINK1)/Parkin-mediated mitophagy is the most well-established way
of MQC [53]. It is initiated in response to the increase of the proportion of defective compo-
nents of the OXPHOS system, leading to selective elimination of the affected organelles
with pathogenic mtDNA molecules [54]. In response to the mitochondrial dysfunction,
PINKT1 kinase stabilizes at the outer mitochondrial membrane (OMM) and consequently
recruits ubiquitin E3 ligase Parkin [55,56] and several other autophagy receptors to the
OMM [57]. Recruited enzymes ubiquitinate mitofusins (MFNs) and other proteins located
at the OMM and are responsible for its fusion [58]. In turn, this inhibits the fusion of
defective mitochondria to a single reticular network [59]. The suppression of mitochon-
drial fusion in heteroplasmic cells could lead to the physical isolation of mitochondria
containing mutant mtDNA for preventing the functional complementation with wild-type
molecules of mtDNA. In human cybrid cells derived from multiple different tissues and
containing the Col gene mutation, it has been shown that Parkin overexpression could
induce mitophagy [53]. The overexpression of Pinkl and Parkin also leads to a selective
elimination of mutant mtDNA in muscles of adult D. Melanogaster [60]. In contrast, Parkin
knockout in C. elegans cells containing 60% of mtDNA with large-scale deletion [61] leads
to a heteroplasmy shift toward mutant mtDNA [62].

At first glance, negative selection via mitophagy matches well with a bottleneck hy-
pothesis explaining the mtDNA amount reduction during the oogenesis. However, several
researchers suggested that a bottleneck might form not only due to a reduction in the
number of mtDNA molecules but also due to a focal replication of mtDNA subpopula-
tion during oogenesis [51,63] and via the packaging of several mtDNA molecules into
segregation units [36,64]. Both pathways visibly limit the effective size of the mtDNA
population, leading to intensified segregation of the selected mtDNA pool and consequent
heteroplasmic shift in developing oocytes [65].

To test the hypothesis of the elimination of defective mtDNA copies via selective wild-
type mtDNA replication, Hill et al. analyzed mtDNA selection in early embryonic oogenesis
in multiple generations of D. melanogaster [48]. Fruit flies with homoplasmic temperature-
sensitive mutation mt:ColT300I in the cytochrome c oxidase (Col) gene have an impaired
eclosion phase and early lethality (within 5 days) during the incubation at increased
temperature (29 °C). Heteroplasmic flies are not killed at high temperature. Nevertheless,
among the offspring, flies with wild-type mtDNA were predominant. The identified
dependence of the fly development on the incubation temperature enabled determining
how the degradation of the high temperature-sensitive mtDNA variants proceed at the
molecular level. It was shown that mtDNA selection starts as soon as the replication in
the late germarium. mt:ColT300] mutation causes a reduction of cytochrome C oxidase
activity at high temperature, consequently blocking mutant mtDNA replication in the germ
cells. However, how is oxidative chain impairment associated with mtDNA replicative
activity? This phenomenon has been explained by Stewart et al. [18]. It is established that
all mitochondrial replicative proteins are encoded by nuclear genes and are imported from
the cytoplasm. The transfer of these proteins depends on the mitochondrial membrane
potential reflecting the functional state of mitochondria [66]. As a result, intermembrane
protein transport is suppressed in response to the decrease of the membrane potential and
of the electron transport chain (ETC) activity. In turn, this leads to the blockage of synthetic
processes in defective organelles. Therefore, the formation of the germline cells of the next
generation is under the nuclear genome control, and thus positive or negative mtDNA
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selection happens depending on the synergy between the nuclear and the mitochondrial
genome. The driving forces of the negative selection are reviewed below.

According to the segregation units model, the bottleneck in the female germ cells
proceeds without a reduction in the mtDNA content. It potentially takes place due to the
packaging of mtDNA molecules in a small number of homoplasmic clusters, which seg-
regate into daughter cells during mitosis [36,64]. Jenuth et al. have identified around 200
segregation units in mice [37]. This number resembles an absolute quantity of mtDNA
molecules in forming mouse oocytes [40]. Considering the fact that on average, one nu-
cleoid carries approximately 1.4 mtDNA molecules [67], one could assume that the nucleoid
is the unit of a homoplasmic clustering and determines the bottleneck width. This pa-
rameter defines which mtDNA molecules would shape the functional characteristics of
future oocytes.

The negative selection mechanisms presented above contribute to a decrease in the
number of mtDNA molecules before or during the bottleneck. Moreover, these processes
take place at the mitochondrial level. Meanwhile, mtDNA degeneration can occur at the
cellular level. For example, primary oocytes with a high load of mtDNA mutations can
also be selectively degraded (follicular atresia) [68].

Currently, there is no direct empirical evidence as to which selection mechanism is
key in the germline bottleneck. Moreover, the functioning of these processes in somatic
cells (for example, mitophagy) is not excluded. In any case, they all modulate the natural
drift of mtDNA.

3.2. Dynamics of Heteroplasmy in Somatic Cells

Unlike in the germline, mtDNA mutations in somatic cells frequently demonstrate
neutral patterns of segregation [69]. Recently, investigators have described several cases of
both positive and negative somatic selection of mutant mtDNA subpopulations [70-72].

For instance, a gradual reduction in the number of mtDNA molecules with mt3243A>G
mutation in a gene encoding tRNALeu(UUR) in the patient’s hematopoietic stem cells has
been reported [73]. For example, the reason for such an exponential decrease of mutant
mtDNA content could be spontaneous mtDNA vegetative segregation between daughter
cells or a directed selection against the pathogenic mutation [70]. One of the pathways of
directed selection might potentially be through the fragmentation of the mitochondrial
network and the elimination of impaired mitochondria by mitophagy. It becomes possi-
ble if the mutation severely affects cell function and viability. A similar reduction of the
copy number of mtDNA with mt3243A>G mutation has been detected in epithelial [71]
and buccal [74] cells during aging. The strong correlation between the age and the het-
eroplasmy level matches well with the presence of a negative selection in mitotic cells.
The mt3243A>G mutation mentioned above for the dividing cells segregates differently in
neuronal model in vitro. Surprisingly, compared to hematopoietic stem and epithelial cells,
iPSC populations differentiated into neurons in vitro demonstrated stable heteroplasmy
levels upon both serial passaging and differentiation [75]. Moreover, iPSC-derived neurons
retain not only the heteroplasmy level but also the parental cell pathological phenotype [76].
Overall, mtDNA segregation process largely depends on the examined cell type revealing
the oxidative chain performance as the major factor for such heterogeneity [77].

MtDNA segregation is a continuing process happening not only in developing go-
nads and in dividing cells but also in many post-mitotic tissues throughout the lifespan.
Inherited at low frequency or acquired during the life, pathogenic mtDNA variants could
reach a biochemical threshold level at any age due to the relaxed replication of mtDNA [78].
Works on C. briggsae [79] or human cybrid cells [72], containing mitochondria with par-
tially deleted mtDNA, demonstrated the preferential accumulation of defective mtDNA
molecules. The segregation toward mutant variants could be associated with reduced
mtDNA size following a deletion because the repopulation of shorter molecules is much
faster than of full-size wild-type mtDNA. Despite potential negative effects of mutations on
mitochondrial function, a similar mechanism may be also inherent for the germline cells.
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An unexpected positive effect of mtDNA negative selection failure was found in
the oncogenesis of several cancers. Heteroplasmic mtDNA mutations affecting ND1-6
and ND4L genes stimulate tumor growth by activating anti-apoptotic pathways [80-83].
At the same time, reaching a certain threshold heteroplasmy level or mutant mtDNA
homoplasmy promotes the inhibition of cancer cell mitochondrial function and the tumor
suppression [84-86]. In turn, this leads to a better recovery rate for patients with breast
cancer or acute myeloid leukemia [87,88]. The negative correlation between mtDNA
mutation burden and the tumor progression suggests the existence of a compensatory
mechanism for cancer cell elimination and organism protection against metastasis and
disease relapse. However, the practical application of directed mtDNA mutagenesis is
limited due to the lack of the information on the formation and development of different
tumor types.

All of the mechanisms that affect mtDNA segregation during development are sum-
marized in Figure 1.

However, currently, we lack unambiguous answers to the following questions: how does
directed mtDNA selection go; how many bottlenecks do cells undergo during the oogenesis;
what is the dynamics of segregation for different mtDNA mutations? It is obvious that
identified factors, which affect mtDNA dynamics, are not mutually exclusive and represent
a part of a unified process, which requires further extensive investigation.

3.3. Paternal mtDNA Degradation

As mentioned earlier, ntDNA is inherited maternally in the majority of animal species.
The meaning of this inheritance remain poorly explored. Previously, it was hypothesized
that the difference between male and female gamete sizes could block the compatibility
of paternal and maternal mitochondrial genomes in a zygote [89]. However, a unicellular
algae C. reinhardtii has similar in size gametes of two sexes, but still, only the maternal
mitochondrial genome is inherited [90]. Considering the “unified model of organelle
inheritance”, the growing evidence is accumulating for uniparental transmission of mtDNA
to prevent the spread of selfish (fast replicating) alleles in the population [91,92]. Such
elements can be mutant sperm genomes that replicate faster than the wild-type genome
but do not adapt to the egg nucleus [93]. In addition to that, a possible reason for the
maternal inheritance of mtDNA is a tendency of cells to maintain more metabolically
effective variants in the homoplasmic state [77,94]. However, uniparental inheritance is
evolutionarily unstable, because mitochondria are subject to Muller’s ratchet [93].

To support a strictly maternal inheritance and to decrease the competition between
parental mtDNA species, several mechanisms of paternal mtDNA degradation in both
spermatogenesis and fertilization evolved during the evolution.
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Figure 1. The genetic dynamics of mitochondrial DNA (mtDNA) is regulated via diverse mechanisms during mammalian

development. In the maturation process, female oocytes undergo negative selection supposedly happening just before the
developmental bottleneck. The oocytes with high mtDNA mutation load could be eliminated via follicular atresia. At the
same time, during spermatogenesis, endonuclease G (EndoG)-mediated mtDNA degradation occurs. During fertilization,

the mitophagy of male mitochondria takes place to prevent paternal mtDNA transmission to the next generation (F1).

Since the early stages of embryogenesis, mtDNA is randomly distributed between daughter cells during mitosis due to
vegetative segregation. In non-dividing cells, one of mtDNA variants might have a replicative advantage due to relaxed
replication. These two mechanisms might proceed in parallel in different somatic tissues within one organism to regulate
the genetic dynamics of mtDNA. Additionally, mtDNA heteroplasmy can shift toward healthy or mutant variant in

development because of the mitophagy process (figure created in BioRender.com).

3.3.1. MtDNA Elimination during Spermatogenesis

DeLuca and O’Farrell analyzed all stages of male germ cells development of
D. Melanogaster to track mtDNA fate during spermatogenesis [95]. Spermatids of Drosophila
undergo a physical transformation during maturation. At the sperm individualization
stage, spermatids get rid of almost all cytoplasm with the majority of organelles, including
mitochondria. Mature spermatozoon still contains the remaining mitochondria but without
mtDNA. A two-step mechanism is responsible for mitochondrial genome elimination.
It includes primary nucleoid degradation with Endo G [95,96] combined with the elim-
ination of remaining aggregates via their transport into caudal “waste bags”, which are
then extruded out of the spermatozoon [97]. In addition to Endo G, the molecular machin-
ery to remove mtDNA in fruit fly spermatozoon contains a a-subunit of mitochondrial
polymerase y (Pol ). Supposedly, the physical proximity of proteins responsible for the
replication and the degradation of mtDNA underlies a balanced and stable nuclear control
of mitochondrial genome copy number [98]. However, this hypothesis still needs further
experimental confirmation.

Do the mammalian species have similar mechanisms of mtDNA degradation before
the fertilization compared to Drosophila? Mouse sperm exhibits a three-fold decrease of
mtDNA quantity during its maturation, leading to the impaired fertility in mice [99]. A re-
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verse effect associated with the increase of mtDNA level in sperm is found in human males
with oligozoospermia and asthenozoospermia [100-102]. Several studies suggest that the
principal mechanism of mammalian mtDNA degradation is the poly-ubiquitination of
defective mitochondria and its consequent proteolysis in the epididymis duct [103,104].
In mammals, including humans, mitochondria ubiquitination in sperm was confirmed by
the co-localization of the ubiquitin labeling with mitochondria at all stages of spermatogen-
esis from spermatogenic cell to mature spermatozoon in fertilization [105,106].

3.3.2. Paternal mtDNA Elimination during Fertilization

A striking example of purifying selection is the elimination of mtDNA from the
spermatozoon introduced to the oocyte during fertilization. It was initially considered
that sperm mtDNA is not detected in the offspring due to a substantial dilution in the
large amount of the oocyte mtDNA [8,97,107]. However, such model of a “passive di-
lution” has not been confirmed extensively due to the lack of a unified opinion on the
number of mtDNA molecules in mammalian spermatozoon [108-110]. Studies in this field
allowed formulating a hypothesis on the mechanism of a directed degradation (“active
elimination”) of paternal mtDNA in a zygote [111,112]. A convincing evidence from a
time-lapse fluorescent microscopy from different stages of embryogenesis of C. elegans has
demonstrated that sperm mitochondria easily get into the oocyte; however, two hours
after fertilization, they are all eliminated via autophagy [113,114]. Paternal mitochondria
become depolarized in the oocyte. Its inner mitochondrial membrane (IMM) permeabilizes,
which allows Endo G transfer from the intermembrane space of male mitochondria into the
mitochondrial matrix [97,115]. This leads to the cleavage of spermatozoon’s mitochondrial
DNA [116]. MtDNA degradation promotes the formation of autophagy initiation and
proteasome degradation signals on the surface of mitochondria [104,117,118]. When the
assembly of the autophagolysosome is inhibited, paternal mtDNA molecules are retained
until the late embryonic stages and contribute to the formation of bioenergetics function
of mitochondria in the next generation. Additionally, the co-localization of autophagy
markers (LC3, GABARAP, and p62) with paternal mitochondria has been detected in
zygotes of mice [113,119]. Most likely, mitophagy proceeds via the Parkin/Mitochondrial
ubiquitin ligase 1 (Mull)-dependent pathway [120]. Despite the differences in the pathways
of mitophagy activation caused by fertilization, it is safe to assume that the elimination of
mtDNA via autophagy is a conserved mechanism among the absolute majority of animal
species [121]. Sato et al. and Kaneda et al. review the information on the paternal mtDNA
degradation in different animals in detail [121,122].

Despite the growing evidence of active elimination of paternal mtDNA in mammals,
any accurate information about its fate in fertilization and embryo formation is still lack-
ing [112]. However, there are already several well-documented cases of paternal mtDNA
inheritance in human and the scientific community aims to explore such events. [10,123]. It
is highly possible that a false impression of paternal mtDNA inheritance could be formed
due to the presence of NUMT (“Nuclear copies of mitochondrial genes”) pseudogenes,
which are integrated into nuclear genome due to intergenomic recombination. However,
there are no direct experiments proving this as for now; thus, one cannot exclude rare
biparental mtDNA transmission events.

3.4. The Driving Forces of mtDNA Segregation

More than 20 years ago, Jenuth et al. have identified the competition between mtDNA
haplogroups during the transfer from mother to offspring [37]. However, the molecular
basis of this phenomenon has stayed unexplored for a long time. To reveal the factors
influencing mtDNA segregation, special conplastic mice were produced [124,125]. Hetero-
plasmy preferentially shifted toward the C57 variant in the germline of conplastic mice
possessing the C57 mouse line nuclear genome and different (C57 and NZB) mtDNA
haplotypes [126]. Such a preference could be explained by the functional complementation
of the nuclear and the mitochondrial genomes during OXPHOS system assembly. In mito-
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chondria, around 70 proteins for the OXPHOS system encoded by the nuclear DNA and 13
structural proteins encoded by the mtDNA have to physically complement each other to
form functional multiprotein respiratory complexes. The incompatibility between the prod-
ucts of the nuclear and the mitochondrial genomes promotes the reduction of mitochondrial
activity and cellular adaptive reaction at the early embryonic stages [125]. That makes
the heteroplasmic state unstable and promotes a selective segregation of cognate (to the
respective nuclear DNA) mtDNA haplotype in the germline [94].

To understand the mito-nuclear heteroplasmy regulation, it is crucial to know the
components of the retrograde and the anterograde signaling maintaining certain mtDNA
haplotypes. After analyzing mtDNA segregation during the lifespan in 19 different tissues
of heteroplasmic C57/NZB mice with C57 nuclear background, it was determined that
there is an association between cellular metabolic program, oxidative phosphorylation,
and mitochondrial genome segregation [77]. It is known that the ETC of any cell type
is tuned to use of certain molecules as energetic substrates and, therefore, for a certain
metabolic pathway (for instance, glucose or lipid metabolism). In the case of mtDNA
homoplasmy, the function of the respiratory chain is not altered compared to the default
metabolic program. In the case of heteroplasmy, there is a dose-dependent imbalance
between cellular metabolism and the ETC activity, which in turn induces the respiratory
chain rearrangement and intensive ROS production [127]. In response to the increase of
ROS level, the proteins encoded by the nuclear genome SCAF1 (supercomplex assembly
factor 1), NNT (mitochondrial NAD(P) transhydrogenase), and OMA1 (metalloendopepti-
dase, which is responsible for the control of the mitochondrial fusion) are imported into
mitochondria to fine-tune the oxidative phosphorylation and to reduce the ROS level [128].
At the same time, the ETC dysfunction activates factors that coordinate the replication
of mtDNA, mitochondria biogenesis, and mitophagy [129]. In the end, a suboptimal
mitochondrial function due to heteroplasmy leads to the degradation of mitochondria,
which have mtDNA variants generating excessive ROS.

Systematic studies of the driving forces of mtDNA heteroplasmy have considerably
broadened the understanding of the mechanisms of mtDNA segregation and the interac-
tion between the nuclear and the mitochondrial genomes. During the parallel evolution
of these genomes, the pathways to coordinate a stable mitochondrial function were estab-
lished. Along those lines, mtDNA segregation and elimination potentially maintain the
mitochondrial homoplasmic state. Consequently, homoplasmy is more preferable than
heteroplasmy, because it provides more stable energy input for the cell and reduces ROS
production. The alteration of any component of this mechanism would potentially lead the
cell, the tissue, or the organism to death.

4. Artificial Mechanisms of Mitochondrial Genome Elimination

Mitochondrial pathologies progressing with age do not currently have any common
term and are classified into different subgroups of human diseases according to the Interna-
tional classification of human diseases (ICD-11) of the World Health Organization. The lack
of a shared etiology and pathogenesis of mitochondrial diseases causes complications in
patient’s diagnostics and therapy. Modern clinical diagnostics of mitochondrial pathologies
with traditional histochemical, immunohistochemical, and biochemical techniques in com-
bination with high-throughput screening of mitochondrial and nuclear DNA considerably
improves early diagnostics [112]. However, in many cases, after determining a type of
mitochondrial pathology, a clinician is not able to find an adequate curing approach due
to the lack of such disease-suppressing therapies in clinical practice. Sometimes, patients
undergo neurotrophic and metabolic therapies aimed at temporal symptomatic suppres-
sion [112-115]. At the same time, modern reproductive and gene therapy techniques not
only enable reducing the heteroplasmy level in a patient’s somatic cells but also prevent a
transfer of pathogenic mtDNA copies to the next generations.
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4.1. Reproductive Technologies for the Prevention of Mutant mtDNA Transfer

Women with high heteroplasmy levels in oocytes are often diagnosed with infertility,
because the reduced activity of the OXPHOS complexes leads to the suppression of embry-
onic development at early stages [63,130]. In vitro fertilization (IVF) with preimplantation
genetic diagnostics (PGD) of embryos of mtDNA mutation load has become an effective
instrument of clinical practice for mitochondrial disease prevention. During this proce-
dure, one or two cells from embryos are taken for the analysis of heteroplasmy level to
assess the risk of mitochondrial disease manifestation. For a birth of a healthy child, it is
crucial to have a low (<5%) heteroplasmy level in the embryo [131]. It is assumed that
this level is similar in all the cells and stable during the course of embryonic development.
Considering the fact that mtDNA segregation mechanisms during embryogenesis are
not fully studied, one cannot exclude the return to the initial heteroplasmy level in the
whole embryo or in its specific tissues. In addition to that, some women have a significant
number of mutant mtDNA molecules in the majority of oocytes; therefore, PGD does not
assist well in such cases [132]. Instead, to prevent the transfer of mutant mtDNA to the
offspring, mitochondrial replacement therapy (MRT) or mitochondrial donation techniques
were established [133-135]. This technology was first tested on animals [136-138]. There-
after, it has been used in humans to prevent the transmission of mitochondrial diseases.
The procedure might include the transfer of a maternal spindle (MST) [138,139], of a pronu-
cleus (PNT) [140], or of a first polar body [141-144] into enucleated oocytes or zygotes
of a healthy donor. As a result, a child born with MRT would have nuclear DNA from
both parents but mitochondria from a donor woman. However, despite the reports about
successful births of children from “three parents” [140,145], the extensive application of
mitochondrial donation still remains impractical or even illegal in many countries due to
unresolved technical and ethical issues [146-148].

The reversal of embryos to a pathogenic mitochondrial type represents one of the
encountered technical problems. It is considered to occur with low possibility because
during the MRT, less than 3% of maternal mtDNA happen to be transferred [132,138].
However, it was shown that around 15% of embryonic stem cells produced from the
embryos after MRT show a complete return to the initial, mutant mtDNA variant [149-152].
Such a phenomenon might be based on a reciprocal interaction between the nuclear and
the mitochondrial genome [153]. Another crucial disadvantage of mitochondrial donation
is that it not only reduces the level of heteroplasmy in the next generation but also does not
block the transfer of mutant mtDNA completely. This issue could be resolved using the
combination of mitochondrial donation with gene therapy tools [154,155].

4.2. Gene Therapeutic Approaches for the Prevention of Pathogenic mtDNA Transmission

In addition to the previously discussed mitochondrial genome characteristics, another
critical trait is the retention of mtDNA copy number in a cell. MtDNA haplotypes could
degrade due to multiple reasons leading to the overall reduction of mtDNA pool in
mitochondria. Surpassing a critical threshold of mtDNA content could cause the death
of not only mitochondria but the whole cell. To avoid cell death, mtDNA haplotypes
unaffected by degradation factors actively replicate to restore the initial mtDNA copy
number [156]. If one could direct natural elimination mechanisms against pathogenic
mtDNA molecules, it is possible to repopulate the mitochondrial genome with wild-
type molecules to restore the impaired mitochondrial function. Many actively developed
gene therapeutic approaches for shifting heteroplasmy level are based on the principle
mentioned above. These therapeutic instruments are being used in oocytes to prevent
pathogenic mtDNA transmission to the next generation, as well as in somatic cells to treat
mitochondrial diseases [154].

4.2.1. Anti-Replicative Approaches

One of several possible ways to shift heteroplasmy toward the wild-type variant is to
suppress specifically the replication of mutant mtDNA. For the first time, this methodology
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was demonstrated using peptide nucleic acids (PNAs) [157]. PNAs are the artificial analogs
of oligonucleotides, in which a pseudo-peptide scaffold replaces the sugar phosphate one.
The latter one contains N-(2-aminoethyl) glycine as a monomer. The PNA structure makes
it more resistant to nuclease and protease cleavage [158] and enables introducing modifica-
tions to directly import PNAs into the mitochondrial matrix [159,160]. Additionally, PNAs
bind to the complementary single-stranded DNA with higher affinity than analogous
complementary DNA [161]. PNA:DNA duplexes with single nucleotide mismatches are
more stable than similar DNA:DNA duplexes [162]. Using in vitro replication in physi-
ological conditions, Taylor et al. demonstrated that PNAs might selectively inhibit the
replication of the respective single-stranded mtDNAs with deletions or single-nucleotide
mutations [157]. Nevertheless, no striking results have been demonstrated on either cell
culture or isolated mitochondria. Other than the rather effective import of PNAs into the
mitochondrial matrix, the researchers did not observe any inhibition of mutant mtDNA
replication [159,160]. That could be explained by the ineffectiveness or complete absence of
PNA binding to mtDNA or by the displacement of PNA molecules away from the mtDNA
during its replication or transcription. In any case, currently, PNAs could not be used for
heteroplasmy shifting, and further experiments are necessary to search for potential PNA
modifications to improve the efficiency of target DNA binding in living cells.

Another group has been developing a similar approach to shift the heteroplasmy level.
For the selective inhibition of mutant mtDNA replication, they used short RNA molecules
with a region complementary to a target mtDNA sequence. Additionally, they inserted
F- and D-stem loops from yeast transport RNA (tRNALys(CUU)) or the « and y do-
mains of 5S human ribosomal RNA into the structure of their recombinant anti-replicative
RNAs. As demonstrated earlier, these fragments could promote effective RNA import
inside mitochondria [163-165]. The supposed mechanism of action of anti-replicative RNA
molecules is associated with the incapability of helicase Twinkle in mitochondrial replisome
to displace RNA in short RNA-DNA duplexes [166]. Using cultured cybrid cells, it was
demonstrated that the anti-replicative RNA approach causes heteroplasmy level reduction
for large deletion associated with Kearns-Sayer syndrome and for pathogenic point muta-
tion A13514G in the ND5 gene. Notably, only some of the tested RNA variants induced the
suppression of mutant mtDNA replication [167-169]. Similar to PNA methodology, it is
questionable whether a single-stranded mtDNA is available for the anti-replicative RNA
during the replication and the effectiveness of their binding. Additionally, although many
studies demonstrate the transport of different RNAs inside mitochondria (detailed review
by [170]), currently, there are no common opinion on the molecular mechanisms of nucleic
acid trafficking inside mitochondria and its possible function there [171].

4.2.2. Anti-Genomic Approaches

An alternative method for the reduction of heteroplasmy level toward wild-type
mtDNA is a specific elimination of pathogenic mtDNA. Considering the nature of mi-
tochondrial genome multicopy, mechanisms of mtDNA repopulation, and the apparent
however debated inefficiency of active mechanisms of double-stranded break (DSB) repair
of mtDNA [20,172], one could speculate about the high effectiveness of a directed DSB
introduction into mutant mtDNA. Several studies illustrate the presence of some DSB
repair mechanisms taking place in the mitochondrial genome—namely, homologous re-
combination (HR) and non-homologous end joining (NHE]). One of the first indicators
of HR in mitochondria was the finding of circular dimers and catenanes in mammalian
mtDNA [173-176]. Moreover, human heart cells possess a unique configuration of complex
mtDNA catenated networks [177]. Another evidence favoring the possibility of the HR
activity in mammalian mitochondrial genome is the identification of maternal-paternal
mtDNA hybrids in muscle cells of a unique patient [178]. This is an unprecedented case
for humans, although the recombination of mtDNA variants from both parents has been
detected in other vertebrate and non-vertebrate animal species [179-181]. Thirdly, studies
on the artificial introduction of DSBs into the mouse mitochondrial genome have shown the
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occurrence of interspecific DNA exchange between different mtDNA haplotypes [182,183].
All this, plus the identification of several analogs of well-identified in yeast mtDNA HR
protein participants in mammalian mitochondria suggest that HR is possible in mammalian
mtDNA even in physiological conditions [184]. Another potential mechanism of DSB repair
in the mitochondrial genome is one particular type of NHE]—microhomology-mediated
end joining (MME]J), as opposed to classical NHE] [185]. It was indirectly confirmed when
Meiotic recombination 11 (Mrell) and Poly(ADP-Ribose) Polymerase 1 (PARP1)proteins
were found to localize in mitochondria and interact with mtDNA [186,187], and then, it was
directly demonstrated to be the principal DSB repair process in mitochondria [185].

Nevertheless, after a DSB is introduced, most of the linear mtDNA molecules rapidly
degrade due to the activity of mitochondrial replicative proteins (mtDNA polymerase
vY—POLG, DNA helicase Twinkle, exonuclease MGME1) [188], leading to heteroplasmy
shifts. For DSB presentation into DNA structure, different nucleases could be used. The ma-
jority of proteins essential for mitochondria functioning are encoded in the nuclear DNA.
Therefore, TIM (trafficking through inner membrane)/TOM (trafficking through outer
membrane) machinery has been formed for the protein transport through the inner and the
outer mitochondrial membranes, respectively. The presence of a Mitochondrial Targeting
Sequence (MTS) at the protein N-terminus promotes its transport inside mitochondria [189].
Therefore, adding an MTS to the enzyme, which specifically recognizes mutant mtDNA
and introduces a DSB there, reduces the heteroplasmy level. Almost all instruments for the
directed elimination of pathogenic mtDNA are based on the above principle, and these
anti-genomic approaches are currently considered as the most promising future therapeutic
methodologies for diseases caused by mtDNA mutations.

For the first time, Srivastava and Moraes applied this methodology to manipulate the
heteroplasmy level [190]. They combined restriction endonuclease Pstl with the COX8A
mitochondrial localization signal (MLS). By using cybrid cells with mouse and rat mtDNA
(having different numbers of Pstl cleavage sites), it was demonstrated that the application
of a mitochondrial restriction endonuclease causes a considerable heteroplasmic shift.
Mit8993T>G mutation in the ATP6 gene leads to the formation of an Smal endonuclease
recognition site. This fact was employed for the specific degradation of a mutant mtDNA
using the Smal enzyme containing the MLS [191]. The transient expression of modified
Smal in cybrid cells reduced the heteroplasmy level for mt8993T>G mutation and restored
ATP production and mitochondrial membrane potential. Therefore, the above-mentioned
works confirmed the effectiveness of mitochondrial restriction endonucleases for hetero-
plasmy level reduction for both scientific and potential therapeutic purposes.

However, the number of mutations forming unique recognition sites for restriction
endonucleases limits the application of this approach. Despite the identification of novel
mtDNA polymorphisms, only a small fraction of them could become a target for mito-
chondrial restriction endonucleases. In addition to that, the nuclear genome contains a
large number of restriction sites; therefore, one should always consider the off-target effects
there, which potentially lead to unnecessary mutations.

Mitochondrially targeted designer nucleases enabled at least partly overcoming
this issue. Initially developed for the nuclear genome editing, the zinc finger nucleases
(ZFNs) [192] and transcription activator-like effector nucleases (TALENS) [193] have been
adapted for the elimination of pathogenic mtDNA variants. Such nucleases consist of
three parts (the MLS, the DNA-binding domain, the nuclease catalytic domain) fused in
one protein [194,195]. As for mitochondrial restriction endonucleases, the MLS comprised
a peptide of a protein naturally imported into mitochondria [196]. A nuclease domain
was taken from Fokl nuclease, which produces DNA double-stranded breaks (DSBs) [197].
The binding specificity of engineered nucleases with pathogenic mtDNA molecules was
promoted by a DNA-binding domain from a bacterial transcription activator-like effector
(TALE) protein in case of mitochondrially targeted TALE nucleases (mitoTALENS) [194] or
by zinc finger DNA-binding domain for mitochondrially targeted zinc finger-nucleases
(mtZFNs) [195].
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Transcription factors often contain zinc finger type DNA-binding domains [198],
which, in turn, include the nuclear localization signal (NLS) [199]. For the effective mtZFN
import to mitochondria and the reduction of off-target effects in the nuclear DNA, NLS
should be eliminated [200]. Importantly, for mtZFNs and mtTALENS, one could construct
a binding domain for virtually any DNA sequence [201], considerably expanding the
spectrum of targetable mtDNA pathogenic mutations. MtZFNs and mtTALENs were
successfully utilized to shift the heteroplasmy level for both point mutations and deletions
of mtDNA to restore the affected mitochondrial functions [155,194,195,202-205]. Disadvan-
tages of mtZFNs and mtTALENSs include complex and laborious process of DNA-binding
domain construction, which are associated with the repetitive nature of these domains for
mtTALENs and the complicated screening process for specific mtZFNs.

All of the above-described nucleases are artificially made proteins; therefore, the recog-
nition and binding of a target DNA sequence is based on DNA-protein interactions. Clus-
tered Regularly Interspaced Short Palindromic Repeats(CRISPR) and CRISPR-associated
protein 9 (Cas9)—CRISPR/Cas9 is a novel and popular technology for nuclear genome
editing that employs a single-guide RNA (sgRNA)-mediated approach to target DNA
sequences [206]. Target DNA recognition proceeds based on DNA-RNA binding, which
makes it more specific compared to other methods. Additionally, CRISPR/Cas9 is more
effective in genome editing and more flexible due to a simple procedure of the sgRNA
customization [207]. Therefore, many groups including ours are working on the optimiza-
tion of this system for mutant mtDNA elimination and mitochondrial genome editing.
However, still it is far from an unambiguous confirmation for CRISPR/Cas9 effectiveness
in mitochondria. Moreover, some researchers question even the theoretical possibility of its
effective use for pathogenic mtDNA elimination [171]. Analogous to anti-replicative RNAs,
such skepticism arises due to the lack of information on the molecular mechanisms of
RNA transport inside mitochondria, speculating that the whole concept of mitochondrial
CRISPR/Cas9 is controversial.

4.2.3. MtDNA Base-Editing

MtDNA editing is an exciting concept because it is essential to correct pathogenic
mtDNA mutations to treat mitochondrial diseases and also to introduce mutations into
mtDNA to acquire disease models and study fundamental processes of mtDNA function.
The existing nuclear genome editing methodology is based on a modified CRISPR/Cas9
system [208,209]; therefore, such direction for mtDNA editing seems controversial. How-
ever, very recently, a protein-only system (DddA-derived cytosine base editor, DACBE)
has been introduced. It is based on bacterial toxin DddA with deaminase activity [210].
This enzyme enables deaminating cytosine (C) preceded by a thymine (T) residue in
a double-stranded DNA molecule. Deamination promotes C conversion to uracil (U),
which pairs with adenine (A) residue. As a result, during mtDNA replication, A would be
inserted complementary to U, and CG would be converted to a UA pair. Consequently,
through DNA repair mechanisms, U is substituted by T residue, resulting in CG transition
into TA. To reduce the level of unspecific deamination and cellular toxicity, the DddA
domain was split in two halves, which were both fused to the programmable DNA-binding
TALE domains, analogous to mtTALENs. Upon the binding of these proteins with two
adjacent mtDNA motifs, two halves of DddA could associate to form a functional cytidine
deaminase. Using human cell cultures, Mok et al. demonstrated that DdCBE effectively
and specifically converts CG pairs into TA pairs. It does not show considerable off-target
effects on both the mitochondrial and the nuclear DNA [210]. It is a promising technology
for mitochondrial disease treatment because the majority of pathogenic mtDNA muta-
tions are T > C transitions. Additionally, such an approach might be utilized to study the
mechanisms of mitochondrial diseases associated with mtDNA mutations and aging.
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5. Conclusions

Mitochondrial diseases develop due to inherited or spontaneous mtDNA mutations.
During the evolution, negative selection mechanisms were established to discard defective
copies of mtDNA. These mechanisms reduce but not eliminate the risk of the manifestation
of mitochondrial pathologies. Considering that, it is crucial to develop and modify mtDNA
editing tools. At the same time, the understanding of natural mechanisms of mtDNA
heteroplasmy level would facilitate the invention of new methodologies of mitochondrial
disease prevention and treatment.
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Abstract: The major role of mitochondria is to provide cells with energy, but no less important
are their roles in responding to various stress factors and the metabolic changes and pathological
processes that might occur inside and outside the cells. The post-translational modification of
proteins is a fast and efficient way for cells to adapt to ever changing conditions. Phosphorylation is
a post-translational modification that signals these changes and propagates these signals throughout
the whole cell, but it also changes the structure, function and interaction of individual proteins. In
this review, we summarize the influence of kinases, the proteins responsible for phosphorylation,
on mitochondrial biogenesis under various cellular conditions. We focus on their role in keeping
mitochondria fully functional in healthy cells and also on the changes in mitochondrial structure
and function that occur in pathological processes arising from the phosphorylation of mitochondrial
proteins.

Keywords: mitochondria; kinases; phosphorylation; disease

1. Introduction

Cells continuously undergo numerous changes as a result of metabolic conditions,
stress and pathological situations. Mitochondria are organelles that contribute substantially
to managing all of these challenges. Generally, cells respond to varying conditions in
two ways. One way is by synthesizing newly demanded proteins and degrading those
whose level must be reduced. For mitochondria, a large amount of energy and careful
signaling is needed to manage all the messages continuously flowing into and out of the
organelle. The second way is to modulate protein functionality through post-translational
modifications (PTMs), which enables a rapid adaptation by precise modulation of stability,
structure and function of particular proteins. Proteins can be phosphorylated, succinylated,
ubiquitinated, sumoylated, acetylated, glycosylated, nitrated and malonylated. PTM is a
reversible process which allows modified proteins to be quickly returned to their original
state when conditions are altered. Phosphorylation is a PTM that is involved both in
signaling and in modifying protein functions and is frequently employed in mitochon-
dria. Accordingly, proteomic studies have found that ~40% of the organellar proteome is
phosphorylated [1-3]. Moreover, to date, at least 25 protein kinases have been reported
to either associate with mitochondria or have mitochondrial substrates (for rev. see [4-7]).
Both Ser/Thr kinases, such as AKT [8,9], CK2 [10,11], GSK-3p [12], PKA [10,11], iso-
forms of PKC [13,14], PINK1 [15-17], components of the MAPK signaling pathway (JKN,
p38) [18,19], and LRRK?2 [20], and tyrosine kinases, such as ABL [21,22] and members of the
SRC family (FYN [23], SRC [24-26], LYN [27], FGR [28,29], CSK [30] and EGFR [31]) have
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been identified to function within mitochondria. The phosphorylation of mitochondrial
proteins has been connected with the dysregulation of mitochondrial functions that is
found in neurodegenerative diseases, cancer, diabetes, heart dysfunction and aging. Here,
we provide an overview of mitochondrial kinases, their substrates and functions and the
diseases associated with their dysregulation.

2. Kinases on the Outer Mitochondrial Membrane

Protein kinases selectively modify other proteins by covalently attaching a phosphate
group to a specific amino-acid residue, thus allowing cells to rapidly and reversibly adapt
to changing cellular conditions. The human kinome consists of more than 500 kinases [32],
which potentially affect nearly every cellular process, including those taking place in
mitochondria. A growing number of mitochondrial proteins have been found to be phos-
phorylated, but only a fraction of the known protein kinases has been found either within
the organelle itself or associated with its outer (OMM) or inner mitochondrial membranes
(IMM) [4,5,33].

Almost no protein kinase has a known mitochondrial targeting signal, so their trans-
port into mitochondria is still poorly understood. Several studies have shown that some
kinases originally present in the cytosol use proteins embedded in the OMM as a scaf-
fold [34,35]. For example, the cytosolic Jun N-terminal kinase (JNK) interacts with the
membrane-bound protein Sab (SH3-binding protein 5), and disrupting this interaction has a
neuroprotective effect in rat Parkinson’s disease (PD) models and cerebral ischemia [36,37].
Interestingly, an anchoring protein for one kinase might be a substrate for another. In this
case, Sab was shown to be phosphorylated by p38 (a mitogen-activated protein kinase,
MAPK) [38]. A second example is the cAMP-dependent protein kinase A (PKA), which
can be docked to the OMM by the A-kinase anchoring proteins (AKAPs), for example
AKAP1 or the AKAP84 found in sperm [34,39]. AKAPs usually bind specifically to PKA
regulatory subunit II, although several dual specificity AKAPs, which bind both regulatory
subunits I and II, have been reported [40]. AKAP1 was shown to be phosphorylated by
AMPK (5'-AMP-activated protein kinase) [41]. AMPK, in addition to AKAP1, has only
two other currently known mitochondrial substrates, ACC2 (acetyl-CoA carboxylase 2),
a lipid metabolism protein, and the mitochondrial fission factor (MFF), the receptor of
mitochondrial fission [42,43].

PKA is also associated with other mitochondrial compartments, though the pro-
cess by which PKA moves across the OMM into the matrix is still not fully understood.
PKA-mediated phosphorylation affects a wide variety of mitochondrial functions, includ-
ing protein import, oxidative phosphorylation, steroid hormone metabolism, mtDNA
maintenance and apoptosis (see below for these). It also plays a role in mitophagy, a
selective mitochondrial degradation process. PKA regulates mitophagy by modifying
DRP1 (dynamin-related protein 1), a protein belonging to the dynamin family of large
GTPases. Phosphorylation of DRP1 at Ser637 inhibits mitophagy and promotes mitochon-
drial fusion, most likely by increasing its binding to mitochondrial elongation factor 1,/2
(MIEF1/2) [44,45]. A decrease in mitochondrial fission is also caused by the phosphory-
lation of DRP1 by AMPK, which plays a protective role in nervous system mitochondria,
as well as by DRP1 phosphorylation by the Ca?* /calmodulin-dependent protein kinase
(CAMK ) that acts in cardiomyocytes [46,47]. Mitochondrial fission is promoted, on the
other hand, by DRP1 phosphorylation at Ser585 by CDKS5 (cyclin-dependent kinase 5) [48],
by modification of Tyr266 by the Abelson tyrosine kinase (ABL) [22], and by phosphoryla-
tion at the highly conserved Ser616 by ERK1/2 (extracellular receptor kinase 1/2), which
increased mitochondrial fragmentation in human pancreatic adenocarcinoma [49]. In an
Alzheimer’s disease (AD) mouse model, GSK-3f3 (glycogen synthase kinase 3f3) causes
phosphorylation of DRP1 at Ser40 and Ser44, which promotes its GTPase activity, thereby
increasing mitochondrial division and neuronal apoptosis [50]. In dopaminergic mouse
neuronal cells (SN4741), DRP1 Ser616 is phosphorylated by p38 MAPK, which increases its
mitochondrial translocation, resulting in mitochondrial dysfunction and neuronal loss [51].
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The phosphorylation of DRP1 associated with mitophagy inhibition is abolished by the
activity of PTEN-induced putative kinase 1 (PINK1) [52]. PINK1, when targeted into the
mitochondria, disrupts the anchoring of PKA to the OMM by inhibiting its binding to
AKAP1 and thus ensuring the necessary fission of damaged mitochondria for organellar
degradation [53].

PINK1 is one of the few mitochondrial kinases to contain a true mitochondrial target-
ing sequence (others are creatine kinase [54] and PAKS (p21-activated kinase 5) [55]). In
healthy mitochondria, PINK1 translocates into the matrix and, after phosphorylating its
substrates, immediately undergoes rapid cleavage by the mitochondrial proteases MPP
(mitochondrial processing peptidase) and PARL (presenilins-associated rhomboid-like
protein) with further targeting to the proteasome [56-59]. When mitochondria lose their
membrane potential, as a result of aging or chemical exposure, auto-phosphorylated PINK1
accumulates in the OMM, forming a complex with proteins of the TOM (translocase of the
outer membrane) machinery [60,61]. The kinase domain of PINK1 also phosphorylates
the E3-ubiquitin ligase Parkin, which activates its enzymatic functions and triggers the
processes leading to mitophagy [62].

Mutations in genes encoding either PINK1 or Parkin are implicated in the pathogenesis
connected with Parkinson’s disease [63-66] along with mutations to LRRK2 (leucine-rich
repeat kinase 2), which is also found in the OMM [67,68]. Mutated LRRK2 confers aberrant
kinase activity, which results in the increased phosphorylation of its substrates, leading
to malfunctions in various mitochondrial processes including increased reactive-oxygen
species (ROS) production [69], mitochondrial dynamics [70], and mitophagy [71] and also
dysregulated calcium homeostasis [72].

Two other proteins involved in the mitochondrial fusion/fission cycle are also protein
kinase targets. Mitofusin 1 (Mfn1) when phosphorylated by ERK1/2 inhibits mitochondrial
fusion [73] while mitofusin 2 (Mfn2) when phosphorylated by JNK becomes a substrate for
the proteasome and promotes the fragmentation of mitochondria in human osteosarcoma
cells [74]. Phosphorylation of Mfn2 by PKA at Ser442 inhibits the Ras signaling pathway in
rat vascular smooth muscle (VSM) cells, suppressing VSM cell growth in vascular disorders
such as post-angioplasty restenosis and atherosclerosis [75].

Additionally, two less well-known protein kinases have also been found associated
with the OMM. Mammalian target of rapamycin (mTOR) is an important regulator of cell
growth, protein and lipid synthesis, autophagy and other mitochondrial functions (for
rev. see [76]); it was found in the outer membrane of human T-cell mitochondria [77,78].
A direct substrate for this membrane-associated protein is still unknown, however it has
been proposed to have a role in apoptosis and leukemia [79]. At least in three cancer cell
lines, mTOR phosphorylates hexokinase II, which catalyzes one of the first steps of glucose
metabolism in mitochondria. This phosphorylation may have a decisive role in switching
between glycolytic pathway and oxidative phosphorylation, thus increasing tumor cell
resistance [80,81]. In neural cells, including those in neuroblastoma, PAK5 was shown to
be localized to the OMM [55,82] where it phosphorylates the pro-apoptotic protein Bad,
thereby inhibiting apoptosis [55,82].

To date, protein kinases confirmed to be localized to the OMM are Ser/Thr kinases. In
addition to PKA [83,84], JNK [85], ERK1/2 [86], p38 MAPK [87], PINK1 [88], CDKS5 [48],
LRRK2 [89], mTOR [77], PAKS5 [82], CAMK [47] and AMPK [90], they also include cyclin-
dependent kinase 11 (CDK11) [91], casein kinases 1 and 2 (CK1, CK2) [92,93], and three
isoforms of protein kinase C (PKC &, PKC & and PKC ¢) [94-96]. All these kinases phospho-
rylate diverse mitochondrial substrates, resulting in many different alterations to organellar
dynamics, protein import, metabolism, respiratory complex activity and apoptosis, all of
which will be more extensively discussed in the following chapters.

3. Phosphorylation in Mitochondrial Import Machinery

Mitochondria are semiautonomous organelles with their own transcription-translation
system. Although they are able to synthesize some of their functionally important compo-
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nents, most of the essential ions, small molecules, RNAs [97,98] and proteins [99] need to
be imported from the cytoplasm.

Indeed, most mitochondrial proteins are synthesized in the cytosol and only after-
wards transported to their designated location within the organelle. Protein kinases alter
these processes in two different ways: they either phosphorylate the mitochondrial sig-
naling pre-sequences of these proteins [100] or they modify the components of the import
machinery [99,101]. These components include the outer-membrane complexes translocase
of the outer membrane (TOM), mitochondrial import complex (MIM) and sorting and
assembly machinery (SAM) and the inter- and inner-membrane systems translocase of the
inner membrane (TIM) and mitochondrial intermembrane space assembly (MIA) (Figure 1).
Moreover, the outer-membrane TOM complex was shown to directly cooperate with both
MIA and TIM in the inner mitochondrial membrane, as well as the SAM complex through
the activity of the inter-membrane proteins TIM9 and TIM10 [102].

MTS-carrying Cysteine rich proteins
pre-proteins Metabolite carrier
protein
B-barrel proteins CK1 PKA J '
cK2 |

T
F "
B-barrel proteins ‘ @ . OMM proteins =~ OMM
‘ Cysteine rich
@ proteins of IMS Ms

¢ Tms/10>

4
etabolite carrier ~ \ Hydrophobic proteins  IMM

Matrix

/ a-helical proteins Cytosol

Hydrophilic proteins

Figure 1. The major mitochondrial protein import pathways and the influence of protein kinases in
Saccharomyces cerevisine. MTS (mitochondrial targeting sequence)-carrying pre-proteins are imported
through the TOM and TIM23 complexes. Proteins containing a hydrophobic sorting signal are
embedded into the IMM while hydrophilic proteins are sent into the mitochondrial matrix through
the PAM (protein import motor) complex. Cysteine-rich proteins are imported by the TOM and MIA
protein translocation systems. The precursors of (3-barrel proteins are translocated through the TOM
and TIM9/10 complexes and are sorted and assembled by the SAM complex. The precursors of
metabolite carriers are imported through TOM, TIM9/10 and TIM22, and several a-helical OMM
proteins are imported by the MIM complex. Protein kinase A (PKA) phosphorylates the TOM40
and TOM22 precursors in the cytosol, thereby impairing their translocation and assembly into the
mature TOM complex. PKA also phosphorylates TOM70 which abolishes its interaction with the
metabolite carrier/chaperone HSP70 complex. CK1 phosphorylates TOM22, promoting its assembly,
whereas CK2 phosphorylates both, TOM20 and TOM22. Phosphorylation of TOM22 facilitates its
interaction with TOM20 and stimulates its assembly into the mature TOM complex. CK2 further
phosphorylates MIM1 enhancing its stability and promoting the MIM1-dependent import of the
TOM20 and TOM70 precursors. OMM, mitochondrial outer membrane; IMM, mitochondrial inner
membrane.; IMS, intermembrane space.

The phosphorylation of mitochondrial pre-sequences was studied in the plant Ara-
bidopsis thaliana [100]. By searching the PhosPhAt 4.0 Database [103], 103 mitochondrial
pre-proteins with one or more experimentally determined phosphorylation sites were
found. These included subunits of respiratory complexes I-V and proteins with functions
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in the tricarboxylic acid (TCA) cycle, protein translocation and degradation, RNA editing,
transport and several others. More detailed studies of the respiratory complex subunits
CAL2, SDH1-2, COX5b1, ATP17, F1B-1, F13-2, and F13-3 have shown that the N-terminal
pre-sequences could be phosphorylated by several kinases with different but overlapping
specificities, which might influence the protein import into plant mitochondria [100].

The effect of phosphorylation on the Saccharomyces cerevisiae mitochondrial import
complexes has been well described [10,11,104,105] (Figure 1). A mass spectrometry analysis
of purified S. cerevisiae mitochondria allowed the different phosphorylation sites of proteins
in the TOM and MIM complexes to be mapped [105]. Several serine and threonine residues
were found to be phosphorylated, including Ser84, Ser87, Thr92, Ser168 and Serl172 in
TOM20; Thr5, Ser20, Ser44, Serd6, Thr76, and Thr129 in TOM?22; Ser2,Thr5, Ser11, Ser50,
Ser54, Ser77, and Thr220 in TOM40; Ser10 in TOMS5; Ser16 in TOMS6; Ser6 in TOM7; Ser65,
Thr66, Ser69, Ser78, Ser166, Ser174, Thr228, Thr234, Thr232, and Thr520 in TOM70; Ser55,
Ser73, and Ser96 in TOM 71; and Ser12 and Ser16 in MIM1 (all from [106]).

TOM20, TOM22 and TOM70 function as receptors for the import of nuclear-encoded
precursor proteins into the mitochondria. TOM20 and TOM70 are responsible for the initial
recognition of mitochondrial precursors that are later transferred to the central receptor,
TOM22, and, through the action of TOM40, transported across the outer mitochondrial
membrane. TOM20 is mainly phosphorylated by casein kinase 2 at Ser172, and inactivation
of CK2 was shown to reduce the activity of both TOM20 and TOM22 [105]. Interestingly,
however, the amino-acid substitution mutants TOM205'724 (no phosphorylation at Ser172)
and TOM20%72E (mimicking phosphorylation at Ser172) showed no abnormalities in mi-
tochondrial protein composition, TOM assembly or protein import [105,107]. In addition
to being a CK2 substrate, TOM22 is also phosphorylated by casein kinase 1 [107]. CK2
modifies TOM22 at two proximal serines, Ser44 and Ser46, both of which are present in the
active TOM complex and are already phosphorylated in the cytosol. On the other hand, the
CKl-mediated phosphorylation of Thr57, which is required for the assembly of the TOM
complex, takes place only after it has been imported into the mitochondria. Phosphoryla-
tion and TOM22 assembly are significantly increased in mitochondria obtained from yeast
grown on glucose (a fermentable carbon source) compared to those from cells grown on
glycerol (non-fermentable). Further observation showed that phosphorylations to TOM22
mediated by CK1 and CK2 are important for the recruitment and assembly of TOM20 into
the TOM complex, thereby emphasizing the complex effects of phosphorylation on the
formation and stability of the OMM import machinery and the biogenesis and dynamics of
mitochondria. This is even more apparent for the phosphorylation of TOM22, TOM70 and
TOM40 by PKA. PKA phosphorylates TOM22 at Thr76 in the cytosol, which decreases its
binding to mitochondria and thus considerably reduces its membrane integration. Both
CK1 and PKA, therefore, have opposites effects on TOM22 under fermentable growth
conditions. Whereas CK1-mediated phosphorylation stimulates TOM22 function, PKA
strongly inhibits it; thus, CK1 moderates the negative effect of PKA. In cells grown on
a fermentable carbon source, TOM70 is phosphorylated at Ser174 in a PKA-dependent
manner [105] and the PKA treatment of mitochondria isolated from such cells showed that
only a fraction of TOM70 is phosphorylated in vivo. Here, it seems that phosphorylation
does not affect either the targeting or the oligomerization of TOM70 but does influence
its protein-transport function. TOM70 is the main receptor of non-cleavable hydrophobic
protein carriers (like AAC, the phosphate carrier and the dicarboxylate carrier) [108,109],
which are delivered to TOM70 by the cytosolic HSP70 complex. TOM70 phosphorylation at
Ser174 substantially reduces the interaction between TOM70 and the precursor carrier pro-
tein complex with Hsp70, thereby leading to a great impairment in the import of metabolic
carriers into the mitochondria [11,105].

TOMA40, a hydrophobic channel that enables the majority of mitochondrial proteins to
be imported [110], is phosphorylated by PKA at Ser54 in the cytosol [104]. This phosphory-
lation blocks the formation of the SAM-TOM40 complex intermediate important for the
assembly of TOM40 into the mature TOM complex and inhibits its import into the OMM.
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The whole process is negatively regulated by the presence of a fermentable carbon source
like glucose or sucrose when PKA is rapidly activated [111]. Under these conditions, the
assembly of a functional TOM complex is impaired, leading to lower mitochondrial activity.
When switched to nonfermentable growth conditions, PKA activity lowers, and TOM40 is
imported into the OMM in response, forming the channel that allows the effective protein
transport and increased mitochondrial activity [104].

MIML1 is located in the OMM [112,113]. Although it is not a structural part of the
TOM complex, it is required for the membrane insertion of the TOM complex components,
including TOM20, TOM70 and TOM40. MIM1 is phosphorylated at Ser12 and Ser16 by
CK2, partially in the cytosol and fully after its transport into the mitochondria [105], which
strongly influences the assembly of TOM70 and TOM20 into the functional TOM complex.

Several MS analyses have shown that TOM complex components of human mitochon-
dria are also phosphorylated [114-118], although more detailed functional studies are still
lacking. Phosphorylated serine, threonine and tyrosine residues were found in TOM20
(Ser55, Ser135, Ser138), TOM22 (Ser15, Thr43, Thr45, Thr125), TOM40 (Tyr129, Ser142,
Thr144, Ser157, Tyr194, Thr254, Thr255, Thr273, Ser317, Ser320, Thr338) and TOM70 (Ser19,
Thr33, Thr85, Ser91, Ser96, Ser110, Tyr153, Tyr156, Ser253, Tyr260, Ser279, Tyr310, Tyr327,
Tyr339, Ser434, Tyr601, Tyr607) [106].

Presently, it can only be assumed that some of these modifications may play roles
in human diseases, especially cancer as, to the best of our knowledge, no individual
studies have been done to date. In humans as in yeast, glucose repression substantially
inhibits mitochondrial protein import and thereby reduces mitochondrial biogenesis. In
summary, phosphorylation of the import machinery components regulates the translocation
of proteins at multiple levels and allows for very precise cellular responses to metabolic
and energetic demands.

4. Kinases and Metabolism

Mitochondria are the centers of energy production for most eukaryotic organisms.
They integrate the metabolism of carbohydrates and amino acids and fatty acids to generate
energy in the form of ATP. The key enzyme is the mitochondrial pyruvate dehydrogenase
complex (PDC), which catalyzes the oxidative decarboxylation of pyruvate to acetyl-
CoA [119]. This irreversible conversion links the glycolysis occurring in the cytosol to the
Krebs cycle (citric or tricarboxylic acid (TCA) cycle) in the mitochondria and the synthesis of
fatty acids and steroids [120,121]. PDC is one of the largest and most complex multi-enzyme
systems known [122]; its activity is controlled by multiple reversible phosphorylations. In
fact, PDC was one of the first phosphorylation-regulated enzymes to be described [123].

The mammalian PDC is composed of four major components: a thiamine diphosphate-
dependent pyruvate dehydrogenase (E1), a dihydrolipoamide transacetylase (E2) contain-
ing covalently bound lipoyl groups, the flavoenzyme lipoamide dehydrogenase (E3), and
an E3-binding protein (E3BP) [120]. It also contains a family of four pyruvate dehydroge-
nase kinases (PDKs 1-4), which inactive it through phosphorylation, and two pyruvate
dehydrogenase phosphatases (PDPs 1 and 2), which dephosphorylates the enzyme to its
active form [121]. The PDK isoenzymes belong to the ATPase/kinase superfamily [124-126]
and phosphorylate three serine residues in the E1 « subunit: Ser293 (phosphorylation site
1), Ser300 (phosphorylation site 2) and Ser232 (phosphorylation site 3) [120,121,127,128].
Phosphorylation of Ser264 completely inactivates PDC, while phosphorylation of sites 2
and 3 maintains a low catalytic activity [129]. All four PDKs modify site 1 and 2; site 3 is
phosphorylated only by PDK1 [129,130]. The activity of the PDKs has to be tightly regu-
lated. Short-term regulation is carried out by metabolites; acetyl-CoA and NADH (both
are formed by the pyruvate dehydrogenase (PDH) reaction and fatty acid 3-oxidation),
activate the complex while the pyruvate generated by glycolysis or circulating lactate
inhibit it [131].

The PDC can also be modulated by cytosolic ]NK, one of the MAPKs [119].
Phosphorylation-activated JNK was found in the OMM of primary cortical neurons where
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it was translocated in a response to HyO; or anisomycin treatment (an activator of JNK/p38)
and the PDC was shown to be its specific phosphorylation target [119]. Phosphorylated
PDC reduces its pyruvate dehydrogenase activity, causing the cell to shift to anaerobic pyru-
vate metabolism, which is characterized by increased levels of lactate in the cytosol [119].
In aging rat heart, the amount of the phosphorylated, and therefore inactive, form of PDH
was significantly increased, however the PDK activity was only slightly lower than that in
younger rat cardiomyocytes [132]. The JNK-mediated inhibition of PDH and concomitant
reduction of energy production seems to be especially important in tissues with high energy
uptake like heart and brain or during brain aging [133]. Deficiencies in PDH regulation
caused by malfunctions of JNK were shown in the pathogenesis of neurodegenerative
disorders including Parkinson’s and Alzheimer’s diseases [134,135].

Hypoxia-induced glycolysis in the cytosol is coupled to suppressed mitochondrial
pyruvate metabolism and oxidative phosphorylation [136]. Thus, pyruvate accumulated in
the cytosol is converted to lactate (the so-called Warburg effect) [137] and the subsequent
metabolic changes associated with acidosis promote cell proliferation and tumorigene-
sis [136,138,139]. Hypoxic conditions induce a signaling pathway leading to the translo-
cation of cytosolic PGK1 (phosphoglycerate kinase 1), the first ATP-generating enzyme
in the glycolytic pathway [140], into the mitochondria [136]. Mitochondrial PGK1, whose
expression is upregulated in breast [141], pancreatic [142], ovarian [143], metastatic gas-
tric [144] and colon cancer [145] and hepatocellular carcinomas [146], phosphorylates, and
thereby activates, PDK1 at Thr338 [136]. The enhanced activity of PDK1 results in the
inactivation of PDH by phosphorylation of Ser293, leading to the suppression of pyruvate
utilization and ROS production in mitochondria, which is a poor prognosis for patients
with glioblastoma [136].

PDC was further shown to be phosphorylated by the Ser/Thr kinase TPKI/GSK-3
(Tau protein kinase I/glycogen synthase kinase 3(3) [147], which was originally identified
as a tau-kinase associated with brain microtubules, possibly involved in phosphorylation of
the Tau protein that occurs in Alzheimer’s disease [148]; this kinase is presently known to
play a key role in the molecular pathophysiology of many neurodegenerative diseases [12].
TPKI/GSK-3f3 translocates into the mitochondria upon stress-induction, where it phospho-
rylates and inhibits PDH in rat hippocampal cell cultures, again resulting in dysfunctional
mitochondria and neuronal death [12,147].

A phosphoproteomic study of mitochondria isolated from potato tubers confirmed
that the PDC is massively phosphorylated. The phosphorylation of formate dehydrogenase
(FDH, which catalyzes the oxidation of formate to CO,, reducing NAD* to NADH in the
process) at Thr76 and Thr333 was also observed [149]. Phosphorylation of FDH decreased in
response to higher levels of pyruvate, formate and NAD*, whereas its activity was strongly
increased by low mitochondrial oxygen concentrations, suggesting that phosphorylated
FDH has a role in hypoxia [149].

In addition to the pyruvate and formate dehydrogenases, several other mitochondrial
metabolic enzymes are phosphorylated by kinases. Aconitase, the enzyme catalyzing the
second step of the TCA cycle (and also responsible for the metabolic regulation of iron and
the stabilization of mtDNA) [150,151], is modified by the FGR tyrosine kinase at Tyr71,
Tyr544 and Tyr665 in rat brain mitochondria [29,152]. All three tyrosines reside in a region
that is highly conserved in all eukaryotes, which indicates that these phosphorylations are
likely important for the stability and enzymatic activity of the protein [29]. FGR phospho-
rylates succinate dehydrogenase complex subunit A (SDHA) at Tyr535 and Tyr596 [29,152].
In S. cerevisiae, phosphorylation of citrate synthase, which mediates the first step of TCA
cycle, at Ser462 completely abolishes its catalytic activity by inhibiting homodimer forma-
tion [153]. A mass spectrometry analysis of Solanum tuberosum mitochondria found that
NAD-isocitrate dehydrogenase, succinyl-CoA ligase subunits /3, NAD-malate dehydro-
genase and 2 isoforms of NAD-malic enzyme were phosphorylated [149] (the physiological
significance of these modifications remains largely unknown) [154].
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Steroid hormone biosynthesis in mitochondria is also controlled through modifica-
tions mediated by protein kinases. The first and rate-limiting step in steroidogenesis is
the transfer of cholesterol from the OMM to the IMM, which is facilitated by the Steroido-
genic Acute Regulatory protein (StAR) [155]. Its inactive form resides within the IMM or
matrix. Upon hormone stimulation, StAR is translocated to the OMM in a mitochondria-
fusion-dependent manner and activated [156]. Here, phosphorylation mediated by PKA
followed by ERK1/2 occurs, both of which are necessary for maximal steroid produc-
tion [155,157]. StAR contains two consensus PKA-phosphorylation sites, Ser55/56/57
and Ser194 /195, which are conserved across all eukaryotes [158,159]. PKA phosphoryla-
tion allows the binding of a cholesterol molecule to the hydrophobic pocket of StAR [157].
ERK1/2 phosphorylates StAR at Ser232, which elevates its activity and increases cholesterol
transport [155,157].

The StAR activity cycle enables many cholesterol molecules to be metabolized per
unit of StAR protein. When unnecessary, StAR may be dephosphorylated, and thereby
deactivated, by mitochondrial phosphatases, but left intact to become available later to
bind another cholesterol molecule or it may be translocated into the mitochondrial matrix
and degraded by the ATP-dependent protease Lon [160].

5. OXPHOS System Modification

NADH and FADHYy, the electron carrier molecules produced by the TCA cycle, transfer
their electrons to oxygen in several steps through respiratory chain complexes embedded
in the inner mitochondrial membrane. This metabolic pathway, called oxidative phospho-
rylation (OXPHOS), uses a series of enzymes to transport electrons and generate the proton
gradient used in ATP production. The OXPHOS system consists of five protein complexes
(NADH dehydrogenase, succinate dehydrogenase, cytochrome ¢ reductase, cytochrome
c oxidase and ATP synthase) each of which is made up of numerous subunits, some of
which are encoded by the mitochondrial DNA, and regulated by various PTMs including
phosphorylation [161] (Figure 2).

NADH dehydrogenase (complex I), the largest of the respiratory chain complexes,
is conserved in all eukaryotes except several yeast species (e.g., S. cerevisiae, Schizosac-
charomyces pombe) [162]. It catalyzes the oxidation of NADH by reducing coenzyme Q,
and this process is associated with the translocation of protons across the IMM. NADH
dehydrogenase is an L-shaped protein complex consisting of several cofactors and as
many as 45 subunits, 14 of which form the evolutionarily widely conserved core of the
enzyme [163,164]. A bioinformatics analysis identified several potential phosphorylation
sites, indicating that phosphorylation is prevalent in various subunits of complex I and
may play a role in its assembly and regulation [165].

In mouse fibroblasts, a nuclear-encoded 18 kDa subunit (referred to as AQDQ or the
NDUFS4 subunit) was shown to become phosphorylated in elevated levels of intramito-
chondrial cAMP, leading to a twofold increase of complex I activity. The mouse, bovine,
human and Neurospora crassa sequences of this protein have consensus phosphorylation
sites in both the leader sequence and the mature protein [166], and are phosphorylated by
the cAMP-dependent PKA [167,168]. The importance of the PKA recognition site within
the NDUFS4 subunit was shown by studies on patients with a fatal neurological Leigh-
like syndrome. An inherited autosomal recessive mutation of a 5 bp duplication in the
NDUFS4 gene results in a 14 amino-acid extension of the mature NDUFS4 form which
causes the loss of the phosphorylation site required to activate complex I without affecting
the assembly nor the activity of other complexes (i.e., cytochrome c oxidase) [169,170]. This
decreased activity of complex I resulted in the increased production of ROS [171,172]. In
addition to regulating complex I activity, PKA also phosphorylates a serine residue in the
C-terminal part of NDUFS4 that is necessary for its translocation from the cytosol into the
mitochondria [173].
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Figure 2. The phosphorylation of mammalian OXPHOS system components. The OXPHOS system
consists of five protein complexes (NADH dehydrogenase, succinate dehydrogenase, cytochrome
¢ reductase, cytochrome c oxidase and ATP synthase) embedded in the IMM. The protein kinase-
regulated subunits are highlighted as follows: stimulation in green, repression in red and no effect in
brown. Phosphorylation by PKA, PINK1, CDK1 and SRC increases the activity of complex I (NADH
dehydrogenase). Succinate dehydrogenase (complex II) is regulated by the action of the FGR and SRC
kinases. The activity of cytochrome ¢ (Cytc) oxidase (complex III) is upregulated by phosphorylation
by the SRC kinase. The activity of cytochrome c is impaired upon phosphorylation by AKT and
AMPK. Complex IV (cytochrome c reductase) is negatively regulated by PKA (independently of
cAMP levels) and positively by the cAMP-dependent action of PKA and PKC e. Phosphorylation
of ATP synthase (complex V) is upregulated by AKT and PKC«. Phosphorylation of the inhibition
factor IF1 by PKA abolishes IF1 binding and its inhibition of ATP synthase activity. IMM, inner
mitochondrial membrane.

In humans, the complex I subunit NDUFA10 is phosphorylated at Ser250 by PINK1 [174].
Studies in fly, mouse and human models demonstrated that PINKI mutations affect the
activity of complex I and overall mitochondrial homeostasis by causing an impaired
mitochondrial membrane potential, increased sensitivity to apoptotic stress and decreased
complex I activity [174,175]. Mutations in PINK1 that prevent it from phosphorylating its
substrates is one of the most significant causes of a recessive form of Parkinson’s disease
(PD) [174].

Other complex I subunits are phosphorylated by the cyclin B1/CDKI1 kinase [176]. In
mouse and human cells, subunits NDUFV1, NDUFV3, NDUFS2, NDUFB6 and NDUFA12
have been observed to be phosphorylated; the phosphorylated proteins increase mitochon-
drial respiration and energy production, which is greatly needed in the later stages of the
cell cycle [176]. Furthermore, complex I subunits, NDUFV2 and NDUFB10, were shown to
be phosphorylated by the SRC tyrosine kinase [25,26]. Phosphorylation of both subunits
increased the levels of respiration, electron transfer and cellular ATP content [25,26]. In
humans, inhibiting SRC leads to a decrease in mitochondrial respiration [26], while higher
levels of SRC were observed in various types of tumors, indicating that the SRC-mediated
maintenance of mitochondrial functions may play a role in tumor cell proliferation [25].

Succinate dehydrogenase (SDH; complex II) is an enzyme with important dual roles in
the respiratory chain and TCA cycle. The SDHA flavoprotein is phosphorylated at Tyr215
by ¢-SRC in vitro and in vivo [26]. Phosphorylation of SDHA has no effect on its respiratory
activity but is important for efficient electron transfer through electron transfer chain (ETC)
complex II and preventing ROS generation [26]. In male mice with defective SDHA Tyr215
phosphorylation, a low humoral immune response was observed with the suppression
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of both Ig production and formation of a germinal center against antigens [177]. SDHA
is also regulated by the FGR kinase-mediated phosphorylation of Tyr604, which is highly
conserved among mammals [28,29]. The absence or inhibition of respiratory complex I
(e.g., by rotenone) leads to increased SDHA phosphorylation and a concomitant increase
in complex II activity, which may be an efficient compensatory mechanism for electron
transfer and FADH), processing [28].

Not much is known about the phosphorylation of respiratory complex III. Several
subunits were among the phosphoproteins identified by proteomic studies in human
cells [178], although the functional significance of individual phosphorylations have not
yet been elucidated. Here again, the SRC tyrosine kinase seems to be responsible for
generally upregulating complex III activity. The same was shown for complexes I and 1V,
but not for the SRC-mediated decrease in activity of respiratory complex V [179].

Cytochrome ¢ (Cytc) is a small protein containing a covalently bound heme group that
functions as an electron carrier between mitochondrial ETC complexes IIT and IV. Mam-
malian Cytc contains several highly tissue-specific phosphorylation sites. Phosphorylated
Tyr97, Tyrd8, and Thr28 were found in heart, liver and kidney, respectively [180-182]. In rat
renal Cytc, AMPK is responsible for the phosphorylation of Thr28, which lies close to the
heme group and reduces its ability to transfer electrons to complex IV [180]. A similar effect
was observed after introducing phosphorylation at Tyr48 [183]. Additionally, a phospho-
rylated Thr58 conserved in mammalian somatic Cytc isoforms (replaced with isoleucine
in testis) was found in kidney and a site-specific Ser47 phosphorylated by AKT kinase
(protein kinase B) in brain [182,184]. All these Cytc phosphorylations reduce the level
of mitochondrial respiration, lower ROS generation, lower the mitochondrial membrane
potential and decrease apoptotic activity (see Section 8 below) [180,182-184].

Human respiratory complex IV is composed of 13 subunits, three of which are en-
coded by mitochondrial DNA [185]. Various studies suggest that the phosphorylation
of different subunits may lead to both inhibition and activation of complex IV under
various pathophysiological conditions. Tyr304 in cytochrome ¢ oxidase catalytic subunit
I (COX1) is the target of a cAMP-dependent phosphorylation by an as yet unidentified
tyrosine kinase [186]. Tumor necrosis factor-« (TNFo), a pro-inflammatory cytokine par-
ticipating in the immune response in mammals, seems to be responsible for triggering
the signal transduction leading to the activation of an unknown mitochondrial kinase
modifying Tyr304 [187]. Like the Cytc phosphorylation mentioned above, phosphorylation
of COX1 also leads to decreases in complex IV activity, ATP production and mitochondrial
membrane potential [186,187].

Respiratory complex IV is also regulated by PKA, which has a regulatory role in
hypoxia and ischemia. Elevated levels of PKA under hypoxic conditions or myocardial
ischemia cause the hyperphosphorylation of several COX subunits, including COX1, COX4-
1 and COX5b, which is associated with decreased complex IV activity [188]. Hypoxia-
activated PKA, independently of mitochondrial cAMP levels, phosphorylates the COX5b
subunit. Accordingly, the substitution of phosphorylated COX5b with a phosphorylation-
resistant protein retained the activity of complex IV. Thereby, hypoxia-activated PKA
responds to increased ROS production, induces PKA substrates phosphorylation and
mediates signal for complex IV inhibition [189]. Under hypoxic and ischemic conditions,
the levels of COX1, COX4-1 and COX5b are reduced [188]. Recent studies have shown
that the mitochondrial protease Lon, which regulates the levels of mitochondrial nucleoid-
associated proteins [190], also degrades COX subunits [191]. Lon, induced by hypoxia and
ischemia, has a direct role in degrading phosphorylated COX4-1 and COX5b, whereas non-
phosphorylated forms of these subunits were relatively resistant to Lon proteolysis [191]. In
contrast, Acin-Perez et al. [192] described a PKA-mediated phosphorylation of COX4-1 on
Ser58 that increased COX activity, probably by altering its ADP/ATP binding [192]. Other
studies found that COX is regulated by protein kinase C, a Ser/Thr kinase PKC-¢ [193,194].
Activated PKC is translocated to various subcellular sites depending on cellular conditions.
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In mitochondria, hypoxia-induced PKC-¢ interacts with and phosphorylates COX4, which
may have a protective role against hypoxia by activating complex IV [193,194].

ATP synthase (complex V) is the last enzyme in the OXPHOS system. It uses the energy
stored in the proton gradient across the IMM created by the ETC to drive the synthesis
of ATP. In potato tuber mitochondria, two phosphorylated complex V proteins have been
identified, the &’-subunit of the F1-ATPase and the pB-subunit of the ATPase [195]. In
human skeletal muscle, seven potential phosphorylation sites were found in the 3-subunit
of F1-ATP synthase [196]. Interestingly, patients with type 2 diabetes had downregulated
levels of the phosphorylated F1-ATP synthase (3-subunit [196]. These results suggested
that this phosphorylation may be an important mechanism for regulating electron-coupled
ATP synthesis, and that disturbances in it may contribute to the pathogenesis of insulin
resistance and type 2 diabetes [197]. Insulin resistance occurs when cells do not respond
well to insulin and, at the same time, cannot use glucose from blood for energy. Insulin
also stimulates the translocation of AKT to mitochondria, whose activation increases
complex V activity [198]. In patients with insulin-resistant type 2 diabetes, a decrease in the
mitochondrial translocation of AKT and a related decrease in the activity of ATP synthase
were observed [198].

The activity of ATP synthase is also regulated by inhibitory factor 1 (IF1) [199,200].
The binding of IF1 depends on its phosphorylation status. Dephosphorylated IF1, which is
abundantly present in human carcinomas, inhibits both the synthase and hydrolase activi-
ties of complex V and upregulates aerobic glycolysis. A PKA-mediated phosphorylation at
Ser39 abolishes IF1 binding to ATP synthase [199,201]. Further studies revealed that the
PKCa-dependent phosphorylation of the «, f and 5 subunits of ATP synthase leads to an
increase in the activity of ATP synthase, which suggests that PKCa might have a role in
the preservation of mitochondrial functions after cell injury [95,202].

ATP synthase subunits were also among those proteins identified by phosphopro-
teomic studies of human cancers, however the exact function of these phosphorylations is
currently not known [118].

Uncoupled respiration is a specific respiratory process that occurs in the mitochondria
of brown and beige adipose cells, also known as fat cells [203]. Brown adipose tissue
(BAT) is involved in thermogenesis, when energy is dissipated into heat in response to
conditions like hibernation, cold stress or food intake [204,205]. Mitochondrial dysfunction
in adipocytes can lead to metabolic diseases, including type II diabetes and obesity [204].
Mitochondrial uncoupling protein 1 (UCP1) plays a major role in the uncoupled respiration
in brown and activated beige adipocytes. UCP1 transfers protons from the intermembrane
space back to the mitochondrial matrix before ATP synthase can use them, thereby produc-
ing heat rather than ATP [206,207]. In BAT, UCP1 is inhibited by free purine nucleotides:
ATP, ADP, GTP, and GDP [208]. Upon induction of thermogenesis, specific hormones (e.g.,
norepinephrine) trigger a reaction cascade leading to cAMP production and activation of
lipolysis through a PKA-mediated phosphorylation. Subsequently, PKA-phosphorylated
enzymes break down lipid droplets into smaller free fatty acids, which in turn activate
UCP1 [206,209].

Phosphorylation was also shown to regulate the transcription of the UCP1 gene in
several ways [210]. A phosphorylation reaction cascade involving the cAMP-dependent
PKA and the p38 mitogen-activated protein kinase (p38 MAPK) leads to activation of
transcription factor 2 (ATF-2), which increases the expression of UCP1 [211]. PKA also
directly upregulates UCP1 transcription through the cAMP-response element binding
protein (CREB) [206,210]. Shinoda et al. [212] also found that the formation of brown and
beige adipocytes is suppressed by casein kinase 2 (CK2) and CK2 inhibition stimulates the
UCP1-mediated thermogenesis [212]. Yet another study showed that the phosphorylation
of UCP1 at Ser51 increases upon cold stress. It is thought that phosphorylation increases
the activity of UCP1, though the responsible kinase remains unknown [213].
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6. Mitochondrial Quality Control

Mitochondria are highly dynamic cellular structures that have developed their own
systems for detecting dysfunction and eliminating the damage. These include quality
control mechanisms consisting of a sophisticated network of mitochondrial chaperones and
proteases, which are together responsible for stabilizing, folding, refolding or completely
removing proteins. When the mitochondrial proteome suffers extreme damage, mitophagy
or cell death can occur [214-216]. The main components of the mitochondrial protein
quality control (MPQC) system include the heat-shock proteins Hsp60, Hsp70 (mortalin),
Hsp90 (TRAP1), the Lon protease [217] and the caseinolytic peptidase ClpXP (absent
in S. cerevisiae and S. pombe). Phosphorylation plays an important role in regulating
the functions of all of them, and their inhibition or aberrant activation often leads to
pathological conditions.

Several chaperones in plant and mammalian mitochondria are phosphorylated. For
example, the small heat-shock protein (sHSP) Hsp22 in Zea mays was found to be phos-
phorylated in vivo [218]. In vegetative tissues, Hsp22 forms large oligomers of 9 or more
subunits and is constitutively expressed at very low levels but is strongly induced in
response to heat stress and protects mitochondrial respiratory complex I [219-221]. In
mammalian systems, the phosphorylation of similar heat shock proteins (e.g., HSP27) is
mediated by the activity of the mitogen-activated protein kinase MAPK [222,223], and
usually shifts the distribution of sHSPs towards smaller species [224], however, the precise
effect of phosphorylation on plant sHSPs remains elusive. Additional proteomic analyses
revealed phosphorylations of mitochondrial Hsp70 (Pisum sativum), Hsp90 and chaperonin
Hsp60 (Solanum tuberosum) [149]. Moreover, a tyrosine in Hsp75, a member of the HSP70
family, was found to be phosphorylated in rat hepatoma cells treated with peroxovanadate
(a non-specific inhibitor of tyrosine phosphatases) [225].

The human mitochondrial chaperone TRAP1 (TNF receptor-associated protein 1), a
member of the highly conserved HSP90 family, is an important heat-shock protein which is
involved in regulating mitochondrial energy metabolism in both healthy and damaged
cells [226-228]. TRAP1 was found to be constitutively phosphorylated at low levels and
phosphorylation significantly increased in response to oxidative stress [229]. Under these
conditions, the Ser/Thr kinase PINK1 acts as a major phosphorylation agent. The level of
TRAP1 phosphorylation is directly linked to the cytoprotective function of PINK1, which
counteracts oxidative-stress induced apoptosis by suppressing the release of cytochrome
¢ from the mitochondria [229]. In Parkinson’s disease (PD), mutations in PINK1 abolish
its ability to phosphorylate TRAP1, thereby increasing Cytc release into the cytosol and
triggering the cell death pathway; this might at least partially explain the mitochondrial
dysfunction leading to neurodegeneration in PD patients [229].

TRAP1 expression is strongly induced in several types of tumors [230], where it
is frequently correlated with progression, metastasis and disease recurrence [226,231].
In carcinogenesis, TRAP1 may function as an effector of the deregulated extracellular
signal-regulated protein kinase 1/2 (ERK1/2) signaling pathway [232]. ERK1/2 directly
phosphorylates TRAP1 at two site-specific serines, Ser511 and Ser568, which promotes
its activation and the concomitant downregulation of mitochondrial respiratory complex
II (succinate dehydrogenase) [232]. The resulting accumulation of intracellular succinate
causes pseudohypoxia by stabilizing the hypoxia-inducible transcription factor (HIF-1),
thereby activating the HIF-1 responsive genes independently of cellular oxygen levels,
leading to further metabolic changes and progression to malignancy [227,233].

Interestingly, TRAP1 is also one of the proteins phosphorylated during sperm capaci-
tation in humans, a process which is correlated with an increase in the tyrosine phospho-
rylation of several proteins by PKA [234]. These include two PKA-membrane anchoring
proteins, AKAP3 and AKAP4, and VCP/p97, a member of the AAA family (ATPases
associated with diverse cellular activities) that presumably links sperm capacitation and
acrosome reaction [234].
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Mitochondrial Hsp60, together with its co-chaperone Hsp10, typically serves to main-
tain mitochondrial homeostasis by assisting in the folding and trafficking of other pro-
teins [235-237]. It also has other roles in mtDNA transactions and apoptosis, and even more
roles occur upon its translocation into the cytosol or extracellular space (for rev. see [238]).
The phosphorylation of Hsp60 is involved in both physiological and pathological processes:
phosphorylation of Tyr227 and Tyr243 were reported in non-small lung cancer cell lines as
well as in mouse hyperglycemic myoblasts [239,240]. The SRC-mediated phosphorylation
of Tyr227 was also observed during rotavirus infection and resulted in Hsp60 degradation,
thereby delaying the import of viral non-structural proteins (NSP4) into the mitochondria.
This delay prevents premature host cell apoptosis, thus giving the rotavirus enough time to
replicate [241]. A tyrosine-phosphorylated Hsp60 was also found in the surface activation
of sperm cell capacitation mentioned above [242].

The mitochondrial ATP-dependent protease Lon is one of the main components of the
MPQC system and is involved in the degradation of the damaged, misfolded or unfolded
proteins that accumulate in the mitochondrial matrix [216,243]. Lon has been shown to be
subjected to at least three different PTMs, including phosphorylation [106,244-246]. Lon
expression is induced by oxidative stress, endoplasmic reticulum (ER) stress, proteotoxic
stress, starvation or hypoxia [247]. Lon upregulation has been observed in ischemic rabbit
hearts and macrophages under hypoxic conditions [248]. In hypoxia associated with cancer,
Lon upregulation was linked to the stabilization of HIF-1 and its binding to the LON
promoter [249,250]. In prostate adenocarcinoma, the upregulation of Lon was connected
to the action of the AKT Ser/Thr kinase [245]. AKT phosphorylates Lon at two serines,
Ser173 and Ser181, in the N-terminal domain, which increases its proteolytic activity. This
enhanced protein degradation in turn restores the activity of ETC complexes Il and V,
and increases the oxygen consumption rate, ATP production and cell migration [245].
Conversely, plant mitochondrial Lon was found to be phosphorylated at Ser654 in response
to a Xanthomonas citri infection. This phosphorylation rapidly impairs its proteolytic
activity [251], preventing it from degrading HrpG, a transcription regulator of the hrp/hrc
genes. Since these genes are not expressed, they cannot act against the X. citri virulence
resulting in necrosis in citrus fruits and green leaves [252].

Yet another mitochondrial protease involved in MPQC is the hetero-oligomeric protein
complex, ClpXP, which mediates a proteolytic removal of misfolded proteins [253,254]
that are often induced in response to stress [255-257]. A functional Clp protease is formed
from two parts, a heptameric peptidase ClpP and a hexameric ATP-dependent chaperone
ClpX, which combine to create a higher-order structure that resembles the barrel of the
cytoplasmic 26S proteasome [258,259]. ClpP lacks ATPase activity and therefore retains
only a low level of peptidase activity when ClpX is missing [260] while ClpX, as a regulatory
ATPase, can still perform its chaperone function even in the absence of ClpP [261]. The
mutual interaction of both ClpX and ClpP subunits is needed to activate the proteolytic
function, in which ClpX unfolds a protein substrate using an ATP-driven translocation
through its central pore into the ClpP proteolytic chamber [262].

ClpP has a well-characterized role in the mitochondrial unfolded protein response
(mtUPR) of eukaryotes. This is a retrograde signaling pathway that maintains mitochon-
drial protein homeostasis in response to mitochondrial-specific stress [263]. In mammals,
the mtUPR might also be induced by changing the stoichiometry of the proteins encoded
by mitochondrial and nuclear genomes. This is correlated with the upregulation of ClpP
and Hsp60, which together minimize mitochondrial protein aggregation [255,264]. On
the other hand, reduced levels of ClpP alters mitochondrial and cellular morphology,
reduces cell proliferation, and results in lower mitochondrial respiration, lower oxygen
consumption rate and increased ROS production [263]. MtUPR was shown to be crucial for
tumor cell survival during anti-cancer treatment [265], and is dependent on the activation
of the cytosolic double-stranded-RNA-activated protein kinase PKR [266]. PKR or protein
kinase R is a Ser/Thr kinase constitutively and ubiquitously expressed in vertebrate cells
that was first identified as a protector against viral infections [267,268]. In mice lacking a

109



Life 2021, 11, 82

functional PKR, no mtUPR-responsive proteins (e.g., chaperonin 60) were activated upon
stress induction [266].

ClpXP was also shown to be dramatically upregulated in primary and disseminated
human tumors, which often correlates with reduced patient survival [269]. In these cases,
an interaction between ClpXP and TRAP1 were observed with survivin, an inhibitor of
apoptosis, which acts as a scaffold bringing ClpP and TRAP1 together [269]. Seo et al. [269]
found that succinate dehydrogenase subunit B (SDHB) of respiratory complex II was a
key substrate whose loss profoundly affected mitochondrial bioenergetics and lead to
decreased oxygen consumption, loss of ATP production and mtUPR activation (no other
ETC complex was affected) [265]. Thus, ClpXP, TRAP1 and survivin provide a mechanism
for ensuring mitochondrial homeostasis in tumors, making any of these proteins a potential
target for anti-cancer therapy.

Proteomic analyses identified phosphorylated residues in both ClpP and ClpX. ClpX
was found to be phosphorylated at several serines, threonines and tyrosines, some of which
were directly in the ATPase domain. The most frequently phosphorylated residue was
Ser617, which was identified by more than 20 phosphoproteomic studies, predominantly
in different types of lung cancer tissues [106]. For the proteolytic part of the Clp protease,
phosphorylations were found at Ser169, Ser173, Ser181, Ser231, Thr189 and Thr277, all of
which, except Thr277, were found in the ClpP protease domain [106]. To date, however,
no further experimental data are available on how phosphorylation influences the ClpXP
proteolytic or chaperone activities.

7. Nucleoid and Ribosomes (mtDNA Maintenance, Transcription and Protein
Synthesis)

Although a large number of mitochondrial proteins are known to be phosphorylated,
only a few examples are currently known from those involved in mtDNA maintenance
and transactions. Even there several protein kinases could under various, often patholog-
ical conditions, translocate into the mitochondria and influence the mtDNA-associated
processes.

Mitochondrial DNA is compacted into nucleoids, nucleoprotein complexes that are
associated with the IMM [270]. The most abundant group of nucleoid proteins are the
mtDNA-packaging proteins which contain one or two high-mobility group (HMG)-box do-
mains that are critically involved in mtDNA binding and compacting (for review see [271]).
The most studied and best characterized mitochondrial HMG-box proteins are the S. cere-
visine Abf2 (ARS-binding factor 2) and the human mitochondrial transcription factor A
(TFAM), both of which are known to be phosphorylated [272-274]. Indeed, nuclear HMG-
box proteins are frequently phosphorylated in response to changes in physiological state. In
the nucleus, the Ca>*-phospholipid-dependent protein kinase C (PKC) seems to be respon-
sible for many of the phosphorylation events, and has been identified as the modifier of
several chromatin-binding HMG-box proteins including mammalian HMG1/2 [275,276],
insect HMG1 [277], human HMG14 /17 [278] and both human and murine HMGY /I iso-
forms (these are also phosphorylated by the protein kinases Cdc2 and MAPK [279,280]). In
all these proteins, phosphorylation has a negative effect on their DNA-binding properties,
significantly weakening even abolishing their affinity for various DNA substrates [277-279].

Yeast mitochondrial Abf2 can be modified by PKA, which rapidly and specifically
phosphorylates Thr21 and Ser22 in the N-terminal segment of the Abf2 HMG-box 1
in vitro [272]. Like its nuclear counterparts, phosphorylation in this region inhibits its
DNA-binding affinity for various types of DNA substrates and the DNA super-coiling
activity of Abf2 itself. As the ABF2 gene seems to be constitutively expressed, it is tempting
to speculate that the inhibition of its activities might be the means by which mtDNA
transactions are regulated in yeast. Supporting this hypothesis is the fact that the amount
of Abf2 protein in mitochondria changes more as a consequence of fluctuations in mtDNA
copy number rather than in changes in ABF2 gene expression [281]. Despite this, such a
challenging hypothesis still requires much more thorough investigation.
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Like Abf2, TFAM, the mammalian mtDNA-packaging protein, possesses several po-
tential phosphorylation sites in its two HMG boxes. For example, in vitro PKA-mediated
phosphorylation affects several serines, with Ser55, Ser56 and Ser61 in HMG-box 1 being
the most notable [273]. In the crystal structure of the TFAM-LSP (light-strand promoter)
DNA complex [282], these residues were in direct contact with the DNA and could thus
play a decisive role in mtDNA-binding regulation. Indeed, phosphorylation in HMG1
impaired the ability of TFAM to bind DNA and to activate the transcription of mitochon-
drial DNA [273]. In the mitochondrial transcription complex, TFAM acts as an auxiliary
transcription factor in recruiting the mitochondrial RNA polymerase (POLRMT) and mito-
chondrial transcription factor B (TFB2M) to the mtDNA promoter sites [283]. The mass
spectrometry analysis of Wang et al. [274] identified Ser177 in HMG2 as the ERK1/2
phosphorylation site. Elevated ERK kinase activity has been shown in the degenerating
substantia nigra neurons of patients with PD and Lewy body disease (LBD), however it is
still unclear whether activated ERK localizes to the mitochondria normally or only gains
entry following mitochondrial injury [86]. Nonetheless, its presence within the mitochon-
dria is sufficient to induce mitophagy [284]. In cancer, ERK-dependent signalling enhances
aerobic glycolysis, a metabolic pathway preferred by highly proliferating cells because it
provides intermediates compatible with rapid growth [285]. Mimicking the ERK-mediated
TFAM phosphorylation on Ser177 again negatively affects its DNA-binding ability, espe-
cially the light-strand promoter sequence, with consequent effects on the levels of mtDNA
transcription, mitochondrial respiration and respiratory chain subunit expression. This
may reveal an additional mechanism by which ERK1/2 downregulates mitochondrial
functions [274].

In Arabidopsis thaliana chloroplasts, MFP1 (MAR-binding filament-like protein 1) serves
as the major DNA-binding protein and has functions comparable to those of mitochondrial
Abf2 or TFAM [286]. MFP1 was shown to associate with the thylakoid membranes and
bind plastid DNA in a non-specific manner [286]. Its DNA-binding activity is largely
inhibited after the phosphorylation of either of two adjacent serine residues, Ser604 or
Ser605, by serine protein kinase CK2, whose « subunit homolog, cpCK2e, is a component
of the chloroplast transcription apparatus [287]. Three of the 10 currently known nucleoid-
associated proteins in plastids [288] have a DNA-binding activity that can be influenced
by phosphorylation. In addition to MFP1, sulfate reductase (SiR), a bifunctional enzyme
acting in DNA compaction and sulfur assimilation [289,290] and SWIB-4, a domain of
SWI/SNF complex B functioning in cpDNA packaging [291] were both shown to lose their
DNA-binding abilities when phosphorylated [291,292].

Several proteins involved in mtDNA transcription and replication have either been
found in a phosphorylated form or have been shown to be substrates of a particular
protein kinase. In S. cerevisine, a PKA-mediated phosphorylation has been reported for
MTF1 (mitochondrial transcription factor 1) [293], a protein that interacts with the mtRNA
polymerase and facilitates promoter-specific transcription initiation [294]. MTF1, evolu-
tionarily related to bacterial rRNA methyltransferases, is a functional homolog of human
TEB2M [295,296] and binds DNA in a non-sequence-specific manner. Two independent MS
analyses [297,298] found a single phosphorylation on Ser93, however direct information
on its consequences for mtDNA promoter binding or mitochondrial transcription initiation
remain unknown.

Additionally, the activity of mTERF1 (mitochondrial termination factor 1), a factor
mediating mtDNA transcription termination in mammalian mitochondria, was shown to
be modulated by several phosphorylations and only the phosphorylated protein allowed
accurate transcription ending to occur [299]. Interestingly, dephosphorylation of mTERF1
abolishes its termination activity, but not its DNA-binding ability [299], showing that these
two activities are separable and the binding of the protein to DNA is necessary but not
sufficient to terminate transcription [300].

Mammalian CREB (cAMP-response element binding protein) is also activated by phos-
phorylation. CREB normally resides in the nucleus, where it acts as a transcription factor
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in the signaling pathways involved in synaptic transmission and neuronal survival [248].
Despite having no mitochondrial localization signal, phospho-activated CREB was found
in the mitochondria of adult rat brain [301]. Following PKA-mediated activation on Ser133,
CREB is able to enter mitochondria (through the TOM complex, with the help of mtHSP70)
and bind CRE-like sequences in the non-coding region of the mtDNA [302,303]. Its deple-
tion in mitochondria decreases the expression of mitochondrially encoded genes, resulting
in the down-regulation of mitochondrial respiration which is one of the characteristics of
the mitochondrial dysfunction associated with neurodegenerative disorders [302].

In the maturation of mitochondrial mRNA transcripts prior to translation in S. cere-
visige, an as yet unidentified protein kinase phosphorylates the 55-kDa RNA-binding
protein DBP (dodecamer-binding protein) [304]. This phosphorylation activates DBP’s
high-affinity binding to conserved dodecamer sequences in the 3’ UTR region of mature
mitochondrial mRNAs [305]. This region also serves as a target for the mitochondrial de-
gradosome (mtEXO), the major regulator of yeast mitochondrial RNA turnover [306-308].
Interestingly, the precise role of DBP in S. cerevisize mtRNA processing has not been de-
scribed, although its unique DNA-binding activity is known to be regulated by a reversible
phosphorylation [305].

In humans, the mitochondrial translational elongation factor (EF-Tu) is phosphory-
lated in response to ischemia in rabbit cardiomyocytes [309]. EF-Tu is a GTPase that binds
aminoacyl-tRNAs and brings them to the ribosome. In bacteria, phosphorylation of Thr382
of the EF-Tu homolog prevents such ternary complex formation and protein translation is
largely inhibited [310]. Similarly, mitochondrial EF-Tu from isolated ischemic hearts had
multiple phosphorylation sites, including the same highly conserved threonine, and at least
one additional serine residue. The cytosolic Ser/Thr kinase JNK, which translocates into
mitochondria upon ischemic heart injury [311], was suggested to be a possible candidate.
However, follow-up experiments excluded both JNK and the p38 MAP kinase because no
change occurred in the levels of EF-Tu phosphorylation upon their immuno-depletion [309];
the kinase responsible for EF-Tu modification in mitochondria still remains to be identified.

The proper maintenance and expression of the mitochondrial genome in all organisms
depends on the faithful copying of mtDNA. The mitochondrial single-stranded DNA-
binding protein (mtSSB) is a key component of the mitochondrial replisome [312], and is
fundamentally involved in keeping the human mtDNA copy number levels constant. It
undergoes protein kinase-mediated changes, though these changes are often related to
pathological processes. mtSSB was shown to be phosphorylated by SRC, a mitochondrially
localized non-receptor tyrosine kinase. SRC is an oncogene which has high expression
or activity in several types of solid tumors, including glioblastoma [313], prostate [314],
breast [315], pancreas [316], colon [317], and lung cancers [318], and it is associated with
increased invasiveness, metastatic potential and lower patient survival [319]. The pres-
ence of SRC in the mitochondria was confirmed in breast cancer, prostate carcinoma
and bone osteosarcoma cell lines [25,320], and was correlated with altered mitochon-
drial respiration [321]. In highly metastatic breast cancer cells, mtSSB was shown to be
downregulated [322] and similar downregulation was observed when mtSSB was phos-
phorylated [24]. Phosphorylation of mtSSB on Tyr73 decreases mtDNA replication activity,
leading to a reduction in mtDNA levels [24]. This reduced amount of mtDNA may further
lower the expression of mitochondrially-encoded proteins (including the respiratory com-
plex subunits), followed by OXPHOS deficiency and more aggressive phenotypes in breast
cancer tumors [24].

8. Mitochondrial Kinases in Apoptosis

The role of mitochondria has been univocally established in apoptosis, a major form
of regulated cell death that affects the processes of development, differentiation and tissue
homeostasis. The central regulatory role is played by the Bcl-2 protein family that are
divided into pro-apoptotic (Bax, Bak, Bok, Bad, Bid, Bik, Bim, Bmf, Noxa, Puma) and
anti-apoptotic (Bcl-2, Bel-xL, Bcl-W, Mcl-1) groups. Their dysregulation is often implicated

112



Life 2021, 11, 82

in a wide variety of diseases, including excessively apoptotic atrophy or the insufficiently
controlled cell proliferation of cancer. The activities of the Bcl-2 family and other apoptosis-
related proteins must therefore be strictly regulated either on the transcriptional or the
post-translational levels, which involves the phosphorylation and dephosphorylation
activities of many mitochondrial kinases and phosphatases (Figure 3 for mitochondrial
kinases).

Apoptosome

Figure 3. The apoptotic pathways influenced by mitochondrial protein phosphorylation. Pro-
apoptotic (circled in blue) and anti-apoptotic proteins (circled in light red) are phosphorylated by the
action of various protein kinases (shown in red) as described in Section 8. The dashed black arrows
represent a translocation of the indicated protein out of the mitochondrion. Cytc, cytochrome c; P,
phosphate group; UBQ, ubiquitin.

The mitochondrial pathway of cell death requires mitochondrial outer membrane
permeabilization (MOMP) to release soluble proteins from the mitochondrial intermem-
brane space, especially Cytc, which activates initiator caspase 9, which cleaves and ac-
tivates the executioner downstream caspases [323]. The other proteins released include
Smac/DIABLO and OMI, which block the caspase inhibitor XIAP (X-linked inhibitor-of-
apoptosis protein), thereby enabling apoptosis. In healthy cells, Bax localizes to the cytosol
and Bak to the mitochondria, and both are inactive and able to shuttle between those
compartments [324-326]. Bax and Bak can be directly activated by binding a subclass of
BH3-only proteins (Bid, PUMA and Bim) [327]. Upon activation, Bax accumulates in the
mitochondria. The phosphorylation of Bid at Ser64 and Ser66 in mouse mitochondria
(Ser65 and Ser67 in humans) by CK1 prevented its activation and subsequent binding
to Bax and Bak, thereby inhibiting Fas-mediated apoptosis and the release of Cytc from
mitochondria [328,329]. Phosphorylation of Bid at Tyr54 is frequently found in phospho-
proteomic studies of leukemic, breast and gastric cancer tissues, though its precise role has
not yet been described [106].

In early apoptosis, Cytc functions as a peroxidase of cardiolipin, a mitochondria-
specific lipid that binds to Cytc, in the presence of H,O, [330,331]. This pro-apoptotic event
promotes the dissociation of Cytc from the IMM and its release into the cytosol [332]. Of
the five Cytc phosphorylation sites noted above (Section 5), only Tyr48 seems to influence
apoptosis. Phosphorylation of Tyr97 showed only a small reduction in caspase-9 activity
in vitro [333,334], and a phosphomimetic substitution of Tyr48 reduced caspase 3 activity
by ~70% but left the cardiolipin peroxidase activity of Cytc unchanged [183].

As mentioned before, the MAPKSs (JNK, ERK1/2, and p38) and PKA exhibit transient
mitochondrial localization in response to various cellular stimuli and stresses which alter
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the regulation of cell death pathways. Their main targets are the members of the Bcl-2
protein family, which are largely phosphorylated [335]. In cerebral ischemia, JNK1 may
be an early mitochondrial effector responsible for JNK-mediated apoptosis [4,37]. The
numerous kinases and phosphatases localized to the OMM coordinate organellar and
cellular physiology by modulating the roles of the Bcl-2 protein family in metabolism,
autophagy, and apoptosis. The interplay between ROS and the members of the Bcl-2
family can determine whether a cell undergoes apoptosis [336]. Bcl-2 “senses” the extent
of ROS production through the phosphorylation of its Ser70 by JNK, which releases it from
mitochondria, and thereby alters ETC function, mitochondrial autophagy and antioxidant
capacity [337].

In humans, the pro-apoptotic protein Bad is phosphorylated at four serines, Ser74,
Ser75, Ser99 and Ser118. Ser75 seems to be phosphorylated by ERK1/2, which has been
correlated with several human cancers [106,115,338-340]. Likewise, Ser99 is a major AKT
phosphorylation site [341]. In mice, the JNK kinase phosphorylates Bad at Ser128, which
subsequently mediates its oligomerization and promotes its pro-apoptotic effect in primary
neurons by antagonizing the ability of growth factors to inhibit Bad-mediated apopto-
sis [342,343]. On the other hand, JNK reduces apoptosis in interleukin-3-mediated cell
survival by phosphorylating Bad at Thr201 and inactivating it [344]. Moreover, in mice,
PAKS can phosphorylate Bad on Ser112 and thereby prevent its migration to mitochondria,
which, consequently, increases the levels of the anti-apoptotic protein Bcl-2 and inhibits
apoptosis [82]. Mitochondrial PKA and AKT also phosphorylate mouse Bad at Ser112
and Ser155 (Ser75 and Ser118 in humans), as well as Bim, another pro-apoptotic protein,
at Ser83 [345] and Ser65 during trophic factor deprivation (TFD) [346,347], both of which
reduce their inhibitory effects on the anti-apoptotic proteins Bcl-2 and Bcl-xL, thereby
promoting cell survival [348,349]. Bim was also found to be phosphorylated by the action
of ERK1/2. Here, the interaction of ERK1/2 with heat shock protein B1 (HSPB1) facili-
tates the degradation of phosphorylated Bim. This is disturbed in Charcot-Marie-Tooth
disease, where HSPB1 mutations lead to high levels of Bim and the cells exhibit increased
susceptibility to ER stress-induced cell death [350].

The human pro-apoptotic pore-forming protein Bax is phosphorylated at several
threonine (Thr22, Thr86, Thr135, Thr140, Thr167 and Thr174) and serine residues (Ser60,
Ser87, Ser163 and Ser184) [106], the physiological effects of most of which remain unclear.
The PKA-mediated phosphorylation of Bax at Ser60 is known to promote its mitochon-
drial translocation and MOMP [351], and the phosphorylation of Ser163 by GSK-3/3 was
observed in the mitochondria of human embryonic kidney cells and cerebellar granule
neurons [352]. The phosphorylation of Thr167, located between the last two «-helices, by
JNK promotes Bax oligomerization and induces apoptosis [353]. In both small cell and
non-small cell lung cancers, however, Bax is phosphorylated at Ser184, presumably by the
PKC ( isoform. Ser184 is inside the last x-helix, which is responsible for mitochondrial
membrane localization, and this phosphorylation led to a retention of the protein in the
cytoplasm and inhibition of apoptosis [354].

In healthy cells, Bak, the second mitochondrial pore-forming pro-apoptotic protein,
is also phosphorylated at several sites, including Tyr108, Tyr110, Ser117 and Thr148 [106].
Dephosphorylation of Tyr108 and Ser117 seems to be an important regulatory step, where
dephosphorylated Tyr108 initiates the cell death process by conformational changes in the
OMM [355]. Ser117 located in the hydrophobic groove of Bak is involved in binding to
other pro-apoptotic partners (BH3-only proteins). Its dephosphorylation mediates further
multimerization and, consequently, pore formation, which enables Bak pro-apoptotic
function [356].

Bcl-xL is a critical anti-apoptotic protein that plays a role in normal embryogenesis, hu-
man erythropoiesis and promotes the survival of differentiating pancreatic cells [357-359].
Apoptosis is promoted when Bcl-xL residues Thr47 and Thr115 are phosphorylated in hu-
man myeloid leukemia cells by stress-activated JNK [360]. Outside its function in apoptosis,
Bcl-xL was shown to be phosphorylated at Ser49 and Ser62 during normal cell cycle pro-
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gression and checkpoints [361,362]. The PLK3 (Polo-like kinase 3) phosphorylated Bcl-xL at
Ser49 accumulates in the centrosomes during G2 checkpoint induced by DNA damage and
during the final stages of mitosis and cytokinesis. Here, phosphorylated Bcl-xL translocates
to the microtubule-associated dynein motor protein and prevents chromosome instabil-
ity [361]. Whereas Bcl-xL phosphorylated at Ser62 by PLK1 and MAPK14/SAPKp38o
appears during the early stages of mitosis, and in telophase and cytokinesis is being rapidly
dephosphorylated [362]. Phosphorylation of Ser62 was found to have increased after
treatment with taxol, an anti-cancer drug used in treating prostate cancer [363].

Bcl-2, a major anti-apoptotic protein, possesses a transmembrane domain (TM), which
normally associates the protein with the OMM or IMM. Bcl-2 is predominantly found to be
phosphorylated (at Ser70, Ser87, Thr56 and Thr74) by the MAPK kinases (p38 and ERK1/2)
leading to a reduction in its anti-apoptotic activities [364-366]. For example, phosphoryla-
tion of Ser87 and Thr74 occur in normal human blood cells, but these two residues remain
un-phosphorylated in hepatoma tumor cells, suggesting that dephosphorylation promotes
Bcl-2's anti-apoptotic activity in tumor cells [366]. It was also shown that dephosphorylated
Ser87 and Thr74 seemed to be a signal for ubiquitin-dependent degradation by the 26S
proteasome [367]. Bcl-2 phosphorylation at Ser70, Ser80, and Thr69 by JNK1 shown in
human T lymphocytes arrested in G2/M phase in response to microtubule-damaging
agents makes cells more susceptible to apoptosis [368].

Similarly, phosphorylation of the pro-survival protein Mcl-1 by JNK on residues
Thr163 and Ser121 promotes apoptosis [369,370] while phosphorylation of Ser64 enhances
its anti-apoptotic activity [371]; phosphorylation by ERK1/2 exhibited a similar dual
effect [372]. The putative phosphorylation of the N-terminal domain of Smac/DIABLO
by JNK mediates its release from the mitochondria to ubiquitinylate the inhibitors of
apoptosis (IAPs) meant for degradation, thereby maintaining the apoptotic process [373—
375]. Smac/DIABLO is also phosphorylated at Ser67 by AKT, which promotes apoptosis
in HeLa cells [376]. Overall, the precise mechanism by which JNK and other kinases
promote or inhibit cell survival proteins is not entirely clear and often exhibits a dual
activating/inhibiting character, where phosphorylation of the same protein by one kinase
may lead to opposite effects depending on the various cellular conditions (for rev. see [377].

Although Ser/Thr kinases seem to have the largest role in the Bcl-2 protein family
regulated apoptosis, there is a number of other protein kinases which are also involved.
The cytosolic form of LYN (cLYN) inhibits the mitochondrial apoptotic pathway, and
this effect arises from its kinase activity [378-380]. The deactivation/inhibition of LYN by
pharmacological inhibitors or siRNA in apoptosis-resistant cells causes their re-sensitization
to chemotherapy-induced apoptosis [381]. Overexpressed PKC 6 promotes apoptosis in
neoplastic and normal keratinocytes by targeting mitochondria, triggering the release
of Cytc and disturbing the membrane potential [13]. Although ABL does not contain a
typical mitochondrial localization signal, protein kinase C & (PKC 5) could bind to ABL
in the endoplasmic reticulum. This PKC 5—ABL complex translocates from the ER to the
mitochondria and then triggers apoptosis [382]. Cytosolic SRC, normally a proto-oncogene,
possesses anti-apoptotic properties and shows increased protein levels and activity in a
variety of human cancers [383]. And GSK-3 regulates mitochondria-mediated apoptosis
by playing a role in determining the threshold for mitochondrial permeability transition
pore opening [384].

9. Conclusions

Kinases and phosphatases act together in mitochondria in a precisely conducted
symphony. Any disturbance of their functions by mutations or over- or under-regulation
results in severe diseases such as diabetes, cancer, neurodegeneration and, consequently,
apoptosis. Here we have listed those kinases that have been found to be associated with
the outer mitochondrial membrane, described the effect of phosphorylation on the various
components of the mitochondrial import machinery, reviewed the effect of kinases on the
enzymes of the tricarboxylic acid cycle and steroid hormone biosynthesis, surveyed what
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is presently known of the effect of phosphorylation on each component of the oxidative
phosphorylation system as well as their influence on the uncoupled respiration that occurs
in brown and beige adipose tissue, examined their importance in the various systems
responsible for mitochondrial protein quality control, considered their roles in mtDNA
maintenance, transcription, and translation, and briefly reviewed what is known of their
many roles in apoptosis.

Despite the enormous number of studies published in the last two decades describing
the role of kinases in mitochondrial biogenesis, many unanswered or poorly answered
questions still remain: What are the interaction partners that support or inhibit the kinases?
Are mitochondrial proteins phosphorylated before or after entering the mitochondria or
are both alternatives employed? How does phosphorylation or other post-translational
modifications of one amino-acid residue influence the phosphorylation of another position?
Can two or more kinases phosphorylate proteins simultaneously? Are certain amino acids
phosphorylated more rapidly? How does the composition of the mitochondrial membrane
influence kinase interactions or membrane insertion? How does phosphorylation influence
the dynamics of the mitochondrial nucleoid and thus the replication, repair and transcrip-
tion of mtDNA? Which kinases interact with the ribosomes and are involved in mtDNA
translation? Answering these questions could substantially contribute to better under-
standing how mitochondria contribute to stress responses and support healthy processes
in the cell as well as the background of pathological processes.
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Abbreviations

AAC ADP/ATP carrier protein

Abf2 ARS-binding factor 2

ABL Abelson tyrosine kinase

ACC2 acetyl-CoA carboxylase 2

AD Alzheimer’s disease

AKAP A-kinase anchoring protein

AKT/PKB  protein kinase B

AMPK 5'-AMP-activated protein kinase

BAT brown adipose tissue

CAMK Ca?* /calmodulin-dependent protein kinase
CDK cyclin-dependent protein kinase

CK casein kinase

COX cytochrome c oxidase

CREB cAMP-response element binding protein
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Cytc
DBP
DRP1
EF-Tu
ER
ERK1/2
ETC
FDH
GSK-3p
HSP

IF

MM
HIF
HMG
JNK
LRRK2
MAPK
MFF
Min
MFP1
MIA
MIEF1/2
MIM
MOMP
MPP
MPQC
mTERF1
MTF1
mTOR
mtSSB
mtUPR
OMM
OXPHOS
PAK5
PARL
PD
PDC
PDH
PDK
PDP
PGK1
PKA
PKC
PKR
PINK1
PLK3
POLRMT
PTM
ROS
SAM
SAPK
SDH
SDHA
sHSP
StAR
TCA
TFAM
TFB2M

cytochrome ¢

dodecamer-binding protein
dynamin-related protein 1

translational elongation factor
endoplasmic reticulum

extracellular receptor kinase 1/2

electron transport chain

formate dehydrogenase

glycogen synthase kinase 33

heat-shock protein

inhibitory factor

inner mitochondrial membrane
hypoxia-inducible transcription factor
high-mobility group

Jun N-terminal kinase

leucine-rich repeat kinase 2
mitogen-activated protein kinase
mitochondrial fission factor

mitofusin

MAR-binding filament-like protein 1
mitochondrial intermembrane space assembly
mitochondrial elongation factor 1/2
mitochondrial import complex
mitochondrial outer membrane permeabilization
mitochondrial processing peptidase
mitochondrial protein quality control
mitochondrial termination factor 1
mitochondrial transcription factor 1
mammalian target of rapamycin
mitochondrial single-stranded DNA-binding protein
mitochondrial unfolded protein response
outer mitochondrial membrane
oxidative phosphorylation

p2l-activated kinase 5
presenilins-associated rhomboid-like protein
Parkinson’s disease

pyruvate dehydrogenase complex
pyruvate dehydrogenase

pyruvate dehydrogenase kinase
pyruvate dehydrogenase phosphatase
phosphoglycerate kinase 1

protein kinase A

protein kinase C

protein kinase R

PTEN-induced putative kinase 1
Polo-like kinase 3

mitochondrial RNA polymerase
post-translational modification
reactive-oxygen species

sorting and assembly machinery
stress-induced protein kinase

succinate dehydrogenase

succinate dehydrogenase complex subunit A
small heat-shock protein

steroidogenic acute regulatory protein
tricarboxylic acid cycle

mitochondrial transcription factor A
mitochondrial transcription factor B
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TFD trophic factor deprivation

TIM translocase of the inner mitochondrial membrane
TNF«x tumor necrosis factor-o

TOM translocase of the outer mitochondrial membrane
TPKI Tau protein kinase I

TRAP1 TNF receptor-associated protein 1

UCP1 uncoupling protein 1

VSM vascular smooth muscle

XIAP X-linked inhibitor-of-apoptosis protein.
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Abstract: Mitochondria are known as highly dynamic organelles essential for energy production.
Intriguingly, in the recent years, mitochondria have revealed the ability to maintain cell homeostasis
and ultimately regulate cell fate. This regulation is achieved by evoking mitochondrial quality
control pathways that are capable of sensing the overall status of the cellular environment. In a first
instance, actions to maintain a robust pool of mitochondria take place; however, if unsuccessful,
measures that lead to overall cell death occur. One of the central key players of these mitochondrial
quality control pathways is PINK1 (PTEN-induce putative kinase), a mitochondrial targeted kinase.
PINKT1 is known to interact with several substrates to regulate mitochondrial functions, and not
only is responsible for triggering mitochondrial clearance via mitophagy, but also participates in
maintenance of mitochondrial functions and homeostasis, under healthy conditions. Moreover,
PINK1 has been associated with the familial form of Parkinson’s disease (PD). Growing evidence
has strongly linked mitochondrial homeostasis to the central nervous system (CNS), a system that is
replenished with high energy demanding long-lasting neuronal cells. Moreover, sporadic cases of
PD have also revealed mitochondrial impairments. Thus, one could speculate that mitochondrial
homeostasis is the common denominator in these two forms of the disease, and PINK1 may play
a central role in maintaining mitochondrial homeostasis. In this review, we will discuss the role of
PINKT1 in the mitochondrial physiology and scrutinize its role in the cascade of PD pathology.

Keywords: PINK1; Parkinson’s disease; mitochondria homeostasis

1. Introduction

Mitochondria are essential for life; they play an intimate role in almost all aspects of
cellular function, since they are responsible for calcium intracellular homeostasis, metabo-
lite biosynthesis, cell proliferation, differentiation and apoptosis, and, their most known
purpose, energy production. This close interaction between mitochondria and the cell is the
main reason why mitochondrial dysregulation is one of the underlying causes of several
pathologies, such as cancer, neurological diseases and metabolic disorders. However,
mitochondria are highly dynamic organelles that evoke several mechanisms to respond
to bioenergetic challenges, such as biogenesis, events of fusion/fission and ultimately
mitophagy, a pathway that controls their overall fate.

2. Mitochondria Homeostasis

Mitochondria are highly dynamic organelles that can change their morphological
characteristics depending on their host cells environment and needs. Mitochondrial dy-
namics is a balance dictated by fission (division of one mitochondria by Drp1) and fusion
(merging of different mitochondria by Mitofusins 1/2 and Opal) events [1]. Interestingly,
these events may occur to remove damaged portions within mitochondria or even to
allow mitochondria movement to a high demanding metabolic area [1]. Additionally,
changes in ATP/ADP ratio trigger mitochondria biogenesis, where PGC-1alpha is the ma-
jor regulator of mitochondrial mass increase [2]. Important to note that all these processes
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require a coordination of several mechanisms, including expression of mtDNA genes,
nuclear-mitochondrial communication and protein expression and import. Disruption
of any of these processes can lead to a defective mitochondrial function. However, cells
have evolved mechanisms to sequester and remove potentially damaged mitochondria, a
form of autophagy called mitophagy [3]. As all these pathways are intertwined, one could
argue that mitochondrial homeostasis and mitochondrial quality control are key regulatory
features to maintain a healthy and robust pool of mitochondria in our cells. Consequently,
when mitochondria go astray due to impairment of these pathways, the overall cell fate
is dictated. A clear example of this is neurons, where mitochondrial dysfunction in these
high energy demanding cells leads to neuron loss and ultimately to the development of
neurodegenerative disorders.

At present, a complete picture of the molecular mechanisms involved in mitochondrial
quality control is still to be unraveled. However, a key protein that has revealed to play a
vital role in the regulation of several mitochondrial pathways is PINK1 (Phosphatase and
Tensin homologue-induced kinase 1). This Serine/Threonine kinase is of special interest
since it has different roles depending on the overall mitochondrial steady state, controlling
this organelle’s fate [4]. Additionally, PINK1 is implicated in the etiology of Parkinson’s
Disease (PD) as several mutations in this kinase are associated with early onset forms of
this disease [5]. Thus, a detailed comprehension of PINK1’s biology will not only shed light
on etiology of the neurodegenerative disease PD, but will furthermore lead to an enhanced
understanding of the molecular pathways that regulate overall mitochondrial homeostasis.

Herein, we will look into the implications of PINK1 in mitochondrial physiology and
scrutinize the role this protein plays in PD pathology.

3. PINK1 Helps Maintain Mitochondrial Homeostasis

PINK1 gene was first identified in 2001, through a screen which aimed to analyze
the PTEN unregulated targets in endometrial cancer cells [6]. This gene is localized at the
human chromosome 1p36.12 and encodes for a Serine/Threonine kinase with 581 amino
acid residues, and a molecular weight of approximately 63 kDa 4. PINKI was found to
be regulated by Foxo3a, a downstream component of the PI3K/AKT pathway, which
promotes PINKI transcription by binding to its promoter [7]. Additionally, by binding
to its promoter, but under stress conditions, the nuclear factor kB up-regulates PINK1
transcription [8] More recently, it was described a downregulation of the PINK1 gene by
two different factors, p53 [9] and ATF3 [10].

PINK1 is composed by a mitochondrial targeting sequence (MTS) located at N-
terminal side (Figure 1). Additionally, in the N-terminal, we find what has been named the
outer mitochondrial membrane localization signal (OMS), responsible for holding PINK1
to the outer mitochondrial membrane (OMM) upon depolarization [11,12]. The largest
region of PINK1 is constituted by its kinase domain, region where the majority of identified
mutations associated with PD have been described, a topic that we will elaborate later
on this review. This kinase domain is constituted by N-lobe (residues 156-320 in human
PINK1; hPINK1) and C-lobe (residues in 321-511 hPINK1). Finally, the C-terminal portion
of PINK1 has been associated with the regulation of its kinase activity, since mutations
on this terminal downregulate autophosphorylation, but seems to positively affect PINK1
kinase activity towards other substrates, such as histone H1 [13,14].

Despite being a widely studied protein, the resolution of human PINK1 crystal struc-
ture is a dilemma due to the poor solubility and rapid degradation of this protein [13-15].
To overcome this the field PINK1 insect orthologs (Tribolium castaneum, Tc; and Pedicu-
lus humans corporis) were used to perform structural studies, as they have high in vitro
kinase activity [16] and share a kinase domain sequence identity of approx. 40% to the
hPINKI1 [17]. However, others have reported different substrate selectively between PINK1
orthologues [18]. Indeed, the experimental conditions used for TcPINKI are not repli-
cated when using a human form of PINKI, indicating probable regulatory differences
between the two orthologues. While accessing these differences, Aerts et al. found that
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the full-length form of hPINK1 was not able to induce autophosphorylation, although it is
catalytic active since it is able to phosphorylate PINK1 substrates, namely Parkin [19]. This
suggests that the N-terminal region of PINK1 may have an inhibitory effect. The majority
of studies demonstrating PINK1 kinase activity use truncated forms of PINK1, where parts
of N-terminal are absent [13-15].
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Figure 1. Human PINK1 domains and PD associated mutations. PINK1 is divided into different
regions. At the N-terminal are the regions responsible for the processing and delivery of PINK1
to mitochondria: mitochondrial targeting sequence (MTS), the region recently called named the
mitochondria membrane localization signal (OMS) and the transmembrane sequence (TMS). Within
the TMS resides the PARL cleavage sites. The kinase domain is divided into an N-lobe and C-lobe;
it is also the PINK1 domain where the majority of PD-associated mutations are found, and where
there are the well described phosphorylation sites [15]. At the N-lobe there are the different inserts
(i1, i2 and i3) identified in bioinformatics studies performed using PINK1 insects structure. The
activation loop, at the C-lobe, changes the proteins conformation from inactive to active state upon
phosphorylation. PINK1-PD mutations can be divided into mutations that affect PINK1’s structure,
kinase activity or substrate binding, depending on residues and protein regions affected: ATP binding
pocket (bordeaux), kinase core (dark blue), catalytic mutations (purple), insert 2 (yellow), insert 3
(pink), activation loop (light blue) and C-terminal region (red).

As reviewed by Rassol and Trempe, important mechanistic information on PINK1’s
autophosphorylation and substrate binding were achieved, by the structural, biochemical
and cellular studies done so far [20]. Bioinformatic and modelling approaches predicted
that PINK1 carries additional regions when compared to other kinases, namely three inserts
in the N-lobe and two flanking regions on its kinase domain: NT linker and CTE (C-terminal
extension). This last one lies on the C-lobe, away from active site and has an important role
in PINKT1 stabilization [20]. This analysis also reveals that PINK1’s autophosphorylation is
important to instigate a structural reorganization of insert 3 and consequently ubiquitin
(Ub) binding, which needs two different articulations with PINK1, one with the N-lobe
and other with the C-lobe, to form the active complex [20]. Although overall structure
of PINK1 is likely conserved between species: there are relevant differences between the
different animal models, for instance differences in inserts. The N-lobe of PINK1 has
three inserts [15], and the length of insert 1 varies between species while insert 3 is the
most conserved [16]. Intriguingly, PINK1 is not only a promiscuous kinase that selects its
substrate based on the cellular environment it encounters, but it also seems like PINK1 has
a different panoply of substrates depending on its host.

PINK1 is responsible for helping in maintaining homeostasis by interacting with
several proteins. TRAP1 (TNF receptor associated protein 1/Heat shock protein 75) is
an example, it plays a role in reducing reactive oxygen species (ROS) production and
assisting protein folding [21,22]. Overexpression of PINK1 leads to an increase in phos-
phorylation of endogenous TRAP1 [23]. Other reports show an interaction with HtrA2
(high temperature requirement A2), also known as Omi, a protease released in the cytosol
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during apoptosis [24]; Htr2A is phosphorylated in a PINK1-dependent manner, since
PINK1 siRNA leads to a decrease in Htr2A phosphorylation, although it is not clear if it is
a direct phosphorylation [24].

Mitochondrial dynamics, a fundamental process to maintain a healthy mitochondrial
pool, has shown to be regulated by PINK1. Studies performed using Drosophila showed that
PINK1 downregulation lead to an increase in mitochondria length, resulting from excessive
fusion, while PINK1 overexpression promoted mitochondrial fission [25]. The cytosolic
dynamin GTPase Drp1, protein involved in fission events, is regulated by PINK1. It has
been proposed that PINK1-mediated fission is dependent on the phosphorylation of Drp1 at
residue 5616, since in PINK1 null cells and mouse tissue a reduction in phosphorylation at
this residue is observed [26]. Interestingly, when in presence of depolarized mitochondria,
protein kinase A (PKA), which normally is recruited to OMM by AKAP1 to phosphorylate
Drp1 at reside S637 and inhibit fission, is repressed by the presence and accumulation
of PINK1, thereby ensuring the fission of damaged mitochondria [27]. Three putative
PINK1-phosphorylation sites have been identified in Mitofusin 2 (Mfn2) at residues T111,
5378 and S442. Interestingly, the phosphorylation of these residues leads to the suppression
of mitochondrial fusion, even though residues T111 and S442 conjugated phosphorylation
promotes Mfn2-Parkin binding [28]. Additionally, mitochondrial transport is regulated by
PINK1, which can phosphorylate multiple sites of Miro, allowing normal mitochondrial
movement in axon terminals [29,30].

The uptake of Ca?* in mitochondria is highly important for several processes, such
as oxidative phosphorylation or mitochondrial-induced apoptosis [31,32]. Several studies
reveal a role of PINKT1 in the regulation of mitochondrial calcium levels, where PINK1 defi-
ciency leads to impaired Ca?* levels in different models: cells [33], cultured neurons [34,35]
and zebrafish [36] but affects Ca?* homeostasis evoking different pathways. Heeman
et al. reported that PINK1 depletion impaired Ca?* uptake [33], whereas Gandhi et al.
reported a regulation of Ca®* levels by PINK1 via Na*/Ca?* exchanger [34], where PINK1
deficiency causes an accumulation of Ca?*. More recently, dopaminergic neurons from a
PINK1-null zebrafish model revealed an inhibition of mitochondrial Ca** uniporter (MCU)
as being directly involved in the neurodegeneration process [36]. Still, new research has
been encouraged to unravel this pathway.

Interestingly, PINK1 is enriched in Mitochondria Associated Membranes (MAMs) [37],
a widely recognized site of Ca?* exchange with the ER (endoplasmatic reticulum) [38], to
maintain cellular bioenergetics and mitochondrial dynamics and transport [39]. Although
PINK1’s involvement in mitochondria-ER tethering still remains to be explored, it was
reported that upon CCCP treatment PINK1 accumulates on MAM's and recruits Beclinl, a
pro-autophagic protein, to generate omegasomes [37], which could suggest a new pathway
for PINK1 in mitophagy. Additionally, fibroblast derived from patients with PINK1 muta-
tions exhibit an increased ER-mitochondria co-localization, resulting in an abnormal Ca?*
signaling [40].

Without a doubt PINKT1 is vital for overall mitochondria homeostasis as it regulates
several mitochondrial-related pathways within the cell. However, what dictates which
pathway will be ameliorated in PINK1 loss-of-function scenarios remains to be clarified.

4. PINK1 in Healthy Mitochondria

PINKT1 has been described as a sensor of the overall health status of mitochondria,
as the localization and substrate specificity of this kinase is defined when it encounters
healthy versus unhealthy mitochondria (Figure 2).

In steady state, PINK1 is targeted to the mitochondria via its MTS. It has been es-
tablished that MTS-carrying proteins interact with the translocase of outer and the inner
membrane (TOM20 and TIM23, respectively) [41]. Along these lines, the conventional
theory assumes that PINK1, being a MTS carrying protein, passes through these translo-
cases and enters the matrix, where the MTS is cleaved by a mitochondrial processing
protease (MPP) [42]. Then, a second cleavage occur by the mitochondrial rhomboid pro-
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tease PARL (Presenilins-associated rhomboid like protease), between Alal03 and Phel04 in
the transmembrane stretch, reducing the protein size to a 52kDa processed form [43—45],
which is released in the cytosol and later degraded by the proteasome [46]. Consequently,
PINK1 has a high turnover rate, and it is maintained at a low expression levels within the
tissues [47,48].
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Figure 2. PINKI1 has different roles depending on mitochondria’s overall state. In the presence
of healthy mitochondria, PINK1 is internalized and phosphorylates, among other substrates, the
complex I subunit NDUFA10 at the inner mitochondrial membrane (IMM). By regulating the enzy-
matic activity of complex I, PINK1 modulates the overall electron transport chain (ETC) capacity
and, ultimately, the overall output levels of ATP. Afterwards, PINK1 is sequential cleaved by the
proteases MPP and PARL and released to the cytosol for degradation. PINK1 also has a protective
role, as it phosphorylates Bcl-x1 in order to inhibit apoptosis. When mitochondria are depolarized,
PINK1 accumulates on the outer mitochondrial membrane (OMM), where it forms homodimers and
undergoes autophosphorylation. After this, PINK1 recruits and phosphorylates Parkin, and conse-
quently also phosphorylates ubiquitin. Due to Parkin’s E3 ubiquitin ligase activity, Parkin and PINK1
create a positive feedback-loop, recruiting more ubiquitin and Parkin to be phosphorylated, creating
poly-ubiquitin chains all around the surface of damaged mitochondria. This targets mitochondria
for degradation via mitophagy. Posteriorly, due to the recruitment of autophagic receptors, like
LC3, OPTN and NDP52, damaged mitochondria are engulfed and degraded via autophagy. Upon
depolarization, ER-tethering to mitochondria is also hampered as PINK1 accumulates on MAM
structures recruiting Beclinl to form omegasomes, which are autophagosome precursors. A¥m,
mitochondrial membrane potential; CI, Complex I; CII, Complex 1I; CIII, Complex III; CIV, Complex
IV; CV, Complex V or ATP synthase; P, phosphorylation.

Despite the increasing number of reports, there are still some conflicting data about
the processing of PINK1 and localization of the kinase domain sub-mitochondrially. In
fact, in the previously explained processing events, it is not clear how PARL, that resides
in the intermembrane mitochondrial space (IMS), can cleave a protein that is associated
with the TIM channel. Can PINK1 be partially imported? Some studies have shown
that PINK1 or processed forms of PINKI are located inside mitochondria [13,42,43,49].
While others have shown a partial PINK1 import, only for MPP and PARL cleavage to
occur, and the kinase domain remains at the outer membrane facing the cytosol [46,50].
A few reports show that m-AAA proteases can be involved in this second cleavage of
PINK1, helping its translocation in the inner mitochondria membrane (IMM) producing a
form accessible to PARL [42]. On the other hand, Liu et al. show that PINK1, after being
cleaved by PARL, suffers major conformational changes that allow the ubiquitination at
Lys137, though an unknown E3 ubiquitin ligase [51]. More studies must be done to clarify
PINK1 import and proteolytic processing inside mitochondria. By now we know that
PINK1 regulates itself by autophosphorylation, since two phosphorylation sites have been
reported, Ser228 and Ser402. Important to stress that Ser402 is located in PINK1’s activation
loop, a crucial region to kinase activity even towards PINK1 substrates, contrarily to Ser228
that seems to be dispensable. There are other two putative phosphorylation sites, T313 and
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T257. Interestingly, the substitution of threonine in residue 313 to a methionine (T313M) is
described as a PD mutation, which created a higher curiosity around this residue but, like
T257, it does not affect PINK1 autophosphorylation.

Several studies have demonstrated altered mitochondria phenotypes in loss of func-
tion PINKI1 cells and animal models [52-55]. Drosophila PINK1 mutant displays motor
disturbances, abnormal synaptic transmission, structural mitochondrial changes and de-
creased membrane potential [52,53]. These different phenotypes were later explained as
downstream consequences of a reduced Complex I enzymatic activity in Drosophila and
mouse models [55]. Moreover, Morais et al. demonstrated with this study the relevance of
PINKT1 for overall electron transport chain (ETC) function, since wild-type (WT) hPINK1,
but not a kinase inactive form of PINK1, was able to fully restore the enzymatic activity of
Complex I in PINK1-null models. At present, all evidence points out that when PINK1 en-
counters a healthy mitochondria, it is internalized, processed and able to phosphorylation
mitochondrial-resident substrates, such as the Complex I subunit NDUFA10.

5. PINK1 in Unhealthy Mitochondria

Across the IMS, essential for mitochondrial function, there is a membrane potential,
which regulates the ETC and consequently the generation of ATP. In several cases of mi-
tochondria damage, a loss of this potential occurs. When PINK1 encounters depolarized
mitochondria its import is halted, and an accumulation of the full-length form occurs on
the OMM [56,57]. In this case, PINK1 kinase activity suffers a shift, resulting in autophos-
phorylation on Ser228 and Ser402 and PINK1 dimerization [19,58,59]. Afterwards, one of
the most studied PINKI1 interactions occurs, an event first identified in Drosophila as a
genetic link to an E3 ubiquitin ligase Parkin [52,53]. Parkin, largely known to cooperate
with PINKI1 in the removal of damaged mitochondria, interestingly is also known to be
mutated in early onset PD cases [60,61]. The Drosophila studies reported that both PINK1
and Parkin mutant flies exhibit indirect flight muscle and dopaminergic neuronal degener-
ation accompanied by locomotive defects [52,53]. All these defects in PINK1 mutant flies
were restored when Parkin was re-introduced. However, the reintroduction of PINK1 did
not restore Parkin mutant fly defects, clearly indicating that Parkin works downstream
of PINKI1.

5.1. PINK1/Parkin Mediated Mitophagy

The crystal structure of Parkin revealed that it naturally exists in an autoinhibited
conformation [62,63]. However, PINK1 phosphorylated ubiquitin (pUb) molecules in-
teract with Parkin, altering its structure and making Ser65 of the ubiquitin-like domains
(UBL) available for PINK1-mediated phosphorylation [64,65]. Only after these two steps
is Parkin fully activated. In PINK1-null mammalian cells, Parkin recruitment is com-
pletely abolished, and is rescued when a WT but not a kinase-inactive form of PINK1 is
re-introduced, confirming that Parkin needs an active PINK1 to be recruited to depolarized
mitochondria [56-66].

Parkin’s ligase activity will recruit more ubiquitin and Parkin molecules to be phospho-
rylated by PINK1, creating poly-ubiquitin chains on the OMM [67]. This will further lead
to an interaction with autophagy receptors containing an ubiquitin-binding domain and
the LC3-interacting region, such as OPTN, NDP52 and NBR1 [68-70], that once connected
to the autophagosome membrane will lead to mitochondrial clearance via mitophagy. The
p62 or sequestome-1 (SQSTM1) role in this pathway is still controversial, while a number
of studies demonstrate that it is recruited to depolarized mitochondria [71,72], others show
that it is not essential for mitophagy to occur [73].

Supplementary to mitophagy, some mitochondrial proteins that are ubiquitinated by
Parkin are degraded, such as Mitofusin and Mirol leading to an impaired mitochondrial
network [74,75] and mitochondrial movement [29,76,77], respectively.

Important to note that how PINK1 is stabilized on the OMM still remains to be clarified.
Previous studies using BN-PAGE analyses revealed that PINK1 accumulates on the OMM
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in a phosphorylated form and is associated with the TOM40 complex [59,78]. More recently,
Sekine et al. suggested that TOM7 may also play a role, as in TOM7 knockout (KO) cells
both PINK1 and Parkin recruitment were defective after mitochondrial depolarization
treatment [12].

Besides PINKI1 stabilization, it is also not clear the mechanism by which Parkin
is recruited to mitochondria. A recent study [79] proposes that MITOL (mitochondrial
ubiquitin ligase: also known as MARCHS5) can ubiquitinate proteins at the OMM, which
will facilitate the recruitment of Parkin. Other studies suggest that the phosphorylation
of proteins on mitochondria surface by PINK1 will work as “Parkin receptors”, like for
instance ubiquitin [80], Mfn2 [81] or Miro [77].

Besides the putative phosphorylation of Htr2A in the “healthy mitochondria” path-
way, PINKT1 has also a protective role against apoptosis upon depolarization, when phos-
phorylating BCL-xL [82]. This anti-apoptotic protein is localized at OMM, where in a
phosphorylated form it prevents the release of cytochrome ¢ and caspases, inhibiting
apoptosis [83].

Additionally, in these “unhealthy” mitochondria pathways there was described a link
to PD. Zhu and collaborators observed mitochondria in autophagossomes in neurons of
PD patients [84]. Later on, several groups reported abnormal mitophagy in different PD
models [85-87], facts that we will further explore in the next topic of this review, suggesting
a link between a PINK1 regulated pathway and PD.

5.2. PINK1 Independent Mitophagy

Important to note that in the past few years a couple of papers show that PINK1
may not be necessary for mitophagy. In 2017, Koentjoro discovered a mitochondrial au-
tophagy receptor Nip1-like protein X (Nix) responsible for isolating mitochondria into au-
tophagossomes in derived fibroblast from an asymptomatic patient carrying a homozygous
Parkin mutation, where all mitochondrial functions and dynamics, including mitophagy,
were working [88]. Moreover, Koentjoro showed that Nix compensates for the loss of
PINK1/Parkin, as overexpression of Nix restores activation of mitophagy and mitochon-
drial energy production. Yet, Nix mediated mitophagy, as well as the expression of this
protein in PD patient brains or animal models, remains to be determined. McWilliams’
team studied the function of PINK1 in vivo using a mito-QC reporter mice, which allows
the visualization of mitophagy and mitochondrial architecture [89]. Analyzing PINK1 WT
or KO mice crossed with mito-QC, they reported that PINK1 was present in all regions of
the central nervous system, and that loss of PINK1 did not affect basal levels of mitophagy,
when compared to WT mouse brains. Giving the hint that PINK1, mitophagy can occur
in a PINK1 independent manner [89]. Nevertheless, it cannot be concluded that PINK1 is
dispensable for all forms of mitophagy, indeed the precise role of this protein in vivo still
remains to be defined, and PINK1’s function may be cell type and content dependent.

Despite this, these recent findings only confirmed the complexity of this process.
Therefore, we believe that the study of physiological mitophagy and its alteration when
triggered with pathological cascades needs further investigations.

6. PINK1 in PD Pathogenesis

Parkinson’s disease is the second most common neurodegenerative disorder, charac-
terized by the loss of dopaminergic neurons (DA) in the substancia nigra and the formation
of cytoplasmic inclusion bodies containing alpha-synuclein, called Lewy Bodies (LB). When
about 70% of neurons are lost, the communication between brain and muscle cells weakens,
resulting in the classic motor symptoms as the resting tremor, stiffness, bradykinesia and
postural instability [90]. The etiology of this disease remains to be clarified but is considered
to be the result of a combination of genetics and environmental factors, and where aging
also has a crucial role. Indeed, PD cases are divided into sporadic and familiar; these last
ones carry a heritable disease mutation in genes referred to as PARK genes, and account
for 5-10% of all the PD cases [91].
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6.1. PINK1 as a Genetic Cause of PD

Mutations in several of these PARK genes also cause mitochondrial dysfunctions,
namely PINK1 (PARKS6) 5 and Parkin (PARK2) [60,61]. PINK1 mutations cause autoso-
mal recessive PD and certain clinical features are more common in patients with PINK1
mutations. For example, the outstanding difference is the age of onset that in this case is
around 30 years of age. Additionally, patients harboring these mutations experience a more
benign course with slower progression, more gait and balance difficulties, a better response
to L-DOPA and increased dyskinesias [92,93]. Most patients with PINK1-associated PD
experience a good response to levodopa and they do not typically develop dementia,
although some studies report psychiatric features [94]. It is important to point out the fact
that PINK1 was detected in some LBs in sporadic cases as well as in samples carrying only
one allele mutant for PINK1, which are clinically and pathologically indistinguishable from
the sporadic form [49].

To date it has been reported in the Human Gene Mutation Database (HGMB) at least
130 mutations in the PINK1 gene, and they can be homozygous or heterozygous; missense
mutations, truncating mutations and exon rearrangements [5,16]. A large majority of PINK1
mutations are in kinase domain, demonstrating the importance of PINK1 kinase activity
in PD pathogenesis (Figure 1). The firstly identified PINK1 mutations were reported back
in 2004 in Spanish (G309D) [5], Italian (W437X) [5], Filipino (L347P) [95], Japanese and
Israeli families (R246X/H271Q) [95]. When in 2017 Schubert et al. revealed the structure of
PhPINK1 in complex with ubiquitin [96], they were able to pinpoint the location of dozens
of PINK1 PD causing mutations (Figure 1). The majority of them are in the kinase core
and affect the protein fold or in the activation-loop. Mutations known to affect catalysis
were mapped in the ATP binding pocket. These observations are in concordance with
previous observations where, for instance, G309D mutations described as in insert 3 are
largely described with defective kinase activity [16]. As we already described, PINK1 is
involved in several pathways, and some have been proven to be altered in PD.

6.2. PINK1's Link to Dysfunctions in the Respiratory Chain

The most known and described correlation between mitochondria and PD, is the
injection of a synthetic heroin, 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP) that
rapidly generated Parkinsonism symptoms in drug abusers [97]. This compound has the
ability to pass the blood-brain barrier, where it is oxidized to MPDP* by monoamine
oxidase B in glia and serotonergic neurons and then is converted to MPP*. This metabolite
has a high affinity to dopamine transporters and causes an inhibition of Complex I, and
preferentially mediates the degeneration of SN dopaminergic neurons [98,99]. The correla-
tion between mitochondria impairment and PD was later validated when reduced activity
in complex I, IT and IV was found in brain, skeletal muscle and platelets of patients with
sporadic PD [100,101]. Posteriorly, also some pesticides and herbicides, namely rotenone
and paraquat that selectively inhibit Complex I, were also shown to cause Parkinsonism in
animal models [102].

Several reports that analyzed fibroblasts from patients harboring PINK1 mutations re-
vealed alterations in the ETC and overall oxidative stress levels [103-105]. PINK1 deficient
mice reveal impaired dopamine release [106], compromised mitochondrial respiration,
increased sensitivity to oxidative stress, progressive weight loss and selective reduction in
locomotor activity in older animals [107]. Indeed, Morais et al. demonstrated that the key
defect in ETC at the level of Complex I in PINK1 KO mice was due to reduced phosphory-
lation of the Complex I subunit NDUFA10 [106], confirming that PINK1 phosphorylation
is required for Complex I function at the level of ubiquinone reduction. Phosphorylation
at this site is a prerequisite for ubiquinone reduction, critical to mitochondrial bioener-
getics and ROS production. ROS develops when electrons escape the ETC, especially at
complexes I and III [107]. Interesting is the link between dopamine metabolism and ROS,
where dopamine degradation causes an increase in ROS production [108], revealing a
pathogenic cascade from mitochondrial impairment to neuronal dysfunction, which could
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explain neuronal death. Additionally, reduced enzymatic activity of Complex I has also
been observed in several PD patients. Indeed, an impaired Complex I was one of the first
observations made in sporadic PD patients [109], providing a link between mitochondrial
dysfunctions and PD. However, whether NDUFA10 phosphorylation is reduced in PD
patients harboring PINK1 mutations is still to be shown.

6.3. PINK1 in Mitophagy Context

Mitophagy is a key pathway for maintenance of mitochondrial health and, conse-
quently, to maintain neuronal health. An impaired mitophagy results in an accumulation
of damaged mitochondria, leading to neuronal death and consequent neurodegenera-
tion, indeed an abnormal mitophagy has already been linked to neurodegeneration [110].
This pathway was confirmed in PD patient-derived fibroblasts and iPSC-derived neu-
rons [111-113]. Moreover, Lewy bodies contain aggregates of alpha-synuclein, ubiquitin,
and other compounds [114], including mitochondria. One study has reported mitochon-
dria within autophagossomes in neurons of PD patients [84]. Abnormal mitophagy was
posteriorly observed in several PD models [85-87], but the analysis of mitophagy has
to be done with extreme caution, since Rakovic and collaborators demonstrate that the
mitophagy process differs between human non-neuronal and neuronal cells, and that the
comparison between models with endogenous Parkin expression versus exogenous expres-
sion may be misleading [112]. Moreover, the use of different experimental approaches to
assess mitophagy have also contributed to contradictory findings in the field [115]. Studies
performed in Drosophila using mt-Keima, a pH-dependent fluorescent protein fused to
a mitochondrial targeting sequence, have shown that mitophagy occurs in muscle and
dopaminergic neurons of aged flies [116]. However, in young adult flies no defects in
mitophagy are observed, suggesting a role for PINK1 in age-dependent mitophagy. On the
other hand, studies using mito-QC, a tandem mCherry-GFP tag fused to a mitochondrial
targeting sequence, showed that basal mitophagy is readily detectable and abundant in
many tissues of PINK1 deficient flies [117]. These findings provide evidence that, at least
in these experimental conditions, PINK1 and parkin are not essential for basal mitophagy
in Drosophila, further underpinning that the molecular mechanisms of basal mitophagy
remain largely obscure. Nevertheless, fibroblast from PINK1-PD patients confirmed data
obtained with other PINK1 models, such as the stabilization and recruitment of Parkin on
depolarized mitochondria [105]. Additionally, iPSC-derived neuron cells from an individ-
ual with PINK1-PD mutations reported an impaired recruitment of Parkin to mitochondria,
and increased mitochondrial copy number [113], indicating that clearance of defective
mitochondria is hampered. The relationship between mitochondria autophagy impairment
and its contribution to pathogenesis of PD seems more and more evident, but regarding
the PINK1/Parkin pathway, although it is critical to regulate mitophagy, the overall mech-
anism is still unclear. We believe that modulation of this pathway may have a therapeutic
potential; nevertheless, investigation is still needed.

7. Conclusions

PINKT1 has a pivotal role in several mitochondrial processes. One of these processes
is the mitochondrial quality control pathway, known to be related to several diseases, as
neurodegenerative diseases, cardiovascular diseases, diabetes or obesity. However, the
exact mechanism behind most of PINK1 pathways still remains to be clarified, mostly
because of PINK1 low expression levels and fast turn-over. This is something that the field
has been working and debating for a while, and at present several working tools are being
developed to further strengthen these findings.

Parkinson’s disease is the second most common neurodegenerative disorder, thus clar-
ification of its pathogenic mechanism and the development of new diagnostic approaches
and effective therapeutics are eagerly awaited. Almost 20 years after PINK1 was linked to
this disease a lot of research has characterized this protein and its mutations associated
to PD. The discovery of PINK1’s link to Complex I activity was one of the major break-
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throughs in the field. Important to note is that Complex I was linked to sporadic cases of
PD before the PINK1 connection to this disease, as a deficiency in Complex I has already
been reported in the substantia nigra pars compacta (SNpc) of PD patients. More recently the
knowledge that PINK1 is responsible for the phosphorylation of the subunit NDUFA10
of the major ETC complex and that PINK1-PD mutations have Complex I deficiencies,
created a new link between sporadic and familiar forms of PD. Understanding deregulated
mitochondrial functions through the role of PINK1 mutations in familial forms of PD,
may elucidate whether these pathways are eventually also disrupted in sporadic cases.
More recently, emerging data focus on PINK1 role in non-neuronal cells, giving rise to
the concept that loss of neurons in PD may be due to a brain environmental issue and
not neuronal per se. We consider that research, with for instance new culture models, is
needed to elucidate the mechanisms underlying PD and to develop potential biomarkers
for diagnostic purpose and neuroprotective strategies.
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Abstract: The m.3243A>G mutation within the mitochondrial mt-tRNALeu(VUR) gene is the most
prevalent variant linked to mitochondrial encephalopathy with lactic acidosis and stroke-like episodes
(MELAS) syndrome. This pathogenic mutation causes severe impairment of mitochondrial protein
synthesis due to alterations of the mutated tRNA, such as reduced aminoacylation and a lack of post-
transcriptional modification. In transmitochondrial cybrids, overexpression of human mitochondrial
leucyl-tRNA synthetase (LARS2) has proven effective in rescuing the phenotype associated with
m.3243A>G substitution. The rescuing activity resides in the carboxy-terminal domain (Cterm) of
the enzyme; however, the precise molecular mechanisms underlying this process have not been fully
elucidated. To deepen our knowledge on the rescuing mechanisms, we demonstrated the interactions
of the Cterm with mutated mt-tRNALeu(VUR) and its precursor in MELAS cybrids. Further, the effect
of Cterm expression on mitochondrial functions was evaluated. We found that Cterm ameliorates de

novo mitochondrial protein synthesis, whilst it has no effect on mt-tRNALeu(VUR)

steady-state levels
and aminoacylation. Despite the complete recovery of cell viability and the increase in mitochondrial
translation, Cterm-overexpressing cybrids were not able to recover bioenergetic competence. These
data suggest that, in our MELAS cell model, the beneficial effect of Cterm may be mediated by factors

that are independent of the mitochondrial bioenergetics.

Keywords: Cterm; MELAS; transmitochondrial cybrids; aminoacyl-tRNA synthetases; LARS2;
mitochondrial disease; therapeutic peptides

1. Introduction

Mitochondrial encephalomyopathies are a group of complex and clinically heteroge-
neous metabolic disorders caused by a wide spectrum of mutations either in mitochon-
drial DNA (mtDNA) or in nuclear genes encoding proteins that control mitochondrial
functions [1]. Such genetic defects predominantly affect the mitochondrial oxidative phos-
phorylation system (OXPHOS), which is responsible for most of the ATP supply in cells.
OXPHOS is located in the mitochondrial inner membrane and consists of five complexes,
denoted as complex I-V. Complex I, II, and IV generate a proton-motive force across the
inner membrane, which is used by F1Fo-ATP synthase (complex V) to synthesize ATP.
Only 13 subunits of the OXPHOS system are encoded by mtDNA, together with 2 rRNAs
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and 22 tRNAs necessary for mitochondrial translation machinery. The rest of the OXPHOS
subunits, as well as the other proteins that constitute the vast majority of the mitochondrial
proteome, are nucleus-encoded and transported into mitochondria [2,3].

Mutations in the mt-tRNA genes are associated with several mitochondrial patholo-
gies. An example is the well-documented mitochondrial encephalopathy with lactic aci-
dosis and stroke-like episodes (MELAS) syndrome. MELAS patients typically develop
encephalopathy, stroke-like episodes before the age of 40, and lactic acidosis. Additional
clinical features involve other neurological symptoms, exercise intolerance, cardiomyopa-
thy, deafness, and diabetes. About 80% of MELAS syndromes are caused by the m.3243A>G
mutation in the mt-tRNALeu(VUR) gene [4-6]. The base substitution causes destabilization
of the mutated mt-tRNALeuVUR), thus adversely affecting stability, aminoacylation, and
the addition of a taurinomethyl group to the wobble uridine (tm®U34) [7,8]. These defects
contribute to the overall reduction in mitochondrial protein synthesis observed in MELAS
disease [9-11].

Despite the increasing knowledge on MELAS pathogenesis, an effective therapy for
this and other mitochondrial diseases is still far from being available. As a possible strategy
to overcome defects of mt-tRNAs, several molecular approaches have been proposed. One
of these consists of the overexpression of human mitochondrial cognate or non-cognate
aminoacyl-tRNA synthetases (aaRSs), which proved to rescue the defective viability and en-
ergetic competence as well as mitochondrial protein synthesis in transmitochondrial cybrid
cell lines, a well-established cellular model of mt-tRNA mutations [12,13]. It was shown in
MELAS cybrids that the rescuing activity of human mitochondrial leucyl-tRNA synthetase
(LARS2) resided in the non-catalytic carboxy-terminal domain (Cterm, 67 residues long).
A more detailed analysis ascribed the rescue capacity of the Cterm fragment to two short
-strand regions, denoted as peptide 330_31 (15 residues in length) and peptide 332_33
(16 residues in length). The correction activity was observed following both overexpres-
sion and exogenous administration to cells carrying the m.3243A>G MELAS mutation in
the mt-tRNALeuUUR), as well as the m.8344A>G MERRF mutation in mt-tRNALys. To
explain the rescuing effect of the Cterm and its peptides, a chaperonic activity towards
mutated tRNAs were proposed on the basis of in vitro evidences, which could result in the
stabilization of a wild-type-like conformation of the tRNA [14-17].

In view of the development of a therapeutic strategy based on the use of Cterm-
related small molecules, we decided to deepen our knowledge on the mechanisms that
underlie the reported rescuing activity of the Cterm by using the cybrid system. Here,
we provide evidence that the overexpressed Cterm domain is able to contact the cognate
mutated tRNA in cultured cells, thus corroborating the “chaperonic” hypothesis previously
formulated mainly on the basis of in vitro findings. We also evaluated the effect of Cterm
overexpression on a range of mitochondrial processes such as mitochondrial translation,
steady-state level and aminoacylation efficiency of mt-tRNALeu(VUR), bioenergetics, and
mitophagy. In agreement with previous findings [14-17], a complete recovery of cell
viability was observed. Unexpectedly, despite an improvement of protein synthesis, the
other analysed mitochondrial processes were not affected by Cterm expression.

2. Materials and Methods
2.1. Tissue Culture, Transfections and Viability Assay

For RNA immunoprecipitation (RIP) experiments, we used previously established
osteosarcoma-derived (143B.TK™) cybrid cell lines from MELAS patients and controls [16].
For all the other experiments, we used MELAS cells provided by Prof. A. Filipovska
(University of Western Australia). Cybrids were cultured (37 °C, humidified 5% CO,)
in Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza, Basel, Switzerland) supple-
mented with 10% (v/v) foetal bovine serum (FBS, ThermoFisher Scientific, Carlsbad, CA,
USA), 1 mM sodium pyruvate, 1 x non-essential amino acids, 50 ug/mL uridine, and 1x
Antibiotic-Antimycotic (Euroclone, Milan, Italy).
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The recombinant expression vector pcDNAG6.2 bearing FLAG-tagged Cterm for tran-
sient transfections was prepared as follows. The insert was obtained by PCR using
the plasmid MTS-Cterm-FLAG [16] as a template and the following primers: For 5'-
CACCATGTCCGTCCTGACGCCG-3' and Rev 5'-CTACTTATCGTCGTCATCCTTGTAATC-
3'. The amplicon was cloned into the pcDNA6.2/V5/GW /D-TOPO® vector (Invitrogen,
Waltham, MA, USA) according to manufacturer’s instructions. Both Cterm and mock
(empty vector) constructs were confirmed by sequencing. Transfections were carried out
using the DNA constructs and Lipofectamine™ 3000 Transfection Reagent (ThermoFisher
Scientific, Carlsbad, CA, USA) following manufacturer’s recommendations.

For the cell viability assay, cybrids were transfected in 6-well plates and maintained
in glucose standard medium. After 24 h of transfection, cells were harvested, seeded at a
lower confluency (1.5 x 10° cells/well), and grown for an additional 24 h in either standard
medium or galactose medium [glucose-free DMEM (Sigma Aldrich, St. Louis, MO, USA)
supplemented with 5 mM galactose, 1% sodium pyruvate, and 10% FBS]. Finally, cells
were harvested and counted in triplicate by a TC20TM automated cell counter (Bio-Rad,
Hercules, CA, USA) in the presence of trypan blue solution (Sigma Aldrich, St. Louis,
MO, USA).

2.2. Heteroplasmy Determination by PCR/RFLP Analysis

Total DNA was extracted from the cybrids using the Wizard® Genomic DNA Purifica-
tion Kit (Promega, Madison, WI, USA) following manufacturer’s recommendations. For
RFLP analysis, the mtDNA 3243 locus was amplified using primers flanking the mutation,
as follows: For 5-CCTCGGAGCAGAACCCAACCT-3' and Rev 5'-CGAAGGGTTGTAGTA-
GCCCGT-3'. PCR products were digested by Apa I, separated by a 1.5% agarose gel, and
stained with GelRed® (Biotium, Fremont, CA, USA). Heteroplasmy levels were determined
as a proportion of mutant (digested) to wild type (undigested) mtDNA and measured by
ImageQuant TL software (GE Healthcare Life Sciences, Marlborough, MA, USA).

2.3. RNA Extraction and RT-gPCR

Total and immunoprecipitated RNA was extracted with TRIsure™ reagent (Meridian
Bioscience, Cincinnati, OH, USA) and concentration was measured by NanoDrop™ 1000
(ThermoFisher Scientific, Carlsbad, CA, USA). For RT-qPCR, RNA samples were reverse-
transcribed using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher
Scientific, Carlsbad, CA, USA), according to the manufacturer’s instructions. Primers,
as reported in Table 1, were designed using the NCBI Primer-BLAST tool; amplification
reactions were performed using the SsoAdvanced Universal SYBR® Green Supermix (Bio-
Rad, Hercules, CA, USA) and analysed with the Applied Biosystem 7500 Fast Real-Time
PCR System (ThermoFisher Scientific, Carlsbad, CA, USA). Relative quantification of the
qPCR products was achieved by comparative Ct method; statistical analysis was performed
using the unpaired two-tailed Student’s ¢-test.

2.4. Whole Cell Extracts Preparation and Mitochondria Isolation

Whole cell extracts were obtained by solubilization in RIPA buffer (25 mM Tris-HCI,
pH 7.6; 150 mM NaCl; 1% NP-40; 1% sodium deoxycholate; 1% SDS) with protease inhibitor
cocktail (Sigma Aldrich, St. Louis, MO, USA). Extracts were cleared by 5 min centrifugation
at 10,000 x g, snap-frozen, and stored at —80 °C.

The mitochondria were isolated using differential centrifugation. Briefly, confluent
cells (6-10 x 107) were washed twice in cold PBS, harvested by scraping, and pelleted at
800 g for 7 min at 4 °C. Cells were broken by adding 10 mL of cold mitochondria isolation
buffer (MIB: 20 mM HEPES, pH 7.6; 220 mM mannitol; 70 mM sucrose; 1 mM EDTA;
2 mg/mL BSA; 1 mM AEBSF), left on ice for 20 min, and homogenized by 15 strokes using
a Thomas homogenizer with a motor-driven Teflon pestle. Homogenate was centrifuged
at 800x g for 5 min at 4 °C and the supernatant was subsequently spun at 10,000x ¢
for 10 min at 4 °C. Crude mitochondrial pellets were washed by suspending in 20 mL
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of MIB without BSA and centrifuged at 10,000 x g for 10 min at 4 °C. The mitochondria
were suspended in a small volume of MIB without BSA, and protein concentration was
determined by the Bradford protein assay. The mitochondria were snap-frozen in liquid
nitrogen and stored at —80 °C.

Table 1. Primer sequences used for RT-qPCR analyses.

Amplicon Primer Sequence
mt-tRNALeu(UUR) For: GTTAAGATGGCAGAGCCC
Rev: GAAGAGGAATTGAACCTCTGAC
RNA19 For: TATACCCACACCCACCCAAG
Rev: GCGATTAGAATGGGTACAAT
mt-tRNALys For: ATAGGGCCCGTATTTACCCTA
Rev: ATACGGTAGTATTTAGTTGG
mt-tRNATyr For: TGGTAAAAAGAGGCCTAACCC
Rev: ATGGCTGAGTGAAGCATTGG
ND4 mRNA For: CCATTCTCCTCCTATCCCTCAAC
Rev: CACAATCTGATGTTTTGGTTAAAC
12S rRNA For: ACACTACGAGCCACAGCT
Rev: GCTACACCTTGACCTAACGTC
Cterm For: AAATTCCTGTGCCCCAACAA
Rev: CTACTTATCGTCGTCATCCT
185 rRNA For: GTAACCCGTTGAACCCCATT

Rev: CCATCCAATCGGTAGTAGCG

2.5. RNA Immunoprecipitation

The MELAS cybrids were stably transfected with either MTS-Cterm-FLAG construct
or an empty vector (mock) [16] (90% confluency), grown in 2 x 500 cm? square dishes
(Corning, Corning, NY, USA), washed with PBS, crosslinked in 1% formaldehyde-PBS
solution for 10 min at room temperature, and then treated with 0.125 M glycine, pH 7.0, for
5 min. The mitochondria were isolated as described above, using a different mitochondria
isolation buffer (10 mM Tris-HCI, pH 7.4; 600 mM mannitol; 1 mM EGTA; 0.1% BSA;
1 mM PMSF).

Mitochondrial proteins (600 ug) were immunoprecipitated by anti-FLAG M2 affinity
gel (Sigma Aldrich, St. Louis, MO, USA), as reported elsewhere [18]. After crosslink
reversion, immunoprecipitated RNA was extracted as described above; isopropanol pre-
cipitation was carried out overnight in the presence of 5 ug of glycogen (Roche, Basel,
Switzerland) as a carrier. Mitochondrial RNAs in the immunoprecipitate were identified
and quantified by RT-qPCR.

2.6. SDS-PAGE, BN-PAGE and Immunoblotting

For SDS-PAGE, whole cell proteins (40-100 ug, depending on the proteins being
probed) were solubilized in 1x Laemmli buffer and separated by 12% Tris-Glycine
-5DS minigels.

Blue-native PAGE (BN-PAGE) analysis was performed using NativePAGE Novex
Bis-Tris Gel System (Invitrogen, Waltham, MA, USA) according to the manufacturer’s
recommendations. The mitochondrial pellets (40 ug) were solubilized in 50 uL of the
NativePAGE Sample Buffer containing dodecylmaltoside (detergent/protein ratio 6:1) and
1 mM AEBSF. After 20 min on ice, samples were centrifuged at 20,000 g for 30 min at 4 °C.
Supernatants were supplemented with NativePAGE G250 Sample Additive (concentration
in the sample was 1/4th to 1/2nd of the detergent concentration) and 15 pg/lane were
fractionated through 3-12% NativePAGE Novex Bis-Tris gel at 4 °C.

For western blotting, gels were electro-transferred at 4 °C for 2 h (OXPHOS subunits)
or over-night (all the other proteins) onto polyvinylidene difluoride (PVDF) membranes
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(Millipore, Burlington, MA, USA). Immunoblotting was performed according to standard
techniques. Primary antibodies (all from Abcam, Cambridge, UK; diluted 1:1000 except
where differently indicated) were as follows: total OXPHOS antibody cocktail (1:250),
anti-BNIP3, anti-BNIP3L /NIX, anti-citrate synthase, anti-SDHA, anti-COX I, anti-ATP5A,
anti-UQCRC2, and anti-NDUFA9. Detection was performed with the HRP-conjugated
secondary antibody (Bio-Rad, Hercules, CA, USA). Chemiluminescent detection was
achieved using Amersham ECL™ Prime Western blotting detection reagent (GE Healthcare
Life Sciences, Marlborough, MA, USA) or Clarity Western ECL substrate (Bio-Rad, Hercules,
CA, USA); signals were revealed by ChemiDoc MP Imaging System (Bio-Rad, Hercules,
CA, USA).

2.7. [35S]-Labelling of Mitochondrial Translation Products

Exponentially growing cells in a 12-well plate were washed twice with methionine-
free DMEM and incubated for 1 h at 37 °C with 300 uCi/mL [**S]-methionine (Perkin
Elmer, Waltham, MA, USA) in 300 pL of methionine-free DMEM supplemented with 10%
dialysed FBS, emetine (100 ug/mL), and cycloheximide (100 ng/mL). After the radioactive
pulse, cells were washed twice with phosphate-buffered saline (PBS) and finally dissolved
in denaturing buffer (3% SDS; 60 mM Tris-HCI, pH 8; 10 mM sucrose, 2 mM EDTA, 5%
-mercaptoethanol). Aliquots (20 ug) of total cell proteins were separated by 15% SDS-
polyacrylamide gels and signals were detected by Typhoon FLA 9500 phosphorimager
(GE Healthcare Life Sciences, Marlborough, MA, USA). Assessment of protein loading was
achieved by Coomassie blue staining.

2.8. High Resolution Northern Blot Analysis

High-resolution northerns were carried out as described in [19] with modifications.
Total RNA (5 ug) was separated by 15% polyacrylamide-8 M urea gels and electroblotted
to Hybond®-N+ nylon membranes (GE Healthcare Life Sciences, Marlborough, MA, USA).
After transfer, RNA was crosslinked to the membranes at 37 °C for 1 h with freshly prepared
EDAC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, Sigma Aldrich, St. Louis, MO,
USA] reagent. Probes (Table 2) were labelled with non-radioactive digoxigenin-dUTP using
the DIG Oligonucleotide Tailing Kit, 2nd Generation (Roche, Basel, Switzerland), following
the manufacturer’s recommendations. Pre-hybridization, hybridization, washing, and
anti-DIG-AP (Roche, Basel, Switzerland; 1:10,000) incubation were carried out, as detailed
elsewhere [20]. Chemiluminescence signals were detected by ChemiDoc MP Imaging
System (Bio-Rad, Hercules, CA, USA).

Table 2. Oligonucleotides used for DIG-northern analyses.

Target Probe Sequence
mt-tRNALeu(UUR) TATGCGATTACCGGGCTCTGCCATCTTAAC
mt-tRNAGlu TATTCTCGCACGGACTACAACCACGAC

55 rIRNA GGGTGGTATGGCCGTAGAC

For mt-tRNALeu(VUR) aminoacylation analysis, the same procedures as above were
followed, except that total RNA was dissolved in acidic buffer (10 mM sodium acetate,
1mM EDTA, pH 5.2) and electrophoresed at 4 °C through acid (pH 5.2) 12% polyacrylamide-
8 M urea gels to separate charged and uncharged tRNA pools.

2.9. Complex IV Activity Determination

Mitochondrial cytochrome c oxidase (complex IV) activity was measured spectropho-
tometrically, essentially as described in [21] with some modifications. Cells were suspended
in hypotonic 20 mM potassium phosphate buffer (pH 7.4) and subjected to three cycles
of freezing and thawing. Enzymatic activity was measured at 37 °C in an assay mixture
composed of 25 mM phosphate buffer (pH 7.0), 0.75 uM n-dodecyl-3-D-maltoside, and
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50 uM reduced cytochrome c. The reaction started following the addition of 50 pug of cell
protein in a final volume of 1 mL. The specific activity of the enzyme was expressed as
nmol of cytochrome c oxidized/min per mg of cell protein. The cyanide-insensitive rate of
cytochrome c oxidation was measured and subtracted.

2.10. Mitochondrial Oxygen Consumption Measurement

The mitochondrial oxygen consumption rate (OCR) was calculated by subtracting
non-mitochondrial OCR from cellular OCR. This was measured with a Clark-type oxygen
electrode (Hansatech Instruments Ltd., King’s Lynn, UK). Oxygen consumption in intact
cybrids was measured at 37 °C in 0.5 mL of fresh culture medium lacking glucose, supple-
mented with 10% foetal bovine serum and 1 mM sodium pyruvate, using a concentration
of 2 x 10° cells/mL. Non-mitochondrial oxygen consumption was measured following
the addition of 2 uM rotenone and 1.6 M antimycin A. Results were expressed as nmol
O, /min per 10° cells.

2.11. Lactate Assay

L-lactate production in cell culture medium was measured by spectrophotometrically
monitoring NADH formation following its oxidation to pyruvate in the presence of lactate
dehydrogenase (LDH). Briefly, non-transfected and transfected cybrids were grown in
6-well plates, and media were collected and centrifuged at 10,000 g for 5 min. Aliquots
of the supernatant (4-12 pL) were added to a reaction mixture containing 2.5 mM NAD",
320 mM glycine, pH 9.5, 320 mM hydrazine, and 5.8 U of bovine heart LDH (Sigma Aldrich,
St. Louis, MO, USA). Reactions were carried out at 25 °C and followed for approximately
15 min.

3. Results
3.1. Cterm Domain Interacts with the Mutated mt-tRNALeuUUR) in MELAS Cybrids

The previously reported rescuing activity of the LARS2 carboxy-terminal domain
(Cterm) overexpressed in MELAS mutant cybrids was explained by assuming that Cterm is
able to interact with mutated mt-tRNALeu(VUR) [14]. However, such interaction had only
been characterised in vitro. Therefore, we decided to investigate the capacity of Cterm to
bind mt-tRNALeu(Y"R) in cultured cells. In addition, we explored whether this molecule is
able to interact with other mitochondrial RNA species, since it is well documented that
aaRSs also have the ability to bind non-tRNA substrates [22]. We employed a MELAS
cybrid line with a >95% mutation load that stably overexpressed the FLAG-tagged Cterm
construct. Firstly, we assessed the Cterm expression by RT-qPCR (Figure S1). Next, we
performed RNA immunoprecipitation (RIP) analysis in mitochondrial lysates from MELAS
cybrids to identify the RNA species specifically contacted by the Cterm domain. RNA
was extracted from complexes immunoprecipitated via anti-FLAG M2 Affinity Gel, and
the relative levels of mature mt-tRNALeu(VUR) and its precursor RNA19 (16S rRNA +
mt-tRNALeuVUR) + ND1 mRNA) as well as two mitochondrial tRNAs (mt-tRNALys and
mt-tRNATyr), ND4 mRNA and 12S rRNA, were measured by RT-qPCR (Figure 1). In
the case of mature mt-RNAs, primers were internal to the mature RNA sequences; for
RNAT19, primers were designed outside the mt-tRNALeuUUN | with forward and reverse
(see Table 1) placed on the 165 rRNA and ND1, respectively.

We found that the mature and precursor forms of mt-tRNALeu(VUR) exhibited a 6- and
8-fold enrichment, respectively, in immunoprecipitated RNA from Cterm-overexpressing
cells with respect to cells transfected with an empty vector (mock) (Figure 1 and Figure
S2). An enrichment was also measured for the other examined mitochondrial RNA species,
although to a lesser extent. These results clearly demonstrate that: (i) a specific interaction
occurs between the Cterm domain and its cognate target tRNALeu(UUR) in MELAS cybrids,
in agreement with the direct interaction previously demonstrated to occur in vitro [14]; and
(ii) the Cterm also interacts with other mt-tRNAs as well as different species of mt-RNAs.
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Figure 1. Cterm domain interacts with mutated mt-tRNALeu(VUR) in MELAS cybrids. Relative quan-
tification of mt-RNA species by RT-qPCR was achieved on the Cterm complexes immunoprecipitated
with anti-FLAG antibodies from MELAS cybrids stably expressing FLAG-tagged Cterm. Values
are referred to immunoprecipitated RNAs obtained from MELAS cybrids stably transfected with
empty vector (mock), fixed as 1-value (dashed line). The amount of analysed mt-RNA species in the
input was used as endogenous control. Results are presented as the mean + S.D. Statistical analysis
was performed on three independent biological replicates using two-tailed Student’s t test; asterisks
(**, p < 0.01; ***, p < 0.001) indicate the significance of the enrichment of each analysed mt-RNA
in Cterm-overexpressing cells with respect to mock. Individual data points are depicted by white
diamond-shaped dots. Normal distribution of the six examined mt-RNAs was confirmed by the
Shapiro-Wilk test; means were simultaneously compared by one-way ANOVA («: 0.05). Lower table
reports the post-hoc Tukey’s test p-values relative to compared pairs of samples (red: statistically
significant; green: not statistically significant).

3.2. Cterm Rescues Viability and Mitochondrial Translation in MELAS Cybrids

It is known that, in the vast majority of the cases, the MELAS 3243A>G mutation
results in a molecular phenotype characterized by a defective mitochondrial protein synthe-
sis [9-11]. Therefore, we decided to assess the impact of Cterm peptide on mitochondrial
translation efficiency. Since the cybrid lines used for RIP experiments and in previous
work [14-17] do not show defects in mitochondrial protein synthesis, from here on we
employed a MELAS cybrid cell line (kindly provided by Prof. A. Filipovska, University
of Western Australia) that displays a depressed mitochondrial translation phenotype (see
below). In these cells, mtDNA heteroplasmy analysis indicated a 3243A>G mutation load
of ~94% (Figure S3). As a first step, we tested how this system of MELAS cybrids responded
to Cterm overexpression in terms of cell viability. The experiment was designed as follows.
Cells were routinely propagated on glucose; non-transfected (wild-type or control and
MELAS) and transiently transfected MELAS cells (empty vector or mock, and Cterm-FLAG
overexpressing vector or Cterm) were transferred in either glucose or galactose medium.
The latter forces cells to rely on the mitochondrial respiration for ATP synthesis through
pyruvate oxidation because conversion of galactose to pyruvate yields no net ATP. On the
contrary, the production of pyruvate via glycolytic metabolism of glucose yields two net
ATP molecules [23]. Viable cells were counted after 24 h. As expected, a significant growth
decline in galactose was observed for MELAS cells as compared to wild-type cybrids
(Figure 2a). Most importantly, MELAS cybrids transfected with the Cterm-expressing
vector showed a significant increase in viability with respect to mock and non-transfected
cells. The restored viability was comparable to that of wild-type cells. For each transfection
experiment, Cterm expression was assessed by RT-qPCR (Figure S4). These results indicate
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that Cterm is able to rescue the cell viability in line with what was previously reported on
different MELAS cybrid cell lines [14,16].
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Figure 2. Cterm rescues viability and mitochondrial translation in MELAS cybrids. (a) Viability of
wild-type control cybrids (C) and MELAS cybrids either non-transfected (-) or transiently transfected
with an empty pcDNA6.2 vector (mock) or a Cterm-overexpressing vector (Cterm) evaluated after
24 h-incubation in galactose medium. The number of viable cells in galactose was normalized to
the number of viable cells in glucose. Results are presented as the mean + S.D. Statistical analysis
was performed on three independent biological replicates using two-tailed Student’s t test; asterisks
(***, p < 0.001) indicate the significance of the decreased viability in MELAS cells with respect to
the control. Normal distribution of MELAS samples was confirmed by the Shapiro-Wilk test and
means were simultaneously compared by one-way ANOVA («: 0.05) followed by post-hoc Tukey’s
test; degree symbols (°°°, p < 0.001) refer to the significance of the increase in cybrids overexpressing
Cterm with respect to the non-transfected and mock. Individual data points are depicted by white
diamond-shaped dots. (b) Metabolic [**S]-methionine labelling of mitochondrial translation products
performed in wild-type cybrids (C) and in MELAS cybrids detailed in (a). Pulse-labelling (1 h) was
carried out 48 h after transfection; total cell protein (20 ng) were separated by 15% SDS-PAA gels.
Mitochondrially encoded polypeptides were assigned, as in [24]. Coomassie blue staining (CBS) of
the gel was used as loading control. (c) Metabolic [°S]-methionine labelling as in (b), except that
labelling was performed 72 h after transfection (left panel). Labelling of MELAS cells treated with
the transfection reagent only (lipof.) was also carried out (right panel).

To assess the Cterm effect on de novo synthesis of mtDNA-encoded polypeptides,
protein labelling was performed on 48- and 72-h transfected cells in the presence of [3°S]-
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methionine and inhibitors of cytosolic translation cycloheximide and emetine. For the 72-h
transfection, cells were subjected to additional stress by not replacing the growth medium;
this caused medium acidification and accumulation of cellular metabolism by-products.

In all of these experiments, the protein labelling pattern of wild-type cells showed
the typical profile of mitochondrial products (Figure 2b,c, Figures S5 and S6). A general
consistent decrease in protein synthesis, which was much more pronounced after 72-h
transfection, was observed in MELAS cybrids (Figure 2b,c and Figure S7). Interestingly,
Cterm transient overexpression was able to significantly rescue most of the protein synthesis
defect observed in MELAS cells. Unexpectedly, mock cells exhibited a partial recovery of
the newly synthesized polypeptide level. The mock stimulating effect does not seem to
depend on the pcDNAG6.2 plasmid since two different wild-type plasmids, namely pBAD
and pQEG60, caused a similar increase (Figure S8). However, transfection with the vector-
bearing Cterm construct clearly induced a better recovery of the deficit observed in MELAS
cybrids. Finally, to rule out any stimulating effect of the transfection reagent, we performed
a protein labelling experiment in the presence of lipofectamine only, showing no effect
(Figure 2c, right panel).

3.3. Cterm Has No Effect on mt-tRNALeu"UR) Steady-State Level and Aminoacylation

Additional distinctive features of cells carrying the MELAS mutation are the decreased
steady-state level and aminoacylation efficiency of mt-tRNALeuVUR), due to 3243A>G
substitution that would cause structural destabilization of the mutated tRNA, making it
prone to degradation. Thus, the interaction of Cterm with mt-tRNALeu(VUR) might serve
to protect the tRNA against misfolding, preventing its degradation. In view of this, Cterm
overexpression in MELAS cybrids would result in a recovery of the mt-tRNALeu(VUR)
steady-state level. To test this hypothesis, we measured the mt-tRNALeu(VUR) content
by high-resolution northern blot analysis. As shown in Figure 3a, the steady-state level
of mt-tRNALeu(UVUR) remarkably decreased in MELAS cells, with no recovery effect in
the cells transfected with Cterm and mock as well as with pBAD or pQE60 plasmids
(Figure S9). As a control, we showed that the level of mt-tRNAGIlu was unchanged in all
analysed conditions.

Since the observed increase in mitochondrial protein synthesis apparently did not
seem to be related to the mt-tRNALeu(VUR) steady-state level, we investigated whether
Cterm overexpression could somehow improve the aminoacylation efficiency of mutated
mt-tRNALeu(VUR) by rendering the bound tRNA more accessible to the aminoacyl-tRNA
synthetase. Our results, however, seem to rule out such a possibility because we did not
find any increase in the level of mt-tRNALeuVUR) aminoacylation in Cterm-overexpressing
cybrids (Figure 3b).

3.4. Cterm Does Not Affect Mitochondrial Bioenergetic Competence, Mitophagy and
Mitochondrial Mass

We then tested whether the observed rescuing effect of the Cterm domain on mito-
chondrial protein synthesis reflects into any improvement of the oxidative phosphorylation
capacity. First, the steady-state level of the five subunits representative of the OXPHOS
system was analysed by SDS-PAGE and immunoblotting (Figure 4a and Figure S10, up-
per panel).

MELAS cells showed a severe decrease in NDUFBS, a nuclear-encoded subunit of
complex I and COX, a mitochondrial-encoded subunit of complex IV, whilst the nuclear-
encoded SDHB (complex II), UQCRC2 (complex III) and ATP5A (complex V) were un-
changed. Cterm overexpression was unable to rescue the levels of both NDUFB8 and COX
I subunits. Then, we measured the levels of the assembled respiratory chain complexes
by immunoblotting of crude mitochondrial fractions solubilized with dodecylmaltoside
and resolved by BN-PAGE (Figure 4b and Figure S10, lower panel). This analysis showed
that complex IV was markedly diminished in MELAS cells, as was complex I alone and
in association with complex III (I+III). This is mostly in line with the data reported in
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literature, showing that combined complexes I-IV deficiency is a general feature of MELAS
patients carrying the m.3243A>G mutation [26]. Upon Cterm overexpression, no increase
in the content of the affected respiratory complexes was detected, which is in accordance
with the immunoblot data relative to the OXPHOS subunits after SDS-PAGE (see Figure 4a).
Immunodetection of complex V in wild-type control cells using antibodies against subunit
alpha (ATP5A) revealed the presence of complex V holoenzyme along with a very small
amount of F1-containing sub-complexes, most likely V* (F1-ATPase with several c-subunits)
and F1-ATPase domain alone (Figure 4b). We observed a similar complex V profile in the
MELAS mitochondrial fraction, except that a marked increase in the sub-complex V* was
found. Furthermore, Cterm overexpression did not cause any change in the complex V
profile in MELAS cells.
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Figure 3. Cterm has no effect on mt-tRNALeu(UUR) steady-state level and aminoacylation. (a) Steady-

state levels of mt-tRNALeuUUR) and mt-tRNAGlu in control (C) and MELAS cybrids, either non-
transfected (-) or transfected with empty pcDNA6.2 vector (mock) or Cterm-overexpressing vector
(Cterm), were determined by high-resolution northern blot analysis with the indicated specific
oligonucleotide probes. Each of the three DIG-labelled oligonucleotides detected a band correspond-
ing to the size expected for mt-tRNALeuUUR) (78 nt), mt-tRNAGlu (72 nt), and 55 rRNA (120 nt,
used as loading control), respectively. The asterisk (*) indicates a non-specific band detected by
mt-tRNALeu(UUR) probe. (b) The aminoacylation levels of mt-tRNALeuVUR) in wild-type cybrids
(C) and MELAS cybrids [same as described in (a)] were estimated by acidic high resolution northern
blot analysis. DIG-labelled oligos, as in (a), were probed to mt-tRNALeuUUR) and 55 rRNA. Positions
of aminoacylated and deacylated tRNA (80 °C for 15 min at pH 8) are indicated on the left and are in
agreement with Chomyn et al. [25].

We assessed COX activity in control and MELAS cells by spectrophotometric assay
(Figure 4c), detecting a decrease in MELAS cybrids as expected, given the strong decline
in assembled CIV (see Figure 4a). Following overexpression of Cterm, there was no
recovery of COX activity in MELAS cells. In line with these data, the mitochondrial oxygen
consumption rate of Cterm-transfected cybrids did not increase (Figure 4d); furthermore,
lactate production, which was higher in MELAS cells given their prevalent glycolytic
metabolism, was not affected by Cterm overexpression (Figure 4e).
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Figure 4. Cterm does not improve mitochondrial bioenergetic competence. (a) SDS-PAGE western
blot analysis of representative subunits of complex I (NDUFBS), II (SDHB), III (UQCRC2), IV (COX
I, mtDNA-encoded) and V (ATP5A or alpha subunit). Immunoblot was carried out using total
OXPHOS antibody cocktail (Abcam). Coomassie blue staining (CBS) of the membrane was used
as transfer control. (b) Blue-native PAGE western blot analysis of the respiratory chain assembled
complexes in cybrid cells. Holoenzyme complexes and sub-complexes were visualized by single
primary antibodies, as follows: NDUFA9 for complex I, UQCRC?2 for complex III, COX I for complex
IV, ATP5A for complex V, and SDHA for complex II (used as loading reference). F1-ATPase domain
alone (F1) and with several c-subunits (V*) are also indicated. (c) Measurement of cytochrome ¢
oxidase (complex IV) activity in whole cybrid cells. Enzymatic activity is expressed as nmol of
cytochrome ¢ oxidized /min per mg of proteins. (d) Mitochondrial oxygen consumption rate in
intact cybrids. Each value is expressed as nmol of O, /min per 10° cells. (e) Extracellular lactate
levels were measured in cell growth media, normalized to total cellular proteins and expressed
as fold change relative to control cells (fixed as 1-value). In panels (c—e), results are presented as
the mean £ S.D. and statistical analyses were performed on at least three independent biological
replicates using two-tailed Student’s t test; asterisks (**, p < 0.01; ***, p < 0.001) indicate the significance
of variations in MELAS samples with respect to the control. Individual data points are depicted by
white diamond-shaped dots. For all the panels, cells were as previously specified.

To further asses the biochemical effect of Cterm on transfected cybrids, we evalu-
ated mitochondrial degradation in control and MELAS cells by examining the levels of
mitophagy receptors BNIP3 and BNIP3-like (BNIP3L)/NIX (Figure 5). The results showed
a marked NIX increase in MELAS non-transfected cells with respect to controls, in agree-
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ment with previous results, showing that mitophagy activation occurs in MELAS cells to
eliminate dysfunctional mitochondria [27,28]. The expression of BNIP3, instead, remained
almost unvaried in MELAS cells as compared to controls, suggesting a little impact of
this receptor on mitophagy in our MELAS cybrids. However, Cterm overexpression did
not substantially alter the expression level of either protein, which remained unchanged
with respect to non-transfected MELAS cells. We also examined mitochondrial mass by
immunoblot analysis of citrate synthase amount, a mitochondrial matrix enzyme whose
level correlates with mitochondrial mass. We found that citrate synthase levels were
similar in control and MELAS cells, and did not change in Cterm-overexpressing cells
(Figure 5). Collectively, these findings indicate that Cterm overexpression had no impact
on mitophagy and mitochondrial content.
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Figure 5. Cterm does not affect mitophagy and mitochondrial mass. Western blot analysis of NIX,

BNIP3 and citrate synthase was performed on whole cell lysate. Coomassie blue staining (CBS) of
the membrane was used as a loading and transfer control.

4. Discussion

Mitochondrial encephalopathy with lactic acidosis and stroke-like episodes (MELAS)
syndrome is among the most studied neurodegenerative mitochondriopathies. In 80% of
cases, this pathology is associated with the point mutation A3243G in the mt-tRNALeuUUR)
gene [29,30]. The MELAS mutation disrupts the tertiary structure of the mutant tRNA,
resulting in various defects spanning from improper RNA processing with accumula-
tion of a large polycistronic precursor transcript to decreased tRNA stability and both
aminoacylation and Tm®U34 wobble posttranscriptional modification deficiency [31-33].
All of these defects are causative factors of impaired mitochondrial translation typical of
MELAS syndrome.

Numerous studies performed in yeast [34] and human cell lines [13-16] highlighted the
ability of the LARS2 carboxy-terminal domain (Cterm) to interact with several mt-tRNAs,
including the cognate mt-tRNALeu(VU®), and to relieve cell growth and respiration defects
due to mt-tRNA mutations. Furthermore, a similar rescuing effect by short Cterm-derived
peptides was also observed in human MELAS cybrids [17].

The exact molecular mechanism of this rescue activity remains unclear, although a
chaperonic effect by Cterm on the mutated tRNA has been proposed, whereby the Cterm
would stabilize a functional tRNA conformation and attenuate the detrimental effects of mt-
tRNA mutation. In light of this, we decided to undertake a study aimed at elucidating the
molecular effect of Cterm on the mitochondrial function in MELAS cybrid-transfected cells.

Here, as a starting point of our investigation, we showed that overexpressed Cterm
was capable to interact with the mutated cognate mt-tRNALeu(VUR) in cultured cybrids;
this finding is in line with the obtained in vitro results and proposed chaperonic effect of
Cterm domain [14-17]. Then, we assessed whether Cterm was able to relieve mitochondrial
molecular defects in a MELAS cell line characterised by depressed mitochondrial transla-
tion. In parallel with a significant increase in cell growth, we observed a mild but consistent
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enhancement of de novo mitochondrial protein synthesis. The latter result is likely me-
diated by the observed interaction between Cterm and the mutated mt-tRNALeuUUR),
However, our results indicate that the amelioration of both cell viability and de novo protein
synthesis was not paralleled by a detectable increase in either steady-state level or aminoa-
cylation efficiency of mt-tRNALeuUUR). Failure to increase the level of mt-tRNALeu(UUR)
is actually not surprising because previous reports suggested that the chaperonic activity
of Cterm would improve the function of mutated tRNALeu(VUR) by stabilizing its shape
rather than preventing the degradation [16]. Mitochondrial tRNAs are known to have
great structural instability compared to the bacterial counterparts [35], which explains why
stabilizing proteins in general can improve mt-tRNA aminoacylation, especially in the
presence of destabilizing mutations (as discussed in [13]). In this framework, it is puzzling
that we could not detect a clear enhancement of tRNALeu(YYR) aminoacylation by the sta-
bilizing molecule Cterm. One possible explanation is that, since mutated mt-tRNALeu(VUR)
levels in MELAS cells are very low (as we show here) and only a fraction of the tRNA
would reasonably undergo aminoacylation by the intervention of Cterm, the signal of
aminoacylation enhancement would be below the detection limit of the technique we used
in this experiment. The improvement of mitochondrial translation driven by the Cterm
domain could also be ascribed to the capacity of the peptide to restore wobble taurine
modification on the mutated tRNA or to improve interactions with the ribosome or with
other proteins required to exert its function.

We showed here that Cterm is able to bind not only the mature mt-tRNALeu(WVR)
but also its precursor, named RNA19. This is a polycistronic transcript including 165
rRNA, mt-tRNALeu(UUR), and ND1 mRNA, which accumulates because of processing
defects caused by the mutated tRNA. Increased levels of RNA19 have been described
in MELAS cells carrying the A3243G mutation [9,36] and also in cybrids bearing the mt-
tRNALeuWUR) A3302G mutation [37]. Attardi and colleagues [25] provided evidence for
defective polysome formation in MELAS cells, which could lead to mRNAs degradation re-
sulting in a decreased translation rate. A possible cause of functionally deficient polysomes
could be that RNA19 is incorporated into ribosomes rendering them rate-limiting for
translation [31]. In light of this, the observed increase in mitochondrial protein synthesis in
Cterm-overexpressing cells might be due to the ability of the Cterm to sequester RNA19
and/or promote its correct processing, minimizing the accumulation of such an abnor-
mal RNA processing transcript. This hypothesis is also in agreement with our RIP data,
which show a preferential enrichment of RNA19, notwithstanding the higher physiological
amount of mature mt-tRNALeu(VUR) with respect to its precursor.

A puzzling finding of our study is that the observed rescuing did not correspond to
an improvement in the analysed bioenergetic aspects. Steady-state levels of representative
OXPHOS subunits of complex I and IV remained low in the MELAS cybrids overexpressing
Cterm, as did the level of assembled complex I and IV. Accordingly, complex IV activity
and mitochondrial oxygen consumption rate did not recover in the presence of the Cterm
domain. Moreover, Cterm expression did not influence the higher glycolytic flux peculiar
of MELAS cells, as shown by lactate measurement. Interestingly, our MELAS cell line
displayed a strong accumulation of ATP synthase F1-c subcomplexes, named V*. It was
shown in cultured cells [38] that intermediate subcomplexes V* increase when mitochon-
drial translation is inhibited by doxycycline, indicating that, in order for the subcomplex to
evolve to the fully assembled holoenzyme, the mitochondrially encoded subunits ATP6 and
ATPS are needed. The strong increment of subcomplex V* in MELAS cells is in accordance
with the observed decreased level of subunits ATP6 and ATPS8 (see Figure 2). Moreover,
Cterm did not influence the complex V profile either on a quantitative or qualitative basis.
The fact that overexpressed Cterm did not improve these bioenergetic defects could be
explained by assuming that, although increased, the observed translation efficiency is still
below a threshold for respiratory chain improvement. Even a longer timescale of Cterm
expression was not able to produce any increment in the OXPHOS subunit level (data not
shown). In light of this, the slight increase in mitochondrial protein synthesis observed in
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mock cells, which is anyhow lower than that caused by Cterm, has a negligible functional
significance, especially considering that no recovery of cell viability occurs upon mock
transfection. Finally, Cterm peptide had no impact on mitophagy and mitochondrial mass.

It is important to point out that, unlike what has been here described, some of us
reported an increase in oxygen consumption using another MELAS cell line transfected
with Cterm [14,16]. This discrepancy suggests that distinct MELAS cybrid lines may have
peculiar molecular pathways and compensatory mechanisms, in parallel with the various
phenotypes observed in MELAS patients with similar levels of heteroplasmy.

Overall, the reported data tend to exclude that Cterm capacity to restore cell vi-
ability to the wild type level derives from a direct involvement of the mitochondrial
functions analysed herein, suggesting that other mitochondrial pathways, as well as those
extra-mitochondrial, that are possibly triggered by the mitochondrial status are involved.
Mitochondrial dysfunction can influence nuclear gene expression in mammalian systems
by means of retrograde signalling mediated by ROS, Ca?*, ADP/ATP, NAD/NADH,
and non-coding RNAs [39,40]. A study of transcriptional reprogramming conducted in
the MELAS cybrids highlighted various metabolic pathways that are differentially trig-
gered by variations in mtDNA 3243 mutation heteroplasmy [41]. These pathways, which
represent both adaptive and maladaptive cellular responses, refer to a series of genes
related to glycolysis for energy production, antioxidant and redox regulatory systems,
autophagy/mitophagy, apoptosis, chromatin remodelling, and compartment-specific un-
folded protein stress response. In this context, nuclear mRNAs or non-coding RNAs of
either nuclear or mitochondrial origin, such as processed mt-tRNA fragments exported
to the cytoplasm or circular RNAs [40,42-44], may represent possible targets of cytosolic
RNA-binding proteins for regulation of nuclear gene expression. In addition to mitochon-
drial retrograde signalling to the cytoplasm, the full recovery of cell viability might be the
result of Cterm capacity to bind cytosolic RNA targets. This hypothesis is supported by
the observation that: (i) a certain amount of overexpressed Cterm is not imported into
mitochondria and remains in the cytosol [13]; and (ii) Cterm interacts also with non-tRNA
targets (see Figure 1). This circumstance is in accordance with the hypothesis that the
Cterm mode of RNA recognition relies more on structural rather than on specific base—
base interactions, as observed in the available 3D structures of whole LeuRS-tRNALeu
complexes from bacterial species [45]. This feature is reminiscent of the promiscuous RNA
binding mode typical of aaRSs [22,46].

In conclusion, our results on the rescuing ability of Cterm in MELAS cybrids open
up to pathways that, in our cellular model, seem to be independent of the mitochondrial
bioenergetics. Importantly, the demonstration that Cterm has rescuing activity in MELAS
cybrids, in spite of differences in the apparent mechanism of action, strongly supports
the therapeutic potential of the Cterm and of molecules derived thereof [17], opening up
new perspectives for the treatment of mitochondrial diseases. Further work on additional
cellular models, preferably tissue-specific, will be required to fully unveil the molecular
basis of Cterm rescuing activity.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1ife11070674 /s1, Figure S1: Stable expression of Cterm-FLAG transcript, Figure S2: Raw
data from RIP experiments, Figure S3: RFLP analysis and quantification of m.3243A>G heteroplasmy
in MELAS cybrids, Figure S4: Transient expression of Cterm-FLAG transcript, Figure S5: Gel scans
and densitometry data of metabolic [**S]-methionine labelling replicates after 48-h transfection,
Figure S6: Gel scans and densitometry data of metabolic [*>S]-methionine labelling replicates after
72-h transfection; Figure S7: Relative quantification of [3°S]-labelling signals, Figure S8: Effect of
pBAD and pQE60 transfection on metabolic [**S]-methionine labelling of mitochondrial translation
products, Figure S9: Effect of pBAD and pQE60 transfection on mt-tRNALeu(VUR) and mt-tRNAGIu
steady-state levels, Figure S10: Relative quantification of SDS-PAGE and BN-PAGE signals.
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Abstract: FAD synthase is the last enzyme in the pathway that converts riboflavin into FAD. In
Saccharomyces cerevisiae, the gene encoding for FAD synthase is FAD1, from which a sole protein
product (Fadlp) is expected to be generated. In this work, we showed that a natural Fadlp exists
in yeast mitochondria and that, in its recombinant form, the protein is able, per se, to both enter
mitochondria and to be destined to cytosol. Thus, we propose that FAD1 generates two echoforms—
that is, two identical proteins addressed to different subcellular compartments. To shed light on
the mechanism underlying the subcellular destination of Fad1p, the 3’ region of FADT mRNA was
analyzed by 3'RACE experiments, which revealed the existence of (at least) two FAD1 transcripts with
different 3'UTRs, the short one being 128 bp and the long one being 759 bp. Bioinformatic analysis
on these 3'UTRs allowed us to predict the existence of a cis-acting mitochondrial localization motif,
present in both the transcripts and, presumably, involved in protein targeting based on the 3'UTR
context. Here, we propose that the long FAD1 transcript might be responsible for the generation of
mitochondrial Fadlp echoform.

Keywords: FAD synthase; FAD1; mitochondria localization; Saccharonyces cerevisine; mRNA; mitochondrial
localization motif

1. Introduction

Riboflavin (Rf or vitamin B2) deficiency in humans and experimental animals has
been linked to several diseases, such as cancer, cardiovascular diseases, anemia, abnormal
fetal development, different neuromuscular and neurological disorders, some of which are
treatable with high doses of riboflavin. Among the latter, there are the multiple acyl-CoA
dehydrogenase deficiency (MADD) and the Brown-Vialetto—Van Laere syndrome (BVVLS)
(see [1] and refs therein). The role of this vitamin in cell metabolism depends on its conver-
sion into flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), which are
the redox cofactors of a large number of dehydrogenases, reductases, and oxidases. Most of
these flavoenzymes are compartmented in the cellular organelles, where they are involved
in energy production and redox homeostasis as well as in different cellular regulatory
events including protein folding, apoptosis, and chromatin remodeling [2—4]. The rele-
vance of such processes merits further research aimed to better describe flavin homeostasis
and flavoenzyme biogenesis, especially in those organisms that can be simple and suitable
models for human pathologies. The conservation of the main biological processes within all
eukaryotes, together with the possibility of simple and quick genetic manipulation, make
the budding yeast, Saccharomyces cerevisiae, a suitable model to understand the molecular
mechanisms underlying human diseases [5-8].
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Yeasts, as well as other fungi, plants and bacteria, have the ability either to synthesize
Rf de novo or to take it from outside, whereas mammals must obtain Rf from diet. The first
eukaryotic gene coding for a cellular Rf transporter was identified in S. cerevisiae as the
product of the MCH5 gene [9]. More recently, three human Rf transporters have been cloned
and characterized; they belong to a novel family of Rf transporters, namely, REVT/SLC52,
which exhibit no significant similarity to Mch5p [10,11]. Mutations in RFVTs have been
recently linked to BVVLS, a neurodegenerative disorder characterized by cranial nerve
deficits, bilateral sensorineural deafness, respiratory insufficiencies, and the degeneration
of some spinal cord neurons [1,12].

Intracellular conversion of Rf to FAD is a ubiquitous pathway and occurs via the
sequential actions of ATP:riboflavin 5’-phosphotransferase or riboflavin kinase (RFK, EC
2.7.1.26), which phosphorylates the vitamin into FMN, and of ATP:FMN adenylyl trans-
ferase or FAD synthase (FADS, EC 2.7.7.2) that adenylates FMN to FAD. Eukaryotes
generally use two different enzymes for FAD production, whereas most prokaryotes de-
pend on a single bifunctional enzyme [13,14]. The first eukaryotic genes encoding for RFK
and FADS were identified in S. cerevisiae and named FMN1 [15] and FAD1 [16], respectively.

Fmnlp is a 24.5 kDa protein showing a sequence and structure similarity to the
RKF-module of prokaryotic FADS and appears largely conserved through evolution. Im-
munoblotting analysis of subcellular fractions revealed that Fmn1p is localized in micro-
somes and in mitochondria [15]. Orthologs of S. cerevisize FMN1 have been cloned and
the corresponding proteins purified from the yeast Schizosaccharomyces pombe and from
Homo sapiens. The crystal structures of both these proteins have been solved, revealing a
novel ATP and Rf-binding fold [17-19].

Fadlp, the sole known protein isoform generated by S. cerevisine FAD1 gene, is a
35.5-kDa soluble enzyme that is essential for yeast life, whose crystal structure has been
solved in a complex with FAD in the active site [20]. Fadlp is a single-domain monofunc-
tional enzyme belonging to the 3’-phosphoadenosine 5'-phosphosulfate (PAPS) reductase
family and shows little or no sequence similarity to the prokaryotic FAD-forming en-
zymes. The human gene for FADS, named FLAD1 [14,21], generates different alternatively
spliced transcripts encoding different isoforms, most of them containing the PAPS reduc-
tase domain fused with an N-terminal molybdopterin-binding (MPTb) domain with FAD
hydrolyzing activity [22].

Our group previously demonstrated that S. cerevisine mitochondria are able to catalyze
FAD hydrolysis via enzymatic activity, which is different from the already characterized
NUDIX hydrolases and regulated by the mitochondrial NAD redox status [23].

The relevance of FLADI, postulated in our previous papers [24,25], emerged in 2016
when FLADI1 was identified as a novel Riboflavin-responsive MADD disease gene [26].
MADD defines a heterogeneous class of lipid storage myopathies associated with impaired
fatty acid, amino acid and choline metabolisms [27]. In the frame of these studies, a novel
isoform containing the sole PAPS domain, hFADS6, was identified and then characterized
in some detail [28]. The homology modeling of the PAPS reductase domain of human
FADS was performed using the orthologue from Candida glabrata as a template [28].

The simultaneous presence in the same cell of the different FLAD1 transcripts is in
line with a possible different subcellular localization for the different isoforms in mam-
mals. Consistently, the existence of distinct cytosolic, nuclear and mitochondrial FADS
was demonstrated in different rat models [29,30]. The human transcript variant 1 encodes
a 65.3 kDa protein, hFADS1, which contains a predictable mitochondrial-targeting pep-
tide [21]. Mitochondrial localization of hFADS1 was proven in vitro by mitochondrial
import assay and confocal microscopy [29].

Mitochondrial supply of FAD is crucial also in yeast, where it is expected to be deliv-
ered to a number of nascent client apo-flavoenzymes [31]. This occurs in some cases, such
as for the flavoprotein subunit of succinate dehydrogenase (Sdhlp), via an autocatalytic
covalent flavinylation mechanism, which could be assisted by ancillary proteins [32-36].
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The first eukaryotic gene encoding for a mitochondrial FAD translocator was identified
in S. cerevisiaze and named FLX1, whose human orthologue is SLC25A32. Interestingly,
mutations in the SLC25A32 gene have been identified as the cause for RR-MADD [37,38],
thus confirming the essential role of flavin cofactor supply for mitochondrial proteome.

The existence of a mitochondrial FADS isoform in yeast is still controversial as well
as the physiological role of the mitochondrial FAD translocator, Flx1p. Initially, it was
reported that FAD is synthesized by Fad1lp exclusively in the cytosol [16] and, consequently,
imported into mitochondria via Flx1p [39]. However, results from our laboratory showed
that, besides in the cytosol, FAD-forming activities can be specifically revealed in mitochon-
dria, entailing FAD precursors uptake in mitochondria and mitochondrial FAD export to
cytosol via Flx1p [40,41]. Moreover, FAD movement across the mitochondrial membrane
catalyzed by Flx1p plays an additional regulatory role on apo-Sdhlp biogenesis at the
post-transcriptional level [42].

As a matter of fact, the protein responsible for FAD synthesis in S. cerevisiae mito-
chondria remains to be identified and characterized. In this paper, we report the existence
of S. cerevisiae Fadlp as two distinct echoforms localized to both cytosol and mitochon-
dria, and the presence of two populations of FADT mRNAs, which differ for their 3'UTRs.
Whether and how the 3'UTRs play a role in the mechanism that destines Fadlp to either
cytosol or mitochondria will be dealt with.

2. Materials and Methods
2.1. Materials

All reagents and enzymes were from Sigma-Aldrich (St. Louis, MO, USA), Ther-
moFisher Scientific (Waltham, MA, USA) and Merck KGaA (Darmstadt, Germany). Zy-
molyase was from MP Biomedicals (Aurora, OH, USA). Bacto Yeast Extract and Yeast
Nitrogen base were from BD Difco (Franklin Lakes, NJ, USA). Monoclonal antibody against
STREP-tag (x-STREP) was obtained from IBA Lifesciences (Gottingen, Germany), mono-
clonal antibody against actin (x-ACTIN) was from Abcam (Cambridge, MA, USA), sec-
ondary anti-rabbit or anti-mouse IgG antibodies conjugated with peroxidase were from
ThermoFisher Scientific (Waltham, MA, USA). The RNeasy Midi Kit was from Qiagen
(Hilden, Germany). The enhanced AMV Reverse transcriptase kit was from Sigma-Aldrich
(St. Louis, MO, USA). The Dynabeads mRNA Purification kit was from Invitrogen
(Waltham, MA, USA). The Wizard SV Gel and PCR Clean-up system was from Promega
(Madison, WI, USA).

2.2. Yeast Strains and Recombinant Multicopy Plasmids

The wild-type S. cerevisiae strain CEN.PK113-13D (also named EBY157, WT, or K26;
genotypes MATx, MAL2-8°, SUC2 and ura3-52) was previously described in [40,42]. The
CENPK2-1C, derived from the CEN.PK yeast series, was used as a recipient strain to express
a recombinant Fadlp carrying a STREP tag at the N- or C-terminal end. To construct the
multicopy plasmids p426HXT7-FAD1-STREP, p426-MET25-FAD1-STREP, and p426-MET25-
STREP-FAD], the FAD1 gene was cloned by PCR with a selected pair of primers designed
to amplify the complete FADI open reading frame (ORF), skipping the contiguous 5 and
3’ UTR regions. The amplified fragments were cloned into the multicopy plasmid p426-
HXT7-STREP or p426-MET25-STREP using the standard gap-repair procedure. In these
vectors, the recombinant FAD1 construct, encoding Fad1p fused to the STREP tag (Trp-Ser-
His-Pro-GIn-Phe-Glu-Lys) at the N- or C-terminal end, was placed between the HXT7 or
the MET25 promoter and CYC1 terminator. The transformation of the CEN.PK113-13D
and CENPK2-1C strains with the recombinant or empty vectors was carried out according
to the frozen competent cell procedure [43]; the transformed strains were selected for the
presence of URA3 genetic marker, which confers the ability to grow in a minimal synthetic
liquid medium (SM, 6.7 g/L yeast nitrogen base supplemented with 25 mM Histidine,
0.44 mM Leucin and 0.19 mM Tryptophan) without uracil. All the transformed strains used
in this study are summarized in Table 1.
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Table 1. S. cerevisiae strains used in this study.

Strain Multicopy Plasmid
CEN.PK113-13D (EBY157, WT, K26) /
K26 CTR p426-HXT7-STREP
K26 FAD1-STREP p426-HXT7-FAD1-STREP
CENPK2-1C FAD1-STREP p426-MET25-FAD1-STREP
CENPK2-1C STREP-FAD1 p426-MET25-STREP-FAD1

2.3. Media and Growth Conditions

The wild-type K26 cells were grown aerobically at 30 °C with constant shaking
in rich liquid medium (YEP, 10 g/L yeast extract, 20 g/L Bacto Peptone). The K26-
transformed strains were grown aerobically at 30 °C with constant shaking in SM medium.
The CENPK2-1C strain and the novel derived strains (see Table 1) were grown aero-
bically at 30 °C with constant shaking in SM medium. Ethanol, glycerol, galactose or
glucose (2% each) were used as carbon sources. The solid medium (YEP or SM) contained
18 g/L agar.

2.4. Preparation of Cellular Extracts

Cells grown up to the early exponential phase (5 h) were harvested by centrifugation
(8000x g for 5 min), washed with sterile water, resuspended in 250 uL of lysis buffer
(10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 1 mM dithiothreitol, 0.2 mM phenylmethanesul-
fonylfluoride (PMSF), supplemented with one tablet of Roche protease inhibitor cocktail
every 10 mL of lysis buffer), and vortexed with glass beads for 10 min at 4 °C. The super-
natant was removed and centrifuged at 3000 x g for 5 min to remove cell debris.

2.5. Preparation of Spheroplasts, Cytoplasm, Mitochondria, and Submitochondrial Fractions

Spheroplasts were prepared using Zymolyase. Mitochondria and cytoplasm were
isolated from spheroplasts as described in [23,40]. Mitochondria, ruptured by osmotic
shock, were centrifuged at 20,000 g for 30 min to separate the mitochondrial soluble
fraction and the mitochondrial membrane-enriched fraction.

2.6. Western Blotting

Protein from subcellular fractions or from cellular extracts were separated by SDS-
PAGE and transferred onto a PVDF membrane as in [42]. The immobilized proteins
were incubated with either a monoclonal antibody against the STREP-tag raised in mouse
(x-STREP) to detect the recombinant Fadlp or a polyclonal x-FADS antiserum (2000-fold
dilution) raised in rabbit to detect Fad1lp [29]. Immuno-reactive materials were visualized
with the aid of a secondary anti-rabbit or anti-mouse IgG antibody conjugated with peroxi-
dase. PVDF membranes were also probed with monoclonal x-ACTIN antibody (10,000-fold
dilution, raised in mouse), to reveal yeast actin (Actlp).

2.7. RNA Isolation

The RNeasy Midi Kit was used to extract total RNA from WT cells grown up to early
exponential phase. Total RNA concentration was quantified by monitoring absorbance to
260 nm (OD260 nm), RNA integrity was verified by formaldehyde agarose gel electrophoresis
and its purity was evaluated by measuring the OD2g0 nm /OD2gp nm ratio.

2.8. 3 RACE Analysis

3'RACE analysis was performed on poly(A)* RNA obtained from 75 pg of total RNA
using the Dynabeads mRNA Purification kit, according to the manufacturer’s instruc-
tions. The purified poly(A)* RNA was reverse-transcribed using the Enhanced AMV
Reverse Transcriptase Kit and the oligo(dT)-anchor primer [oligo(dT)-AP], according to
the manufacturer’s instructions. The cDNA pool was diluted 10-fold and these were used
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as a template (2.5 uL) for PCR reactions using a gene-specific primer and the AP primer.
The specificity of the first round PCR-amplified fragment was proved by performing a
semi-nested PCR. The sequence of primers, used in this study, are reported in Table 2. The
3'RACE products were separated by 2% agarose gels. The fragments obtained with the
first round PCR were purified from preparative agarose gel by using the Wizard SV Gel
and PCR Clean-up system and then sequenced.

Table 2. Primers used in this study.

Gene Primer Sequence

FADI1A for 5'-ATCGGCGGAATTAACAACTCA-3
FAD1A.rev 5'-TTGCCAAATGCATGAATGATTT-3'

FAD1 FADI1B.for 5'-GCCTAGCGGC GTGATAGTTAA-3
FAD1B.rev 5'-TGCTGGCTTAGTAACGGAATTG-3'
FADI1C for 5'-CATTTGGCAAGGACGCAGAA-3

SDHI SDH1.for 5'-GCCAATTCCTTGTTGGATCTTG-3
SDHI1.rev 5-TGGCAACCCAGGCTGTAAAG-3

ACT1 ACT1.for 5'-TTCCATCCAAGCCGTTTTGT-3'
ACT1l.rev 5'-GGCGTGAGGTAGAGAGAAACCA-3’
Oligo(dT)-AP 5'-GACCACGCGTATCGATGTCGAC(T)14V-3'
APrev 5'-GACCACGCGTATCGATGTCGAC-3'

2.9. Semiquantitative RT-PCR Assay

Semiquantitative RT-PCR assay was performed on 200 ng of total RNA that was
reverse-transcribed using the Enhanced AMV Reverse Transcriptase Kit. The cDNA pool
was diluted 10-fold and 1 uL was used as a template in PCR-amplification using gene-
specific primers (Table 2). Amplification conditions were as follows: 94 °C for 2 min, then
25 cycles of 94 °C for 15 s, 60 °C for 30 s, and 68 °C for 1 min. For each sample, ACT1
mRNA was used as an internal control. SDHI mRNA was used as a control of inducible
expression under nonfermentable carbon source growth conditions.

2.10. Other Assays

Fumarase (FUM), succinate dehydrogenase (SDH) and phosphoglucoisomerase (PGI)
activities were spectrophotometrically measured as in [40,42,44]. Protein concentration
was assayed according to Bradford [45], using bovine serum albumin as the standard.

3. Results
3.1. Mitochondrial Localization of Recombinant Fadlp

Our previous results based on functional approaches showed that, besides in the
cytosol, FAD synthesizing activity can be specifically revealed in mitochondria from
S. cerevisiae [40,46]. This result was somewhat surprising since a single gene, named
FAD1, was reported as coding for a sole cytosolic FADS [16]. FAD1 gene, as normally
occurs in yeasts, has no introns; thus, different transcripts generated by alternative splicing
are not expected. Consistently, a single transcript is reported in the Ensemble database
(http:/ /www.ensembl.org/index.html, accessed on 13 September 2021) from which a sin-
gle translation product, Fadlp, is predictable with NCBI tool ORF finder (www.ncbi.nlm.
nih.gov /orffinder, accessed on 13 September 2021). No mitochondrial-targeting peptide
could be found in this product using several prediction programs, such as iPSORT, Mi-
toProt, TargetP and PSORT II. Concerning these aspects, the yeast FAD1 differs from the
human FLADI gene, which generates alternatively spliced isoforms with different subcel-
lular localizations [29,30]. Nevertheless, one of these isoforms, hFADS6, strongly resembles
the yeast protein Fadlp, showing a high level of conservation for the PAPS reductase
domain (Figure 1).
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Figure 1. Alignment of FAD synthase sequences from yeast and humans. The alignment of yeast
Fadlp with human FAD synthase isoform 6 (hFADS6) was performed by the Pairwise Sequence
Alignment tool available at the EMBL-EBI website. The PAPS reductase domain (InterPro accession:
IPR002500), present in both S. cerevisize Fadlp (amino acids 55-231) and hFADS6 (amino acids
132-286), is underlined and colored in red. Asterisks depict identical residues in the same positions,
whereas colons and periods indicate strongly and weakly similar residues, respectively.

To gain some insight into the cellular destination of Fadlp, we investigated the sub-
cellular localization of the recombinant form of Fadlp carrying the STREP-tag at the
C-terminus and overexpressed in the CENPK2-1C strain (Table 1). Therefore, subcellu-
lar fractions (spheroplasts, mitochondria and cytoplasm) were prepared from CENPK2-
1CFADPI-STREP cells grown in ethanol up to early exponential growth phase and equal
amounts of each fraction were analyzed by immunoblotting using the -STREP antibody
(Figure 2a). Even though the recombinant Fad1p-STREP was enriched in the cytoplasmic
fraction, an evident immuno-reactive band was observed in the mitochondrial fraction,
suggesting a mitochondrial localization for the recombinant Fad1p-STREP. Interestingly,
the recombinant Fad1p-STREP was immunodecorated at the same size both in mitochon-
dria and in cytoplasm. When the STREP-tag was moved from the C- to the N-terminal end,
the ability of the recombinant STREP-Fad1lp to enter mitochondria was completely lost,
accompanied by a significant enrichment in the cytoplasmic fraction (Figure S1).

To further prove the ability of the recombinant Fadlp to enter mitochondria, we
placed Fad1p-STREP expression under the control of HXT7 promoter in the multicopy
plasmid p426-HXT7-FAD1-STREP (Table 1) and used a different genetic strain, namely,
K26. Subcellular fractions were prepared from K26FAPI-STREP cells grown in ethanol
at the early exponential phase and analyzed by immunoblotting carried out with the
a-STREP (Figure 2b). The recombinant protein Fad1p-STREP was immunodecorated at
the same size in both cytoplasm and mitochondria, where it was significantly enriched.
When the K26FAPI-STREP cels were in the presence of the uncoupler carbonyl cyanide-p-
trifluoromethoxy-phenylhydrazone (FCCP), the Fad1p-STREP import into mitochondria
was prevented (Figure 2b), as expected for a process depending on mitochondrial mem-
brane potential [47]. This finding clearly indicates that the recombinant Fad1p is imported
and localized to mitochondria.
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Figure 2. Mitochondrial localization of recombinant Fadlp. Spheroplasts (Sphero), mitochondria
(Mito) and cytoplasm (Cyt) were prepared from CENPK2-1C (a) and K26 (b) cells transformed with
the multicopy recombinant plasmid (Table 1). Both strains were grown up to the early exponential
phase on ethanol. K26FADISTREP ¢o]]s were incubated in the absence or presence of FCCP (25 uM).
Proteins (0.1 mg) were separated by SDS-PAGE, transferred onto PVDF membrane and detected with
either -STREP or x-ACTIN antibodies.

3.2. Natural Fadlp Exists in Mitochondria

To ascertain whether the activity of FADS that we detected inside mitochondria is
actually accountable to Fadlp, we analyzed the subcellular localization of natural Fadlp
in cells grown either on nonfermentable (glycerol and ethanol) or fermentable (glucose
and galactose) carbon sources up to the early exponential phase (5 h) (Figure 3a). A
Fad1p band was detected in mitochondria prepared from glycerol-grown cells by using
the «-FADS antiserum. It should be noted that even though actin (Actlp) was used as a
cytosolic marker [48], a minimal amount of Actlp was also found to be associated to the
mitochondrial fraction in agreement with [49]. In ethanol, an even more intense band was
detected in the mitochondrial fraction, whereas in glucose-grown cells, the mitochondrial
Fadlp level was very low. Thus, the Fadlp content in mitochondria seems to depend
on the carbon source. As a control, the dependence of the mitochondrial SDH specific
activity on different carbon sources was analyzed (Figure 3b), thus verifying the expected
glucose repression due to both transcriptional and post-transcriptional events [50,51]. It is
noteworthy that in the mitochondria prepared from galactose-grown cells, no band was
detected (Figure 3a), even though we observed a high (induced) level of SDH activity
(Figure 3b), in agreement with the presence of mitochondria in cells cultured in galactose
as the carbon source [52]. Differently from what was observed for the mitochondrial Fadlp,
the cytosolic echoform did not appear to depend on the carbon source (Figure 3a).
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Figure 3. Subcellular distribution of Fadlp in different carbon sources. (a) Spheroplasts (Sphero),
mitochondria (Mito) and cytoplasm (Cyt) were prepared from WT cells grown up to the early ex-
ponential phase at 30 °C in YEP liquid medium supplemented with the indicated carbon sources
(2% each). Proteins (0.1 mg) were separated by SDS-PAGE, transferred onto PVDF membrane and
detected with either x-FADS or «a-ACTIN antibodies. (b) The carbon source dependence of the mito-
chondrial SDH-specific activity is reported as the means (£SD) of two independent measurements.

Cellular sublocalization of Fad1p was also evaluated in K26 cells grown in glycerol up
to the stationary phase (24 h), as in [40]. Cytoplasmic and mitochondrial fractions were
prepared from spheroplasts and equal amounts of each fraction were used to reveal Fadlp
by immunoblotting analysis (Figure S2). A faint a-FADS immuno-reactive band was found
in the cytoplasmic fraction. A much more evident band migrating at the same Mr was ob-
served in total mitochondrial fraction, consistently enriched with respect to the spheroplast
specific amount. A similar enrichment was observed for the fumarase (FUM) and succinate
dehydrogenase (SDH), two mitochondrial markers (Figure S2, histogram). The absence of
cytosolic contamination in mitochondria was demonstrated by the absence of phosphoglu-
coisomerase (PGI) activity, a marker of cytosolic fraction (Figure S2, histogram). Isolated
mitochondria were further subfractionated in a membrane-enriched fraction (My,) and in
a soluble fraction (Sg). The Fadlp band was clearly detectable in both submitochondrial
fractions, whose purity was confirmed by measuring the inner membrane marker SDH
and the matrix marker FUM enzymatic activities (Figure S2, histogram).

Overall, on a molecular basis, these results support our previous functional data,
proving that Fadlp exists in yeast mitochondria. Since no difference in size was observed
between cytoplasmic and mitochondrial Fadlp, we postulated that the FAD1 gene might
generate two identical echoforms, destined to two distinct subcellular localizations.
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3.3. Detection of Two FAD1 mRNAs with Different 3'UTR and Their Carbon Source
Dependence Profile

In order to unravel the mechanism responsible for the subcellular destination of Fadlp,
we considered a series of indications derived from the literature, which proposes a role
for cis-acting 3'UTR elements in targeting transcripts to mitochondria [53,54], and from a
genome-wide analysis, which suggests a high probability for FADT mRNA to be located on
mitochondria-bound polysomes [54]; hence, the protein would be imported while being
translated in a co-translational process [55-57]. Therefore, we hypothesized that important
information for Fad1lp localization could reside in the 3'UTR of FADI mRNA. Since no
information was available, a combination of bioinformatic analyses and experimental
procedures were carried out to gain knowledge about this untranslated region.

Firstly, we searched for putative polyadenylation sites (PASs), despite their complexity [58,59],
and found two canonical signals (ATTAAA) in the 1 kbp region downstream of FAD1 ORF
using DNAFSMiner [60]. The proximal one was placed 50 nucleotides after the stop codon
and the distal one was placed 339 nucleotides after the stop codon. The bioinformatic tool
also predicted other different PASs with similar scores, namely, AATAAA and TATCAA
(Figure S3). These predictions suggested that FAD] mRNA may be present in different
forms, whose length depends on the alternative use of distinct PASs in the transcript 3'UTR.

To test this hypothesis, 3 RACE experiments were performed on a template cDNA
obtained from purified poly(A)* RNA prepared from WT cells grown at the early exponen-
tial phase on glucose as a carbon source and the gene-specific primers (Table 2; Figure 4a).
When the primers FAD1A for and AP were used, a single amplified product of about
400 bp was obtained (Figure 4b, lane 1). The specificity of the 400 bp product was verified
by a semi-nested PCR using the gene-specific primer FAD1C for located 91 nucleotides
downstream of FAD1A for. The amplified product was obtained at the expected size, which
is about 300 bp (Figure 4b, lane 2). The 400 bp fragment was sequenced, revealing the
existence of FADI transcript with a 3'UTR of 128 nucleotides (Figure S3). To search for
the existence of a longer 3'UTR region of FADI mRNA, a PCR was performed using the
primers FAD1C.for and FAD1B.rev, the last being located downstream of the end of the
3'UTR previously identified (Figure 4b); in this case, a product of about 450 nucleotides
was obtained (Figure 4b, lane 3), indicating the existence of a longer FAD1 mRNA. To
define the entire length of the 3'UTR of this transcript, a PCR reaction was performed using
the primers FAD1B.for and AP, obtaining a product of 550 bp (Figure 4b, lanes 4 and 5). Its
specificity was proved by a semi-nested PCR with the primers FAD1B.for and FAD1B.rev,
which gave rise to a fragment of about 100 bp, as expected (Figure 4b, lane 6). The 550 bp
product was sequenced, showing the existence of an additional FADI mRNA with a longer
3'UTR region of 759 bp (Figure S2). Similar results were obtained when the analysis was
performed using cDNA as a template, obtained starting from purified poly(A)* RNA
prepared from WT cells grown on glycerol (Figure S4). Thus, FAD1 generates (at least) two
FAD1 mRNAs with different 3’UTR lengths. Based on the different length of the 3'UTR, we
named them ‘short FADI mRNA’ and ‘long FAD1 mRNA', respectively.

To understand whether or not the length of 3'UTR is responsible for the fate of Fadlp
echoforms, the carbon source dependence of the FAD1 transcript levels was investigated.
To this purpose, total RNA was extracted from WT cells grown at the early exponential
phase on different carbon sources, and the amount of FAD1 transcripts was evaluated
by semiquantitative RT-PCR, with ACT1 mRNA used as an internal control, essentially
as in [42]. The long FAD1 mRNA was amplified using the primer pair FAD1A for and
FADI1B.rev, whereas the total FADI mRNA (short + long) was amplified using the primer
pair FAD1A for and FAD1A rev (Figure S5). The RT-PCR product (540 bp) relative to the
long FAD1 mRNA complemented the 3'RACE data, confirming the presence of a longer
transcript. The relative amount of total FADT mRNA did not depend on the carbon source,
whereas a carbon source dependence was observed for the long FADI mRNA®: its amount
was higher in ethanol grown cells, reduced in cells grown on glucose and almost absent in
galactose-grown cells. As a control, the expression pattern of SDHI mRNA was analyzed; it
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was repressed by glucose, but not by galactose (Figure S5), in agreement with SDH activity
reported here (Figure 3, histogram) and in literature [50].
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Figure 4. Characterization of FADT mRNA 3'UTR by 3'RACE analysis. (a) FAD1 coding region
and 1 kbp downstream region are schematized. Arrows designate the position and direction of
gene-specific primers used for 3’RACE. (b) The experiment was carried out on a poly(A)* RNA
prepared from WT cells grown up to the early exponential phase at 30 °C on glucose. PCR products
were separated by a 2% agarose gel. Fragments in lanes 1 and 4 were gel-extracted, purified and
sequenced (Figure S3). On the left side of each gel, band sizes (bp) of the marker [M, MassRuler Low
Range DNA Ladder, ThermoFisher Scientific (Waltham, MA, USA)] are indicated.

3.4. A Mitochondrial Localization Motif in FAD1 3'UTRs

To further confirm that Fadlp localization mechanism might be influenced at the
mRNA level, we searched for cis-acting elements that could be responsible for targeting
FADI mRNA to the outer mitochondrial membrane. Sequence inspection revealed the exis-
tence of a putative cis-acting motif TGTATATACA containing the consensus mitochondrial
localization motif M1 (TGTA(a/c/t/)ATA), as defined in [61], and resembling the motif
6 (WTATWTACADG,) reported as a mitochondrial downstream motif [62]. This element
was located about 90 nucleotides downstream the FADI ORF stop codon; therefore, it was
present in both FAD1 transcripts. The same motif (or similar sequences) was not found in
either the upstream FADI ORF region or the FAD1 ORF.

The 1 kbp genomic downstream region FAD1 ORF contains, on the opposite strand
the MRP10 gene, encoding a mitochondrial ribosomal protein of 10.7 kDa [63,64]. Mrp10p
lacks a mitochondrial-targeting sequence (as revealed by bioinformatic analysis); however,
the identified M1 mitochondrial localization motif is present in its 3'UTR, as revealed by
the Shalgi’s database [61]. This motif is placed 56 nucleotides downstream of the MRP10
OREF stop codon. It should be noted that the M1 motif in 3'UTR of FADI and MRP10 is a
palindromic sequence that could be read on both DNA strands (Figure 5). This property
implies a rather nontrivial extension of the M1 motif and allows the same region to play
the role of mitochondrial localization motif for both the MRP10 and the FAD1 transcripts.
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Figure 5. The cis-acting motif M1 in the 3'UTR of FAD1 transcripts. Schematic representation of the
partial sequence of the S. cerevisiae genomic region comprised between nucleotides 372248 and 373617
(chromosome IV). The white boxes indicate FAD1 ORF on the Crick strand and MRP10 ORF on the
Watson strand; the orange box indicates the mitochondrial localization motif M1, placed about 87 and
55 nucleotides downstream of the stop codon (TAA, highlighted in red) of FADI and MRP10 ORFs,
respectively. The dotted arrows highlight the bidirectionality of the M1 palindromic sequence.

4. Discussion

Experiments reported in this paper point out the issue of the origin of mitochondrial
FAD in S. cerevisine mitochondria, strictly related with the problem of the identity and of the
subcellular localization of the FAD forming enzyme, FADS. Immunoblotting experiments
reported here reveal the presence of an a-FADS immuno-reactive band in mitochondria,
showing the same Mr of that found in the spheroplasts and cytoplasm. This is in line
with the absence of a putative cleavable presequence in Fadlp, the sole peptide generated
by FAD1 gene. Thus, these results prove, on a molecular basis, Fadlp localization to
yeast mitochondria and support the absence of a cleavable mitochondrial signal peptide
in Fadlp.

It is well-documented that in eukaryotic cells, a protein can be located to two different
subcellular compartments; this dual localization results in different echoforms—that is,
proteins with identical or nearly identical amino acid sequences distinctly placed in the
cell [65-67]. This is an important and frequent phenomenon; in fact, more than one third of
the yeast mitochondrial proteome seems to be dual localized [68,69]. It has also become
evident that dual localization can be regulated, induced and rebalanced in response to
either cellular signaling or changing extracellular conditions. Different dual-targeting
mechanisms of mitochondrial proteins have been described or suggested, and, in some
case, they seem to be tightly regulated in time, location and function [65]. Our results
demonstrate that FAD1 generates two echoforms.

Analyzing the dependence of the Fadlp levels on fermentable and nonfermentable
carbon sources (Figure 3), we verified that the amount of Fadlp in mitochondria, but
not in the cytoplasm, depends on the carbon source being higher in ethanol and glycerol
than in the fermentable glucose. Interestingly, mitochondrial Fad1p almost disappeared in
galactose-grown cells. This finding may settle the discrepancy between results from our (see
Introduction) and other laboratories [32,39] about the existence of mitochondrial FADS and,
consequently, about the direction of FAD transport via the inner mitochondrial membrane
translocator Fix1p. The absence of mitochondrial Fad1lp, observed in galactose-grown cells,
implies that in this condition FAD must be transported from cytosol to mitochondria via
Fix1p (Figure 3 [32,39]). Vice versa, in a nonfermentable carbon source and in glucose,
in the presence of mitochondrial Fadlp, Fix1p is expected to mediate FAD efflux from
mitochondria to cytosol acting as a regulator of apo-flavoprotein biogenesis [40,42].

Using yeast strains overexpressing a recombinant form of Fadlp, the dual location of
natural Fad1lp was confirmed. Our data demonstrate that Fadlp is, per se, able to enter
mitochondria, despite the absence of a canonical mitochondrial-targeting sequence. A
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“mitochondrial destination” message should be localized at the N-terminal end, since Fad1lp
loses its ability when the STREP-tag is moved from the C- to the N-terminal end (Figure S1).
Presumably, the a1-helix in the first twenty amino acids at the N-terminal end, as well as
the contiguous a2-helix, indeed have amphipathic characteristics, with the basic residues
exposed to the solvent from the same side of the central axis, as revealed by the crystal
structure solved at 1.9 A resolution (PDB entry: 2wsi) [20]. This would be in agreement
with the involvement of this protein moiety in the import process. Alternatively, another
putative noncanonical /weak mitochondrial-targeting sequence [70] could be implicated in
the mitochondrial destination of Fadlp.

We also observed that in galactose-grown cells, the recombinant Fad1p-STREP entered
mitochondria per se [71], behaving differently from the natural Fadlp that was unable to
enter mitochondria. All together, these data suggest the existence of a fine mechanism
regulating the localization of the natural Fadlp, presumably at the transcript level and de-
pendent on the carbon source. It is well-established that intracellular localization of mRNA
has a significant impact on the efficiency of its translation and, presumably, determines its
response to changing metabolic conditions or cellular stress [72].

Our attention was focused on the 3'UTR region of FADI mRNA. Since no information
was available on this region, we carried out a 3'RACE analysis and found the existence of
(at least) two FADT mRNAs with different 3'UTR lengths (Figure 4). This finding could
be relevant for Fadlp cell biology, since it is well-known that 3'UTR regulates multiple
aspects of mRNA metabolism, including subcellular localization, translation efficiency and
stability, in cooperation with different RNA binding proteins [73]. A mechanism that could
have a role in generating different transcripts with specific subcellular localizations and /or
functions might be alternative polyadenylation [74,75]. We predicted different canonical
and noncanonical putative PASs localized in the first 1 kbp downstream of FAD1 ORF.
Whether or not these PASs are actually active and responsible for the generation of the two
FADI1 transcripts are matter of ongoing investigation in our laboratory.

Searching for possible cis-acting motifs responsible for the peripheral mitochondrial
localization of FAD]1 transcripts, we revealed the existence of the mitochondrial localization
motif M1, placed 87 nucleotides downstream the FAD1 ORF stop codon (Figure 5). The
same motif has been identified within a set of genes encoding mitochondrial proteins,
whose mRNAs are translated by polyribosomes attached to the cytosolic side of the outer
mitochondrial membrane [76]. This motif is present in both FAD1 transcripts, which
might localize close to the mitochondrial outer membrane. Intriguingly, this finding is
in agreement with a value of mitochondrial localization of mRNA (MLR) for FAD1 equal
to 87 [54]. This value is similar to the MLR values measured for other mRNAs, whose
products have been demonstrated to be internalized into mitochondria (i.e., 87.8 for SDH1
transcript), thus indicating that Fadlp translation has a high probability to occur on the
mitochondrial outer membrane. Recently, it has been reported that mRNAs that initiate
translation away from mitochondria experience a significant drop in mobility toward
the outer mitochondrial membrane and tend to remain there [77]. The M1 motif is a
candidate binding site of the RNA binding protein Puf3p [78], localized on the cytosolic
side of the outer mitochondrial membrane, where it interacts with some components of
the mitochondrial protein import machinery [57,79]. Besides its role in mRNA targeting
to mitochondria, Puf3p controls mRNA stability and translation efficiency according to
growth conditions and in response to oxidative stress [80-82]. The identified palindromic
M1 motif is shared by the 3'UTR of FADI transcripts and the 3’ downstream region of
MRP10 gene, which is transcribed in the opposite direction with respect to FAD1 gene.
Since an interaction between the M1 of MRP10 mRNA and Puf3p has been proven [83,84],
an involvement of Puf3p in mitochondrial localization of Fadlp could be expected. By
analyzing the carbon source dependence profile of FAD] transcripts (Figure S3), we found
that the long transcript is expressed in ethanol and in glycerol at a higher level than
in glucose; it is almost absent in galactose. The comparison between this profile and
mitochondrial Fadlp levels (Figure 3) shows that the carbon source dependence of the long
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FAD1 mRNA level strictly parallels the carbon source dependence of the mitochondrial
Fadlp level. This observation suggests that the long FADT mRNA might be responsible
for the generation of Fad1p mitochondrial echoform. Therefore, although the M1 motif is
present in both the short and long FAD1 transcripts, we propose that the different length of
the 3'UTRs could be responsible for the distinct subcellular destinations of Fadlp. This
diverse destination could be explained by a differential Puf3p—M1 interaction caused by the
exposure of M1 motif in different RNA contexts. In this scenario, the secondary structure
of the two 3'UTRs may be causative of the selective interaction with Puf3p. Moreover, the
recruitment of additional RNA binding proteins, presumably involved in mRNA decay
or Puf3p interaction with mitochondrial import machinery [85], could also be affected by
3'UTR length and structure. Therefore, Puf3p might regulate the dynamic balance between
translation efficiency, protein folding and import rate, thus establishing whether Fadlp
may be released in the cytosol or imported into mitochondria [81]. Additionally, it has
been shown that cytosolic ribosomes have the ability to ‘sense” features relative to nascent
polypeptide chains; between those features, the sequence and structure of 3 UTR mRNAs
can influence the polypeptide synthesis rate, modulating translation accordingly [76,86]. It
is noteworthy that the M1 motif was not included in the constructs used for the expression
of recombinant Fadlp. Nonetheless, the protein was capable, per se, of localizing to
mitochondria in the presence of the mitochondrial membrane potential (Figure 2; [71]).
Therefore, the M1 sequence would serve to fine-tune the cellular localization of Fadlp
echoforms in various metabolic conditions, such as different carbon sources.

Our hypothesis is summarized in Figure 6. We speculate that, when Puf3p is bound
to the M1 motif present in the long 3'UTR context (panel a), Fad1p synthesis efficiency
and/or folding rate are slowed down, allowing the co-translational import to proceed and
generate the Fad1p mitochondrial echoform. Vice versa, when Puf3p interacts with the
M1 in the short 3'UTR (panel b), a higher translation rate might cause a premature folding,
thus favoring the cytosolic destination of Fadlp.

(a)
mt-Fadlp
S :
MMX
MM TIM
complex
OMM TOM |
————— comple: e
"omZU f Y
CYT [Puf3
-
N5 ©

3 (n)AAA
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Long FAD1 mRNA

Figure 6. Cont.
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(b)
MMX
IMM TIM ' ‘
complex
OMM TOM ‘
complex —
CYT ‘l‘omZO ! P“B/AAA(“)‘?”

cyt-Fadlp

Short FAD1 mRNA

Figure 6. Model depicting the dual location of Fadlp. The cartoon shows a possible role of Puf3p in
the different destination of Fadlp echoforms. (a) Puf3p binds to the long FADT mRNA and drives the
nascent polypeptide in the mitochondrial matrix (MMX) via TOM-TIM complexes before the fully
translated protein starts to fold. (b) Puf3p binds to the short FADI mRNA. As translation is presum-
ably not sufficiently slowed down, premature and rapid folding of the nascent polypeptide in the
cytosol (CYT) prevents Fadlp import across mitochondrial membranes (OMM—outer mitochondrial
membrane; IMM—inner mitochondrial membrane).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
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dogenous Fad1p mitochondrial localization in WT cells grown up to the stationary phase (24 h) on
glycerol. Figure S3: FAD1 ORF and its 1 kbp downstream region. Figure S4: 3'RACE analysis carried
out on cells grown on glycerol (early exponential phase, 30 °C). Figure S5: Carbon source dependence
of FAD1 transcripts.
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