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Abstract

Abstract

Involvement of N'-Methyladenosine (m'A) in the mitochondrial ND5 mRNA

and the corresponding writer enzyme TRMT10C in Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the most common
form of dementia. Even though the U.S. Food and Drug Administration (FDA) this year
approved a new antibody that may moderately decelerate cognitive decline, there is still no
treatment that can halt or even reverse the symptoms of AD. Apart from the prime suspects
(amyloid B and phosphorylated tau), growing body of evidence suggests mitochondrial
dysfunction to be an early and possibly causative event in AD. For the function of mitochondria,
Complex | (Cpx |) is of particular importance, as it represents the primary entry point of the
electron transport chain required for cellular ATP generation. Although an impairment of Cpx |
has been reported multiple times in AD, the underlying mechanism is so far unlcear. However,
in 2017, a N*-methyladenosine (m*A) modification site has been discovered at position 1374
in the mMRNA of ND5, an essential core subunit of Cpx I. Although this m*A®"* site has been
unanimously reported, its impact on ND5 protein levels, Cpx | and the mitochondrial respiration
is so far unknown. As m*A is known to block Watson-Crick base pairing, this work aimed to
investigate whether m*A in the mRNA of ND5 could disrupt the mitochondrial translation of
ND5, thus leading to a reduced activity of Cpx 1 in AD. For this purpose, the tRNA
methyltransferase 10 homolog C (TRMT10C) was also examined, as it installs m*A3"* in the
MRNA of ND5 (as a so-called writer enzyme). Strikingly, the protein expression of TRMT10C
was consistently increased in AD model cells, mice and frontal cortex samples of human AD
patients. As revealed by the evaluation of TRMT10C mRNA in single-cell RNA-Seq data from
AD patients, this upregulation was cell type-specific for neurons. Besides, m*A*"* methylation
was significantly increased in AD model cells, which was determined with a site-specific
analysis based on mA-induced mismatch during reverse transcription and subsequent
lllumina sequencing. This result was confirmed in RNA-Seq data generated from the primary
visual cortex of AD patients. In line with this, ND5 protein levels were significantly reduced in
AD model cells, mice and human AD patients with high Braak stages. The results of this work
demonstrate in manifold ways that TRMT10C is involved in the pathology of AD and show for
the first time that mA®’4 |evels are altered in AD patients. Moreover, the selective
overexpression of TRMT10C in HEK cells provides evidence that m*A¥"* methylation lowers
ND5 protein levels and induces severe mitochondrial deficits. This newly discovered
mechanism, along with further research, may provide a basis for the development of new drugs

to treat or even cure mitochondrial dysfunction in AD.
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Zusammenfassung

Zusammenfassung

Beteiligung von N'-Methyladenosin (m'A) in der mitochondrialen ND5 mRNA und
dem dazugehorenden Schreiber-Enzym TRMT10C bei der Alzheimer-Krankheit

Die Alzheimer-Krankheit (AK) ist eine neurodegenerative Erkrankung und die haufigste Form
von Demenz. Auch wenn die US-amerikanische Arzneimittelzulassungsbehérde (FDA) in
diesem Jahr einen neuen Antikorper zugelassen hat, der den kognitiven Verfall in einer Studie
geringflgig verlangsamen konnte, gibt es noch immer kein Medikament, das die AK aufhalten
oder sogar umkehren kann. Neben den Hauptverdéachtigen (Amyloid  und phosphoryliertem
Tau) gibt es immer mehr Hinweise darauf, dass die mitochondriale Dysfuntion ein friilhes und
mdoglicherweise ursachliches Ereignis bei der AK sein konnte. Fir die Funktion der
Mitochondrien ist besonders Komplex | (Cpx 1) von Bedeutung, da dieser den primaren
Eintrittspunkt der Elektronentransportkette darstellt, welche fir die zellulare ATP Produktion
bendtigt wird. Obwohl eine Beeintrachtigung von Cpx | bei der AK mehrfach berichtet wurde,
ist der zugrundeliegende Mechanismus bisher unklar. Im Jahr 2017 wurde jedoch eine N-
Methyladenosin (m!A) Stelle an Position 1374 in der mRNA von ND5, einer Kernuntereinheit
von Cpx I, entdeckt. Allerdings ist die Auswirkung dieser m!A-Stelle auf die ND5
Proteinspiegel, Cpx | und die mitochondriale Funktion bisher unbekannt. Deshalb sollte in
dieser Arbeit untersucht werden, ob m*A!¥"* die mitochondriale Translation von ND5 stoéren
und somit zu einer verminderten Aktivitat von Cpx | im Rahmen der AK fihren konnte. Zu
diesem Zweck wurde auch die tRNA-Methyltransferase 10 Homolog C (TRMT10C) untersucht,
welche die m*A¥"4 Methylierung in die mRNA von ND5 einbringt (als sogenanntes Schreiber-
Enzym). Bemerkenswerterweise war die Proteinexpression der TRMT10C sowohl in Zell- und
Mausmodellen als auch in Kortexproben von Alzheimer-Patienten konsequent erhéht. Diese
Hochregulation war zelltypenspezifisch flir Neurone. Auf3erdem war die Methylierung von
m!A¥74 in AK-Modellzellen und in RNA-Seq Daten aus dem primaren, visuellen Cortex von
AK-Patienten deutlich erhéht, was anhand einer stellenspezifischen Analyse festgestellt
wurde. Zusatzlich waren die ND5-Proteinspiegel in AK-Modellzellen, -méausen und Patienten
mit hohem Braak-Stadium deutlich vermindert. Die Ergebnisse dieser Arbeit belegen auf
vielfaltige Art und Weise, dass die TRMT10C in der Pathologie der AK involviert ist und zeigen
zum ersten Mal, dass die Methylierungsspiegel von m*A¥74 im Rahmen der AK verandert sind.
Daruber hinaus lieferte die selektive Uberexpression der TRMT10C in HEK-Zellen den Beweis,
dass die m!A¥™* Methylierung die ND5 Proteinspiegel senkt und dadurch schwere
mitochondriale Defizite verursacht. Dieser neu entdeckte Mechanismus kdnnte zusammen mit
weiteren Forschungen eine Grundlage fir die Entwicklung neuer Medikamente zur

Behandlung oder gar der Heilung von mitochondrialer Dysfunktion im Rahmen der AK bilden.
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1 Introduction

1 Introduction

1.1 Alzheimer’s Disease
1.1.1 History

In 1906, the physician Alois Alzheimer reported for the first time “a peculiar iliness of the
cerebral cortex” at the University of Tubingen. One year later, he published a detailed
symptomatic characterization [1] of his patient, Auguste Deter, who was under his care at the
municipal madhouse in Frankfurt, Germany. He mentioned an abnormal behavior, speech
difficulties and memory impairments, which were unusual for her age (early 50s). When
Auguste died, Alzheimer used the then-new silver staining histological technique to examine
her brain microscopically [2]. Next to a pronounced brain atrophy in the cerebral cortex, he
observed the neurdfibrillary tangles and amyloid plagues that were to become the hallmarks
of the this disease [3]. In 1910, his mentor Dr. Emil Kraepelin included the disease description
in his educational book and created the term “Alzheimer’s disease” (AD). After that, the disease
fell into oblivion for several decades. However, in the late 1960s numerous researchers started
to further characterize the neuropsychological symptoms and histological changes. Since then,
now more than 60 years ago, thousands of scientists have studied the mechanisms underlying
AD and attempted to unravel the cause of non-familial AD cases. Although great progress has
been made, several aspects of this complex disease are still unknown and an effective therapy

is missing until today.

1.1.2 Epidemiology

According to the World Health Organization (WHO) more than 55 million people
worldwide are living with dementia and due to population growth and improved longevity the
number is estimated to rise to 78 million by 2030 and to 139 million by 2050 (Figure 1.1). AD
is the most common form of dementia, accouting for 50-70% of dementia cases [4]. In
Germany, the number of people with dementia was reported to be 1.8 million at the end of
2021 and is expected to reach 2.8 million by 20502. Since a definite diagnosis of AD can only
be confirmed after a post-mortem histopathological investigation and many patients worldwide
remain undiagnosed, it is difficult to state a precise number of AD patients. However, according

to estimations, 5.8 million U.S. citizen (age 65 and older) were affected by AD in 2020 [5].

1WHO, “Global status report on the public health response to dementia”, September 2021
2 Deutsche Alzheimer Gesellschaft e.V, “Selbsthilfe Demenz Informationsblatt‘, December 2021
1



1 Introduction

Besides, the german federal agency “Statistisches Bundesamt”’ recently announced the
number of people who had to be hospitalized due to AD. In 2020, this applied to 19 356 people
in Germany, of whom 41.5% were male and 58.5% female®. Compared to 2020, the number
of hospitalization due to AD more than doubled within 20 years (+135%)3. This illustrates the
dramatic strain on our health care system and points to the enormous financial and social load
of providing care to these patients. In 2019, the global cost of dementia was estimated to be
1.3 trillion US$ and gobal costs will increase to a projected 2.8 trillion US$ by 2030* (Figure
1.1). These numbers place an enormous burden on health care systems that will exacerbate
with each passing year. Therefore, it is tremendously important to draw attention to this issue.

2019 2030 2050 2019 2030
estimated growth number of people estimated total annual
with dementia* worldwide cost of dementia*

Figure 1.1: Estimated growth number of people with dementia and estimated annual cost of
dementia worldwide. *Estimation and forecast of 2030 and 2050 according to the WHQO'’s Global status
report 20214, illustration adapted from World Alzheimer Report 20215 released by Alzheimer’s disease
International (ADI).

Interestingly, several studies suggest that the prevalence and incidence of AD and other
dementia types may have declined in higher-income countries (USA and Europe) over the past
25 years [6]-[11]. This decrease has been attributed to the prevention of important risk factors,
such as an increased level of education and improved control of cardiovascular risk factors [6],
[11]-[14]. Although these findings indicate that a person’s risk of developing AD at any given
age may slightly decrease, the total number of AD patients and other dementias is expected
to increase continuously due to the growing number of people living in higher-income countries
and the growing proportion of people at high ages (>75 years) (as for example in the U.S.
population Figure 1.2). Besides, worldwide potential risk factors of AD (such as diabetes and

obesity) are increasing and especially in low- and middle-income countries the numbers of AD

3 https://www.destatis.de/DE/Presse/Pressemitteilungen/Zahl-der-Woche/2022/PD22_38_

p002.html, published Septemer 2022

4WHO, “Global status report on the public health response to dementia”, September 2021

5 https://www.alzint.org/resource/world-alzheimer-report-2021/, published September 2021
2



1 Introduction

will continue to grow [15], [16]. According to projections 68% of the estimated increase of the
global burden of dementia by 2050 will take place in low- and middle-income countries [5].
Therefore, it is also important to expand the health care system in these countries and prepare
for the expected increase of AD cases.

Millions of people  [[7] Ages 65-74  [JJ}] Ages 75-84  [JJJ] Ages 85+

14 13.8
12 11.6
10
8
6
4
2
0
Year: 2010 2020 2030 2040 2050

Figure 1.2: Projected number of people older than 65 years in the U.S. population with AD from
2010 to 2050 (overall numbers and proportion of three age groups). The numbers of AD patients
will increase, particularly in the older age groups, as more and more people reach advanced ages due
to the extended life expectancy. Data from [17], illustration adapted from [5].

As already indicated by the statistics above, aging represents the greatest risk factor for
developing AD. This is also evidenced by the fact that the prevalence of AD dramatically
increases with age. For example in the U.S., 3% of people age 65-74, 17% of people age
75-84 and 31% of people age 85+ suffer from dementia [17]. The second greatest risk factor
is genetics. Researchers have found several genes that increase the risk for developing AD.
The strongest impact was found for the Apolipoprotein E-¢4 (APOE-¢4) gene. This gene
encodes a protein that transports cholesterol in the bloodstream. Those people that inherit one
copy of the €4 allele have a three times higher risk of developing AD and those who inherit two
copies have an 8-12 fold risk compared to €3 allele carriers [18], [19]. The importance of APOE-
€4 is particularly evident considering that 67% of people diagnosed with AD in the U.S. possess
at least one APOE-¢4 allele [20]. Besides, individuals who have a parent or sibling with AD are
more likely to develop the disease than individuals without AD cases in their family history [21],
[22]. Interestingly, this observation was independent of the known risk factor APOE-€4 [23].
This fact suggests that either additional hereditary factors (genetics) or non-genetic factors
(e.g. healthy lifestyle and cognitive engagement) play a role and modulate the risk for AD.
Furthermore, it is known that woman are more frequently affected by dementia than men. For

3



1 Introduction

example, WHO estimates that 8.1% of women and 5.4% of men over 65 years are living with
dementia worldwide*. This difference is likely due to the sudden drop in estrogen levels after
the menopause [24], [25], but also due to the higher life expectancy of women®. Although age,
sex and genetics cannot be changed, other risk factors can be modified to reduce the risk of
AD and dementia. According to recommendations’ published by the WHO in 2019 several
lifestyle factors can reduce the risk of cognitive decline and dementia. These are physical
activity, quitting smoking, and managing hypertension and diabetes. Along with this, a healthy
diet, lifelong learning, social engagement and cognitive training seem to reduce the risk of
developing AD [26], [27].

1.1.3 Characteristics

AD is the leading cause of dementia, accounting for 50-70% of cases [4]. The disease
can be further divided into early-onset AD (EOAD), defined by age of onset younger than 65
years and late-onset AD (LOAD) with symptoms developing at age 65 or older. Two
synonymous terms are familial AD (FAD) and sporadic AD (SAD) [28]. FAD is caused by
homozygotic risk genes, namely PSEN1, PSEN2 or APP, and is a very rare form (less than
1%) [29], [30]. The exact etiology of the sporadic LOAD form is so far unknown, however, it
seems to be a complex, multifactorial disease and several risk factors, such as aging were
identified (see section 1.1.2). Both LOAD and FAD show the same clinical symptoms and
neuropathology, as memory loss, amyloid deposits in the brain and neurofibrillary tangles, but
FAD is marked by a more rapid disease progression and occurs at younger ages [31], [32].

The progression of AD as a consequence of brain changes that are unnoticeable to the
affected person and cause memory and eventually physical disability is called the Alzheimer’s
disease continuum [33]—-[36]. This model was postulated by the National Institute on Aging-
Alzheimer’s Association (NIA-AA) and provides recommended guidelines for the diagnosis of
different AD stages. This continuum separates the disease progression into three broad
phases: preclinial AD, mild cognitive impairment (MCI) due to AD, and dementia due to AD
(see Figure 1.3). How long individuals spend in each phase of the continuum varies and the
length of each part is influenced by age, genetics, gender and other factors [37]. In the first
phase, the preclinical phase, individuals have not yet developed symptoms such as memory
loss, but they do have measurable brain changes, e.g. abnormal levels of AB in the
cerebrospinal fluid (CSF) and a decreased glucose metabolism in PET scans [33]. Besides tau

tangles can be found in the entorhinal and transentorhinal cortex [38]. Of note, not all

6 https://www.who.int/data/gho/data/indicators/indicator-details/GHO/life-expectancy-at-birth-
(years), Global life expectancy at birth for females and males retrieved for the year 2015
7WHO Guideline “Risk reduction of cognitive decline and dementia”, released January 2019
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1 Introduction

individuals that show AD-related brain changes develop MCI or AD afterwards. For example,
it frequently happens that amyloid plaques are found in post-mortem brains of cognitively
normal people [39]. In the second stage, the MCI due to AD phase, individuals show subtle
problems with memory and thinking, as the hippocampus and amygdala are affected [40], [41].
These symptoms are noticeable to close relatives, but not to outsiders and do not interfere
with everyday activities. One study showed that 15% of people with MCI developed AD after 2
years and a meta-analysis stated a MCI to AD conversion rate of 38% after 5 years [40], [42].
Interestingly, some individuals with MCI reverted to normal cognition.

Dementia due to AD

Preclinical MCI* Mild
AD due to AD AD stage
| | | | |
No symptoms Very mild Symptoms that Symptoms that Symptoms that
symptoms interfere with interefere with interefere with
some everyday many everyday most everyday
activies activities activities

Figure 1.3: Alzheimer’'s disease continuum defined by the National Institute on Aging-
Alzheimer’s Association (NIA-AA). *MCI= Mild Cognitive Impairment. Graph adapted from [43].

The subsequent AD stage is characterized by noticeable symptoms concerning memory,
thinking and behavior. These impair a person’s ability to function in daily life, aggravate over
time and reflect the degree of damaged neurons in different parts of the brain. At this point,
more and more brain areas are affected by pathologic alterations and tau tangles occur in the
whole neocortex [38], [44]. Depending on the severity of symptoms, dementia due to AD is
classified as mild, moderate and severe. In the mild stage, patients need help for some
everyday activities, but are usually still able to drive, work and participate in social events [35].
The moderate stage is often the longest stage. Here patients have difficulties in communicating
and performing routine tasks. Activities that are necessary for the everyday life, such as
dressing, brushing teeth or showering, can only be performed with difficulty or no longer at all.
In this stage, patients often become incontinent and start showing personal and behavioral
changes. In the severe AD stage, patients need help with all activities of daily living and
frequently need around-the-clock care, as the physical symptoms become more and more
apparent [35]. Due to damage of brain areas that are involved in movement, the patients
usually get bed-bound. Being bedridden makes them vulnerable to diseases such as blood
clots, skin infections and sepsis, which triggers the body’s own inflammation that can lead to

organ failure. Swallowing becomes difficult, due to damage in the corresponding brain area,
5



1 Introduction

and may result in food particles entering the lungs (aspiration pneumonia). The failure of vital

bodily functions is the ultimate the reason why AD can directly lead to death.

1.1.4 APP and APP processing

The two major histopathologic hallmarks of AD are amyloid plaques composed of AR
peptides which are generated by the proteolytic cleavage of the Amyloid precursor protein
(APP) and neurdfibrillary tangles that result from hyperphosphorylation of the microtubule-
associated tau proteins. APP belongs to the type-l transmembrane proteins and is a
ubiquitously occurring polypeptide with a long N-terminal extracellular, a single trans-
membrane and a short C-terminal cytoplasmic domain [45]. The APP family proteins are
evolutionary highly conserved and consequently show great functional and structural
similarities between mammalian species [45]. In humans, APP is encoded on chromosome 21
and via alternative splicing 8 isoforms are generated with a length of 677 to 770 amino acid
residues [46]. These can be post-translationally modified by glycosylation, phosphorylation, or
sulfation and reach a molecular weight of 110-140 kDa [47]. All of these forms share the same
AB sequence, transmembrane and intracellular domains and are found in the cell membrane
and its endocytotic parts, as well as in the membranes of the endoplasmic reticulum (ER), the
trans-golgi network (TGN) and mitochondria [48], [49]. In neurons, mainly APP-695 is
produced, whereas in glia cells APP-751 and APP-770 have also been identified [50]. APP
family members are multimodal proteins that regulate biological processes ranging from
transcriptional regulation to synaptic functions, such as synaptogenesis and synaptic plasticity

[45], [51]. In doing so they can function as receptor-like proteins or ligands.

Numerous physiological functions are attributed not only to the APP holoprotein, but also
to its cleavage products, which can be formed via proteolytic cleavage in two alternative
canonical pathways (see Figure 1.4). The so-called non-amyloidogenic pathway is
physiologically predominant and initiated by the cleavage of the a-secretase [52]. Thereby, an
APP ectodomain fragment (sAPPa) and the C-terminal fragment a (CTFa) are released [45].
The latter can be further processed by the y-secretase resulting in a fragment termed p3 and
the APP-intracellular domaine (AICD). Importantly, the a-secretase cleaves APP within the AB
sequence thereby preventing the formation of the neurotoxic AR peptide. Along the
amyloidogenic pathway, the B-secretase releases the alternative APP ectodomain fragment
sAPPB and the C-terminal fragment 3 (CTFB) [45]. When CTF is further cleaved by the y-
secretase, the neurotoxic AB peptide is liberated in addition to the AICD. AB and its variants
ranging from 37-49 amino acid residues are all generated via endo- and exoproteolytic
cleavage of the y-secretase. Next to ABao, especially AR is very prone to aggregation due to

its lipophilic B-sheet entity [53]. That means AR monomers can form dimers, tetramers,
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oligomers and fibrils, which constitute the main component of Amyloid plaques found in post-

mortem brains of AD patients.

Non-amyloidogenic pathway Amyloidogenic pathway
p.t A
r N B
AB aggregate
APP
sAPPa N-terminal SAPPB
R
. p3 AB
/_ a ﬂ “ Extracellular
Membrane
Y "‘\
/ & 4 Intracellular
CTFa C-terminal CTFB
AICD AICD

Figure 1.4: Schematic overview of the canonical APP-processing pathways. The schematic shows
the amyloidogenic and non-amyloidogenic APP processing pathway including the released fragments
and involved cleavage enzymes. APP= Amyloid-Precursor-Protein, sAPPa= a-secretase generated
APP ectodomain fragment, sAPPB= B-secretase generated APP fragment, CTFa= C-terminal
fragment a, CTFB= C-terminal fragment 3, AICD= APP intracellular domain, A= Amyloid B, a= a-
secretase, = [B-secretease, y= y-secretase, a-, - and y-secretase are indicated as grey spheres
pointing to their cleavage site. The accumulation of grey spheres represents multiple protein subunits.
Figure adapted from [54]

The above mentioned fragments of APP exert various cellular effects and must be
considered individually. For example, sAPPa is known to be neuroprotective as it acts like a
growth factor for cells and promotes neuritogenesis is post-mitotic neurons [51]. Besides,
products of the non-amyloidogenic pathway were shown to increase neurite outgrowth and
enhance learning and memory [55], [56]. The most abundant forms of APP in the brain are
sAPPa and sAPP [57]. This pathway can be stimulated by neuronal and synaptic activity [54],
[58]. In contrast, AB peptides were shown to exert numerous adverse effects in cells, which
are described in detail in section 1.1.5. The three mentioned catalyzing enzymes, a-, 3- and y-
secretase are all membrane-bound, but built up differently. The major physiological a-
secretase in the brain is the desintegrin and metalloproteinase domain-containing protein 10
(ADAM10) [59]. Next to APP this enzyme is known to cleave 20 additional substrates, e.g.
Notch1l [60]. As for the B-secretase, there are two different homologs, BACE1 and 2, whereby
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mainly BACEL is expressed in neurons and BACE2 is thought to be more active in the
peripheral tissue [61]. In contrast, the y-secretase is a multicomponent complex composed of
a Presenilin 1 or 2 homodimer, the presenilin-enhancer (PEN), Nicastrin, a stabilization factor
APH1 and the Presenilin enhancer 2 (PEN-2) [62].

For the sake of completeness, it must be mentioned, that APP can also be cleaved in
other non-canonical pathways. So in addition to the aforementioned secretases, APP can also
be processed by the 6- and n-secretases, meperin-B and different caspases [45]. This
pathways can lead to the generation of AR, but additionally various other fragments are
produced, e.g. CTF®, An-B and C31 (for more information see [45]). The discovery of these
additional cleavage products is relatively recent, and the study of their effects and involvement

in AD is subject of current research.

1.1.5 Pathology

Until today, the exact etiology of LOAD is unknown. Though it is known that LOAD is a
complex, multifactorial disease and that AD symptoms arise as a consequence of synaptic and
neuronal loss, the exact cause that sets pathological cascades in motion has not been

conclusively clarified. However, there are numerous hypotheses and hints.

The amyloid cascade hypothesis

Most popular is the amyloid cascade hypothesis which states that “the amyloid 8 protein,
the main component of amyloid plaques, is the causative agent of Alzheimer’s pathology and
that neurofibrillary tangles, cell loss, vascular damage, and dementia follows as a direct result
of this deposition” [63]. This hypothesis was postulated for the first time in 1992 by J. Hardy
and G. Higgins. Certainly, there is ample evidence to support this hypothesis. First of all, the
occurance of FAD in individuals carrying autosomal-dominant mutations in genes encoding
APP or subunits of the y-secretase (PSEN1 and 2) [64]. Second, a dramatic portion of patients
with Down syndrome manifest AD early in life (97% of patients with a mean age of 55 years at
diagnosis) [65]. This fact is apparently attributed to the overexpression of the APP due to the
triplication of chromosome 21 in these patients. Besides, a huge body of evidence has
accumulated over the last 30 years showing that different forms of AR can cause synaptotoxic
effects and neuronal death [66], [67]. Importantly, these effects have been shown for different
states of AB ranging from dimers to oligomers, which are highly heterogeneous in their size,
structure and cytotoxicity. Adverse effects of these peptides have been evidenced in numerous
in vitro and in vivo models, whereby it has been established that especially soluble AB peptides,

rather than their insoluble fribrillar aggregates, seem to be the main responsible of
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neurodegeneration in AD [67] (see Figure 1.5). AB oligomers cause different types of synaptic
defects, such as alteration of neurotransmitter uptake and release, cytoskeletal abnormalities,
changes in receptor cellular localization and the disruption of synaptic plasticity (inhibition of
long term potentiation (LTP) and enhancement of long term depression (LTD)) [68], [69]. Next
to synaptic loss, AB and AP oligomers were shown to cause neuronal cell death, tau
hyperphosphorylation, oxidative stress and neuroinflammation [68], [70]-[72], and according
to the amyloid cascade hypothesis, the concurrence of all these effects are the reason for
memory and cognitive defecits in AD.

Toxicity:
o3 $8_ t i ﬁ“
ApB state: Monomer Dimer Oligomers Protofibrils Fibrils

Figure 1.5: Simplified schematic of the AB aggregation process. A monomers can form dimers
and oligomers of heterogeneous states (fibrillar and non-fibrillar forms). These may further aggregate
into protofibrils and mature fibrils en route to the deposition of amyloid plaques. Oligomeric AR species
represent the most cytotoxic form of AB. Figure adapted from [73] and [74].

The amyloid cascade hypothesis has received additional support by the generation of
several APP or APP/PSEN1 transgenic mouse models that represent the main
histopathological and behavioral characteristics of AD, such as deposition of amyloid plagues,
synaptic loss, alterations in synaptic plasticity and memory impairment [75], [76]. Moreover,
several pharmacological, genetic and immunological approaches that aimed to reduce the
cerebral AB load in AD mouse models, showed positive results [77], [78]. As a final point in
support of the amyloid cascade hypothesis, it should be mentioned that recent results of the
“Clarity AD” study strongly support this hypothesis. This phase 3 study performed by Biogen
and Eisai tested the monoclonal antibody Lecanemab (BAN2401). Lecanemab selectively
binds to soluble, toxic AB aggregates (protofibrils) and is thought to initate their elimination.
Investigation of 1795 individuals with MCI due to AD or mild AD for 18 months revealed a

highly statistically significant reduction of 27% in the Clinical Dementia Rating-Sum of Boxes
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(CDR-SB), the primary endpoint in comparison to placebo®. CDR-SB is a numeric scale to
assess severity of dementia symptoms covering cognitive and functional performance in areas
such as memory, orientation, judgment, etc. The participiants were included from Japan, U.S.,
Europe and China, and 10 mg/kg of Lecanemab was administered every two weeks. As
inclusion criterion, amyloid pathology had to be detected before in the brain. All key secondary
endpoints (e.g. amyloid-PET and ADAS-cogl14) also met with highly statistically significant
results, however, as expected amyloid-related imaging abnormalities (ARIA) E and H occurred
in 12% and 17% of all patients®. Just recently (January 2023) Biogen received the accelerated
approval from the U.S. FDA amid safety concerns. Besides Biogen and Eisai aim to submit
marketing authorization applications in Japan and Europe. Whether this drug really represents
a breakthrough in Alzheimer's therapy will become clear in the next years, when further data
for efficacy and safety will be generated and analyzed by external independent experts. In any
case, the drug will only slow down cognitive decline, but won't be able to stop the disease
progession. Promising results were also obtained with a similar antibody called Donanemab in

a recent phase 3 clinical trial®.

Limitations of the amyloid cascade hypothesis

Though AB indisputably plays a signiticant role in the pathogenesis of AD, a huge amount
of evidence suggests that this peptide is not the central disease-causing event. First, even
though FAD and LOAD share the same histopathological and clinical features, that does not
necessarily mean that they result from the same trigger. In LOAD other factors (e.g. aging-
associated mechanisms) could initate a cascade that results in the same pathological final
pathway as in FAD, which there is activated by gene mutations. Second, it has been
consistently shown multiple times that A accumulation and deposition do not correlate with
neuronal loss and cognitive decline [79]-[82] and many cognitively unimpaired individuals also
display a significant amyloid plaque burden in PET scans [81], [83]. Hence A itself appears
to be a normal peptide which is generated throughout life, even if its physiological role is not
fully elucidated so far [84]. In addition, there are several points to consider when evaluating
studys using oligomeric AB. For example, extraction and purification of soluble oligomers from
AD patients and model mice represents an intricate task. Therefore it is not clear whether the
different isolated oligomeric species are really endogenously produced or artificially arise
during the experimental procedure. Besides, though AB oligomers were shown to damage
neurons in vitro, neuronal cell death is almost absent in APP and APP/PS1 transgenic mice

[85], [86]. This demonstrates that high levels of AB peptides, do not trigger neurodegeneration

8https://investors.biogen.com/news-releases/news-release-details/lecanemab-confirmatory-phase-3-
clarity-ad-study-met-primary
https://investor.lilly.com/news-releases/news-release-details/lillys-donanemab-significantly-slowed-
cognitive-and-functional
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per se. This discrepancy has brought the tau protein back into focus. In particular, because it
has been shown that the reduction of tau in AD mouse models protects from AB-induced
synaptotoxicity and memory deficits [87]-[89]. Conversely, it was observed that tau mutations
lead to accelerated tangle formation and neuronal cell death [90], [91]. Therefore, several lines
of evidence suggest that the amyloid peptide drives tau hyperphosphorlyation and that these
two proteins may act synergistically to provoke neuronal death [92], [93]. Nevertheless, this
hypothesis also provides inconsistencies, because both the temporal and the regional
distribution of neurofibrillary tangles and AB plaques do not correlate in AD patients. There are
some hints that tau tangles even precede plaque formation and the distribution of neurofibrillary
tangles correlates much better with clinical symptoms than AR plaques [38], [94], [95].
Furthermore, it must be noted that a large proportion of the mentioned findings is based on
transgenic AD model mice. These APP and APP/PS1 mice carry mutations found in FAD
patients, which raises the question of whether they are appropriate to model LOAD, especially
as they don’t show neurofibrillary tangles [85]. Even if triple transgenic mice (APP/PS1/tau)
reproduce the pathological features of human AD, the issue remains that tau mutations do not
cause AD. Furthermore, experiments in the mouse species always entail the question of the
extent to which they can be transferred to humans. Lastly, it should be mentioned that the
follow up of some AD patients after AB-immunization showed that amyloid plagues were
reduced, but the disease continued until the death of the patients with all symptoms and
histopathological alterations of AD [96]. Whether this fact would be fixed by an application
earlier in the pathogenesis of AD is unclear.

In conclusion, despite the positive outcome of Lecanemab and Donanemab, the amyloid
cascade hypothesis leaves many questions unanswered. It also misses the point that aging is
the main risk factor for LOAD. Since mitochondrial dysfunction -next to extracellular amyloid
plagues and intracellular tau tangles- plays a major role in AD and mitochondrial function has
been shown to decline with age, the mitochondrial cascade hypothesis provides an interesting
link. This hypothesis and the role of mitochondria in the pathogenesis of AD are described in
detail in section 1.2.5. Besides, many scientists believe that not all LOAD cases should be
lumped together, as both pathology and clinical presentation display a heterogeneity within AD
patients [97]. On the one hand, a robust classification into 4 subtypes based on tau spread
was made in 2021 by artificial intelligence and on the other hand, a classification based on the
most significant risk component, e.g. APOE-¢4 allele or older age, was proposed [98], [99].
Interestingly, there is also a small but notable group of dementia patients displaying the typical
AD symptoms and neurodegeneration, but no amyloid deposition [100], [101]. It is
controversial whether this variant should be counted as AD or not, however, in these patients
mitochondrial dysfunction seems to be one of the first pathological signs on the way to the
development of dementia [100], [102].
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1.2 Mitochondria

1.2.1 Structure and composition

Mitochondria are double membraned organelles that are present in almost all
mammalian cells [103]. They are classically recognized as key regulators of cellular energy in
form of adenosine triphosphate (ATP) [104]. Today, it is known that these organelles are also
involved in a large variety of physiological processes including redox signaling, cell death
execution and maintaining cellular calcium homeostasis [105]. A more detailed description of

all mitochondrial functions is provided in section 1.2.3.

mtDNA
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h complexes
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Figure 1.6: Schematic illustration of mitochondria and mitochondrial components. Thin
mitochondria represent the tubular mitochondrial network in a cell. The one large mitochondrion
demonstrates that mitochondria consist of an outer and an inner membrane, which results in two
separated regions: the matrix and the intermembrane space. Mitochondria possess their own DNA
(mtDNA) and mitoribosomes (brown dots). The complexes of the respiratory chain (blue dots) which are
required for the synthesis of ATP, are located in the inner mitochondrial membrane.

Mitochondria are mainly organized in a continuous tubular network that extends through
the cell along a cytoskeletal scaffold. Thereby, it surrounds the nucleus and other organelles
and stretches towards the plasma membrane. Due to mitochondrial fission and fusion, as well
as the distribution of mitochondria along the cytoskeletal tracks, this network is dynamic and
enables the adaptation to changing cellular functions. Therefore, the number, shape and size
of mitochondria varies considerably depending on cell type and cell condition. For example, in

energy-demanding cardiac muscle cells mitochondria are very abundant and constitute
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20-40% of the cellular volume [106], whereas in other cell types mitochondria account for <35%
of the cellular volume [107]. Likewise, the size of an individual mitochondrion varies in
dependence of cell type and cell conditions, but it is commonly between 0.75 and 3 um? [108].

The entire tubular network (simplified depicted in Figure 1.6) is delimited from the cytosol
by the outer mitochondrial membrane (OMM). The OMM has a protein-to-phospholipid ratio
similar to that of the cell membrane, is porous and freely traversable by ions, metabolites,
nucleotides and other uncharged molecules via pore-forming membrane proteins, such as the
voltage-dependent anion chanel (VDAC) [105]. Larger molecules, such as proteins, can enter
the mitochondrion through translocases, in case they provide a specific mitochondrial target
sequence (MTS). In contrast, the inner mitochondrial membrane (IMM) separates the matrix
from the intermembrane space and is a tight diffusion barrier to all ions and molecules,
resulting in an electrochemical membrane potential of about -180 mV [105]. It forms numerous
invaginations called cristae, that protrude far into the matrix. Here, the enzymes of the
respiratory chain are located and mitochondrial ribosomes (mitoribosomes) are also
membrane-associated. The protein-to-phospholipid ratio of the IMM is more than 3:1 and it
does not contain porins, therefore all proteins require specific transport proteins to enter or
leave the matrix [105]. This inner compartment has a high protein density and a relatively high
pH of 7.9 - 8.0 (the pH of the intermembrane space is 7.2 - 7.4) [109]. In the matrix, the
mitochondrial DNA (mtDNA) is located and replicated. Besides, transcription, protein
biosynthesis of mitochondrial encoded genes and numerous enzymatic reactions take place
in the matrix. The mtDNA is bound to the transcription factor A (TFAM) and condensed into
supramolecular assemblies called nucleoids [110]. In general, each human cell contains
several hundred to thousand mitochondria and each mitochondrion containes 2 to 10 copies
of mtDNA [111].

It is proposed that all mitochondria derive from a common ancestral organelle that
originated from the integration of an endosymbiotic a-proteobacterium into an Archaea host
cell [112]. This transition is reflected, for example, in the different protein-to-phospholipid ratio
between IMM and OMM. This further implies that mitochondria require a fine regulation in

terms of nuclear protein synthesis and import.

1.2.2 mtDNA, transcription and translation

As mentioned above, mitochondria contain an extrachromosomal genome which is
differently organized from the nuclear one. The mtDNA is a histone-free circular double-
stranded DNA molecule with around 16 000 base-pairs (bp) and encodes 37 genes [113]. Both

MtDNA strands, the heavy and the light strand, encode different genes, with the heavy strand
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containing most information. It carries the complementary sequence for 14 tRNAs, 2 rRNAs
(12S and 16S) and 12 mRNAs. In comparison, the light strand encodes 8 tRNAs and 1 mRNA
[114]. Together, this results in 13 mMRNAs that all code for proteins of the respiratory chain,
including subunits of Cpx I, lll, IV and V. The other subunits of these complexes are nuclear
encoded, translated in the cytosol, and then imported into the mitochondrion (more information
about the respiratory chain in section 1.2.3).
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Figure 1.7: Human mtDNA sequence map. The mtDNA consists of one heavy (H-strand) and one light
strand (L-strand) coding together for 22 tRNAs, 2 rRNAs and 13 polypetides. Sequences coding for
Cpx I, lll, IV and V subunits are labeled in blue, purle, red and yellow respectively. In context of this
thesis, the Cpx | subunit ND5 encoded in the MT-ND5 gene is of particular importance (circled in red).
The complementary sequences for rRNA are labeled in green and those for (mt)tRNAs in black. The
letters associated with tRNA represent the one-letter code of the corresponding amino acid for each
tRNA. L1&2 and S1&2 represent two tRNA isoacceptors. Besides mtDNA contains three promoters:
Heavy strand promotor 1 and 2 (HSP1, HSP2) and one light strand promotor (LSP). Grey lines are non-
coding regions. Figure adapted from [115].

Unlike nulear-encoded genes, mitochondrial genes are devoid of introns and tRNAs are
interspersed between protein and rRNA coding genes with no intervening sequences [116].
The largest non-coding sequence is the control region that contains signals to control both
RNA and DNA synthesis. This region can also be called D-loop, relating to a structure that is
formed when the mtDNA is replicated [117]. Importantly, the mtDNA polymerase has a low
fidelity and there is no own mtDNA repair mechanism, which leads to a significant higher

mutation rate in the mitochondrial genome compared to nuclear DNA [114]. Besides, mtDNA
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contains three promoter regions that are located adjacent to each other near the control region.
Transcription of the L-strand is initated by the light strand promoter 1 (LSP1), whereas the
heavy strand contains two promoter sequences (HSP1 and HSP2). It is under debate whether
both transcription units are necessary for the expression of H strand genes, although today
HSP1 is assumed to be the main promoter [115], [118], [119]. The basal mitochondrial
transcription machinery contains three proteins: The mitochondrial RNA polymerase
(POLRMT), the mitochondrial transcription factor B2 (TFB2M) and TFAM, which was already
mentioned in section 1.2.1, as in enables the condensed form of the mtDNA. The transcription
by POLRMT results in two long polycistronic transcripts, one that is derived from the LSP and
one from the HSP. These two transcripts are processed by the mitochondrial RNA-processing
machinery comprising mtRNase P (described in detail in section 1.4.2) and mtRNase Z, which
cleaves in a subsequent step [120]. According to the “tRNA punctuation model of RNA
processing in human mitochondria” (mt)tRNAs act like a cleavage signals for these enzymes
and through the endonucleolytic cleavage of these tRNA sequences rRNAs and mRNAs are
released [121]. This model is generally accepted, but it is unclear how mRNAs are liberated

that are not immediately adjacent to a tRNA.

In contrast to nuclear mRNAs, mitochondrial MRNAs contain no or a relatively short
5-UTRs and lack 3’-UTRs [122]. Besides, the 7-Methylguanosine cap that is essential for
nuclear encoded mRNAs is lacking in (mt)mRNAs. However, all (mt)mRNAs, except of ND6,
contain polyadenylation tails with ~45-50 nts of length added by the mitochondrial polyA
polymerase (mtPAP) [123]. As in the cytosol, translation in mitochondria is a complex, multi-
step process that requires several different factors for initiation, elongation, termination and
recycling (reviewed in [115]). For this purpose mitochondria possess their own 55S-ribosomes,
called mitoribosomes, which are multi-member complexes [124], [125]. They consist of a large
subunit (LSU, 39S) and a small subunit (SSU, 28S) composed of nuclear encoded ribosomal
proteins, and the mitochondrial encoded 16S and 12S rRNAs. Besides, an (mt)tRNA
((MHIRNAY? or (mt)tRNAFM) is needed to form the structural scaffold for the central
protuberance, analogous to the 5S-rRNA in cytoplasmic ribosomes [126] (see Figure 1.17).
Interestingly, mitoribosomes are anchored in the IMM, which is believed to facilitate the
insertion of newly synthesized proteins into the compartment of need. As most of the
(mt)tRNAs do not provide a 5-UTR and lack a 5’-cap, it is unclear how (mt)mRNAs are
recognized and transported to the mitoribosome. Lastly, it should be mentioned in the course
of translation that the decoding of (mt)mRNAs slightly differs from that of cytosolic mMRNAs.

This means that some codon triplets are translated differently into amino acids [127].
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1.2.3 Functions

Mitochondria are classically known for their essential role in the production of energy in
form of ATP. This primary cellular energy carrier is generated by aerobic respiration in a
process, termed the oxidative phosphorylation (OXPHOS). The chain of reactions required for
this process is carried out by 5 enzyme complexes and two mobile electron carriers that work
closely together in the mitochondrial respiratory chain (see Figure 1.8). These five complexes
are referred to as complex |-V (Cpx I-V) and are located in the IMM. They utilize a series of
electron transfer reactions derived from reducing equivalents to establish a proton gradient
across the IMM. This electrochemical gradient build up by Cpx I-1V results in the proton-motive
force that drives the production of ATP by Cpx V [128].
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Figure 1.8: Schematic representation of the respiratory chain in mitochondria. Complex | oxidizes
NADH to NAD* to reduce Ubiquinone (Q) to Ubiquinol (QH2). This electron transfer is coupled to the
transport of four protons from the mitochondrial matrix into the inner membrane space (IMS). Complex II
oxidized succinate to fumarate and reduces Q without the translocation of protons. In the next step,
eletrons are transferred from QHz to Cytochrome c (Cyt c) via complex Il accompanied by the
translocation of 2 protons. Finally, four molecules of Cyt ¢ are used to reduce oxygen (Oz) to water. This
process is catalyzed by complex IV and 4 protons are simultaneously transferred. The proton gradient
thus created is the driving force for complex V to generate ATP. Electron and proton transfer processes
are depicted with grey arrows. IMM= Inner mitochondrial membrane. Figure adapted from [109] and
[129].

The aforementioned process begins with Nicotinamide adenine dinucleotide (NADH),
which is generated during glycolysis in the cytoplasm and during the citric acid cycle in the
mitochondrial matrix. The oxidation of NADH and the simultaneous reduction of Ubiquinone is
performed by Cpx | alias NADH dehydrogenase. This redox reaction is coupled with the

translocation of 4 protons from the matrix to the intermembrane space (IMS) [130]. In parallel,
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Cpx Il alias Succinate dehydrogenase oxidizes succinate to fumarate, whereby no protons are
transported. Similar to Cpx |, the thereby released electrons are transferred to Ubiquinone,
which is reduced to Ubiquinol. Since Ubiquinol is able to diffuse along the IMM, it encounters
Cpx Il alias Cytochrome c oxidase. Here, it is oxidized and the resulting electrons are
transferred to Cytochrome c (Cyt c), with additional two protons being displaced across the
membrane. Interestingly, the resulting Ubiquinone remains in the membrane and can be
recycled by Cpx | and 1l [131]. In the last step of the electron transport chain (ETC), a term that
comprises Cpx I-1V, Cpx IV alias Cytochrome c oxidase catalyzes the transfer of electrons from
the reduced Cyt ¢ to molecular oxygen. Its reduction to two water molecules requires four
electrons transfered from Cyt ¢ together with four protons, which are taken from the matrix.
This reaction generates both a proton and charge gradient across the IMM, because matrix
protons are consumed from the matrix and electrons originate from the IMM [130]. So as
consequence of the ETC, a total of ten protons are pumped from the matrix into the IMS, where
they accumulate and thereby generate an electrochemical proton gradient termed the
mitochondrial membrane potential (MMP or AW). AW together with the high proton
concentration in the IMS results in the protonmotive force, which is couples the ETC to the
activity of Cpx V alias ATP Synthase. Cpx V comprises two domains, the extramembranous
(called F1) and transmembrane (called Fo), and functions in a rotational motor mechanism
[132]. Hereby, protons from the IMS re-enter the matrix harnessing the protonmotive force.
The movement of protons through the Fo is coupled to the rotation that results in the addition
of a phosphate to adenosine diphosphate (ADP) to synthesize adenosine triphosphate (ATP)
in the F1 domain [132].

Mitochondria are best known for producing ATP via OXPHOS, however, they are also of
key relevance in various physiological and pathophysiological pathways. For example,
mitochondria mediate a variety of events during apoptosis, e.g. the release of Cyt ¢ (which
activates caspases) and the loss of the AW [133]—-[135]. Besides, multiple lines of evidence
indicate that mitochondria-derived reactive oxygen species (ROS) also influence homeostatic
signaling pathways to control cell proliferation and differentiation and contribute to stress
signaling pathways [136]-[138]. In addition, mitochondria are the main cellular source of
NADH, which is produced, among others, during the conversion of long-chain fatty acids to
Acetyl-CoA (B-oxidation) and in the citric acid cycle (series of chemical reactions to release
energy stored in Acetyl-CoA). Biosynthesis of other important molecules such as hormones,
neurotransmitters, lipids and Fe-S proteins also takes place in the mitochondria [137], [139].
Furthermore, mitochondria are also involved in inflammatory processes and regulate the Ca?*
homeostasis by modulating the spatiotemporal distribution of this second messenger [140],
[141]. Especially in neurons, this ability is essential for controlling neurotransmitter release,
neurogenesis and neuronal plasticity [137], [142].
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1.2.4 Complex |

In context of this thesis, Cpx | alias NADH dehydrogenase is of particular importance.
Therefore, the following section will discuss the structure and function of this enzyme more in
detail. As Cpx | is the major entry point for electrons to the respiratory chain, it is assumed to
be the rate-limiting step in overall respiration and hence plays a central role in the generation
of ATP. Besides, it is the largest and most elaborate protein of the ETC, with the entire
holoenzyme reaching a molecular weight of ~1 MDa [143]-[145]. Therefore, its biogenesis

requires a large number of assembly factors [146].

In humans, Cpx | consists of 45 subunits, 7 of which are encoded in the mtDNA (ND1-6
and ND4L), while the remainder are encoded in the nuclear DNA (subunits with the initial letters
NDUF) [143]. The 7 mitochondrial subunits, along with 7 of the nuclear-encoded subunits, are
the so-called core subunits that are essential for a functional enzyme. These 14 subunits are
highly conserved across species and homologous to the 14 subunits of the bacterial Cpx | (see
structure of T. thermophilus in Figure 1.9). During the course of evolution, Cpx | has acquired
31 supernumerary subunits, however, as the core subunits are thought to be sufficient for Cpx |
function, the role of the supernumerary subunits is not entirely clear. They are likely to assist
in the assembly, regulation and stability of the complex and might as well play a nonspecific
role in protecting the core subunits against oxidative damage [147], [148]. Of note, Cpx | also
requires the noncovalent binding of coenzymes, namely Flavin mononucleotide (FMN) and 9

iron-sulfur clusters which are incorporated in the structure of the core subunits [144], [149].

In all species, Cpx | exhibits a characteristic L-shaped structure with two distinguishable
arms (see Figure 1.9). The lipophilic membrane arm, which contains all the mtDNA-encoded
subunits, is embedded in the inner mitochondrial membrane. The hydrophilic peripheral arm
protrudes into the matrix [150]. Here, NADH derived from the matrix is oxidized to NAD* and
H*, and electrons are transferred to the primary electron acceptor FMN. The 95 A long electron
transfer pathways through the enzyme proceeds from FMN through seven conserved Fe-S
clusters (N3>N1b>N4->N5->N6a->N6b>N2) [144] (see Figure 1.9). Interestingly, only
seven of the 9 Fe-S clusters are involved in the normal electron transfer pathway. The
remainder are thought to be essential for the stability of Cpx | and cluster N1a was additionally
proposed to play a role in the prevention of oxidative damage [151]-[153]. Subsequently,
electrons are transferred to Q at an unusual elongated binding site, located at the interface
between the hydrophilic and the lipophilic membrane arm. The latter contains three antiporter-
like subunits (ND5, ND2 and ND4), each of which is able to transport one proton per Q
molecule from the matrix into the IMS. Two other subunits in the membrane arm (ND4L and
ND®6) also allow one proton to pass, so that a total of 4 protons are translocated per Q molecule.

In general, Cpx | can be considered as a sophisticated microscale pump, as it couples the
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redox energy of electron transfer to the proton translocation by adopting two different
conformational states [154]. In the transition between these two states, ND5, the most distal
core subunit of the membrane arm, plays a crucial role. ND5 in humans (homolog of NuoL in
E. coli and Ngo12 in T. thermophilus) provides next to the antiporter-like structure a 110 A long
amphipathic a-helix, spanning almost the entire length of the membrane arm (see Figure 1.9).
It was proposed that the conformational changes after the reduction of Q at the interface of the
two enzyme arms may drive the long amphiphatic a-helix of ND5 in a piston-like motion,
thereby tilting transmembrane helices of ND4, ND2, ND4L and ND6 resulting in the
translocation of protons [144], [155]. Although it is not entirely clarified to date whether ND5
alone is capable of implementing the conformational shift, it is undisputable that ND5 plays an
essential role for the function of Cpx | [156], [157].

NAD*+H*

NADH Complex |

Matrix NDS

ada = o RO P LS D000000000000000000000000000
iy o NG Ubiquinone (Q)

. oY I Ubiquinol (QH.)

6800864

) v H* H* H*
H* H* H* H* H*

Figure 1.9: llustration of the structure of Cpx | from T. thermophilus. Core subunits of Cpx | are
shown in blue. In the membrane domain, there are four antiporter-like subunits, each of which transports
one proton per Ubiquinone molecule into the IMS. The bacterial subunit Nqo12 (in humans termed ND5)
is highlighted in green. It provides a long amphiphatic helix extending from the most distal part of the
membrane domain into the region where Ubiquinone is reduced to Ubiquinol. Nqo12/ND5 is thought to
act like a piston in the catalytic reaction of Cpx | by moving all antiporter-like subunits after the reduction
of Ubiquinol thereby causing the translocation of 4 protons. In consequence protons accumulate in the
IMS. Nqo13, Ngo14, Nqoll and Nqo10 correspond to subunits ND4, ND2, ND4L and ND6 in humans.
For simplicity, only the latter names are labeled in the figure. Figure adapted from [158].

As mentioned above the core subunit ND5 is essential for the function of Cpx I. In
addition, mutations in the genetic sequence of this highly conserved core subunit are known
to cause several types of mitochondriopathies, for example, the Leigh Syndrome (LS) [159].

LS is a neurodegenerative disorder that usually begins before 1 year of age and leads to death
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within months or years. Usually these patients display normal development during the first
months of life (< 7 months), followed by the loss of the acquired skills, hypotonia due to
cardiomyopathy, eye symptoms (e.g. nystagmus) and global developmental delay [159], [160].
Also dysmorphic features, spasticity, muscle weakness and even paralysis may occur [160].
In general, the term “mitochondriopathies” comprises diseases that are caused by either
sporadic or inherited mutations in nuclear or mitochondrial encoded genes, that induce defects
in mitochondrial function resulting in the deterioration of cellular energy supply and the entire
metabolism of cells [161]. The respective disease symptoms are primarily noticeable in tissues
that have a high energy consumption, including the nervous system, heart and skeletal
muscles, and the optic nerve. Hence, mutations in MT-ND5 can also lead to development of
Leber’s hereditary optic neuropathy (LHON) [162]. LHON is the most common maternally
inherited eye disease caused by the selective degeneration of retinal ganglion cells and their
axons, resulting in the loss of the central vision and potentially blindness [163]. This disorder
affects predominantly young adult males and can also be caused by other mtDNA mutations
[163]. The third disease pattern attributable to mutations in MT-ND5 is a syndrome consisting
of mitochondrial encephalomyopathy, lactic acidosis, and strokelike episodes, abbreviated as
MELAS [159]. The MELAS syndrome was first reported in children and is characterized by
recurrent focal neurological deficits, lactic acidoses, epilepsy and a comparably short posture
[164]. The striking clinical feature, the “strokelike episodes” are typically associated with a good
clinical recovery, but neurological deficits accumulate over time and may progress to dementia
[165]. Of note, as all mitochondriopathies, MELAS can occur in different ages with many
different clinical phenotypes, ranging from hearing loss to diabetes mellitus [166]. 80% of
patients suffering from MELAS carry the A3243G mutation in the mitochondrial encoded
tRNALeUUUR) gene, however, in some cases it could also be traced back to mutations in MT-ND5
[159]. At this point it should be mentioned that symptoms of LHON, MELAS and LS may also
occur in overlapping syndromes and frequently so-called ragged-red fibres (RRFs) are
histopathologically identified in muscle cells, representing the accumulation of morphologically
and biochemically abnormal mitochondria [159], [167]-[169]. Similarly, a mutation in MT-ND5
(G13042A) was found in a patient with an overlap syndrome of MELAS and the myoclonus
epilepsy with RRFs (MERRF) [170]. Besides, it is of great importance, that mutations in MT-
ND5 have often been shown to result in a decreased activity of Cpx | [159], [169]. In general,
it has been noticed that at least 40% of all mitochondrial disorders are associated with

mutations in subunits of Cpx | [171].

Moreover, Cpx | is considered to be the major source of ROS production in mitochondria
(along with Cpx Ill). ROS are important molecules in various signaling pathways, e.g. in
apoptosis, but they can also exert several cell-damaging effects. Even during regular Cpx |
function, the transfer of electrons to molecular oxygen via electron leaks causes the mild
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production of superoxide anion radicals, the proximal mitochondrial ROS [172]. There is
evidence that these superoxide anions are generated at two distinct sites of Cpx I. First, the
reduced FMN in the active site of NADH oxidation has been identified in studies of isolated
enzyme complexes and second, studies of intact mitochondria or submitochondrial particles
have suggested a mechanism involving the Q-binding site [173]. Most likely, both sites
contribute to the generation of superoxide anions and also the iron-sulfur clusters N1la and N2
are discussed to be involved [171]. In general, ROS are thought to play a role as signaling
molecules to activate various cellular pathways including protein kinase C, mitogen-activated
protein kinase (MAPK), PI3K, Akt, and p38 MAPK, as well as Ca?* signaling [143]. Importantly,
several mutations in genes encoding Cpx | subunits (amongst others in MT-ND5) have been
linked with elevated ROS levels [174]-[176].

Several lines of evidence indicate that mitochondrial ROS generation is the major source
of oxidative stress in the cell [177]. Indeed, the production of superoxide anion radicals can
also lead to the formation of hydrogen peroxide (H202) and peroxynitrite (ONOO") [172]. It is
assumed that lower concentrations of ROS are essential for normal cellular signaling pathways
(e.g. in immune response, inflammation, synaptic plasticity), whereas higher concentrations
and long-time exposure of ROS cause damage to cellular macromolecules such as DNA, lipids
and proteins, ultimately resulting in necrosis and apoptotic cell death [28], [178]. Interestingly,
ROS can also affect Cpx | to generate more free radials, and Cpx I-derived ROS have been
shown to enhace the activity of BACE1 promoting APP cleavage through the amyloidogenic
pathway [143], [179], [180] (more information in section 1.1.4). In general, ROS have been
suggested to contribute to a large number of diseases associated with mitochondrial
dysfunction, amongst others neurodegenerative diseases [137]. For example in AD, growing
evidence links the ROS-mediated damages with molecular targets including mitochondrial
function, the protein quality control system and autophagic pathways affecting the proteostasis
balance [181]. In this scenario, oxidative stress should be considered as not only a major
feature in the pathophysiology of AD, but also a potential target to combat the progression of
the disease [181]. Likewise, Cpx | dysfunction was frequently associated with mitochondrial
diseases, aging and neurodegenerative diseases, e.g. Parkison’s disease (PD) [147]. So in
summary, Cpx | appears to play an important role in the development and therapy of AD, which
has been shown in recent publications [102], [143], [182]-[186].

1.2.5 Role of Mitochondria in Alzheimer‘s disease

As mentioned in section 1.1.5 the “amyloid cascade hypothesis”, which was postulated
by Hardy and Higgins in 1992 leaves many unanswered questions. Since AR peptides are

natural products of the APP metabolism, this hypothesis does not explain, why the balance of
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AB production and clearance is lost during the progression of AD. Besides, the exact
mechanism by which amyloidogenic APP processing is triggered in humans is still not known.
Moreover, the hypothesis disregards the fact that aging is the most important risk factor to
develop LOAD. That means, the exact mechanism linking aging and AD is not known so far.
Looking at mitochondria opens up avenues that could answer these unresolved questions.

Mitochondrial dysfunction in AD

Mitochondrial dysfunction is a common feature of age-related neurodegenerative
diseases and mounting evidence suggests that it is an early and potentially causative event in
AD [102], [187]-[190]. To date, a large body of research has demonstrated mitochondrial
abnormalities in brains of AD patients. Next to glucose hypometabolism, several activity
changes in mitochondrial enzymes including thiamine diphosphate (TDP), a critical coenzyme
of pyruvate dehydrogenase and a-ketoglutarate dehydrogenase have been described [190]-
[192]. Besides, a reduced metabolic rate of oxygen was measured in the frontal, parietal and
temporal cortex of AD patients, which provides direct evidence for a reduced mitochondrial
function through the ETC [188], [193], [194]. Interestingly, the cerebral metabolic rate of oxygen
showed a significant correlation with the severity of dementia [194]. In line with the decreased
oxygen consumption, enzyme activities in mitochondria isolated from autopsied AD brains
demonstrated a generalized depression of all ETC complexes [195]. The most dramatic
reduction was found for Cpx IV (alias cytochrome ¢ oxidase), which was confirmed numerous
times in the literature [191], [195]-[197]. In case of Cpx IV, the impairment is known to be
caused by the direct binding of the AB peptide to the subunit COX1 [198], [199]. However,
several groups also observed a reduced acitivity of Cpx | in AD models and brains of AD
patients, among them a recent meta-analysis that evaluated 125 studies [182], [183], [200]—
[202]. Likewise, proteomic and differential gene expression studies showed a downregulation
of Cpx | subunits in AD brain specimen [203]-[208]. It must be mentioned, that the results vary
between different studies, and apparently the findings from mitochondrial and nuclear-encoded
genes need to be considered separately. Importantly, the trigger for the downregulation of
Cpx | subunits and the exact mechanism for the impairment of Cpx | in AD is not fully
understood. On the one hand, there is evidence that tau reduces Cpx | activity by down-
regulating Cpx | subunits [202], [209]. On the other hand, Cpx | dysfunction has also been
measured numerous times as a consequence of the A peptide and in AB-based models [202],
[210]-[214]. Importantly, the exact mechanism of AR causing Cpx | impairment is currently
unclear. Merely one study investigated the interactions of ABi42 and a human brain cDNA
library expressed on M13 phages and suggests that this inhibitory effect might be caused by
the direct binding of AB to the ND3 subunit of Cpx | [215]. Of note, further studies to investigate

Cpx | dysfunction in AB-based AD models failed to materialize.
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In addition, a large number of mitochondrial parameters were found to be reduced in
both AD patients and AD model systems [188], [189]. For example a reduction of the MMP,
ATP levels and the respiratory control ratio (RCR) was measured in HEK cells overexpressing
wild-type APP and APP carrying the Swedish mutation (KM670/671NL) [179], [216]. This was
accompanied by an increase of ROS levels (determined as superoxide anion radials) and
altered mitochondrial morphology [179]. Interestingly, mitochondrial dysfunction was even
observed in blood cells obtained from AD patients. For example AD lymphocytes exhibited a
reduced endogenous basal respiration rate and a diminished respiratory control ratio (coupled
OXPHOS capacity divided by leak flux), whereas mitochondrial mass was unchanged [217].
Besides, the MMP was significantly decreased in CD4+ lymphocytes of AD patients and
already in individuals with MCI [217]. Likewise, the susceptibility of Cpx | to Rotenone was
enhanced and the basal level of apoptosis was reduced in these two groups in comparison to
healthy controls [217], [218]. These findings are in line with numerous further studies that
reported elevated ROS levels, measured as DNA damage, and elevated apoptosis in
lymphocytes from AD patients and mice transgenic for human mutant APP (reviewed in [217],
[219]). For this reason, mitochondrial parameters in lymphocytes are discussed as potential
peripheral biomarkers for the detection of AD [102], [218].

Along with the observations mentioned so far, deficits in so-called mitochondrial
dynamics were frequently reported in AD. Mitochondria are highly dynamic organelles
undergoing continuous fusion and fission in the cytoplasm. This processes are essential for
maintaining a healthy pool of mitochondria with proper distribution [188]. Altered size and
number of mitochondria, shifted to a rather fragmented mitochondrial network have been
reported in AD brains and models [179], [210], [220], [221]. Excessively fragmented
mitochondria result in mitochondrial bioenergetics deficits through negative impact to the
proper complex assembly that is critical for the ETC function [188]. Besides increased levels
of AB and phosphorylated tau can induce ROS production, which causes not only
fragmentation mitochondria but also promotes defective mitophagy. Mitophagy is a cellular
process whereby damaged mitochondria are selectively removed and this process was also
found to be impaired in AD (recently reviewed in [222], [223]). Likewise, mitochondrial axonal
trafficking deficits were reported in pyramidal neurons of AD patients resulting in an abnormal
distribution of mitochondria [221]. Disruption of both anterograde and retrograde transport
caused by AR, either due to faulty mitochondria or impaired mitochondrial transport system,
leads to a decreased proportion of healthy mitochondria or an increased portion of damaged
mitochondria at synapses, where an extensive energy supply is needed [224]. Therefore
abnormal changes in mitochondrial transport in AD are under intensive studies. Of note,
overexpression and/or phosphorylation of tau is another negative regulator for mitochondrial
movement and elevated calcium levels may also modulate mitochondrial transport [188].
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In addition to the mitochondrial defecits mentioned above, the biogenesis of nuclear
encoded mitochondrial proteins was found to be impaired in AD. For example, Qin et al.
demonstrated the reduced expression of the peroxisome proliferator-activated receptor y
coactivator 1a (PGC-1a) in AD patients and model mice [225]. PGC-1a is considered the
master regulator of mitochondrial protein expression and regulates mitochondrial respiration
through interactions with transcription factors NRF1 & 2, which in turn promote the expression
of TFAM [226]. Additionally, the import of nuclear encoded proteins is disturbed by oxidative
stress and APP. APP forms a stable complex with mitochondrial outer and inner translocases
in AD brains, which likely blocks the mitochondrial import machinery and decreases the ETC
capacity [227]. Similarly, AB is translocated to mitochondria through interaction with TOM and
accumulates at the mitochondrial christae [228]. In general, if the import of nuclear proteins is
successful, the mitochondrial presequence protease (PreP) cleaves off the presequence of
mitochondrial matrix proteins. This maturation process was found to be decreased in the
temporal lobe of AD patients and in transgenic AD mice likely mediated to oxidative stress
[229]. Interstingly, PreP is also capable of degrading ABs and ABa2, revealing that AR
degradation might be impaired by the reduced PreP activity [229], [230]. Despite of the
impairment of this mitochondrial protease and further evidence demonstrating accumulation of
mitochondrial proteins in AD, more studies about alterations in mitochondrial proteastasis in

AD are needed.

Furthermore, reduced mtDNA copy numbers were significantly reduced in
microdissected pyramidal neurons from AD hippocampi compared to healthy controls [231].
Whether mtDNA variability is involved in the development of AD remains inconclusive. On the
one hand, no primary mtDNA mutations were directly associated with AD, on the other hand
some studies suggest that single nucleotide polymorphisms (SNPs) and germline variants (e.g.
haplogroups) likely play a role in AD [188]. Besides, levels of oxidized nucleic acids in mtDNA
were found to be significantly elevated in preclinical AD (PCAD) and MCI patients, which likely
represents a consequence of increased mitochondrial ROS levels and points to an early
involvement of oxidative stress in the pathogenesis of AD [232]. In particular levels of
8-oxoguanine and the corresponding repair enzyme 8-oxoguanine glycosylase 1 (OGG1) were
increased [232]. Other modifications in mtDNA may also affect its transcription and function.
For example, elevated 5-methylcytosine levels were detected in the D-loop region of mtDNA
in brain samles with AD-related pathology [233]. In contrast, peripheral blood analysis of
mtDNA from human AD patients revealed a decrease methylation of the D-Loop in LOAD
patients [234]. Therefore, the implication of these findings to the pathogenesis of AD still

remains to be explored.
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Figure 1.10: The hallmarks that characterize AD as a multifactorial disease are summarized in
the top left of the figure. The lower right side focuses on mitochondria-related functions that are
severely impaired in AD. Since growing evidence suggests mitochondrial dysfunction to be an early
and possibly causative event in AD, this research area is of particular interest for the development of
new therapeutic drugs. Figure adapted from [235].

In summary, mitochondrial dysfunction indisputably plays a pivotal role in the
pathogenesis of AD. In conjunction with the much-publicized amyloid and tau pathology,
mitochondrial dysfunction significantly contributes to the development of the disease and may
even serve a causative function. By now, most scientists agree that AD is a multifactorial
disease in which vascular damage, neuroinflammation and synaptic failure (amongst others)
are additionally involved [4], [44], [235], [236]. These factors are not further discussed in this
thesis, because they are not related to the investigated hypothesis. However, a comprehensive
summary of the features of mitochondrial dysfunction is presented in Figure 1.10.
Mitochondrial dysfunction is particularly relevant because it has been established as an early
and prominent event in the neuropathology of AD. Mitochondrial defecits were frequently found
before the extracellular accumulation of AB plaques and therefore this feature is of tremendous
interest to cure or prevent pathological changes [219], [235], [237]-[239]. Besides numerous
evidence indicates that restoration of mitochondrial function by therapeutic approaches or

antioxidant dient offers a potential target to delay the onset or slow the progession of AD [189].
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Mitochondrial dysfunction in brain aging

Mitochondrial function is known to be an important determinant of the aging process
[240]. At the same time aging is the most prominent risk factor for a variety of
neurodegenerative diseases including AD. This is evident from the fact that the prevalence of
AD increases tremendously with age [5]. Likewise, the incidence rate increases exponentially
after 60 years of age [30]. The complex mechanisms underlying brain aging are to date only
partly understood, however, several hypotheses have been proposed to explain this intricate
phenomenon. One salient and well-characterized alteration is that the mitochondrial efficiency
is impaired in aged individuals. In a general manner, a decrease in mitochondrial OXPHOS
activity, affecting the protein level and activity of ETC complexes was observed, especially for
Cpx I, IV and V [28], [241]. Of note, mitochondrial efficiency and Cpx activities were also
decreased in different AD models and AD patients [28], [102]. Besides, aging is marked by a
gradual increase in brain oxidative stress and consequent damages e.g. oxidized proteins,
lipids and nucleic acids which directly impair the cellular function [178]. This led to the “free-
radicals theory of aging” which was stated in 1956 by Harman and postulates that aging is a
consequence of free radicals attacking cells and tissue [242]. In general, it can be stated that
ROS production and ROS degradation become imbalanced during the aging process, whereby
it must be mentioned that mitochondria represent the main site of ROS formation [243]. In
particular the human brain is very susceptible to oxidative stress due to thee reasons. First, it
has a high oxygen demand (~20% of body basal oxygen, although it represents only 2% of the
body weight) [243]. Second, polyunsaturated fatty acids are more abundant, and third, the
antioxidant defense is rather low in comparison to other organs [244]. As mentioned above
mitochondria are the major source of oxidative stress. ROS levels generated by OXPHOS
proteins induce oxidative modifications in the mtDNA (due to their close proximity), which in
turn lead to a reduced OXPHOS function and decreased ATP levels. Since neurons have high
requirements of ATP, this interdependence is thought to contribute to the pathogenesis of AD
[28]. Importantly, the activity of Cpx | from the ETC was frequently reported to be decreased
in the aging brain and Cpx I-derived ROS appear to be a major player in the brain aging
scenario [179], [245], [246]. Vice versa, the mitochondrial Cpx | is specifically susceptible to
oxidative stress as it is spatially located in the inner mitochondrial membrane. Especially the
iron-sulfur clusters can be a site of direct ROS attack. These oxidative modifications might in
turn increase the ROS production of Cpx I. Besides 7 of the 14 essential core subunits of Cpx |
are encoded in the mtDNA, which is the reason why oxidative mtDNA modification strongly
affect Cpx 1. In line with this, several groups reported reduced protein levels and a decreased
activity of Cpx | in aged individuals and aged NMRI-mice [247], [248]. As mentioned above, an

impairment of Cpx |, increased ROS levels, and mitochondrial dysfunction were also found in
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AD models and patients. Since mitochondrial dysfunction increases with age, it has been

proposed that this feature represents the missing link between aging and LOAD [28].

Mitochondrial cascade hypothesis

The mitochondrial cascade hypothesis was first stated in 2004 by Swerdlow and Kahn
[249]. In contrast to the amyloid cascade hypothesis, Swerdlow and Kahn first placed
mitochondria at the beginning of the pathological cascade that ultimately leads to neuronal
death in AD. According to them, genetic variations in both nuclear and mitochondrial genes
encoding ETC proteins and a resulting reduced ETC activity are the main culprit for the
development of LOAD. Defects in the respiratory chain are accompanied by an individually
enlevated ROS production rate. The increase of oxidative stress attacks mtDNA, which further
exacerbates mitochondrial dysfunction. In addition, ROS stimulate the formation of AR from
APP, which in turn causes multiple mitochondrial deficits. These mutual damages of the
mtDNA, ETC complexes and other mitochondrial components culminate in mitochondrial
dysfunction leading to a reduced cellular energy supply, impaired neuroplasticity and finally
cell death as one major pathomechanism underlying the continuum from brain aging over mild
cognitive impairment to initial and advanced LOAD. As described above elevated ROS levels
are a major characteristic of aging, so the mitochondrial cascade hypothesis offers an attractive
explanation for why advancing age is the main risk factor for AD. Of note, the mitochondrial
cascade hypothesis does not reject the amyloid cascade hypothesis, but rather states that the
amyloid cascade is triggered by mitochondrial dysfunction. The literature often refers to the
chicken-and-egg controversy because it cannot be clearly proven whether mitochondrial
dysfunction causes AP overproduction or vice versa. However, there are many findings
supporting the role of mitochondrial dysfunction as the main culprit in LOAD. For example, AB
does not harm cells that were artificially depleted of mtDNA (p°) and therefore lack a functional
ETC [214]. This potently argues that a direct AB-mitochondria interaction is highly relevant in
AD. Besides, epidemiologic studies found that among affected parents of AD subjects, females
were overrepresented [250]-[252]. This may be a hint that maternally inherited genetic factors
contribute to the AD risk, pointing to mtDNA gene mutations as a potential trigger. Likewise,
mitochondrial DNA haplogroup variations and SNPs also seem to affect an individual’s risk of
developing AD [253]-[256]. However, the results across different mtDNA association studies
have not been consistent, which has led to some concerns about the reliability of individual
reports [241]. Furthermore, cytoplasmic hybrid (=“cybrid”) studies of persons with LOAD
showed that the mtDNA at least partly determines the mitochondrial ETC efficiency, OXPHOS
capacity and ROS production [257], [258]. AD cybrid lines also exhibited an altered calcium
homeostasis, a lower MMP, an abnormal mitochondrial morphology, an activation of the

molecular stress response pathway, higher levels of apoptosis proteins and an excessive AB

27



1 Introduction

aggregation (reviewed in [241]). In addition, it is known that the mtDNA acquires mutations
during the course of an individual’s life, especially the brain, as it represents the tissue with the
greatest rate of oxidative metabolism and a concomitant high ROS production [259], [260].
According to the mitochondrial cascade hypothesis, mtDNA mutational burden within individual
cells reaches a threshold at which resultant mitochondrial dysfunction becomes critical. So by
exceeding an individually different threshold, the accumulation of damages and the lack of
ATP initiates a collapse in cellular bioenergetics leading to cellular dysfunction, and ultimately
neuronal death and dementia. As mentioned above, mitochondrial ETC function was
consistently reduced in brains of aged individuals. It was also evidenced that a decreased ETC
activity shifts the non-amyloidogenic a-secretase mediated processing of APP towards the 3-
secretase mediated processing pathway. This was shown by inhibition of Cpx | with Rotenone
and the inhibition of Cpx IV with sodium azide [179], [261], [262]. These findings argue that
amyloidogenesis follows mitochondrial dysfunction. Likewise, mitochondrial dysfunction is
more anatomically widespread in AD than AR deposits, which suggests that mitochondrial
dysfunction cannot entirely be attributed to AB [263]. There are even hints, that tau
phosphorylation might be promoted by mitochondrial dysfunction, as AD fibroblasts exposed
to an ETC uncoupler displayed elevated Tau levels [264] and inhibition of Cpx IV increased
tau phosphorylation in rats [265]. So in summary, the mitochondrial cascade hypothesis posits
that mitochondrial dysfunction represents the primary pathology in LOAD that drives both AR
plagues and tau tangle formation.

Within the framework of the mitochondrial cascade hypothesis, Cpx | of the respiratory
chain occupies a specific role. Since Cpx | dysfunction has been consistently reported in aged
animals and humans, this may provide the link between aging and the development of AD. As
Leuner et al. postulated in 2012, Cpx | dysfunction might be the starting point and driving force
of the above mentioned amyloid cascade hypothesis, as Cpx I|-derived ROS enhance
amyloidogenic APP processing. This was impressively demonstrated in four steps (see Figure
1.11). First, they demonstrated that inhibition of Cpx | by the potent Cpx | inhibitor Rotenone
leads to an increase of superoxide anion radicals and cellular ROS in HEK cells. Second, they
detected a significant increase of the BACEL activity in HEK APPwt and APPsw cells (both
transfected with an plasmid coding for wild-type APP or APP including the Swedish mutation),
which were shown to displayed markly elevated basal ROS levels. In the third step, increased
AB1-40 levels were measured in HEK cells after incubation with Rotenone (24 h, 25 uM). This
was impressively restored by Vitamin C (1000 uM). This indicates on the one hand, that ROS

enhance the amyloidogenic processing of APP to AB and on the other hand, that this shift can

28



1 Introduction

+ rotenone

110+

% of control

Pathological aqing
Ml;toc:fhongrlal Inhibition of Complex |
‘ ysituncton @ leads to elevated ROS
Complex | production
degradation <— AB ificati
g generation ROS—> detoxification
= \ APP / ]
L . processing @ E o]
\L i 1004
sAPPO. e
0\ vgq'# VQQ"‘

BACE1 activity is
increased in cells with
elevated ROS levels

Figure 1.11: Schematic illustration of mitochondrial dysfunction in pathological brain aging
ultimately leading to AD. In the normal aging process of the brain, there is a balance between
mitochondrion-derived ROS, APP processing and AB generation on the one side, and ROS
detoxification and AB degradation on the other side. During the development of AD, this equilibrium is
disrubted as Cpx I-derived ROS enhance the activity of BACE1 and more A[ is generated. A further
impairs mitochondrional function, thereby creating a vicious circle. (1) Superoxide anion radicals
measured by dihydroethidium (DHE) and cytosolic ROS measured by dihydrorhodamin (DHR) in HEK
cells after 2 h of treatment with Rotenone (25 uM). (2) BACEZ1 acitivity in untransfected HEK control cells
(ctl) and HEK cells transfected with a plasmid coding for wildtype APP (APPwt) or for APP including the
swedish mutation (APPsw). Both transfected cell lines showed higher ROS levels in previous
experiments (data provided in [179]). RFU= relative fluorescence units. (3) ABi-40 levels in HEK cells
after 24 h treatment with Rotenone (rot) (25 uM) and after ROS scavenging by vitamin C (vit C)
(1000 uM). (4) ATP levels were significantly decreased in HEK APPwt and APPsw cells in comparison
to untransfected controls (ctl). Both cell lines showed elevated ROS levels and ABi4o in previous
experiments (data provided in [179]). Figure and graphs adapted from [179], where more information
about the experimental details can be found.

be mediated by Cpx I-derived ROS. In a fourth step, elevated AR levels were in turn shown to
attenuate mitochondrial function, as demonstrated by lower ATP levels in HEK APPwt and
APPsw cells. This results in a vicious circle between mitochondrial dysfunction, elevated ROS
levels and amyloidogenic APP processing, which is initiated by Cpx | dysfunction. This is of
particular importance, because Cpx | dysfunction and elevated ROS levels are common

characteristics of aging. It can therefore be assumed that these events intiate a viscious cycle,
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which is further accelerated by genetic and environmental factors and the gradual increase of
AB levels over years and decades [28], [102]. Besides several groups showed that
hyperphosphorylated tau also induces Cpx | dysfunction which further fuels this viscious cycle
[202], [209], [266], [267]. When an individual threshold is reached and compensatory
mechanisms fail to cope, the resulting reduced ATP generation leads to cellular and synaptic
dysfunction, which ultimately causes to neurodegeneration and dementia. So together with
other AD-associated risk factors such as the APOE4 status, low physical and cognitive activity,
genetic mutations or other diseases, mitochondrial dysfunction might be the crucial factor of
the initiation of the AD pathology. Of note, recent data suggest that the combined effect of
oxidative stress due to aging and slightly elevated AB levels initiate AD long before the clinical
onset [268]. Likewise, in a Cpx | deficient mouse model (due to inactivation of the subunit
Ndufs4), AB levels were increased and this alteration was observed even before the occurance

of notable pathology or behavioral effects [179].

The fact that an increase of ROS leads to an elevated A production via up-regulation of
BACEL1 has also been demonstrated by many other groups [180], [261], [269]. Whether this is
caused by an impairment of Cpx | directly by AB or by AB aggregation in an alternative way is
unclear. Besides the exact mechanism of ROS generation in AD is not entirely clarified.
Nevertheless, many indications suggest that mitochondria are the driving force of the amyloid
pathology ultimately leading to LOAD. One impressive example is the case of a 53 year old
woman who developed AD-like AB plaques due to mitochondrial dysfunction alone (MELAS
patient with a point mutation in the (Mt)tRNALUUYR) gene) [270]. The significant role of
mitochondrial dysfunction also implies that mitochondria represent an attractive target for the

future treatment of LOAD.

1.3 N'-Methyladenosine (m'A)
1.3.1 RNA modifications

DNA and RNA contain, next to the four canonical nucleobases (Adenine (A),
Cytosine (C), Guanine (G) and Thymine (T) in DNA or Uracil (U) in RNA), a number of modified
nucleosides that extend their chemical information content [271]. RNA is particularly rich in
modifications, which is obviously an adaptation to its highly complex and variable functions
[271]. To date, more than 170 RNA modifications have been characterized, and recent
publications announcing new modifications indicate that this list is most likely not yet complete
[272]-[274]. This phlethora of modifed nucleosides is introduced post-transcriptionally and
ranges from methylations over hydroxylations to more complex structures, e.g. in the case of

Wybutosine (yW) or Queuosine (Q). The latter two representatives exhibit extensions of the
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heterocyclic structure, which is why they are so-called hypermodified bases. The most
commonly occurring modifications are methylations at different positions of the nucleobase,
such as 5-methylcytidine (m°C) or 6-methyladenosine (m°A) or methylations at the 2’-O of the
ribose, such as 2’-O-methyladenosine (Am). The nomenclature of modifications is thereby
primarily oriented by the basic structure of the nucleobase and the indexed number represents
the modified position. For instance, “m*A” is an adenosine with a methylation at position 1 of
the purine nucleobase (see Figure 1.12A). If the ribose is modified, the nucleobase (and a
potential modification within the nucleobase) is mentioned first followed by the ribose
modification. An example would be “Am”, which represents a 2’-O-methylated adenosine. A
further type of nucleotide modification involves atomic substitution, as in the case of 4-
thiouridine (s*U), which is formed from Uridine through oxygen-sulfur substitution [275]. In
general, the vast majority of hitherto identified RNA modifications occurs in tRNA, which is also
the most widely studied RNA species in this regard [276]. mMRNA and rRNA are modified to a
lesser exent, but are also of great importance due to their implication in the protein
biosynthesis. Furthermore, RNA modifications have been reported in long noncoding RNA
(IncRNA), microRNA (miRNA), circular RNAs (circRNAs) and small nuclear RNAs (snRNAS)
[276]-[278].

RNA modifications have been identified across all three kingdoms of life. Some of those
modifications are highly conserved in different life domains, whereas others are specific for a
particular branch or even group of species [277]. Examples of maodifications that have been
identified in bacteria as well as in archaea and eukarya include 7-methylguanosine (m’G), m*A
and Am [277]. Dependent on organism and RNA type, modifications vary in abundance and
composition, and their functions range from being crucial for the functionality of highly
abundant and extensively modified tRNA [279] to being major players in the mRNA-associated
regulation of gene expression [280]. Human rRNAs are highly modified with 228 sites detected
in the human 80S ribosome [281]. Interestingly, only 14 different types of modification were
found in this case, comprising mainly 2’-O methylated nucleotides (Nms) and pseudouridine
(W) and a few base modifications [281]. In contrast, tRNAs are also highly modified, but display
a high variety of RNA modifications. Just as with rRNAs, the quantity and composition of
modified sites in tRNA greatly differs between different species. For example, tRNAs from
gram-negative and gram-positive bacterial species (e.g. E. coli) exhibit methylations at seven
different positions, while the thermophilic bacterium T. thermophilus shows some extra tRNA
methylation sites [277]. tRNA modification profiles in eukaryotes are comparatively well
conserved from yeast to humans, with only a few additional sites discovered in higher
eukaryotic tRNAs. In contrast, eukaryotic mitochondrial tRNAs are sparsely modified, with only
few methylations found at positions 26, 37 and 54 in S. cerevisiae and at position 9, 10, 32,
34*, 48*/49*/50*, 54 and 58* in mammals (*asterisk signifies transiently formed modifications)

31



1 Introduction

[277]. Similarly, mRNAs exhibit relatively low stochiometries of modifications that differ greatly
in their composition compared to tRNA and rRNA. A recent study from 2021 even showed that
the modification patterns are sufficient to distinguish different RNA species (tRNA, mRNA,
28S-rRNA and 18S-rRNA) from each other [282]. This fact is obviously related to the different
functions of the mentioned RNA species in the cellular organization. As mentioned earlier,
RNA modifications can exert a variety of cellular functions, inculding the stabilization of
secondary structures (in tRNA), facilitating an efficient and accurate protein synthesis through
the ribosome (in rRNA), modulation of the protein biosynthesis (in mMRNA) and many more
[280], [283]-[286]. Besides, they are increasingly recognized as modulators of
pathophysiology in the context of mMRNAs [287]-[292]. The multitude of modifications and their

myriad interactions, newly coined and extended the term "epitranscriptome”.

RNA modifications are dynamic and reversible, involving catalysis of various effector
proteins capable of depositing and removing them. Collectively, these proteins are known as
RNA-modifying proteins (RMPs), which fall into three groups: So-called “writers” are enzymes
that deposit RNA chemical marks, “eraser” are enzymes that remove them, and “readers”
selectively recognize and bind to specific RNA modifications. Due to the many different roles
of RNA modifications and their involvement in various diseases it follows that mutations and
dysregulations of RMPs are also associated with human diseases including cancer, genetic
birth defects and neurological diseases [287], [293], [294].

1.3.2 m'A structure and characteristics

The RNA modification m*A (=m?rA) was discovered for the first time by D.B. Dunn in
1961 and shortly thereafter, he was able to isolate the modified mononucleotide from RNA
[295], [296]. m*A denotes an adenosine base with a direct cyclic methylation at the N* of the
purin nucleobase (see Figure 1.12A). Therefore m'A carries a positive charge under
physiological conditions, similar to N3-methylcytidine (m3*C) and N’-methylguanosine (m’G),
dramatically changing its electro-chemical interactions [297]. As a consequence, the pK, value
at N°® of m*A was found to be 8.25 at 25°C [298]. Of note, the protonated m*A form can
rearrange to m°A, which is favored by alkaline conditions (so-called “Dimroth rearrangement”)
[298]. Both the positive charge and the steric hindrance by the N-methylgroup in mA perturb
the canonical Watson-Crick (WC) base pairing of A:T or A:U (see Figure 1.12B). Therefore,
m!A leads to alterations of the secondary structure and RNA-protein interactions on the one
hand, and to misincorporations and truncations during reverse transcription (RT) reactions on
the other hand. Misincorporations in the complementary cDNA strand are a result of an
unstable mismatch with other nucleosides by forming Hoogsteen (HG) base pairs enabled by

rotation of the purine base ~180° around the glycosidic bond [299]. In DNA, N!-
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methyldeoxyadenosine (mdA) is considered as a form of alkylation damage, which also leads
to false base pairing and genomic mutations and thus needs to be repaired [300]. Interestingly,
m?*A forms HG base pairs in B-DNA but not in A-RNA. This is likely due to the higher flexibility
of the deoxyribose ring lacking the 2’-OH group, which leads to an accommodation of m*dA-dT
HG base pairs in DNA. In contrast, the five-membered sugar in A-RNA is more rigid,
thermodynamically disfavoring HG base pairs and disrupting m*rA-rU duplex structures. Of
note, stably formed mrA-dT HG base pairs have been observed in [299], explaining the high
propensity of m*A to cause mismatch in cDNA. Moreover, m*A displays a high rate of strand
elongation stall in RT reactions, which is why it is a so-called “hard-stop modification”, as are
m3C and N*-methylguanosine (m'G) [301]. Both misincorporations and truncations, together
with nucleotide skipping events provide a specific RT signature, which can be used to detect
and quantify m*A methylation levels depending on the used reverse transcriptase [302].
Whenever m*A is mentioned in the following thesis, it refers to RNA modification (m?rA), not
DNA modification (m*dA).
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Figure 1.12: N1-methylation of adenosine confers a positive charge on the nucleobase.
A) Chemical structure of m*A. The features highlighted in red (methylgroup and positive charge at N%)
distinguish m*A from the unmodified counterpart adenosine (A). Standard numbering convention of purin
nucleotides is indicated in blue. B) The N1-methylation in adenosine disturbs Watson-Crick base pairing
with Uridine (U). Figure adapted from [303] and [304].

m!A is among the top 25 most-studied RNA modifications [305]. It is a prevalent and
reversible post-transcriptional modification that decorates different RNA species with high
abundances in tRNAs and rRNAs and low levels found in mRNAs [306]. In tRNAs of bacteria,
archaea and eukaryotes it occurs at position 9, 14, 16, 22, 57 and 58 [305]. Whereas m*A°® and
m*A% in mammalian tRNAs are the most explored and most frequent spots, m*A* has only
been identified in cyt(tRNA)P" from mammals, m*A?? has only been detected in bacterial tRNA,

and m*A%" has been identified only transiently in archaea [303], [306]. m*A%® is unique to human
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(mt)tRNAAY and its frequency is approximately 20% [307]. Besides, in mitochondria, the m*A®
modification is quite abundant and has been found in 11 (mt)tRNA species, while m*A% is a
minor modification with a 17% frequency found in 4 (mt)tRNA species [307]. For rRNAs, an
m?A site located in the peptidyl transfer center of the ribosome is conserved in yeast (m*A%
in 25S-rRNA) and humans (m'A®2 in 28S-rRNA) [284], [305], [308]. Likewise, m'A% is
conserved between vertebrates in the 16S-rRNA of mitochondrial ribosomes [309]. In contrast,
the abundance of m*A in mRNA has long been a subject of controversy. Using a commercial
antibody directed against the m*A nucleobase, m*A residues were first estimated in 2016 to
range from thousands to tens of thousands, with high frequencies found in the 5’-untranslated
regions (5’-UTRs) of cytosolic mMRNAs [310], [311]. Almost at the same time, in 2017, diverging
data suggested a much lower number of m*A in mRNAs in the low double-digit range,
comprising 9 sites in cytosolic mMRNAs, 5 sites in (mtmRNAs, and one site in the IncCRNA
MALAT1 [312]. Interestingly, m*A'¥7#4in the mitochondrial encoded ND5 mRNA was among the
few consensual sites and was even confirmed by a third independent research group [313].
Since a limited specifity for the above mentioned commercial antibodies was reported by two
different groups in 2019, most scientists by now agree that only a small number of m*A sites
are present in mRNAs [305], [313], [314].

The functions of m*A vary depending on RNA species and modified position. For
instance, the well-studied m*A® and m*A% modifications found in both cytosolic and (mt)tRNAs
have been linked to structural stability and correct folding of tRNAs. This has been investigated
in detail for the human (mt)tRNAYS, where m?A°® prevents the A%-U% WC base pairing thereby
shifting the equilibrium between an extended hairpin structure and the functional “L-shape”
structure in favor of the latter one [279], [283], [315]. In case of m*A%, a higher structural
thermostability was observed in modified tRNAs from Thermus thermophilus [316]. In addition,
the m*A% methylation of cytosolic tRNAs was shown to enhance protein translation efficiency
[317]. Besides, there is evidence that m*A levels in tRNA increase dynamically in response to
oxidative stress, as exemplified with H2O- in yeast [318]. In both mitochondrial and cytosolic
rRNA, m?A stabilizes tertiary rRNA interactions and seems to be involved in proper ribosome
function [308], [309]. Besides, recent studies based on technical advances in analytical
chemistry and high-throughput sequencing methods have revealed crucial roles of m*A mRNA
modification in gene expression regulation and biological processes [306]. The numerous

effects of m*A in mMRNA are described in detail in section 1.3.4.

1.3.3 Writers, readers and erasers of m'A

As a dynamic and reversible post-transcriptional RNA modification, m*A can be installed

by methyltransferases (writers), removed by demethylases (erasers) and recognized by m*A-
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dependent RNA-binding proteins (RBPs) (readers). Depending on organism, RNA species and
position, different enzymes take over these functions, while one enzyme can also be
responsible for several sites. The methyltransferase complex for m*A% in cytosolic tRNA was
first identified in Saccharomyces cerevisiae comprising the non-catalytic subunit Trm6 (=tRNA
methyltransferase 6) and the catalytic subunit Trm61 [319]. While Trm6 is responsible for tRNA
binding, Trm61 is crucial for binding the ubiquitous cofactor S-adenosyl-L-methionine (SAM)
and the catalytic function [320]. The conserved homolog of this complex in humans consists
of TRMT61A and TRMT6 [321] (an overview of m*A-modifying proteins in humans is given in
Figure 1.13). The demethylases for nuclear-encoded tRNAs all belong to the AIkB family of
Fe(ll)/a-ketoglutarate-dependent  dioxygenases, including a-ketoglutarate-dependent
dioxygenases AlkB homolog 1 (ALKBH1), ALKBH3 and a-ketoglutarate-dependent
dioxygenases FTO (FTO) [306], [322], [317]. For the two m?A sites in yeast 25S-rRNA the two
adenine-N(1)-methyltransferases Rrp8 and Bmt2 were reported for m!A%5 and m!A2142
respectively [323]. The human homolog of Rrp8 is nucleomethylin (NML), which catalyzes the
only m!A site at position 1322 in the 28S-rRNA [308]. NML possesses a Rossmann-fold
methyltransferase-like domain that binds to SAM, which also acts as a methyl donor in this
case [324]. The m?A reader protein YTH domain-containing family protein 3 (YTHDF3) was
identified in HEK293T cells, because it showed a high ability to bind to a human 28S-rRNA-
derived m*A sample, which was detected via RNA immunoprecipitation analysis [325]. As
indicated above, tRNA methylating proteins can also be responsible for the methylation of
other RNA species. For example, the TRMT6/TRMT61A complex was shown to mediate m*A
modificiation in cytosolic MRNAs [312]. This complex requires a consensus GUUCRA motif
and a tRNA T-loop-like structure for substrate recognition in mRNAS, which is similar to tRNA
recognition [312]. Moreover, it was proposed that m*A in mRNA can be demethylated by
ALKBH3 [310], [311], [326], and that YTHDF1-3 and YTH domain containing protein 1
(YTHDC1) act as m*A readers [327], [328].

In mitochondria, tRNAs are methylated at position 9 by a bipartite complex consisting of
the tRNA methyltransferase 10 homolog C (TRMT10C) and the short chain dehydrogenase/
reductase family 5C member 1 (SDR5C1) (see Figure 1.13). In this complex, TRMT10C acts
as catalytic core and is needed for tRNA binding, while SDR5C1 forms a tetramer, which is
thought to fulfill a scaffolding function (more information in section 1.4). The TRMT10C-
SDR5C1 complex displays dual specifity as it is also able to catalyze mG® modification in mt-
tRNAs [329]. Interestingly, there are hints that this complex as well methylates m!A®’* in the
mitochondrial ND5 mRNA, as m!A-induced mismatches dramatically increased after
overexpression of TRMT10C in HEK293T cells and decreased after treatment with siRNA

[312]. Of note, it is currently unclear whether SDR5C1 is also mandatory for m*A methylation
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Figure 1.13: Overview of the most important m*A-modifying proteins for different types of RNA
in humans. The nuclear (top panel) and mitochondrial (bottom panel) encoded RNAs are reversibly
methylated by m!A writers (shown in blue, with dark blue indicating the catalytic core subunit of the
methylase complex), demethylated by m*A erasers (pink), and bound by m'A-dependet RBPs/ m1A
readers (green). TRMT= tRNA methyltransferase, ALKBH= a-ketoglutarate-dependent dioxygenase
alkB homolog, FTO= a-ketoglutarate-dependent dioxygenase alkB homolog FTO, NML=
nucleomethylin, YTHDF= YTH domain-containing family protein, YTHDC1= YTH domain-containing
protein 1, SDR5C1= short chain dehydrogenase/reductase family 5C member 1. Figure adapted from
[306].

in this case. The methyltransferase TRMT61B is also responsible for several m*A sites, namely
m*A% in several mt-tRNAs and m!'A% in the mitochondrial 16S-rRNA [309], [330]. The
assumed eraser enzymes in mt-tRNA are ALKBH1 and ALKBH7, as knockout of ALKBH1
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increased the level of mA% in mt-tRNAYS and knockout of ALKBH7 led to higher methylation
levels in pre-tRNAs [331], [332].

1.3.4 Implications of m'A in mRNA

According to [333], m*A in mRNA accounts for ~0.01% of all adenosines in mammalian
cell lines. So unlike mPA, wich is the most abundant internal mRNA modification (~0.5%
mBA/A), mA quantities are relatively low [282], [333], [334]. However, the effects of m*A on
the structure and function of RNA are stronger in comparison to mfA, due to the presence of
the additional positive charge in the modified nitrogen [335]. Several current studies suggest
that the m*A methylation does affect the fate of mMRNAs via interactions with reader proteins
on the one hand, and direct effects on the ribosome on the other hand. For instance, one
publication suggests that the binding of YTHDF2 to m!A sites in cytosolic mRNAs leads to
destabilization and decay of the modified transcripts, in a similar manner as m°A [328].
Similarly, a recent study from 2022 reported that m*A in the ATP5D (nuclear encoded subunit
of mitochondrial complex V) mRNA negatively regulates its translation, probably due to
increased binding to YTHDF1 [336]. Besides, another study claims that the binding of YTHDF3
to m*A decreases the abundance and promotes degradation of the insulin like growth factor 1
receptor (IGF1R) mRNA [325]. However, this study should be taken with caution because an
antibody-preenrichment has been used to detect m*A in this case, and the presence of m*A in
the IGF1R mRNA has not been verified by other groups. In studies using in vitro systems, m*A
at position 2 of a codon triplet in mMRNA has been shown to severly inhibit peptide bond
formation by the ribosome, reducing the rate of peptide bond formation by three orders of
magnitude [337]. Likewise, Hoernes et al. reported an inhibitory effect of m*A on translation in
HEK293T cells, transfected with synthetic modified transcripts [338]. In this case, the
impediment of m*A was even indepent of the position within the codon triplet. In line with this,
coupling polysomal fractionation with the detection of m*A-induced mismatch revealed lower
mismatch rates in the heavy polysomal fractions [312]. This indicates the inefficient translation
of m*A-containing transcripts and was observed for both cytosolic (e.g. PRUNE and BRD2)
and mitochondrial encoded mRNAs (ND5). Similarly, the enhanced decay of Aurora A mRNA
(a master suppressor of ciliogenesis) and the inhibition of its translation was reported after
depletion of ALKBH3 [339]. As ALKBH3 is assumed to be the eraser of m*A in the Aurora A
mMRNA, this data supports the idea that m*A leads to translation repression and enhances
MRNA decay. Conversely, overexpression of ALKBH3 enhanced mRNA stability and protein
level of CSF-1, a cytokine which leads to poor prognosis in ovarian and breast cancers [340].
Likewise, the targeted m'A demethylation with a CRISPR-Casl3d-based tool (called
‘REMOVER?”) increased the stability of PRUNE1 mRNA and the IncRNA MALAT1 [326]. Only
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Li et al. [341] and Dominissini et al. [311] reported an increased translation efficiency of
cytosolic m*A-modified transcripts, however, it was shown that these studies exhibited
considerable methodological deficits [314], [342]. In summary, there is much evidence to
suggest that m*A in mRNA inhibits the translation process, either by interacting with reader
proteins or by directly affecting the ribosome.
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Figure 1.14: m*A methylation levels in ND5 mRNA are highly tissue-specific. Misincorporation
rates at position 1374 in ND5 mRNA after RT with SuperScript Il (SS-II). Reanalysis of publicly available
RNA-seq data obtained from the GTEX collection. Data and graph adopted from [312], for clarity reasons
the graph has been abridged.
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Another interesting hypothesis is that m*A-methylated transcripts are protected from
degradation e.g. in stress granuli in the event of acute stress. Firstly, Alriquet et al. detected
higher m*A levels in stress granuli than in the cytosolic mMRNA pool, and observed higher
protein levels derived from an m*A-modified synthetic mRNA after heat shock than derived
from an equivalent unmodified transcript [343]. Secondly, Safra et al. postulated that m*A
would mark particularly stable transcripts in the development of oocytes [312]. This assumption
arose because they observed extremely high m*A levels (~75% mismatch) at position 1374 of
the mitochondrial ND5 mRNA in oocytes and comparably low levels in blastocytes, where the
zygotic mitochondrial transcription already started. The hypothesis was further confirmed by
the incubation of HEK293T cells with Actinomycin D, which induces transcriptional arrest. The
longer the incubation with Actinomycin D was, the higher the m*A-induced mismatch rates in
ND5 were detected, further supporting the link between m*A methylation and mRNA stability
[312]. Interestingly, this publication also demonstrated a highly tissue-specific distribution of
m*A’* in ND5 by analyzing > 9000 RNA-seq datasets obtained from the GTEXx collection.
Thereby, low m!A methylation levels were observed in muscle and heart tissue, whereas

comparably high levels were observed in blood and brain tissue. Considering the stabilizing

38



1 Introduction

function of m*A in ND5 proposed by Safra et al., this might enable the long transit of mMRNAs

through the axon (from the nucleus of a neuron to the synapses).

1.3.5 RNA modifications in AD

RNA modifications have been associated with a large variety of diseases, most notably
cancer and neurological disorders [287]. In the case of AD, many links have been drawn to
mBA and mPA-associated writer, reader and eraser proteins. For instance, several studies
reported the reduced expression of methyltransferase-like protein 3 (METTL3), a writer and
reader of m°A, in AD model mice and human AD brains (reviewed in [344]). The treatment of
rat primary neurons with AR significantly reduced protein levels of METTLS3, and vice versa,
overexpression of METTL3 rescued AB-induced synaptic loss and cognitive impairment in
mice [345]. In addition, the m°®A eraser FTO was overexpressed in cells and mice treated with
AB140, again suggesting lower m°A methylation levels in AD [346]. Interestingly, mSA
methylation also interferes with the expression of AB-related proteins, such as APP and
BACEL1, e.g. m®A readers affected the translation of APP mRNA and the splicing of BACE1
[347]. Moreover, there is much evidence that mPA is involved not only in the metabolism of AB
but also in that of tau. For example, METTL3 accumulation positively correlated with levels of
insoluble neurofibrillary tangles in postem AD brains [348]. In brains of a 3xTg AD mouse
model, the upregulation of FTO was observed to activate the phosphorylation of tau and
accelerate the pathological hallmarks of AD [349]. In addition, the absence of m®A writers and
erasers (METTL3, METTL14 and YTHDF) enhanced tau toxicity in a Drosophila AD model
[350]. Even in mitochondrial dysfunction, which plays a significant role very early in the
pathogenesis of AD, m°A seems to be involved. For instance, inhibition of FTO ameliorated
mitochondrial dysfunction in astrocytes of a strepotozotocin-induced AD cell model, indicating
that m8A RNA methylation is required for a proper mitochondrial function [351]. Likewise, m®A
is engaged in the regulation of oxidative stress, another important factor in the development of
AD. Arsenit-induced oxidative stress altered m°A methylation levels and the m®A readers
YTHDF1 and 3 were found to promote stress granuli formation [352], [353]. Besides, METTL3
seems to attenuate oxidative stress and in consequence its knock-down led to synaptic loss
and neuronal death in vivo [345]. Even in the function of microglia and the regulation of anti-
inflammatory and proinflammatory responses, m°A has been implicated [347]. As growing
evidence suggests that the overactivation of microglia contributes to the pathogenesis of AD,
this is of particular interest. In general, numerous publications have shown that m°®A and its
readers and erasers play an essential role in the human brain, in both brain development and

synaptic plasticity, the basis of all learning and memory processes [354]. So in summery, m°®A
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and m®A-related proteins are crucial for the human brain’s function and they have been

associated with numerous AD-related pathologies.

Apart from m®A, a recent study has linked the RNA modification m*A to AD for the first
time [355]. This group detected lower methylation levels in 5xFAD mice at position 9 of 4
mitochondrial tRNAs and at position 58 of 15 cytosolic tRNAs. Interestingly, the
hypomethylation correlated with a reduced tRNA expression only in mitochondrial but not in
cytosolic transcripts. Besides, they observed significantly decreased protein and mRNA levels
of the m*A writer TRMT10C and its enzymatic partner SDR5C1 in cortices of 5XxFAD mice. In
a tau-based Drosophila AD model they further demonstrated that the knock-down of TRMT10C
(=roswell in flies) and SDR5C1 (=scully in flies) aggravates tau toxicity. Although this study
suffers from shortcomings, e.g. no information about age and sex of the mice is given, it
provides evidence that m*A RNA methylation is implicated in the pathogenesis of AD. In line
with that, a RNA-Seq study performed with laser capture microdissected astrocytes from AD
subjects and healthy elderly controls, detected significantly lower mRNA levels of TRMT61B,
the writer enzyme of m*A% in (mt)tRNAs [356].

In comparison, a rather unspecific analysis of RNA fragments revealed that the
modification pattern of certain RNA fragments differs between AD patients and healthy controls
[357]. For instance, in the 15-20 nucleotide (nt) fraction of prefrontal cortex RNA a significant
increase of Cm, m’G, Gm and m3C, and a significant reduction of m?2’G and m?2G was
detected. These alterations were partly specific for vascular or non-vascular AD. A similar but
slightly different pattern was observed for the 30-40 nt RNA fraction of these samples, and
beyond that, the percentage of tRNA-derived fragments (tsSRNA) was increased in AD patients.
As RNA sequencing of these samples yielded reductions of certain tsRNA and rRNA-derived
fragments (rsRNA), this study clearly indicates that the composition and modification pattern
of small RNAs is altered in AD.

Lastly, it is worth noting that defecits in adenosine to inosine (A-to-I) RNA editing have
been reported in AD. A-to-1 editing is an epigenetic mechanism that alters the coding part of
MRNAs, which may lead to recoding and amino acid substitution in the resulting protein,
potentially modifying its biochemical properties. Editing levels were diminished mainly in the
hippocampus and to a lesser extend in the temporal and frontal lobe of AD patients [358]. As
A-to-1 editing is performed by the ADAR (adenosine deaminase acting on RNA) enzyme family,
these proteins were also investigated and an altered mRNA expression of ADAR1 and
ADARB1 has been observed. These results, together with the above mentioned findings,
indicate that RNA modifications and their corresponding enzymes are clearly involved in the
pathogenesis of AD, and further investigation might open up new avenues for the development

of therapeultic strategies against AD.
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1.4 TRMT10C
1.4.1 TRMT10C: Structure, functions and family members

TRMT10C is a multifunctional protein that plays a pivotal role in the maturation of
mitochondrial RNAs and is thus critical for the mitochondrial function. In humans, it fulfills three
different tasks. First, it constitutes part of the mtRNase P complex, which cleaves pre-
(mt)tRNAs at their 5’-ends, thereby liberating all RNA species from the primary mitochondrial
transcript [359] (more information in section 1.4.2). Second, it catalyzes the N-methylation of
adenosine and guanosine residues at position 9 (m!R®) in (Mt)tRNAs [329]. And third, it was
shown to install the m*A site at position 1374 in the mitochondrial encoded mRNA of ND5
[312]. From this multitude of functions it follows that several synonyms for TRMT10C (=tRNA
methyltransferase 10 homolog C) exist, e.g. MRPP1 (=mitochondrial RNase P protein 1) or
RGIMTD1 (RNA Guanine-9 methyltransferase domain containing 1). Besides, the homolog in

Drosophila melanogaster is called “roswell”, while in mice and rat TRMT10C is used as well.

The gene TRMT10C is encoded in the nucleus in chromosome 3 (location: 3¢q12.3)%.
The full protein comprises 403 amino acids with a molecular mass of ~47 kDa, but a splice
variant of 292 amino acids also exists!. The basal isoelectric point is 9.4 and several post-
translational modifications, such as phosphorylation and acetylation have been detected®?.
Like almost all mitochondrial proteins, TRMT10C is transcribed in the nucleus, translated in
the cytosol, and then imported into mitochondria. Therefore it contains a mitochondrial target
sequence (MTS) with a length of 39 amino acids [360]. In general, MTS are about 15-70 amino
acids long and bear positively charged residues, that direct the transport of proteins into
mitchondria [361]. These canonical sequences are located at the N-terminal of a given protein
and consist of an alternating pattern of hydrophobic and positively charged residues. In the
case of TRMT10C, the MTS is also ahead of the N-terminal domain (NTD) (see Figure 1.18).
The NTD is involved in pre-(mt)tRNA binding and enables dimerization of a TRMT10C
homodimer [362]. In addition, TRMT10C features a dual-specificity C-terminal
methytransferase domain (MTD) linked to the NTD by a short adapter sequence [360]. Both
the NTD and the methyltransferase domain are required for the methylation of (mt)tRNAs at
position 9 [362]. The corresponding methyl group donor in this case is the typical cofactor
SAM. Of note, though TRMT10C harbors the catalytically active methyltransferase domain, it
additionally requires the presence of SDR5CL1 to fulfill its function of m*R® methylation [329],

[362]. Moreover, using recombinant proteins it was observed that TRMT10C alone is able to

10 https://www.genecards.org/cgi-bin/carddisp.pl?gene=TRMT10C
Uhttp://www.ensembl.org/Danio_rerio/Gene/Splice?db=core;g=ENSDARG00000041575;r=1:508885-
513786
https://lwww.phosphosite.org/proteinAction.action?id=23682&showAllSites=true
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bind to (mt)tRNAs (probably via the C-terminal region), but the binding is enhanced by
SDR5C1 [329]. As both proteins are needed for m!R® methylation, it was assumed that
SDR5C1 may either assist in a direct interaction with pre-(mt)tRNAs or stabilize a catalytically
important structural element in TRMT10C. For the sake of completeness, it must be said that
not all (mt)tRNAs carry a purine at position 9. For instance, the (mt)tRNAM®! contains a C at
position 9 and is therefore not methylated by TRMT10C and SDR5C1 [307]. Regarding the
m*A methylation at position 1374 in the mitochondrial ND5 mRNA, it can be assumed that
TRMT10C as well requires assistance of SDR5C1, because (except for the surrounding
sequence) adenosines in mMRNA and tRNA are structural analogous. However, this has never
been experimentally proven so far. As further explained in section 1.4.2, TRMT10C and a
tetramer of SDR5C1 are also part of the mtRNase P complex, together with the protein only
RNase P catalytic subunit (PRORP). For this reason SDR5CL1 is also referred to as MRPP2
(=mitochondrial RNase P protein 2). Interestingly, the TRMT10C-SDR5C1 subcomplex also
enhances the efficiency of 3’-end processing catalyzed by the mitochondrial RNase Z
(mtRNase Z) [363]. This protein encoded in the ELAC2 gene cleaves mitochondrial pre-tRNAs
at their 3’-end and is therefore necessary, just like mtRNase P, to release (mt)tRNAs from the
primary mitochondrial transcript [364]. Intriguingly, the processing of the mitochondrial
precursor transcript occurs in a precisely defined sequence. First, the TRMT10C-SDR5C1
subcomplex binds to pre-(mt)tRNAs and methylates the A or G at position 9, then PRORP
affiliates the subcomplex and cleaves pre-(mt)tRNAs at their 5’-end. Thereafter, TRMT10C
and SDR5C1 retain the (mt)tRNA product and promote the 3’-end processing by mtRNase Z
[120], [363]. Of note, mtRNase P and mtRNase Z are responsible for cleavage of both the
heavy and the light mitochondrial precursor transcript. Besides, it can be stated that the
TRMT10C-SDR5C1 complex represents a tRNA maturation platform, because it also presents
the nascent tRNA to the mitochondrial CCA-adding enzyme and enhances its activity [363].
This enzyme catalyzes the 3’-terminal addition of a CCA triplet, completing the three core

processing steps that are required for nearly all (mt)tRNAs.

TRMT10C belongs to the large superfamily of SPOUT RNA methyltransferases, which
harbor a characteristic SpoU-TrmD (SPOUT) fold. SpoU (previous name of TrmH) and TrmD
were originally considered to be unrelated, however, about two decades ago a bioinformatic
study suggested that they share a common evolutionary origin [365]. Hence a single
superfamily was formed and named the SPOUT superfamily. These proteins act as tRNA
modifying enzymes in archaea, prokaryotes and eukaryotes, and catalyze the SAM-dependent
N*-methylation of specific purine residues, pseudouridine or the 2’-O-methylation of ribose
moieties [366]. Next to tRNA, also rRNA and mRNA can be modified by SPOUT proteins [277],
[312], [367]. Historically, SPOUT enzymes have been the 4" unrelated type of SAM-dependent

MTase structures determined bei X-ray crystallography, hence named “class IV”. By
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comparison, “Class I” of RNA methyltransferases (MTases) are Rossmann-fold MTases,
representing the largest superfamily of SAM-dependent MTases, as they comprise RNA and
DNA MTases [303]. Examples of Rossmann-fold MTases are TRMT61A and TRMT61B
mentioned in section 1.3.3.. SPOUT MTases are the second largest superfamily [303].
Interestingly, all MTases responsible for m*A modification belong to either the Rossmann-fold
or the SPOUT superfamily of MTases. Since both groups utilize SAM as methyl donor, m*A
methylation is linked to the occurrence of ATP and methionine, the precursors of SAM
catabolism [303]. A number of crystal structures solved by the structural genomics initiative
revealed a common fold of SPOUT MTases, the so-called “a/f knot” fold. This unusual “a/f
knot” fold describes a conserved topology of the common core in SPOUT proteins and can
therefore be called “SPOUT fold”. This SPOUT fold is the catalytically active domain and binds
the SAM cofactor [368]. The typical architecture of this active site comprises a parallel f-sheets
of 5-7 strands, sandwiched between two layers of 5-8 a-helices [367]. This a/p knot fold comes
in two subtypes, which differ in the number of flanking a-helices, with TRMT10C belonging to
subtype 2 [303]. Many SPOUT MTases contain next to the SPOUT fold additional nucleic
binding domains, indicating their primary function as MTases towards nucleic acids. As
mentioned above, TRMT10C belongs to the superfamily of SPOUT MTases, however, these
MTases are further divided into subfamilies named either “Trm” or “Trmt” followed by a numer
(e.g. Trm10) or a letter (e.g. TrmD), depending on the kingdom of origin for the enzyme.
TRMT10C belongs to the Trm10 subfamily [366]. These enzymes all catalyze the SAM-
dependent methylation at position 9 in tRNAs, but display different specificities. For instance,
yeast Trm10 and the human TRMT10A enzyme, which catalyze cytosolic tRNA methylation
are specific for m*G® [303]. In contrast, Trm10 of the archaeon S. acidocaldarius exhibits m*A®
specificity [303]. Thus, the dual specificity for m!G® and mA° of the human TRMT10C in
mitochondria represents an unusual ability. In general, many SPOUT enzymes form a dimer
structure to exert their catalytic function. However, it was reported that yeast Trm10 and the
archaeal Trm10 (aTrm10) are monomeric enzymes, meaning that catalytic pockets are formed
in one subunit [369], [370]. Notably, some scientists argue for a separation of Trm10 and
aTrm10 families to be distinguished as independent enzyme families, because a recent crystal
structure study revealed that the catalytic amino acid residues in aTrm10 are different from
those in Trm10 [369]. Besides is it worth to mention, that the m*G® modification in tRNA seems
to be regulated by the relative amounts of substrate tRNA and the Trm10 enzyme, because
overexpression of Trm10 in yeast lead to m!G® modification in tRNAs that are normally
unmodified [371].

Higher eukaryotes encode up to 3 Trm10 paralogs (TRMT10A, B and C) and all three
are encoded in the human genome. Remarkably, the methylation activity and substrate
specificities of these enzymes are distinct. TRMT10A is most similar to Trm10 in S. cerevisiae
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and methylates a subset of nuclear-encoded tRNAs in the cytosol. Interestingly, it is specific
for m'G9, whilst TRMT10B is the first m*A%-specific tRNA MTase found in eukaryotes [372]. In
consequence, the old name for TRMT10B RGOMTD3 (=RNA guanosine-9 methyltransferase
domain containing 3) is by now inappropriate. Of note, neither all cytosolic tRNAs that have
G9 are methylated by TRMT10A in vivo, nor all tRNAs containing A9 are methylated by
TRMT10B. A recent study even suggests that TRMT10B is responsible for only one nuclear-
encoded tRNA [372]. Yet, it is unclear how the respective enzymes identify their corresponding
target tRNA. Interestingly, TRMT10A and B do not require an additional partner protein for the
methylation process [372]. So the fact that TRMT10C requires SDR5C1 for catalysis is unusual
and contrasts with all functionally characterized Trm10 enzymes. Besides, TRMT10C has the
ability to catalyze both m*G® and m*A® methylation and is a strictly mitochondrial MTase [329],
[373]. So TRMT10C virtually takes over the function of TRMT10A and TRMT10B in
mitochondria. This dual specificity is surprising considering that N* of guanosine is protonated
at physiological pH, while the N* of adenosine is not [372]. Furthermore, it is interesting to note
that neither Trm10 nor TRMT10A and B are essential for the growth of yeast or human cell
lines, respectively [372], [374]. Nonetheless, loss-of-function mutations in TRMT10A are
associated with a severe neurodevelopmental disorders and early-onset diabetes [294], [375]—
[378]. The reason why mutations in TRMT10A only affect particular tissues (brain and

pancreas), although this enzyme should in theory be important in all tissues, is unclear.
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Figure 1.15: Crystal structure of the typical a/g knot fold in TRMT10C. A) Cartoon representation
of TRMT10C methyltransferase domain (MTD). SAM ligand is shown in red sticks, helices al-6 are
labeled in purple, strands B1-5 are labeled in cyan. B) Slightly rotated structure from A), the four
conserved motifs of the Trm10 familiy are labeled in brown. Figures adapted from [362].
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The exact mechanism of how TRMT10C performs the N' methylation of A®*"* in the
mitochondrial mMRNA ND5 is so far unknown. However, in 2017, a crystal structure of
TRMT10C MTD was published illustrating the catalytically active site and the binding of the
cofactor SAM (see Figure 1.15A) [362]. This publication revealed the MTD secondary structure
consisting of 5 B-sheet strands flanked by 6 a-helices, representing the canonical a/§ knot fold
of SPOUT enzymes. SAM is embedded between 34 and 35, and surrounded by the four typical
motifs I-IV that are highly conserved within the Trm210 family (see Figure 1.15B). SAM is hold
at place by hydrogen bonds between its adenine, ribose and methyl moiety and several polar
amino acids, among them lysine and glutamine residues, and the canonical aspartate 314,
which is suggested to act as the general base to enable the m*R® methylation process [329].
However, the exact mechanism of m*A methylation is not resolved so far. There are only hints
for the N methylation of G® in (mt)tRNAs, since a cryo-EM structure of TRMT10C-SDR5C1-
PRORP and the pre-tRNA™ was resolved in 2021 [360]. This structure revealed that the MTD
of TRMT10C is located next to the pre-tRNA substrate and contacts its acceptor-, D- and
anticodon arm (see Figure 1.16A). The pre-tRNA is positioned and held in place through
interactions with the NTD of TRMT10C and SDR5C1, explaining why both are required for the
methylation process (more illustrations in [360]). The MTD of TRMT10C is positioned directly
adjacent to the region surrounding G°, which is flipped out of the tRNA fold and buried into the
active site. Within the binding pocket several amino acids are thought to keep the guanosine
at place, mainly glutamine and asparagine residues via hydrogen bonds [360]. These polar
amino acids potentially ensure the selectivity for purines over pyrimidines. The SAM cofactor
is also embedded in the active site and is completely surrounded by TRMT10C. In this process,
motif 2 of TRMT10C occupies a special role, because its asparagin 314 (D314) is directed to
the N* of guanosine, where it withdraws electron density and thus facilitates the uptake of the
methyl group from SAM. For this reason, the asparagine at this site is highly conserved and
corresponds, for example, to D210 in human TRMT10A and D235 in human TRMT10B [372].
Interestingly, in archaeal homologs, a second asparate residue was proposed to be specifically
required for adenosine methylation [369]. However, according to sequence alignment, this
second aspartate is not conserved in human TRMT10B or TRMT10C. The exact mechanism
of purine methylation has been studied most extensively for guanosine (m'G), e.g. in studies
on the m*G?® specific SPOUT family member from H. influenzae showed that first the N* atom
is deprotonated by an aspartate or glutamate residue (general base) and then, the resulting
negative charge the adjacent O atom is stabilized by an arginine residue (intermediate charge
stabilzer) [379]. Subsequently, the activated N atom starts a nucleophilic attack on the reactive
methyl group of SAM, generating m'G and S-adenosyl homocysteine (SAH) as reaction

products [380]. As mentioned above, the mechanism for formation of m*A is not fully elucidated
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Figure 1.16: Mechanism of N methylation on adenine bases by TRMT10C. A) Electrostatic surface
potential for TRMT10C methyltransferase and adapter domains. The tRNA backbone (red) interacts with
positively charged regions on the TRMT10C surface. B) Close-up view of the active methyltransferase
site in TRMT10C including SAM and A° from pre-tRNA™" in the pre-catalytical mode. Adenine was
modeled in the active site by computational replacement of guanine by adenine in the SAM-bound
crystal structure. The aspartate residue (D314), which is suggested to initiate the catalytical mechanism
is encirceled in red. Motif Il residues of TRMT10C are shown in brown, hydrogen bonds are labeled as
dashed black lines, nitrogen atoms are show in blue, oxygen atoms in bright red, the transferable methyl
group in pink. Distances between A9-N1 and D314-N6 are shown as solid grey lines. C) Suggested
mechanism for m*A methylation in SPOUT enzymes, based on studies with Trml and m*AS38, In this
version aspartate is the catalytic base. D) Alternative suggested mechanism for m*A methylation...
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...based on studies with Trml and m*A58, In this version aspartate serves merely to position the cofactor
and methylation site for the reaction. Figure A)+B) adapted from [360], figure C)+D) adapted from [303].

yet. Nevertheless, two mechanisms have been proposed [303]. In the first, mechanism, a
deprotonation by asparatat takes place as the initial step (see Figure 1.16C). Since the N?!
atom of guanosine is protonated under physiological conditions, whereas the N* of adenosine
is not, this step is thought to occur at the exocyclic N® atom, resulting in the formation of an
imino tautomer. In consequence, the lone pair of the N* atom for nucleophilic attack is activated
and attacks the reactive methyl group of SAM. The second mechanism is similar, with the
difference that aspartate does not deprotonate the N® atom, but rather serves to position the
target adenosine for the methylation reaction with SAM (see Figure 1.16D). A computational
model in which guanine in the above-mentioned crystal structure of TRMT10C was substituted
for adenine, confirms this assumption (see Figure 1.16B) [360].

1.4.2 mtRNase P

As mentioned above, TRMT10C forms part of the mtRNase P complex, which is
responsible for processing of mitochondrial RNAs and thus constitutes a key event in the
mitochondrial gene expression. In humans, the mtDNA is transcribed by POLRMT (with the
help of several transcription factors), which generates polycistronic primary transcripts that
comprise (Mt)rRNAs and (mt)mRNAs, flanked by (mt)tRNAs (more information in section
1.2.2.). Therefore the endonucleolytic cleavage of (mt)tRNA sequences at their 5’ and 3’
borders liberates all (mt)RNA species (with some few exceptions). These processing steps are
performed at the 5’-end by mtRNase P and at the 3’-end by mtRNase Z in transcripts of both
the heavy and the light mtDNA strand. Whereas mtRNase Z alias ELAC?2 is a single-subunit
enzyme, mtRNase P is a tripartite complex consisting of TRMT10C, SDR5C1 and PRORP
(see Figure 1.17) [359], [364]. The TRMT10C-SDR5C1 subcomplex is also responsible for the
m!R9 methylation of (mt)tRNAs, a step which is thought to precede the cleavage process [329].
In order to produce functional mitochondrial RNAs, all transcripts undergo further maturation
steps. For example, (mtYmRNAs are differentially polyadenylated by mtPAP (more information
in section 1.2.2). In the case of (Mt)tRNAS, several chemical modifications are installed, a CCA-
triplet is added and the corresponding amino acid is attached via aminoacylation. The 16S and
12S (mt)rRNAs are also chemically modified and folded, and subsequently form the
mitoribosome together with an (mt)tRNAY? and several proteinaceous subunits [381]. Finally,
the assembled mitoribosome, (Mt)mRNAs and (mt)tRNAs come together in the translation

apparatus enabling the protein biosynthesis of all mitochondrial encoded proteins.
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Figure 1.17: Overview of transcription and RNA processing in human mitochondria. The initiation
of transcription requires the association of the mitochondrial RNA polymerase (POLRMT) with two
transcription factors (TFAM and TFB2M). During the elongation process POLRMT is accompanied by
the mitochondrial transcription elongation factor TEFM. The processing of (mt)tRNAs from the
polycistronic mitochondrial primary transcript (mt transcript) is performed by mtRNase Z and mtRNase P
at the 3’- and at the 5’-end respectively and likely occur cotranscriptionally. The mtRNase P consists of
3 subunits: PRORP, TRMT10C and SDR5CL1 (simplified representation). The liberated (mt)rRNAs are
processed, chemically modified, and form together with (mt)tRNAVa and proteinaceous subunits the
mitochondrial ribosome (mitoribosome). (Mt)tRNAs are extended with a CCA triplet, chemically
modified, and the corresponding amino acid is added via aminoacylation. (mt)mRNAs are differentially
extended with a polyA tail. Figure adapted from [381].

In general, RNase P enzymes are responsible for processing the 5’ border of pre-tRNAs
in all three kingdoms of life. In most bacteria, archaea and many eukaryotes, they are
ribozymes composed of a catalytic RNA and a varying number of accessory protein factors
[360]. However, some eukaryotic organisms additionally or alternatively contain single-subunit
protein-only RNase P enzymes (PRORPS) that act in nuclear and organellar RNA processing
[382]. The three components of the human mtRNase P were identified for the first time in 2008
[359]. Using a combinatorial purification/proteomics approach, it was observed that TRMT10C,
SDR5C1 and PRORP form together the human mtRNase P complex, which performs 5’-end
processing of pre-(mt)tRNAs. Since all until then known mtRNase P enzymes were ribozymes,
composed of an RNA plus one or more proteins, it was unusual that the human mtRNase P
did not require a trans-acting RNA component for catalysis. In addition to 5’-end maturation,
the TRMT10C-SDR5C1 subcomplex also executes m'R® methylation of (mt)tRNAs by using
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the cofactor SAM [329]. It can be assumed that TRMT10C and SDR5C1 first bind to the pre-
(mt)}tRNA and PRORP is recruited in a subsequent step, yet the presence of PRORP was
shown to enhance the methylation activity of TRMT10C and SDR5C1 [383], [384]. Besides, it
is known that TRMT10C and SDR5C1 form a strong complex, whereas PRORP binds the
complex weakly [359]. And it was proposed that TRMT10C might be like a limiting building
block of mtRNase P in vivo, as its overexpression alone was sufficient to increase its activity
[359]. Although PRORP habors the catalytically active site for tRNA processing, the presence
of TRMT10C and SDR5C1 is needed to switch PRORP into a fully productive active state
[384]. This fact is surprising as other homologs of PRORP, e.g. plant and trypanosomal
RNase P enzymes, are active as single proteins [384]. However, as (mt)tRNAs do not provide
structurally conserved elements, as bacterial, plant and cytosolic tRNAs do, TRMT10C and
SDR5C1 appear to compensate for this absence and take over the recognition process.
Regarding the composition of mtRNase P, a stoichiometry of two TRMT10C, four SDR5C1
and one PRORP monomer was suggested in 2018, in combination with one pre-(mt)tRNA
molecule [362]. In line with this, a recent cyro-EM structure revealed that TRMT10C is
embedded between PRORP and a SDR5C1 homotetramer (see Figure 1.18) [360]. However,
whether one or two TRMT10C subunits are required is still unclear. The authors of [360]
presume that two TRMT10C monomers could be present in either parallel or anti-parallel
orientation potentially binding two pre-(mt)tRNAs at the same time. As the MTS of all
mitochondrial proteins is cropped after entering the mitochondrion, PRORP contains a C-
terminal metallonuclease domain and a pentatricopeptide repeat (PPR) domain linked by the
central domain harboring one zinc ion. Whereas the metallocunclease domain harbors the
catalytically active site for 5’ processing, the PPR provides a positively charged binding groove
involved in (mt)tRNA binding. The exact mechanism for tRNA cleavage by mtRNase P is not
known so far, yet PRORP metallonucleases are thought to employ a two-metal-dependent
mechanism during which one metal activates the nucleophile while the other stabilizes the
transition state [360]. These divalent metal ions are preferably Mg?* ions, which are also
required in all RNA-based RNase P enzymes [385]. The methyltransferase domain and the
NTD of TRMT10C encase the pre-tRNA and the intervening adapter helix links TRMT10C to
the SDR5C1 homotetramer (more information in section 1.4.1). Between the adapter helix and
the NTD TRMT10C forms an “adapter loop”, which is stabilized by hydrophobic interactions
with SDR5C1. Concerning the localization, it can be assumed that RNA processing by
mtRNase P occurs cotranscriptionally in small speckles named mitochondrial RNA granules
(MRGSs) [115]. As a recent publication has shown, bi-allelic variants in PRORP lead to
multisystem diseases with variable phenotypes ranging from sensorineural hearing loss and
primary ovarian insufficiency to developmental delay and brain white matter changes [386].

Besides, knock-down of all mtRNase P homologs in Drosophila melanogaster larvae resulted
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in significantly reduced ATP levels, highlighting the importance of mtRNase P for the
mitochondrial function [387].
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Figure 1.18: Cartoon representation of the human mtRNase P complex based cryo-EM and
crystal structures. Domain representation of mtRNase P subunits and the substrate pre-tRNA™" are
shown on the upper left. PRORP domains are represented in shades of green, TRMT10C domains in
shades of blue, SDR5C1 domains in shades of grey and the pre-tRNA is labeled in red. Numbers
correspond to amino acid length for PRORP, TRMT10C and SDR5C1, or for the nucleotide number in
the tRNA™" sequence (according to canonical tRNA numbering). Mitochondrial target sequences (MTS),
leader and trailer sequences are shown in white, and are not visible in the cartoon representation of the
mtRNase P. On the bottom left side a cryo-EM structure of mtRNase P fitted with crystal structures of
TRMT10C, SDR5C1 and PRORRP is depicted. PPR= pentatricopeptide repeat domain, NTD= N-terminal
domain. Figure adapted from [360].

In addition to MRPP2, several synonyms exist for SDR5C1, e.g. hydroxysteroid-17f3-
dehydrogenase 10 (HSD17B10), amyloid B-binding dehydrogenase (ABAD) or endoplasmic
reticulum-associated amyloid B-peptide binding protein (ERAB). This well-known enzyme is
encoded by the X chromosome in gene HSD17B10 and as the number of synonyms suggest,
it is a multifunctional protein that fulfills several metabolic roles. On the one hand, SDR5C1
oxidizes alcohols on a variety of substrates with the cofactor NAD* and on the other hand, it is
able to reduce aldehydes and ketones by using NADH [388]. For instance, it is involved in the
B-oxidation cycle by oxidizing short-chain and brached-chain fatty acids in mitochondria.
Likewise, SDR5C1 is required for the catabolism of isoleucine, in which it catalyzes the
conversion of a hydroxyl to a ketone group [389]. It also plays a significant role in neurosteroid
and sex steroid metabolism as it oxidizes the neuroactive steroid allopregnanolone and

converts 17B-estradiol to estrone, thereby maintaining the balance of estradiol/estrone in
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neurons [390], [391]. Lastly, it forms part of the human mtRNase P complex as mentioned
above. Here, it forms a homotetramer in which each monomer adopts a Rossmann-fold and
harbors a dehydrogenase active site [360]. Of note, every SDR5C1 monomer in mtRNase P
complex carries a NADH cofactor bound in its dehydrogenase active site [360]. With regard to
AD, it should be mentioned that SDR5C1 is able to bind amyloid  [392]. Biochemical studies
of this amyloid B-SDR5C1 interaction showed that binding already occurs at nanomolar
concentrations, however, concentrations of two orders of magnitude higher were required to
inhibit the dehydrogenase activity of SDR5C1 towards different alcohols [187], [393]. This data
suggests that AR is probably required in its oligomeric form to occupy the binding site and to
cause the observed conformation change. This amyloid 3-SDR5C1 interaction disrupts the
balance of estradiol and estrone, shifting to a reduction of estradiol [391]. As estradiol has
remarkable effects in neuron protection this decrease was found to boost the generation of
ROS (via lower levels of antioxidants, higher levels of cytosolic Ca?* and defects in the
respiratory chain), to induce apoptosis (via lower expression of antiapoptotic proteins, higher
expression of proapoptotic proteins, a reduced ability to sequester Ca?* in mitochondria and
the enhanced release of Cyt ¢) and to elevate the generation of pathological hallmarks (such
as amyloid (3 petides and plaques and phosphorylated tau) [391]. In line with this, the inhibition
of SDR5CL1 restored the amyloid -mediated deregulation of estradiol and as a consequence,
several SDR5C1 inhibitors were designed and tested to treat AD [394]-[397]. The tremendous
importance of SDR5C1 for the mitochondrial function and the human body in general becomes
clear considering that mutations in the HSD17B10 gene cause the rare, but severe HSD10
disease. This unusual neurodegenerative childhood disorder is characterized by progressive
neurodegeneration, cardiomyopathy or both, due to mitochondrial dysfunction [398]. Though
there is significant heterogeneity in the clinical manifestations, many patients with HSD17B10
gene mutations show cognitive and/or physical delay already in infancy, and most of them die
very young [388], [389], [398]-[401]. Even though SDR5C1 takes over multiple cellular
functions, the symptoms of HSD10 disease are thought to originate from the disruption of the
mtRNase P [398], [401].

1.4.3 Involvement of TRMT10C in human diseases

Considering the vital role of TRMT10C in (mt)RNA processing and methylation, it is
plausible that mutations in the TRMT10C gene cause severe mitochondrial deficits. As a matter
of fact, this has been observed in two unrelated individuals carrying recessive mutations in
TRMT10C (p.Argl81Leu and/or p.Thr272Ala). These two patients presented already at birth
lactic acidosis, hypotonia, feeding difficulties, defects in brain development and deafness, and

died at 5 month of age after respiratory failure [293]. A closer biochemical analysis showed
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that those mutations lead to decreased TRMT10C protein levels and increased amounts of
pre-(mt)RNAs, pointing to an impairment of mitochondrial RNA processing [293]. Besides, the
investigation of skeletal muscle samples revealed deficiencies in Cpx | and IV of the respiratory
chain, indicating that the mitochondrial protein synthesis was hampered as well. This
assumption was confirmed by means of Western blot (WB) and Blue-native PAGE analysis,
which showed that both Cpx | and 1V subunits and the amount of assembled Cpx | and IV was
reduced in subject fibroblasts. In line with this, the lentiviral transduction of wild-type TRMT10C
rescued the defects in both (mt)RNA processing and mitochondrial protein synthesis [293].
Interestingly, no altered m'R® methylation was measured in (mt)tRNAs of those fibroblasts,
suggesting that the described defects were due to defective RNA processing rather than
defective RNA methylation. Similar symptoms (hypotonia, cognitive decline, deafness and high
lactate levels) were reported from an third unrelated two-month-old girl, carrying the

homozygous p.Arg181Leu mutation [402].

Apart from mutations, an altered mRNA expression of TRMT10C has been associated
with various types of cancer. For instance, TRMT10C mRNA was found to be elevated in
gastric, gynecological, liver and non-small cell lung cancer [403]-[406]. Besides the survival
rate of patients with gynecological, hepatocellular or oral squamous cell carcinoma was
significantly decreased in patients displaying high TRMT10C mRNA levels [405], [407], [408].
Consistent with this, knock-down of TRMT10C in different cell lines resulted in significantly
lower cell migration rates, suggesting an enhancement of the malignant behaviour of cancer
cells by TRMT10C [405]. Likewise, TRMT10C mRNA was found to correlate with ABCC3, a
protein that is thought to exacerbate glioma proliferation [409]. However, the data is
ambiguous. That means while high TRMT10C mRNA levels correlated with poorer survial in
lung cancer, the increased TRMT10C mRNA expression correlated with better survival in renal
cancer®®, Besides, the comparison of RNA-Seq data from 17 different tissues out of the human
cancer gene atlas (TCGA) revealed a low cancer tissue specificity of TRMT10C mRNAZ?,
Moreover, it should be mentioned, that TRMT10C is not the only RNA modification regulator
(term includes writer, reader and eraser) that has been implicated in cancer diseases. As
recent publication has shown, the crosstalk of different RNA modification regulators seems to
define tumor microenvironment, cancer hallmarks and the prognosis of lung adenocarcinoma
[410]. Remarkably, TRMT10C has been linked not only to cancer but also to AD. A recent
publication examined the mRNA and protein expression of TRMT10C in 5XxFAD mice and
observed significantly reduced protein and mRNA levels [355]. In addition, knock-down of the

TRMT10C homolog Rosswell aggravated the eye phenotype in a tau-based Drosophila AD

13 https://www.proteinatlas.org/ENSG00000174173-TRMT10C/pathology
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model [355]. Lastly, loss of function alleles of Roswell were shown to cause lethality in flies,

pointing to the essential role of TRMT10C in all living organisms [411].
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Alzheimer’s disease (AD) is the most common progressive neurodegenerative disease.
Today, it affects millions of people worldwide and the number of cases will further increase due
to the elevated life expectancy. Even though the U.S. Food and Drug Administration (FDA) this
year approved a new antibody that may moderately decelerate cognitive decline, there is still
no treatment that can halt or even reverse the symptoms of AD. Besides, the initial mechanism
that triggers AD is not conclusively clarified. However, the amyloid precursor protein (APP) and
its cleavage product AR are known to play a crucial role in the pathogenesis, as mutations in
genes encoding APP or an APP cleavage enzyme (PSEN1 and 2) result in a rare familial form
of AD (FAD) [64]. APP is encoded on chromosome 21, therefore people with trisomy 21 have
a greatly increased risk of developing AD [65]. The APP cleavage product AR can form
neurotoxic oligomers, protofibrils and fibrils, which are the main component of extracellular
amyloid plaques, the most important hallmark of the disease, alongside intracellular tau tangles
[412], [413]. Because AB is regarded as the main culprit in the late-onset AD (LOAD), maximum
therapeutic efforts are centered towards this peptide. However, most anti-AB antibodies
developed to date failed to demonstrate clinical efficacy in humans (reviewed in [414]). Some
antibodies have been shown to mediate the removal of amyloid plaques, but the extent of the
clinical benefit from these drugs is under intense debate [415], [416]. Interestingly, recent
findings demonstrate an important role of mitochondrial dysfunction early in the
pathophysiology of LOAD. Several mitochondrial parameters were found to be impaired, such
as the mitochondrial membrane potential, mitochondrial dynamics and ATP synthesis via the
respiratory chain Cpx I-V [102], [196], [417]. Especially the function of Cpx IV is diminished,
but several studies, among them a recent meta-analysis, also highlight the decreased activity
of Cpx | [182], [183], [202]. Whereas the impairment of Cpx IV can be explained by a direct
binding of AB to one of its subunits [198], the exact mechanism how Cpx | is aggrieved in AD
is still not fully understood. Cpx | is the starting point of the electron transport chain generating
ATP, the energy source for almost all cellular processes. As ATP synthesis was found to be
reduced in AD patients and neurons have a very high energy demand, the investigation of

Cpx | is of particular interest.

In 2017, the RNA modification N-Methyladenosine (m*A) was found for the first time in
mitochondrial mMRNAs ((mt)mRNAs) [312], [341]. The one mA site manifesting the highest
methylation levels was detected in the mRNA of ND5 (=NADH dehydrogenase subunit 5), a
subunit of Cpx |. ND5 is one of the core subunits of Cpx | and considered to be essential for
the couping of the redox reaction and the translocation of protons into the intermembrane

space [155]. These translocated protons are the engine for the ATP synthase (Cpx V) to
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generate ATP. The absence of ND5 was shown to almost eliminate the activity of Cpx | [156]
and mutations in ND5 are known to cause severe mitochondriopathies (e.g. LHON [163] and
MELAS [418]). Though some m*A sites on mRNA are highly discussed, the m*A site at position
1374 of ND5 is unanimously reported by several independent groups [313], [341], [419]. In
addition, TRMT10C was proposed to be the corresponding writer enzyme installing m*A at this
specific site. Since the methylation of adenosine adds a positive charge to the base, it can be
assumed that m*A¥* disrupts the mitochondrial translation process. This scenario has also
been suggested by several groups [312], [338], [341]. Thus, high m*A3"* methylation levels
can be expected to lower the synthesis of ND5. In consequence, Cpx | function would be
reduced implicating mitochondrial respiration defecits and mitochondrial dysfunction.

Therefore, the present thesis aims to investigate whether elevated levels of mA¥7 in
the mRNA of ND5, installed by TRMT10C, might cause Cpx | impairment and mitochondrial

dysfunction in AD. For this purpose, four experimentally verifiable hypotheses were postulated:

0] Protein expression of the writer enzyme TRMT10C might be altered in AD cell
and animal models as well as in AD patients.

(i) m!A74 methylation levels of ND5 mRNA might change in dependence of
TRMT10C protein expression.

(iii) ND5 protein levels might be altered as a consequence of m*A mRNA methylation.
Therefore, increased m*A'®”* modification would result in a decreased ND5
protein content and vice versa.

(iv) Reduced ND5 protein expression might lower the activity of Cpx | and

consecutively impair mitochondrial function.

To scrutinize these hypotheses a wide range of methods was utilized ranging from WB
analysis and mitochondrial respiration assays to the implementation of a site-specific m*A
analysis method. This self-designed method to estimate m*A¥’* methylation levels is based
on misincoporations introduced by m*A into the complementary cDNA strand during reverse
transcription. After subsequent polymerase chain reaction (PCR) and Illumina sequencing, a
bioinformatic analysis yields misincorporation rates at the desired position indicating m*A
methylation levels in die original sample. This method was employed for AD model cells and
the bioinformatic analysis was applied to RNA-Seq data from human AD patients. Besides,
TRMT10C and ND5 protein levels were examined in AD model cells and mice, and frontal
cortex tissue of AD patients. To investigate whether the hypotheses (i)-(iv) are linked in a chain
of ensuing effects, the above mentioned parameters were also investigated in HEK cells

overexpressing TRMT10C.
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Figure 2.1: llustration of the hypotheses (i)-(iv) investigated in this dissertation. ND5 (green) is a
mitochondrial encoded protein and a subunit of complex | (Cpx I) from the respiratory chain. At position
1374 of the ND5 mRNA adenosine can be methylated (m*A) by the writer enzyme TRMT10C (red). As
m!A disrupts Watson-Crick base pairing it is thought to impede the synthesis of ND5 by the
mitoribosome. The absence of ND5 or an inefficienct translation is hypothesized to result in Cpx |
impairment and a decrease of the mitochondrial respiration. TRMT10C= tRNA methyltransferase 10C,
ND5= NADH-dehydrogenase subunit 5, m'A= N1-methyladenosine, Cpx I-V= complex |-V, Q=
Ubiquinone, Cyt c= cytochrome c, think black arrows represent the flow of electrons (e-) oder protons
(H*) or the catalysis of NADH to NAD* and ADP to ATP. Due to space limitations, the chemical reactions
have not been stoichiometrically adjusted.

Investigation of the presented hypotheses aimes to unravel the mechanisms underlying
mitochondrial dysfunction in AD, because understanding the molecular processes involved in
AD is the first step to develop future therapeutic strategies. Since all of the drugs studied in the
last decades have failed to demonstrate satisfatory effects, the discovery of new drug targets

is essential to improve the current therapy of AD.
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3.1 Materials

3.1.1 Instruments and Consumables

Table 3.1: List of all instruments used in this thesis.

Instrument

Manufacturer

CO: incubator HERACcell

Heraeus Instruments, Hanau, DE

Transmitted light microscope AE20

Motic Deutschland GmbH, Wetzlar, DE

Centrifuge Labofuge 400 Function line

Heraeus Instruments, Hanau, DE

Centrifuge Universal 320R

Hettich GmbH, Tuttlingen, DE

Hettich rotor 1689-A

Hettich GmbH, Tuttlingen, DE

Hettich rotor E3258

Hettich GmbH, Tuttlingen, DE

Optima™ LE-80K Preparative
Ultracentrifuge

Beckman Coulter, Fullerton, US

Beckman Type 60 Ti rotor

Beckman Coulter, Fullerton, US

Coulter Particle Counter Z Series

Beckman Coulter, Fullerton, US

Cell counting chamber Neubauer improved

Paul Marienfeld, Lauda Kdnigshofen, DE

Liquid nitrogen freezing container LS3000

Taylor-Wharton, Mildstedt, DE

Freezing container Nalgene®

Thermo Fisher Scientific, Waltham, US

Repeating pipetter Multipette® M4

Eppendorf, Hamburg, DE

Millipore Direct-Q® 3 UV

Merck Millipore, Darmstadt, DE

Pipette controller accu-jet® pro

Brand GmbH, Wertheim, DE

Safety cabinet Lamin Air HB2448, HB2478

Heraeus Instruments, Hanau, DE

Microcentrifuge MiniStar silverline

VWR International, Radnor, US

Drying chamber Hotmaker 2000

Heraeus Instruments, Hanau, DE

Ultra-low freezer FORMA 900 Series

Thermo Fisher Scientific, Waltham, US

Vortex-Mixer Genie® 2

Scientific Industries, Bohemia, US

Orbit™ LS Laboratory shaker

Labnet, Edison, US

Water bath WNB 22

Memmert GmbH, Schwabach, DE

Water bath type 3044

Koettermann GmbH, Uetze, DE

Liebherr MEDLIine Refrigerator

Liebherr, Bieberach an der Rif3, DE

Liebherr Glass line Oko super

Liebherr, Bieberach an der Rif3, DE

Autoclave FOM/B50

Fedegari Autoclavi SPA, Albuzzano, IT

Balance PB3002 DeltaRange

Mettler Toledo, Ohio, US

Analytical balance AG245

Mettler Toledo, Ohio, US

NanoDrop™ OneC UV-Vis
Spectrophotometer

Thermo Fisher Scientific, Waltham, US

NanoDrop™ 2000 Spectrophotometer

Thermo Fisher Scientific, Waltham, US

4200 TapeStation System

Agilent Technologies, Santa Clara, US

Heating block

A. Hartenstein, Wirzburg, DE

Block thermostat

A. Hartenstein, Wirzburg, DE

Glashomogenizer Potter S

B. Braun Biotech, Melsungen, DE
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pHenomenal® pH 1100L

VWR International, Radnor, US

Magnetic stirrer IKAMAG™ RET

IKA-Werke GmbH, Staufen, DE

Fusion Pulse TS

Vilber, Collégien, FR

QuantStudio 5

Thermo Fisher Scientific, Waltham, US

Thermocycler Biometra® T-gradient

Watman, Maidstone, GB

Thermocycler peqSTAR

VWR International, Radnor, US

Gel chamber Large format LSG-400-20

C.B.S. Scientific, San Diego, US

Wheaton™ Dounce Tissue Grinder

VWR International, Radnor, US

Hamilton™ 1000 Series syringe

Thermo Fisher Scientific, Waltham, US

LLG-Volumetric flask

Lab Logistics Group, Meckenheim, DE

Single-channel pipettes PIPETMAN Classic
(P1000, P200, P20, P10)

Gilson, Middleton, US

Single-channel pipettes
(P1000, P200, P20, P10)

Eppendorf, Hamburg, DE

Makro pipettes Pipetman (10 mL, 5 mL)

Gilson Incorporated, Middleton, US

Duran Bottles (2 L, 1L, 500 mL, 100 mL)

Schott AG, Mainz, DE

Mini-PROTEAN® Tetra Cell Vertical
Electrophoresis Set, including handcast gels

Bio-Rad Laboratories, California, US

Mini Cell Buffer Dams

Bio-Rad Laboratories, California, US

Roller for use with blotting apparatus

Bio-Rad Laboratories, California, US

Gel releaser

Bio-Rad Laboratories, California, US

PowerPac™ Basic Power Supply

Bio-Rad Laboratories, California, US

Instrument tray white

Burkle Inc, New York, US

Mini-PROTEAN® Tetra cooling unit

Bio-Rad Laboratories, California, US

Typhoon TRIO+ Variable Mode Imager

GE Healthcare, Chicago, US

Seahorse XFe 96 Extracellular Flux analyzer

Seahorse Bioscience, Massachusetts, USA

OROBOROS Oxygraph-2k High-resolution
Respirometer

Oroboros Instruments GmbH, Innsbruck, AT

Opera Phenix™ High-Content Screening
System

Perkin Elmer, Waltham, USA

Digital dual timer C5080

TFA-Dostmann, Wertheim, DE

Miele Professional PG 8583

Miele, Gitersloh, DE

Large ice maker

Manitowoc, Milwaukee, US

Abbreviations according to ISO 3166-1: DE= Germany, US= United States of America, GB=
Great Britain, IT= Italy, CH= Switzerland, FR= France, CA=Canada, AT= Austria

Table 3.2: List of all Consumables used in this thesis.

Consumables

Manufacturer

EasYFlask™ Nunc™ cell culture flasks
(175 cmz2, 75 cmz, 25 cm?)

Thermo Fisher Scientific, Waltham, US

Greiner CELLSTAR® dish (143 cm?,
58 cmz, 21 cm?)

Merck KGaA, Darmstadt, DE

Pipette tips (1000 pL, 200 pL, 20 uL)

Sarstedt, Numbrecht, DE

Makro pipette tips Typ Gilson (5 mL, 10 mL)

Starlab International GmbH, Hamburg, DE

TipOne® filter tips

Starlab International GmbH, Hamburg, DE

Combitips advanced™

Eppendorf, Hamburg, DE
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Reaction tubes (2 mL, 1.5 mL, 0.5 mL)

Sarstedt, Numbrecht, DE

Nuclease-free reaction tubes SafeSeal
(2mL, 1.5mL, 0.5mL)

Sarstedt, Numbrecht, DE

Light protection reaction tubes

Grainer bio-one

PCR Tubes Sarstedt, Numbrecht, DE
Polypropylene tube (50 mL, 15 mL) Greiner Bio-one, Frickenhausen, DE
Cryovial 2 mL Thermo Fisher Scientific, Waltham, US

Serological pipettes (25 mL, 10 mL, 5 mL,
2mL)

Sarstedt, Numbrecht, DE

Sartorius Sterile filter pore size 0.2 um

Thermo Fisher Scientific, Waltham, US

Sample vessel for Coulter Counter

Carl Roth GmbH, Karlsruhe, DE

Applied Biosystems™ MicroAMP™ Optical
96-well Reaction plates

Thermo Fisher Scientific, Waltham, US

Applied Biosystems™ MicroAMP™ Optical
adhesive film

Thermo Fisher Scientific, Waltham, US

Cell scraper 28 cm

Greiner Bio-one, Frickenhausen, DE

KIMTECH Science tissue

Thermo Fisher Scientific, Waltham, US

Seahorse XFe-96 Cell Culture Microplates

Agilent Technologies, Santa Clara, US

Disposal plastic bags

Sarstedt, Niumbrecht, DE

VIS Cuvettes for NanoDrop™

Eppendorf, Hamburg, DE

RNase Zap™

Thermo Fisher Scientific, Waltham, US

Feather™ Single-use scalpels

Thermo Fisher Scientific, Waltham, US

Ultracentruge tubes for Ti60 rotor

Beckman Coulter, Fullerton, US

TapeStation D1000 Screen Tapes

Agilent Technologies, Santa Clara, US

Gloves (latex and nitrile)

VWR International, Radnor, US

Polyvinylidene fluoride (PVDF) membrane

Thermo Fisher Scientific, Waltham, US

Whatman® gel blotting paper, Grade GB003

Merck KGaA, Darmstadt, DE

Weighing pan

A. Hartenstein, Wirzburg, DE

Magnetic stirring bars

VWR International, Radnor, US

Pasteur pipettes, short form, Kimble®

DWK Life Sciences GmbH, Mainz, DE

Fisherbrand™ latex dispensing bulb

Thermo Fisher Scientific, Waltham, US

Hamilton™ Needle with blunt tip (17G)

Thermo Fisher Scientific, Waltham, US

Aluminum foil

neolLab, Heidelberg, DE

Nanosep® MF Centrifugal devices with Bio-
Inert® membrane 0.45 um

Pall Corporation, New York, US

Disposable plastic syringe Soft-ject®

A. Hartenstein, Wirzburg, DE

Cannula for plastic syringe Neo-ject® 21G

A. Hartenstein, Wirzburg, DE

Autoclave sterilization tape

A. Hartenstein, Wirzburg, DE

3.1.2 Chemicals and Kits

Table 3.3: List of all Chemicals used in this thesis.

Chemicals

Manufacturer

Ambion® Nuclease-free water

Thermo Fisher Scientific, Waltham, US

Bovine Serum Albumin (BSA) Fraction V

Carl Roth GmbH, Karlsruhe, DE

Penicillin/Streptomycin (10.000 U/mL)

Thermo Fisher Scientific, Waltham, US

Blasticidin S HCI

Thermo Fisher Scientific, Waltham, US
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Geneticin™ (G418 Sulfate) solution

Roche, Basel, CH

Gibco Fetal calf serum (FCS)

Thermo Fisher Scientific, Waltham, US

Hyromycin B (50 mg/mL)

Thermo Fisher Scientific, Waltham, US

Dulbecco’s Modified Eagle Medium (DMEM)
(high glucose + glutamine 2 mM)
REF: 41965-039

Thermo Fisher Scientific, Waltham, US

Tetracycline hydrochlorid powder T7660

Merck KGaA, Darmstadt, DE

Polysorbat (Tween® 20)

Carl Roth GmbH, Karlsruhe, DE

Dimethyl Sulfoxide (DMSO) = 99.5%

Carl Roth GmbH, Karlsruhe, DE

Trypan blue solution 0.4%

Thermo Fisher Scientific, Waltham, US

cOmplete™ mini protease inhibitor cocktail

Roche, Basel, CH

Ammonium persulfate (APS)

Thermo Fisher Scientific, Waltham, US

Rotiphorese® Gel 30% Acrylamid mix

Carl Roth GmbH, Karlsruhe, DE

Tetramethylethylendiamin (TEMED)

Carl Roth GmbH, Karlsruhe, DE

ROTI®Load

Carl Roth GmbH, Karlsruhe, DE

PageRuler™ Prestained protein ladder

Thermo Fisher Scientific, Waltham, US

GE Healthcare Amersham™ ECL Prime
Western blot detection reagent

Thermo Fisher Scientific, Waltham, US

Protein Assay Dye Reagent Concentrate

Bio-Rad Laboratories, California, US

Percoll® P1644

Merck KGaA, Darmstadt, DE

Saccharose

Merck Millipore, Darmstadt, DE

Ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N'-tetraacetic acid (EGTA)

Merck KGaA, Darmstadt, DE

Trizma® base

Merck KGaA, Darmstadt, DE

Coulter Isoton Il Diluent

Beckman Coulter, Fullerton, US

Rotiphorese® Sequencing gel concentrate
(#3043.1)

Carl Roth GmbH, Karlsruhe, DE

Rotiphorese® Sequencing gel diluent
(#3047.1)

Carl Roth GmbH, Karlsruhe, DE

Rotiphorese® Sequencing gel buffer
concentrate (#3050.1)

Carl Roth GmbH, Karlsruhe, DE

Rotiphorese® 10x TBE buffer (#3061.2)

Carl Roth GmbH, Karlsruhe, DE

Manganese (II) chloride solution

Merck KGaA, Darmstadt, DE

TapeStation DNA Reagents (D1000 Ladder
and Sample buffer)

Agilent Technologies, Santa Clara, US

Rotenone

Thermo Fisher Scientific, Waltham, US

dNTP mix (10 mM each)

Thermo Fisher Scientific, Waltham, US

Glycogen, RNA grade

Thermo Fisher Scientific, Waltham, US

GelRed® Nucleic Acid Gel Stain

Biotium Inc., Fremont, US

TRI Reagent®

Thermo Fisher Scientific, Waltham, US

Chloroform = 99.5%

Merck KGaA, Darmstadt, DE

2-Propanol, HPLC quality

Carl Roth GmbH, Karlsruhe, DE

Ethanol 99.5% Ph. Eur. ultra pure

Carl Roth GmbH, Karlsruhe, DE

Ammonium acetate (NHsAc)

Merck KGaA, Darmstadt, DE

Methanol 2 99.5%

Thermo Fisher Scientific, Waltham, US

GeneRuler Low Range DNA Ladder

Thermo Fisher Scientific, Waltham, US
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6x DNA Loading Dye

Thermo Fisher Scientific, Waltham, US

Rotiphorese® 10x TBE buffer

Carl Roth GmbH, Karlsruhe, DE

Formamide 47671

Merck KGaA, Darmstadt, DE

Poly-L-lysine solution

Merck KGaA, Darmstadt, DE

Tagman™ fast advanced master mix

Thermo Fisher Scientific, Waltham, US

Ethylendiamin tetraacetic acid (EDTA)
disodium salt dihydrate

Carl Roth GmbH, Karlsruhe, DE

Phenylmethylsulfonyl fluoride (PMSF)

Carl Roth GmbH, Karlsruhe, DE

Polyethyleneglycol alkylphenylether
(Triton-X100)

Carl Roth GmbH, Karlsruhe, DE

Sodium Deoxycholate

Merck KGaA, Darmstadt, DE

Tris(hydroxymethyl)-aminomethan (Tris)

Carl Roth GmbH, Karlsruhe, DE

Glycine = 99%

Carl Roth GmbH, Karlsruhe, DE

2-Mercaptoethanol

Merck KGaA, Darmstadt, DE

Hydrochloric acid (HCI) 37%

Merck KGaA, Darmstadt, DE

Sodium Hydroxide (NaOH) pellets

Carl Roth GmbH, Karlsruhe, DE

Sodium Chloride (NaCl)

Carl Roth GmbH, Karlsruhe, DE

Sodium dihydrogen phosphate
monohydrate = 98%

Carl Roth GmbH, Karlsruhe, DE

Potassium chloride = 99.5%

Carl Roth GmbH, Karlsruhe, DE

Potassium dihydrogen phosphate

Merck KGaA, Darmstadt, DE

Sodium Dodecyl Sulfate (SDS)

Thermo Fisher Scientific, Waltham, US

Table 3.4: List of all Kits used in this thesis.

Kits

Manufacturer

High-Capacity cDNA Reverse Transcription
Kit (including MultiScribe ™)

Thermo Fisher Scientific, Waltham, US

DNase | digestion Set E1010

Zymo Research, Irvine, US

Mval (BstNI)
(restriction enzyme and buffer)

Thermo Fisher Scientific, Waltham, US

SuperScript™ |V Reverse Transcriptase
(enzyme, buffer and dithiothreitol (DTT))

Thermo Fisher Scientific, Waltham, US

EpiScript™ RNase H Reverse Trascription
Kit (enzyme, buffer and DTT)

Lucigen LGC Biosearch Technologies,
Hoddesdon, GB

Platinum™ SuperFi™ DNA Polymerase
(enzyme, buffer and GC enhancer)

Thermo Fisher Scientific, Waltham, US

NEBNext® Multiplex Small RNA Library
Prep set for llumina (Set 1-4)

New England Biolabs Inc, Ipswich, US

Seahorse XF Cell Mito Stress Kit 103015-
100

Agilent Technologies, Santa Clara, US
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3.1.3 Primers, Antibodies and TagMan® Assays

Table 3.5: List of all Primers used in this thesis.

Primer Sequence Manufacturer
P5 PCR | AAT GAT ACG GCG ACC ACC GAG | Custom-designed, ordered at
primer ATC TAC ACACACTCTTTC CCT Integrated DNA Technologies (IDT)
(human) | ACA CGA CGC TCT TCC GAT CTA

CCC CAC CCT ACT AAA CCC
ND5 RT | AGACGT GTG CTCTTC CGATCT Custom-designed, ordered at IDT,
primer NNN NNN NGT AAT GAG AAATCC | NNN NNN N is a unigue molecular
(human) | TGC G identifier (UMI), which has not been

used in the final analysis

P5 PCR | AAT GAT ACG GCG ACC ACC GAG | Custom-designed, ordered at IDT
primer ATC TAC ACACACTCTTTC CCT
(mouse) | ACA CGA CGC TCT TCC GAT CTG

ACC CAG ACC TCATAAACC CA
ND5 RT | AGACGT GTG CTCTTC CGATCT Custom-designed, ordered at IDT,
primer NNN NNN NGA GAT GAC AAATCC | NNN NNN N is a UMI, which has not
(mouse) | TGC A been used in the final analysis

Table 3.6: List of all Antibodies used in this thesis.

Antibody Manufacturer celitllog Dilution
number

Anti-APP (Y188) Abcam, Cambridge, GB ab32136 1:1 000

Anti-TRMT10C Aviva Systems Biology, San Arp40877_p050 | 1:1 000

(human samples) Diego, US

Anti-TRMT10C Merck KGaA, Darmstadt, DE SAB2105440 1:250

(murine samples)

Anti-GAPDH Abcam, Cambridge, GB ab181602 1:10 000

Anti-B-Actin Merck KGaA, Darmstadt, DE A1978 1:2 000

Anti-ND5 Abcam, Cambridge, GB ab92624 1:1 000

Anti-SDR5C1 Abcam, Cambridge, GB ab10260 1:500

(human samples)

Anti-SDR5C1 Abcam, Cambridge, GB ab137455 1:500

(murine samples)

Anti-PRORP Abcam, Cambridge, GB ab185941 1:1 000

(human samples)

Anti-PRORP Santa Cruz, California, US Sc-390380 1:1 000

(murine samples)

Anti-mouse 1gG Thermo Fisher Scientific, 31430 1: 5000

secondary antibody Waltham, US

Anti-rabbit 1gG Merck KGaA, Darmstadt, DE A0545 1:10 000

secondary antibody
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Table 3.7: List of all TagMan® Assays used in this thesis.

TagMan® Assay Manufacturer TagMan® ID
Applied Biosystems™ Thermo Fisher Scientific, Hs02596878-g1
TagMan® Assay ND5 Waltham, US

Applied Biosystems™ Thermo Fisher Scientific, Hs99999905 m1l
TagMan® Assay GAPDH Waltham, US

3.1.4 Buffers, Solutions and Media

20% SDS Solution:

209 SDS

Ad 100 mL  purified H2O
adjust pH to 7.2 with 37% HCI

1.5M Tris-HCI pH=6.8:
121.1¢g Tris

800 mL purified H.O
adjust pH to 6.8 with 37% HCI

1M Tris-HCI pH=7.4:

80.7 g Tris

800 mL purified HO
adjust pH to 7.4 with 37% HCI

0.5% TBST buffer:

100 mL 10x TBS buffer
5mL Tween® 20
Ad 1000 mL purified H2O

5% BSA Blocking solution:
10 g BSA

Ad 200 mL  0.1% TBST buffer

10x Running buffer:

30.2¢g Tris
144 g Glycine
50 mL 20% SDS solution

Ad 1000 mL purified H2O

1x Running buffer:

10% APS Solution:

100 mg APS

Ad 1 mL purified H.0

store aliquotes at -20°C in the dark

1.5M Tris-HCI pH=8.8:
121.1¢g Tris

800 mL purified H,O
adjust pH to 8.8 with 37% HCI

10x Tris Buffered Saline (TBS) buffer:

24.2¢ Tris 200 mM

87.8¢g NaCl 1500 mM

ad 1000 mL  purified H20

adjust pH to 7.5 with 37% HCI and autoclave

0.1% TBST buffer:

100 mL 10x TBS buffer
1mL Tween® 20
Ad 1000 mL purified H2O

1% BSA solution:
1g BSA
Ad 200 mL  0.1% TBST buffer

10x Transfer buffer (without SDS):

30.2¢g Tris

144 g Glycin

Ad 1000 mL purified H2O
autoclave

1x Transfer buffer (without SDS):

100 mL 10x Running buffer 100 mL 10x Transfer buffer

Ad 1000 mL purified H2O

1M NaCl Solution:
0.585¢g NaCl

200 mL Methanol
Ad 1000 mL purified H2O

0.5 EDTA Solution pH=8:
23.26 g EDTA x 2 H,O
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Ad 10 mL purified H,O

Radioimmnoprecipitation assay (RIPA)
buffer for protein isolation:

1.25mL 1M Tris-HCI pH=7.4
3.75mL 1M NacCl Solution

250 pL Triton-X100

0.125¢g Natirum Deoxycholate
0.125 mL 20% SDS

0.25 mL 0.5M EDTA pH=8

Ad 25 mL purified H,O

store at 4-8°C in the dark

PMSF stock solution 100 mM:
175 mg PMSF

10 mL 2-Propanol
store aliquots at -20°C

Isolation buffer (IB):

54.7 g Saccharose 320 mM
380 mg EGTA 2mM

605 mg Trizma® Base 10 mM
Ad 500 mL  purified H2O

adjust pHto 7.4 at 4°C

12%-Percoll® solution:
9 mL 100%-Percoll® solution
66 mL IB

40%-Percoll® solution:
12 mL 100%-Percoll® solution
18 mL 1B

Ammonium Acetate 0.5 mM:
1.927¢g NH4AC
ad 50 mL purified H,O, Nuclease-free

Medium HEK293 untransfected (CtD:

500 mL DMEM
50 mL FCS (heat-inactivated)
50 U/mL Pen/Strep

Ad 100 mL  purified H2O
adjust pH to 8 with NaOH

Phosphate Buffered Saline, Ca?* and Mg?*
free (PBS CMF):

849 NacCl

0.2¢g KCI

0.2g KH2PO4
15¢g NaHPO4
Ad 1000 mL purified H>O
autoclave

Stripping solution:

10 mL SDS 20%

12,5 mL Tris-HCI pH=6.8
77.5 mL purified H,O

0.8 mL 2-Mercaptoethanol

100%-Percoll® solution:

5.47 g Saccharose 320 mM
38 mg EGTA 2mM

60.5 mg Trizma® Base 10 mM
Ad 50 mL Percoll®

adjust pHto 7.4 at 4°C

26%-Percoll® solution:
12 mL 100%-Percoll® solution
34 mL IB

Loading buffer for DNA separation:
45 mL Rotiphorese® 1x TBE
5mL Formamide

5x RT Buffer without Mg?*:

250 mM Tris-HCI, pH=8.3
250 mM KCI
Ad 1000 pL  purified H2O

add MnCl; just before the RT with a final
concentration of 5 mM in each tube

Medium for cell freezing:
95% Medium of corresp. cell line
5% DMSO
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Medium HEK293 APPwi: Medium HEK293 APPsw:

500 mL DMEM 500 mL DMEM

50 mL FCS (heat-inactivated) 50 mL FCS (heat-inactivated)
50 U/mL Pen/Strep 50 U/mL Pen/Strep

400 ug/mL G418 400 ug/mL G418

Medium HEK293 T-Rex-cells (Ctl): Medium HEK293 T-Rex pTRMT10C:
500 mL DMEM 500 mL DMEM

50 mL FCS (heat-inactivated) 50 mL FCS (heat-inactivated)
50 U/mL Pen/Strep 50 U/mL Pen/Strep

5 pg/mL Blasticidin S 5 pg/mL Blasticidin S

100 pg/mL  Hygromycin B

3.1.5 Cell lines

Human Embryonic Kidney 293 (HEK293) cells are a specific immortalized cell line
derived from embryonic kidney cells of a female human fetus exposed to sheared fragments
of adenovirus typ 5 DNA. The first publication of this cell line was provided by Graham et al. in
1977 [420]. Due to the transfection process a 4.3 kbp fragment of viral DNA was integrated
into chromosome 19, coding for the viral proteins E1A and E1B, which interfere with cell cycle
control pathways and counteract apoptosis [421]. The HEK293 cell line grows as an adherent
monolayer on surfaces and is among the most commonly used cell lines in research. The exact
origin of the kidney tissue is unknown, but it is believed to originate from an aborted or
miscarried fetus. The number 293 is traced back to the sample number in Graham'’s

experiment.

HEK?293 ut, APPwt and APPsw

HEK293 cells were transfected with a DNA construct (pCMV695) harboring the human
wild-type APP695-gene (APPwt), inserted downstream of a cytomegalovirus promotor by
means of the FUGENE 6™ transfection reagent (Roche Diagnostics) [216], [422]. These cells
stably express the human APPwt protein, hence displaying elevated APP protein levels and a
~7x enhanced ABao secretion [216]. HEK293 APPsw cells were generated in the same way,
but in this case the APP gene contains the Swedish KM670/671NL mutation. This double
mutation is located immediately adjacent to the B-secretase cleavage site in APP and has been
reported in two large swedish families. This mutation has been shown to increase total AB1-xx
peptide levels by facilitating APP cleavage by BACE1 and thereby disfavors the generation of
amyloidolytic AB11-xx peptides. While other familial AD mutations in APP and the presenilin
gene skew AB production to larger, more aggregation-prone forms, the Swedish mutation

increases overall production of AB11-xx with multiple reports showing increased production and
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secretion of ABs and AB42'. In the case of HEK293 APPsw, these cell display not only higher
APP levels than APPwt, but also ~10x higher AB4o secretion than APPwt [216]. While APPwt
cells represent a model for early/intermediate LOAD, APPsw represent a model for the late
stage of LOAD. Untransfected HEK293 cells model healthy control individuals and were
therefore referred to as Ctl in all experiments with APPwt and APPsw. HEK293 Ctl, APPwt and
APPsw cells were kindly provided by the research group of Prof. Dr. (Goethe
University, Frankfurt, Germany).

HEK?293 T-Rex Ctl and pTRMT10C cells

For the Tetracycline-induced overexpression of TRMT10C the complete coding
sequence including its native initiation codon context in frame with a C-terminal FLAG-tag was
introduced in a pcDNA™5/TO®© plasmid and cloned by PCR [359]. Afterwards, HEK293
T-Rex™ cells (Invitrogen, R71007) were transfected with this pcDNA™5/TO-TRMT10C-FLAG

PCDNA6™ /TR =i PCMV>—| TetR e

29 Cs

TetR TetR

Expression repressed

I EPIC

pcDNA5S™/TO TATA TetO, TetO, TRMT10C-FLAG

+ Tetracycline (W)

TRMT10C-FLAG

pcDNA5S™/TO

» Expression derepressed
pcDNAS™/TO TATA TetO, et0, TRMT10C-FLAG

Figure 3.1: Mechanism of Tetracycline-regulated expression of TRMT10C-FLAG in the HEK293
T-Rex™ System. The TetR protein is expressed in all cultured cells transfected with the pcDNA6™/TR
plasmid (Ctl and pTRMT10C cells). A TetR homodimer binds to the Tet operator 2 (TetOz) sequence in
the inducible expression vector pcDNA5™/TO (only present in pTRMT10C cells) and represses the
initiation of the transcription. Upon addition, Tetracycline binds to the TetR homodimers and the...

14 https://www.alzforum.org/mutations/app-k670m671delinsnl-swedish
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...following conformational change releases TetR from the TetO: sequence. In consequence the
transcription is initiated and TRMT10C-FLAG expression is derepressed.

plasmid and stable cell lines were selected (in the following termed pTRMT10C cells). The
HEK293 T-Rex™ System is by default transfected with a pcDNA™6/TR© plasmid encoding
the Tet repressor protein (TetR). In the absence of Tetracycline, the TetR forms a homodimer
that binds with extremely high affinity to two Tet Operator (TetO2) binding sequences. Two
TetO, sites are located in the promoter of the inducible expression pcDNA™5/TO vector
serving as binding sites for 4 TetR molecules (or 2 homodimers). Binding of the TetR homo-
dimers to the TetO, sequences represses transcription of TRMT10C in pTRMT10C cells (see
Figure 3.1). Upon addition, Tetracycline binds with high affinity to each TetR homodimer in a
1:1 stoichiometry and causes a conformational change in the repressor that renders it unable
to bind the TetO, sequence. The TetR-Tetracycline complex then dissociated from the TetO
and allows induction of transcription from the TRMT10C gene. pTRMT10C and HEK293 T-
Rex™ Ctl cells were kindly provided by Prof. Dr. Walter Rossmanith (University of Vienna,

Austria).

3.1.6 Animals

5xFAD mice express human APP and PSENL1 transgenes, carrying in sum five different
FAD-linked mutations, downstream of the neuron-specific mouse Thyl promoter. Three of the
five mutations are located in the APP gene, the Swedish (KM670/671NL), the Florida (I1716V)
and the London (V7171) mutation, and two of them, the M146L and L286V mutation in the
PSEN1 gene'®. 5xFAD mice almost exclusively generate AB42 and as these five mutations
additively increase AB42 production, intraneuronal aggregated AB4. already accumulates at 1.5
months of age [76]. Amyloid plaques first occur at an age of 2 months in the hippocampus and
cortex and spread with advancing age throughout the whole hippocampus, larger parts of the
cortex, the thalamus, brainstem and the olfactory bulb, but seem to be absent in the cerebellum
[76]. These pathologic alteration result in neuronal loss at about 6 month of age and cognitive
deficits at about 5 months of age [76]. All of the used 5xFAD and Wild-type (Wt) mice were
kindly provided by the research group of Prof. Dr. (University Medical Center,

Mainz, Germany) and originally bought from Jackson Laboratory with a C57BL6/J background.
Therefore 5xFAD mice were stably cross-bred with wild-type C57BL6/J mice. The age of
5xFAD mice and wild-type littermates at the day of dissection was 42-55 weeks, which is
equivalent to 10-12 months. Female and male mice were used in balanced proportions. All
experimental procedures were carried out in accordance with the European Communities
Council Directive regarding care and use of animals for experimental procedures (for housing

conditions and genotyping see [423]). All mice were euthanized using cervical dislocation or

15 https://www.alzforum.org/research-models/5xfad-c57bl6
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inhalation of narcotic isoflurane. After euthanization, the relevant brain regions (hippocampus,

cortex and cerebellum) were dissected and shock-frozen in liquid nitrogen.

3.1.7 Human samples

Human brain material was collected by the rapid autopsy program of the Netherlands
Brain Bank (NBB), which provides post-mortem specimens from clinically well documented
and neuropathologically confirmed cases. In order to receive the samples, a detailed
application was submitted to the NBB located in Amsterdam. This application was approved
with the project number 1341. In total 32 human cerebral cortex samples were received,
sectioned from the superior frontal gyrus (gfs) part 3 and 4 (see Figure 3.2). All of these
samples were used for WB analysis, however, as some of these samples originated from the
same individuum, only one tissue sample per individuum was included in the final analysis. For
simplicity the resulting individuals were labeled with AD1-13 or Ctl 1-12 for control samples.

Soin total 13 AD (5 male + 8 female) and 12 controls (6 male and 5 female) were studied with

parietal
lobe

occipital

frontal lobe

lobe

A temporal
' lobe

Figure 3.2: Location of the gyrus frontalis superior (gfs) part 1-5 in the human brain according
to the NBB. Frontal, parietal, temporal and occipital lobe are indicated in pale colors, the cerebellum is
shown in dark grey. For the experiments in this thesis gfs part 3 and 4 was used from both AD patients
and healthy controls.

a mean age of 83.9 £ 8.1 years (AD) and 85.1 + 9.0 years (Ctl) (numbers given as Mean *

SD). The mean Braak stage was 4.7 = 0.6 in AD patients and 2.5 = 1.0 in healthy controls.

Detailed information about age, sex and Braak stage of all individuals is shown in Table 3.8.
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All research involving the NBB samples was conducted according to the ethical declaration of
the NBB. All cases were neuropathologically confirmed, using conventional biochemical
techniques, and diagnosis performed using the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD) criteria. Non-disease controls had no history or symptoms of
neurologic or psychiatric disorders and were clinically not demented. Gfs 3+4 was selected for
both AD patients and healthy controls.

Table 3.8: Patient details of frontal cortex samples from the NBB presented for each individual.

Individual Diagnosis Sex Age [years] | Braak stage
AD1 Alzheimer's disease f 88 5
AD2 Alzheimer's disease f 86 5
AD3 Alzheimer's disease f 81 6
AD4 Alzheimer's disease f 88 4
AD5 Alzheimer's disease f 72 5
AD6 Alzheimer's disease f 98 5
AD7 Alzheimer's disease f 87 4
ADS8 Alzheimer's disease f 76 4
AD9 Alzheimer's disease m 80 4
AD10 Alzheimer's disease m 78 5
AD11 Alzheimer's disease m 86 4
AD12 Alzheimer's disease m 97 5
AD13 Alzheimer's disease m 74 5
Ctl1 Non-demented control f 83 2
Ctl2 Non-demented control f 90 3
CtlI3 Non-demented control f 76 2
Ctl4 Non-demented control f 71 2
Ctl5 Non-demented control f 85 3
Ctl6 Non-demented control f 84 3
Ctl7 Non-demented control m 92 4
Ctl8 Non-demented control m 102 3
Ctl9 Non-demented control m 93 0
Ctl10 Non-demented control m 72 2
Ctl11 Non-demented control m 86 3
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Ctl12 Non-demented control m 87 3

3.1.8 Human datasets

In this thesis, three publicly available RNA-Seq data sets were analyzed, one of which
contained single-cell RNA-Seq (scRNA-Seq) data. While two of them only published gene
expression results, one of them provided sequencing raw data allowing the quantification of
mismatch at position 1374 in the mRNA of ND5.

The “Aging, Dementia and Traumatic Brain Injury (TBI) Study” data set

The “Aging, Dementia and TBI Study” data set was generated from the Adult Changes
in Thought (ACT) Study [424] and contains transcriptomic data of the hippocampus (Hipp.),
the temporal cortex (TCX), the prefrontal cortex (PCx) and the white matter of the prefrontal
cortex (PCx(WM)) from 107 aged donors (including control and AD patients, with and without
TBI). Importantly, these brain tissue pieces were dissected and processed as bulk preparation
and the diagnosis was given by NINCDS-ARDA criteria (for more information see [425]). The
data of the “Aging, Dementia and TBI Study” data set was retrieved from http://aging.brain-
map.org/download/index (RRID:SCR_014554, Allen Institute for Brain Science, University of
Washington Medicine, and Kaiser Permanente Washington Health Research Institute, US) on
the 20th of January 2020. In the final analysis male patients with a confirmed AD diagnosis
and without TBI incident were selected from the data set and normalized FPKM (fragments
per kilobase per million mapped fragments) values were compared to controls (also without
TBI incident). This led to n=13-15 control (Ctl) and n=5-8 AD cases (number varies between
the four brain regions) with an average age of 92.7 + 6.2 for Ctl and 86.5 * 3.8 for AD, and an
average Braak stage of 1.1 + 1.1 in Ctl and 3.6 = 2.1 in AD patients (numbers given as Mean
+ SD).

scRNA-Seq data from Mathys et al.

As mentioned above one data set contained scRNA-Seq data. In this case, RNA-Seq
data was generated from prefrontal cortex tissue (Brodmann area 10) as usual and
subsequently divided into 6 different cell type groups, namely excitatory neurons, inhibitory
neurons, astrocytes, oligodendrocytes, precursor-oligodendrocytes and microglia by specific
cell type marker genes. The corresponding study performed by Mathys et al. [426] analyzed
80,660 single-nucleus transcriptomes from 48 individuals (24 AD + 24 Ctl) and provided fold
change (FC) and adjusted p-values (padj) (adjusted by a two-sided Wilcoxon-rank-sum test)
of all significantly altered genes, among them TRMT10C and SDR5C1. PRORP and ND5 were
not listed. In both Ctl and AD patients, 12 male and 12 female individuals were included. The
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24 AD patients were further divided into an early-stage (n=15, 7 males + 8 females) and a late-
stage group (n=9, 5 males and 4 females). Early-stage AD subjects showed amyloid burden,
but modest neurofibrillary tangles and cognitive impairment. The average Braak stage of early-
stage AD patients was 4.3 + 0.8, of late-stage AD it was 5.3 = 0.5, of all AD patients it was 4.7
+ 0.9, and of Ctl it was 2.5 = 0.9 (all numbers are given as Mean + SD). The average age of
those groups was not stated, however, the authors claimed that they matched the age between
Ctl and AD patients. The diagnosis was determined by means of CERAD and NIA-Reagan
Scores (for more information see [426]).

Data set from the National Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA), Project PRINA720779

As mentioned above only one group provided raw data reads of their RNA-Seq study
and could therefore be used to determine mismatch rates at position 1374 in ND5. In this study
performed by Guennewig et al. [427] two brain regions were analyzed obtained from post-
mortem brains of 5 AD subjects and 5 healthy controls. These two brain regions, the
moderately affected precuneus and the mildly affected primary visual cortex, were selected to

model the changes between an early- and a late-stage of the pathological AD cascade. The
groups of Ctl and AD were matched for age (Ctl: @78, AD: & 76), post mortem interval (PMI)
(Ctl: @ 18h, AD: & 11h) and RIN values (Ctl: © 6.9, AD: & 6.9). All AD patients were at Braak

stage 4. No information was given about the sex of AD patients and Ctl, however, the authors
mentioned that genders were matched between these two groups (more information in [427]).
Raw data from Guennewig et al. [427] retrieved through the NCBI SRA homepage (project
number PRINA720779).

3.1.9 Software and Statistics

Table 3.9: List of all Softwares and Programs used in this thesis.

Name Manufacturer Description

QuantStudio Design & Thermo Fisher Scientific, Analyzing gPCR results

Analysis v. 1.4.3 Waltham, US

Microsoft Excel v. 16.57 Microsoft, Washington, US All kinds of calculations

Microsoft PowerPoint v. Microsoft, Washington, US Designing figures and

16.57 tables

MicrosoftWord v. 16.57 Microsoft, Washington, US Thesis structure, texts and
tables

GraphPad PRISM v. 9.2.0 | GraphPad Software Inc., Graphs and Statistics

San Diego, US
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ImageLab v. 6.1 Bio-Rad Laboratories, Analyzing Western blot
California, US images
FastQCv. 0.11.9 S. Andrews, Braham Institute Quality control for Illumina
sequencing reads
Trimmomatic v. 0.39 Bolger A. M., Lohse M., Usadel Read trimming tool for
B. [428] lllumina NGS data
Bowtie2 v. 2.4.1 B. Langmead and S. L. Salzberg | Read alignment to
[429] reference
SAMtools v. 1.10 H. Li et al. [430] Merging forward and
reverse reads
IGVv. 2.8.0 J. T. Robinson et al. [431] Visualization of alignment
BioRender Premium Sciences Suite Inc., Toronto, CA | Drawing figures
Statistics

All data was analyzed with standard statistical methods performed in GraphPad PRISM
v. 9.2.0. In most cases an unpaired t-tests was applied, otherwise it is stated in the legend of
the corresponding figure. Before using t-tests, raw data was checked for Gaussian distribution.
Data are mainly presented as Mean + SEM and the result of at least three independent
experiments. Data points that were regarded as an extreme statistical outliner were excluded.
Concerning human data, some individuals carrying the G13708A SNP were excluded from the
final analysis. If this was the case, it was stated in the figure legend and the corresponding
data points were marked in red.

3.2 Methods
3.2.1 Cell culture

HEK293 APPwt and APPsw cells were cultured in DMEM supplemented with 10% heat-
inactivated FCS, 50 U/mL penicillin, 50 pg/mL streptomycin and 400 pg/mL G418 at 37°C in a
huminidified incubator containing 5% CO,. Untransfected HEK293 Ctl cells were cultured in
the same medium excluding G418. In the medium of APPwt and APPsw cells G418 is required
to culture only cells carrying the pCMV695 plasmid.

HEK293 T-Rex™ Ctl and pTRMT10C cells were cultured in DMEM supplemented with
10% heat-inactivated FCS, 50 U/mL penicillin and 50 pg/mL streptomycin. In order to select
for the pcDNA™6/TRO vector 5 pg/mL Blasticidin S was added in the medium of both cell
lines. Selection of transfected pTRMT10C cells was achieved by a hygromycin resistance in
the pcDNA™5/TO® plasmid and 100 ug/mL hygromycin in the corresponding cell culture
medium. HEK293 T-Rex™ Ctl and pTRMT10C cells were kept at 37°C in a humidified
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incubator containing 5% CO.. 24 hours before the experimental procedure pTRMT10C as well

as 293 T-Rex™ Citl cells were incubated with O pg/mL and 1 pg/mL Tetracycline.

All cells were split every 3-5 days in a 1:10 ratio (cell suspension : new medium). Cells
were seeded 2-3 days before an experimental procedure (isolation of proteins, RNA or
mitochondria) and simultaneously synchronized by washing with ice-cold PBS CMF. Only
passage numbers 3-9 were used for experiments which was counted from the time point of
defreezing. To freeze cells in liquid nitrogen, 5% DMSO was added into the appropriate cell
culture medium, then 2 million cells were filled in Cyrovials and stored in the Nalgene® freezing
container at -80°C. To thaw cells, the Cryovial was thawn in hands and then transferred into
full medium. After centrifugation (1,000 x g, 5 min, 21°C), the cell pellet was resuspended in
prewarmed full medium (37°C) and then seeded in a small cell culture flask. The next day, the

old medium was replaced by fresh medium in order to remove dead cells.

3.2.2 Isolation of proteins

Cells were synchronized with ice-cold PBS CMF and then seeded into Greiner
CELLSTAR® dishes (58 cm?) three days in advance of the experimental procedure (shorter
growing periods are stated in the figure legend of the corresponding experiment graph).
24 hours (h) prior to use, the medium was exchanged with fresh medium or medium containing
1 pg/mL Tetracycline. On the day of the protein isolation cells were washed twice with PBS
CMF and lysed on ice in 200 pL RIPA-PMSF mixture (100:1). Regarding 5xFAD and Wt mice,
the animals were sacrificed by decapitation under isoflurane anesthesia. Their brains were
quickly removed and the three regions of interest (hippocampus, cerebral cortex and
cerebellum) were dissected manually and then shock-frozen in liquid nitrogen. Tissue samples
were stored at -80°C until protein isolation with RIPA-PMSF was performed. For one
hippocampus 400 uL RIPA-PMSF was added, for cortex and cerebellum of one hemisphere
800 pL RIPA-PMSF was used. Before RIPA-PMSF addition, the latter two were cut into pieces
with a scalpel in order to accelerate cell degradation. Dissolution of the tissue in the buffer was
further enhanced with the Potter S homogenizer. The human tissue obtained from the NBB
was treated the same way with a proportion of 800 UL RIPA for 50-100 mg of tissue.

After incubation of cell samples with RIPA-PMSF buffer on ice for 15 minutes (min), cells
were collected with a cell scraper and transferred into reaction tubes. These tubes were then
incubated again for 30 min on ice, whereas mice and brain tissue was incubated in total 45 min
in tubes on ice. In the next step, all tubes were centrifuged (10,000 x g, 4°C, 10 min) leaving
cell debris in the pellet and isolated proteins in the supernatant. From this supernatant 2x 20 pL

were utilized for the protein determination assay and the remainder was mixed with proteinase
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inhibitor solution (one cOmplete™ mini protease inhibitor cocktail tablet solved in 1 mL purified
H,0) in a 10:1.1 ratio. These isolated protein solutions were stored as aliquots at -80°C. Total
protein content was determined by means of the Protein Assay Dye Reagent Concentrate (Bio-
Rad #5000001). This colorimetric assay based on the Bradford method uses the absorbance
shift of the dye when it is bound to amino acids of proteins. Therefore unkown protein
concentrations can be determined by comparison with a BSA calibration curve. So in a first
step, the absorbance of a BSA calibration curve of (1000 pg/mL, 20 pg/mL, 10 pg/mL, 5 pg/mL,
2.5 pg/mL and 1.25 pg/mL BSA in purified H2O) was determined and in the second step two
1:100 and two 1:1000 dilutions of the samples were measured. For both calibration curve and
samples 800 pL protein solution and 200 pL Protein Assay Dye Reagent Concentrate were
mixed and incubated 5 min in the dark. Likewise, one blank (1000 yL H>O) and one zero
reference (800 pL H-O + 200 pL Protein Assay Dye Reagent Concentrate) were prepared. In
the end, all solutions were transferred into cuvettes and photometrically measured in the
NanoDrop™ OneC UV-Vis Spectrophotometer. The program of this instrument automatically

calculates protein concentrations of the original samples.

3.2.3 Western blot
SDS-PAGE

Whole protein extracts of cells and mice were separated via SDS polyacrylamide gel
electrophoresis (SDS-PAGE). 1-3 days before use, gels were poured in the Mini-PROTEAN®
handcast gel set. First of all, glass plates were cleaned with ethanol and paper tissue to remove
disturbing gel residues. Then, the running gel was prepared by mixing purified H.O, 30%
Acrylamid mix, 1.5M Tris-HCI pH=8.8, SDS and APS (composition of both stacking and running
gel are shown in Table 3.10). The catalyst TEMED was added last, just before pouring the gel.
To obtain an even surface 100 uL isoropanol was carefully applied onto the running gel. After
45 min of polymerization, isoropanol was discarded and the stacking gel was poured on top.
Ingredients of the stacking gel are similar to the running gel, except for 1.5M Tris-HCI with
pH=6.8. When the stacking gel was poured a comb with 10 or 15 pockets was inserted
carefully. Until the day of use, the gels including glass plates were wrapped in a damp paper
tissue and stored at 4°C in the refrigerator. At the day of the WB, the gel was installed in the
electrode of the Mini-PROTEAN® Tetra Cell electrophoresis Set and the chamber was filled
with 1x chamber buffer. Then 20-40 pg protein per lane and water were mixed with ROTI®Load
in a 3:1 ratio, and loaded on the 10% gel. 6 pL PageRuler™ prestained protein ladder was
applied to the outer pockets. The SDS-PAGE was run for at 80 V for 30 min and then at 120 V
for about 1 h.
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Table 3.10: Recipe for one SDS polyacrylamide gel.

Running gel (10%) Stacking gel
1.925 mL Purified H20 1.37 mL Purified H20
1.7mL 30% Acrylamid mix 0.34 mL 30% Acrylamid mix
1.3mL 1.5M Tris-HCI pH=8.8 0.26 mL 1.5M Tris-HCI pH=6.8
25 pL 20% SDS solution 10 uL 20% SDS solution
50 uL 10% APS solution 20 pL 10% APS solution

2 uL TEMED 2 yL TEMED

Western blotting

Prior to the transfer, fibre pads of the Mini-PROTEAN® Tetra Cell Set and Whatman®
gel blotting paper (cut to the size of the gel) were precooled in ice-cold 1x transfer buffer and
stored in the fridge for 15 min. Then samples were transferred from the gel onto a PVDF
membrane in the Mini-PROTEAN® Tetra Cell Set with a transfer time of 1 h (100V) at 4°C. In
order to guarantee a low temperature during the whole process, the chamber was placed in
the cold room and a cooling unit was added into the chamber. After the transfer, the membrane
was blocked with 5% BSA solution (1 h, 21°C) on the Orbit™ LS Laboratory shaker. At this
point, the membrane was cut between the reference protein and the protein of interest in most
of the cases. If the reference protein and the protein of interest were too close, the membrane
was stripped after imaging as described in the section below. The membranes were washed
three times with 0.5% TBST buffer (15 min, 10 min and 5 min) and incubated with the
appropriate primary antibody overnight at 4°C (antibody was diluted in 1% BSA solution
according to Table 3.6). The next day, membranes were again washed with 0.5% TBST buffer
(15 min, 10 min and 5 min) and incubated with the secondary antibody (1 h, 21°C) on the
Orbit™ LS Laboratory shaker. For APP, PRORP, TRMT10C, ND5 and GAPDH the anti-rabbit
IgG antibody was used, and for ERAB and B-Actin the anti-mouse IgG antibody was used.
Both secondary antibodies are conjugated with horseradish peroxidase (HRP). HRP is an
enzyme that catalyzes the conversion of chemiluminescent substrates enabling the detection
of targets such as proteins in photometric assays. In the last step, membranes were again
washed three times with 0.5% TBST (15 min, 10 min and 5 min).

Detection and analysis

In order to determine levels of the desired proteins the membranes were incubated with
Amersham™ ECL Prime Western blot detection reagent according to manufacturer's
instructions. Afterwards the membrane was analyzed in the Fusion Pulse TS with the
chemiluminescence setting. Reference protein and protein of interest were identified by
comparison to the protein ladder (TRMT10C: 47 kDa, SDR5C1: 27 kDa, APP: 87 kDa, ND5:
67 kDa, B-Actin: 42 kDa, GAPDH: 36 kDa). As for PRORP, Isoform 4 (57 kDa) was quantified
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in each Blot. The generated image was loaded into ImageLab v. 6.1. and the signal for each
sample was determined. Then the ratio between the protein of interest and the reference
protein was calculated in Microsoft Excel v. 16.57 and the percentage of each sample was
given in relation to the mean of the corresponding control (Mean Ctl = 100%).

Membrane stripping

If the reference protein and the protein of interest were too close to each other, the
membrane could not be cut and was therefore stripped after the first image. In this case, the
membrane was incubated with the pre-warmed stripping solution at 60 °C. After two washing
steps with 5% TBST (2x 10 min at 21°C), the membrane was again blocked with 5% BSA
solution (1 h, 21 °C), washed again three times with 5% TBST (15 min, 10 min and 5 min) and
then incubated with the appropriate primary antibody. In all cases, the protein of interest was
determined in the first run and the reference protein was assessed after stripping. As the
antibodies for B-Actin and GAPDH possess a high affinity, it was sufficient to incubate the
membrane for 1 h at room temperature (21°C). In the next step, the membrane was washed
three times with 5% TBST (15 min, 10 min, 5 min) and then incubated with the corresponding
secondary antibody (diluted in 1% BSA solution). After a last washing step with 5% TBST

(15 min, 10 min and 5 min), the membrane was analyzed as described in the previous section.

3.2.4 Isolation of total RNA

Two to three days in advance of the RNA isolation, cells were washed with ice-cold
PBS CMF for synchronization and seeded into small Greiner CELLSTAR® dishes (21 cm?). At
a confluency of 70-80% cells were harvested in 1 mL TRI Reagent® by pipetting up and down
to dilute colonies in the liquid. Cell suspension was transferred into a reaction tube and
dissolution of the cells was supported by vortexing and incubation at 21°C for 5 min. In the
next step, 200 pL chloroform was added and mixed thoroughly in the Vortex-Mixer Genie® 2.
After a second incubation step of 10 min (at 21°C), the cell suspension was centrifuged
(16,000 x g, 4°C, 15 min). The upper aqueous phase was taken and mixed in a 1:1 ratio with
2-Propanol. Besides 1 pL Glyogen was added and the mix was incubated for 5 min (at 21°C)
and again centrifuged (16,000 x g, 4°C, 10 min). As the obtained pellet contains the RNA, the
supernatant was removed and discarded. Then, the RNA pellet was washed twice with an ice-
cold ethanol solution (75% in purified H>O) combined with a centrifugation step (16,000 x g,
4°C, 5 min). Afterwards, the whole supernatant was carefully and entirely removed, and the
pellet was air-dried for about 5 min. In the end, RNA was reconstituted in 10-20 pL nuclease-
free water and RNA concentrations were determined in the NanoDrop™ OneC UV-Vis

Spectrophotometer.
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Before using the RNA, puritiy values were checked and only samples with an A260/280
ratio >2.0 and an A260/230 ratio >1.5 were used for gPCR and the m*A¥7* analysis method.
If this was not the case, a purification was performed with 5M NHsAc solution. For this, the
RNA sample was replenished with nuclease-free water to 44 pL and both 1 pL Glycogen and
5 pL 5M NHsAc solution were added (end concentration 0.5M NHsAc). The following RNA
precipitation was performed by adding 150 pL ethanol (-80°C), vortexing and incubation for
1 h at -80°C. After this, all samples were centrifuged (15,379 x g, -5°C, 45 min) and the
obtained supernatant was removed. The RNA pellet was washed twice with 100-250 pL of a
75% ethanol solution and a combined centrifugation step (15,379 x g, -5°C, 10 min). In the last
step, the supernatant was entirely removed and the pelletwas air-dried for about 5 min. Then,
the pellet was diluted in 10 pL nuclease-free water and the new concentration was determined

in the NanoDrop™ OneC UV-Vis Spectrophotometer.

3.2.5 Generation of mitochondrial extracts

In order to enrich the desired mitochondrial MRNA mitochondria were isolated from HEK Citl,
APPwt and APPsw cells. Therefor cells were washed with ice-cold PBS CMF and seeded into
large Greiner CELLSTAR® dishes (143 cm?) (8 plates for each cell line). After two days of
growing, the medium was exchanged and on the third day the isolation of mitochondria was
performed based on Sims et al. [432]. In brief, cells were collected in 10 mL ice-cold IB (pH=
7.4 at 4°C), the combined suspensions were centrifuged (1,000 x g, 4°C, 5 min) and the pellets
were resuspended in 7 mL of a 12%-Percoll® solution. The obtained cell suspension was
homogenized using a Wheaton™ Dounce Tissue Grinder (Vmax= 7 mL) with ten loose and ten
tight strokes. Then, the homogenates were carefully applied onto previously prepared
discontinuous percoll gradients consisting of 7 mL 26%-Percoll® layered above 4 mL 40%-
Percoll® (see Figure 3.3). For a better differentiation of the two gradient layers, a few drops of
Trypan blue solution can optionally be added to the 40%-Percoll® solution. The homogenates
of one cell line were split on two gradients. Before the ultracentrifugation, all tubes were
weighed and, if necessary, topped up with 12%-Percoll® until all tubes weighed the same. A
first ultracentrifugation step was performed in a fixed angle rotor (Beckman Type 60 Ti) in the
Optima™ LE-80K Preparative Ultracentrifuge (30 700 x g, 14 min, 4°C). Afterwards the lower
intermediate layer was collected with a disposable Soft-ject® plastic syringe and 17G
Hamilton™ needles with blunt tips (see again Figure 3.3). Here, care was taken to ensure that
as little material as possible was absorbed into the syringe from the overlying layers. The
obtained mitochondrial extracts were united in a new ultracentrifugation tube and filled with 1B
up to 20 mL. Here, attention was again paid to a uniform weight of all tubes. After the second

ultracentrifugation (16,700 x g, 4°C, 12 min) mitochondria were accumulated in a fluffy pellet.
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This pellet was transferred with 500 pL IB into a new reaction tube and after a last
centrifugation step (7,300 x g, 4°C, 5 min) the resulting pellet was dissolved in 800 L TRI
Reagent® to immediately start isolation of mitochondrial RNA. Further steps were performed
as described in section 3.2.4.

homogenized

cell suspension\ Ultracentrifugation _
(30700 x g, 4°C) | ——————cell debris of

S different
26%-Percoll _— densities
solution \ -

40%-Percoll

solution \
(with Trypan
blue) v

highly enriched
mitochondrial fraction

Figure 3.3: Typical appearance of a centrifuge tube at the beginning and at the end of the density
gradient ultracentrifugration step. On the left hand side a discontinuous percoll gradient is shown
consisting of a 26%-Percoll above a 40%-Percoll solution. The previously homogenized cell suspension
(diluted in 12%-Percoll) is layered on top. After ultracentrifugation with 30,700 x g at 4°C mitochondria
are enriched in the lower intermediate layer as indicated in this illustration.

3.2.6 Site-specific m1A1374 analysis method

DNA digestion with DNase |

First of all, total RNA and RNA from mitochondrial extracts were incubated with DNase |
(1 U/10 pL) and 10x DNase digestion buffer according to the manufacturer’s instructions (21°C,
15 min) in order to eliminate any existing DNA contamination. Afterwards, an additional phenol-
chloroform extraction was performed as described in section 3.2.4. to remove the residual
DNase I. In brief, 1 mL TRI Reagent® and 200 pL chloroform was added, then samples were
vortexed and centrifuged (16,000 x g, 4°C, 15 min). Afterwards, the upper aqueous phase was
taken and mixed in a 1:1 ratio with 2-Propanol. Besides 1 pL Glyogen was added and the mix
was incubated for 5 min (at 21°C) and again centrifuged (16,000 x g, 4°C, 10 min). In the next
step, the supernatant was removed and the RNA pellet was washed twice with ice-cold 75%
ethanol combined with a centrifugation step (16,000 x g, 4°C, 5 min). In the end, the RNA pellet
was air-dried for about 5 min and then reconstituted in 10-20 pL nuclease-free water. RNA

concentrations were determined in the NanoDrop™ OneC UV-Vis Spectrophotometer.
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Library Preparation

For the reverse transcription X pL DNase treated RNA (X= volume of 2 ug RNA), 1 pL
dNTP mix, 12.5-X pL nuclease-free water and 0.5 pL of a target-specific RT primer (stock
solution= 100 pM) (primer sequence in Table 3.5) were mixed and incubated for 5 min at 75°C.
In the following incubation step on ice (4°C, 5 min) the RT primer anneals to the corresponding
RNA sequence. Next 1 uL SuperScript™ IV (SS-1V) (end concentraion= 10 U/uL), 1 uL DTT
(end concentration=5 mM) and 4 pL 5x RT buffer were added, mixed and incubated for 2 hours
at 50°C for primer elongation. Afterwards, the RT enzyme was inactivated at 80°C for 15 min.
As illustrated in Figure 3.4, the RT primer contains a target-specific sequence complementary
to the mRNA of ND5 and part 1 of the p7 sequencing primer, which is complementary to the
NEBNext® Multiplex Small RNA Library Prep Set for lllumina® p7 primers that enable indexing
in the following PCR. The PCR was conducted with 10 uL RT product, 0.5 pL Platinum SuperFi
(end concentration= 0.04 U/uL), 5 pL 5x SuperFi buffer, 0.5 yL dNTP mix, 5 yL 5x GC
Enhancer, 1.25 uL of a custom-designed p5 forward primer (sequence in Table 3.5) (end
concentration= 0.5 pM) and 0.5 pM of an individual reverse p7 primer from the NEBNext®
Multiplex Small RNA Library Prep Set for Illlumina®. The custom PCR p5 primer contains the
flow cell binding sequence 1, the p5 sequencing primer site and a target-specific sequence
complementary to the cDNA of ND5 (see Figure 3.4). The commercial p7 index kit primers
introduce individual barcodes for each sample and additionally contain the p7 sequencing
primer site (part 2) as well as the second flow cell binding sequence. The PCR was then started
in Thermocycler peqSTAR with a specific protocol comprising an initial denaturation step at
98°C (2 min), 30 cycles at 98°C (15 min), 63°C (1 min) and 72°C (2 min), and a final extension
step at 72°C (5 min).

To verify synthesis of the desired PCR amplicon, a digestion with Mval (BstNI) can
optionally be performed. This enzyme cleaves within a sequence (5’...CC|WGG...3’) close to
m!A74 which allows to check whether the desired amplicon or a wrong product (e.g. primer
dimers) have been amplified. So for this quality control step 10 uL PCR product, 1 pL Mval,
2 pL 10x buffer R and 12 pL nuclease-free water were mixed and incubated according to the
manufacturers instructions (1 h, 37°C). If this optional digestion step is to be conducted, it is
recommended to put one sample as duplicate into the PCR so that one product can be

digested and the other product can be used to generate sequencing results.

In the next step, PCR and digestion products were separated on a 10% denaturing
PAGE and the desired amplicon was purified via size selection. To pour the gel, 100 mL of a
10% Acrylamidemix gel solution with Urea were mixed with 400 pL of a 10% APS solution and
50 pL TEMED. The Acrylamide gel solution was mixed before in a 50:40:10 ratio of

Rotiphorese® Sequencing gel concentrate, Rotiphorese® Sequencing gel diluent and
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Rotiphorese® Sequencing gel buffer concentrate. The dimensions of the gel were 35 cm x
20 cm x 0.1 cm (height x width x depth) and a comb with 15 pockets was used. After 15 min
of gel polymerization, the comb was removed and the gel was installed into a large format gel
chamber LSG-400-20 covered with 1x TBE in the upper chamber. 1x TBE buffer was produced
by diluting Rotiphorese® 10x TBE buffer in nuclease-free water ina 1:10 ratio. 1x TBE was
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Figure 3.4: Schmatic overview of primer design and primer binding during library preparation for
the m*A37 analysis method. The custom-designed RT primer binds to the mRNA of ND5 downstream
of mlAL (red) due to a target-specific complementary sequence. Besides the RT primer contains a
unique molecular identifier (UMI, black) and part | of the p7 primer sequence (purple). After RT with
SS-IV m!A-induced mismatch (red) is incorporated in the cDNA of ND5. In the following PCR the
custom-designed PCR p5 primer binds upstream of position 1374 with a sequence complementary to
the cDNA of ND5. The PCR p5 primer additionally contains the p5 read seq primer (light green) and the
flow cell binding sequence 1 (FCB1, dark green). In the second PCR cycle the p7 Kit primer is able to
bind to the PCR product of the first cycle due to the complementary p7 sequence introduced by the RT
primer. This part includes both p7 read seq primer and the p7 index seq primer, which are both used in
the subsequent sequencing run. Moreover, the p7 Kit primer contains a sample-specific Barcode
sequence (turquoise) in order to trace back all reads to the sample of origin, and the flow cell binding
sequence 2 (FCB 2, dark blue). So in the end, the full length PCR product provides all sequences
needed for lllumina sequencing (PE 75 mode).

also poured into the chamber on the bottom of the apparatus. The gel was pre-heated for about
10 min with 15 Watt (W). The whole PCR product solution (25 pL) was mixed with the same
volume of DNA loading buffer and carefully injected into the gel pockets. Besides, 1 pL
GeneRuler Low Range DNA Ladder, 4 uL 6x DNA Loading Dye, 5 pL nuclease-free water and
10 pL DNA loading buffer were combined and applied into the outer pockets. Then, the
apparatus was covered with the corresponding lid, connected to the PowerSupply and run for
about 2 h (15 W). When the electrophoresis was completed, the gel was detached from the
apparatus and stained via incubation in a GelRed® solution (1:2 mixture of GelRed® Nucleic
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Acid Gel Stain and 1x TBE) for 15 min. Afterwards, the gel was wrapped in a transparent plastic
foil and scanned in the Typhoon TRIO+ Variable Mode Imager (Mode: Fuorescence, 200
micron, 450 PTM). On the basis of the obtained image, the Mval digestion was visually verified
and the expected full-length PCR product was excised at the height of 200 bp and above. The
corresponding gel bands were transferred into reaction tubes and covered with 250 pL 0.5M
NHsAc solution. In order to elute the DNA from the gel fragments, this solution was incubated
overnight in a shaker (at 25°C and 750 rounds per minute (rpm)). The next day, the liquid
phase was transferred into Nanosep® MF Centrifugal devices and centrifuged (10,000 x g,
5 min, 21°C) to remove any remaining gel fragments. The obtained filtrate was then mixed with
1 pL Glycogen and 700 pL 100% ethanol (temperature -80°C), vortexed and incubated for 1 h
at -80°C. The following centrifugation (15,379 x g, 45 min, -5°C) conveys the precipitated DNA
into a pellet and thus the supernatant was removed. The pellet was washed with 70% ethanol
(100 uL) in combination with a centriguation step (15,379 x g, 10 min, -5°C). After the washing
step, the ethanol was entirely removed and the pellet was air-dried for about 5 min. In the end,
the pellet was resuspended in 5-10 pyL nuclease free water and the concentration of the
obtained DNA amplicon was determined in the NanoDrop™ 2000. Prior to sequencing, the
prepared libraries were screened on D1000 ScreenTapes in the 4200 TapeStation System to
check for adapter dimer contamination (quality control). Samples were then analyzed on an
lllumina MiSeq platform in 2 x 75 bp paired-end mode, demultiplexed and the resulting FASTQ
files used for further analysis.

Bioinformatic analysis

All fastq.gz-files were quality-controlled in FastQC v. 0.11.9 to assess presence of
adapter sequences and Q-scores [433]. Then reads were trimmed with Trimmomatic v. 0.39,
removing any remaining lllumina-related adapter sequences. Next, the trimmed reads were
aligned to the reference sequence (human MT-ND5 cDNA Sequence Transcript-I1D:
ENSTO00000361567.2 or mouse MT-ND5 cDNA  sequence Transcript-1D:
ENSMUST00000082418.1, both from ensemble.org) using Bowtie2 v. 2.4.1 [429]. The
alignment output was stored in BAM format. The two BAM files, one for the forward and one
for the reverse reads correspondingly, were merged using SAMtools v. 1.10 [430].
Visualization of read coverage and mismatches was done by IGV v. 2.8.0 [431]. Mismatch
rates were calculated in Microsoft Excel v. 16.57 by dividing the sum of all reads containing G,
T or C at position 1374 by the number of total read counts. The jump rate was calculated by
dividing the number of reads with deletions at position 1374 by the number of total read counts.

Trimming and alignment parameters are listed in Table 3.11.
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Table 3.11: Commands including trimming and alignment parameters.
java -jar /path/to/Trimmomatic-0.39/trimmomatic-0.39.jar PE -phred33 <input 1> <input 2>
<paired output 1> <unpaired output 1> <paired output 2> <unpaired output 2>
ILLUMINACLIP:/path/to/Trimmomatic-0.39/adapters/TruSeq3-PE-2.fa:2:20:7 LEADING:30
TRAILING:30 SLIDINGWINDOW:4:20 MINLEN:8 AVGQUAL:30
bowtie2 --no-1mm-upfront-D 15-R 2-N0-L 10 -i S,1,1.15 -p <number of processor cores
- 2> -x '[path/to/Bowtie2_indexed_ND5_reference' -1 <mate 1> -2 <mate 2> -S
<output.sam>

3.2.7 Quantitative PCR
In the first step, total RNA with high purity values (A260/280 > 2.0 and A260/230 > 1.5)

was used to synthesize single-stranded cDNA by means of the High-Capacity cDNA Reverse
Transcription Kit. According to the manufacturer’s instrucctions, a 2x RT Master mix including
2 pL 10x RT buffer, 0.8 yL 25x dNTP mix, 2 yL 10x RT random primer, 1 yL MultiScribe™ and
4.2 pL nuclease-free water (volumes are given for one reaction and need to be scaled up to
the corresponding number of samples) was prepared and briefly vortexed. Then, 10 uL RT
Master mix were transferred into PCR tubes and mixed with the same volume of different total
RNA samples. For this purpose, each sample was in advance diluted with nuclease-free water
to obtain a concentration of 1 ug RNA/ 10 pL (results in 1 pg/ 20 pL during the reverse
transcription process). Tubes were then sealed and briefly centrifuged in the Microcentrifuge
MiniStar silverline to spin down contents and to elimate any air bubbles. Afterwards, tubes
were then placed in the Thermocycler Biometra® T-gradient and a protocol comprising three
steps (10 min at 25°C, 120 min at 37°C, 5 min at 85°C) was started. Once finished, cDNA

samples were either used directly or stored at -20°C.

Before starting the qPCR, the Tagman™ fast advanced master mix and the Applied
Biosystems™ TagMan® Assay for ND5 and GAPDH were thawn on ice. Then, a gPCR master
mix comprising 10 uL Tagman™ fast advanced master mix, 1 yL TagMan® Assay and 7 L
nuclease-free water (each volume is given per one reaction) was prepared for both ND5 and
GAPDH. Then, cDNA samples (concentration after RT = 1 pg/ 20 pL) were diluted in a 1:10
ratio with nuclease-free water to obtain a concentration of 5 ng/uL. In the next step, 2 pL of
each sample (resulting in 10 ng/well) were placed into the Applied Biosystems™ MicroAMP™
Optical 96-well Reaction plate as two triplicates (3 wells for the detection of the target gene
ND5 and 3 well for detection of the reference gene GAPDH). To avoid liquid artifacts and to
ensure precise pipetting, a new pipette tip was used for each sample well. Additionally, one
triplicate was filled with 2 pL nuclease-free water as no template controls. Then, 18 pL of the
gPCR Master mix were added into each well with one triplicate filled with the ND5 and one
triplicate filled with the GAPDH master mix for each sample. Afterwards, the plate was sealed
with Applied Biosystems™ MicroAMP™ Optical adhesive film, centrifuged (1,000 x g, 4°C,
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2 min) and then placed in the QuantStudio5 gPCR apperatus. The common protocol for all
TagMan® Assays starts with an incubation at 50°C for 2 min, continues with 95°C for 2 min to
activate the polymerase and ends with 40 cycles including a DNA denaturation phase (95°C,
1 second) and a primer annealing/extenstion phase (60°C, 20 seconds). In the end, quality
control and analysis of the resulting data was performed using the QuantStudio Design &

Analysis software (v. 1.4.3) according to the manufaturer’s instructions.

3.2.8 Analysis of human databases

Data of the “Aging, Dementia and TBI Study” data set was retrieved from
http://aging.brain-map.org/download/index (RRID:SCR_014554, Allen Institute for Brain
Science, University of Washington Medicine, and Kaiser Permanente Washington Health
Research Institute, US) on the 20th of January 2020. Normalized FPKM values of the genes
SDR5C1, TRMT10C, MT-ND5 and PRORP were extracted from the data set and saved in an
Excel sheet together with the associated donor information using a custom R script (R Core
Team 2018, v.3.6.0). The processing of the raw data was kindly accomplished by
_ (Institute of Molecular Biology, Mainz). For the final analysis male patients with a
confirmed AD diagnosis and without TBI incident were selected and normalized FPKM values
were compared to controls (also without TBI incident) using Microsoft Excel v. 16.57 and
GraphPad PRISM v. 9.2.0.

The scRNA-Seq study performed by Mathys et al. [426] provided fold change (FC) and
adjusted p-values (pad)) of all significantly altered genes in the supplementary material, among
them TRMT10C and SDR5C1. PRORP and ND5 were not listed. For the comparison of AD
vs. Ctl, early-stage AD vs. Ctl and late- vs. early-stage AD, the log. FC and padj.-values of
TRMT10C and SDR5C1 were visualized in heatmaps using the python package seaborn [434].

This visualization step was kindly performed by (working group of Prof. Dr.

, Johannes Gutenberg University of Mainz).

For the analysis of m*A-induced mismatch at position 1374 in the mRNA of ND5, raw
data reads of the precuneus and the primary visual cortex generated by Guennewig et al. [427]
were downloaded from the NCBI SRA (project PRINA720779). In the next step, the scripts
written for the m*A¥"* analysis method were adapted and employed as described in section

3.2.6. This bioinformatic step was kindly conduced by (working group of

Prof. Dr. , Johannes Gutenberg University of Mainz).
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3.2.9 Quantification of mitochondrial and cytosolic tRNAs

Relative content of mitochondrial tRNAs compared to the cytosolic tRNA pool was
guantified in HEK293 T-Rex™ Ctl and pTRMT10C cells both untreated and treated with
Tetracycline (24 h, 1 pug/mL). Therefore, fluorescently labeled hybridization oligos comprising
a 40 nt long DNA stretch complementary to the 3’-end of each mitochondrial and cytosolic
tRNA isoacceptor were custom-designed (purchased at biomers.net). The exact sequences of
these oligos are not listed in this thesis, as they are part of an unpublished manuscript. Probes
targeting the mitochondrial fraction were labeled with Cyanine-5 (Cy5), whereas probes
targeting cytosolic tRNAs were labeled with 6-carboxyfluorescein (6-FAM). The mixture of 22
mitochondrial and 44 cytosolic oligos was hybridized with total RNA from all samples generated
as described in section 3.2.4. Afterwards, the mix was applied on a native polyacrylamide gel
to physically separate oligo-tRNA hybrids from excess oligo. Finally, fluorescence intensities
of hybrid bands were measured in the Typhoon TRIO+ Variable Mode Imager and the ratio of
Cy5 ((mttRNAs) to 6-FAM (cytosolic tRNAs) was compared across cell lines and four
biological replicates. Experimental procedure and bioinformatics analysis were kindly
conducted by (working group of Prof. Dr. , Johannes Gutenberg

University of Mainz).

3.2.10 Oxygen consumption and MMP measurements

Respiration assay in the Seahorse XFe 96 Extracellular Flux analyzer

Mitochondrial respiration was assessed in HEK293 T-Rex™ Ctl and pTRMT10C cells
using the Seahorse XF Cell Mito Stress Kit according to the manufacturer’s instructions. The
Oxygen consumption rate (OCR) was measured in a Seahorse XFe 96 Extracellular Flux
analyzer. Therefore, both Ctl and pTRMT10C were seeded two days prior to the experiment
on Seahorse XFe 96 Cell Culture Microplates (80,000 cells per well) previously coated with
Poly-L-lysine. 24 h later, the regular growth medium was replaced with DMEM containing
1 pg/mL Tetracycline. On the day of the assay, cells were washed once with PBS and the
growth medium was replaced for XF Base Medium supplemented with 1 mM Pyruvate, 2.5 mM
Glucose and 2 mM L-glutamine, and subsequently incubated for 1 h in a non-CO; incubator at
37°C. Measurements of the Basal respiration were recorded three times for ~12 min in
advance of the first injection. 1 pM of Oligomycin (ATP synthase inhibitor), 1 uM of Carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (mitochondrial uncoupler), and a mixture
of 1 uM of Rotenone and Antimycin (inhibitors of the Cpx | and Ill, respectively) were injected
sequentially (see Figure 3.5). The three measurements were taken in 20 min each. During the

last injection, cells were labeled with 1.7 uM Hoechst to quantify the number of nuclei per well
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for data normalization. The experiment was performed and analyzed by
at the University Medical Center, Mainz, Germany. Unfortunatelly, she did not provide detailed

information on the used chemicals, which is why these products were not included in the

“Material” section (section 3.1).
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Figure 3.5: Representative oxygen consumption curve of HEK293 T-Rex™ Ctl cells from
measurements in the Seahorse XFe 95 Extracellular Flux analyzer including resultant respiration
parameters. Initially, the Basal respiration was measured in advance of the first injection. After addition
of 1 uM Oligomycin (ATP Synthase inhibitor), the oxygen consumption drops and the resultant difference
indicates the respiration linked to ATP (=ATP Turnover). Next, 1 uM FCCP (mitochondrial uncoupler)
was added inducing pore formation in the IMM enabling protons to pass from the IMS into the matrix.
As a compensatory mechanism the oxygen consumption rises until the Maximal respiratory capacity
(=ETS Capacity) is reached. At the end of the protocol, a 1 UM mixture of Rotenone and Antimycin A
(Cpx I and 11l inhibitors) is injected which decreases oxgen consumption to a minimum revealing the
Non-mitochondrial respiration. The difference between the ATP-linked respiration and the Non-
monitochondrial respiration results from protons that leak through the IMM. For this reason, this
intermediate volume is reffered to as Proton leak. The difference between Maximal respiration and ATP-
linked respiration is called Reserve capacity.

Respiration assay in the OROBOROS Oxygraph-2k

Mitochondrial respiration was additionally measured in the OROBOROS Oxygraph-2k
High-resolution Respirometer. In brief, 2,000,000 cells were seeded two days prior to the
experiment in 10 cm? dishes. 24 h later, the regular growth medium was replaced with DMEM
containing 1 pg/mL Tetracycline. The next day, cells were detached with Trypsin, counted, and
2,000,000 cells were filled into the OROBOROS Oxygraph-2k High-resolution Respirometer.
The Basal cellular respiration state (=Basal respiration) was measured first. Then, the

mitochondrial coupling state (=Proton leak), non-coupled respiratory capacity (=Maximal
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respiratory capacity) and the residual oxygen consumption (=Non-mitochondrial respiration)
were tested using 2 puM Oligomycin, 1 uM FCCP and 1 pM Rotenone/Antimycin (similar to
measurements in the Seahorse XFe 95 Extracellular Flux analyzer). The experiment was
performed and analyzed by at the University Medical Center, Mainz,

Germany. Unfortunatelly, she did not provide detailed information on the used chemicals,

which is why these products were not included in the “Material” section (section 3.1).

Mitochondrial membrane potential (MMP)

The MMP was analyzed in HEK293 T-Rex™ Ctl and pTRMT10C cells incubated with
and without 1 pg/mL Tetracycline for 24 h. Therfore, 10,000 cells were seeded in a Greiner
black 96-well plate with transparent bottom. On the day of the experiment, the medium was
changed and replaced with Tyrode’s buffer containing 25 nM tetramethylrhodamine, methyl
ester (TMRM) for 15 min at 37°C to evaluate the MMP. Cell nuclei were stained with 1 pg/mL
Hoechst solution. Live cell imaging was performed with the dyes present during image
acquisition at 37°C and 5% CO, with a 40x magnification in an automated confocal spinning
disk Opera Phenix™ High-Content Screening System. Z-stacks with 6 planes (0.5-1 um) and
24 images per well were acquired. 2 uM FCCP was added after imaging to quench the TMRM
signal. Quantitative image analysis was done with the PhenoLOGICTM machine learning
plugin. Afterwards, the ratio of treated and untreated cells was calculated in Microsoft Excel
v. 16.57 and visualized in GraphPad PRISM v. 9.2.0. The experiment was performed and

analyzed by at the University Medical Center, Mainz, Germany.

Unfortunatelly, she did not provide detailed information on the used chemicals and softwares,

which is why these products were not included in the “Material” section (section 3.1).
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4 Results

As a first step to investigate the hypotheses (i)-(iv) postulated in section 2, the levels of
TRMT10C, m*A®"* and ND5 were examined in HEK293 AD model cells (section 4.1). Then, a
cell system that enables the selective overexpression of TRMT10C was studied to scrutinize
the causative connection between TRMT10C, m'A'¥"* methylation, ND5 protein levels and
mitochondrial dysfunction (section 4.2). Subsequently, 5XFAD mice were employed in order to
investigate the hypotheses in a whole AD model organism (section 4.3) and finally, the
obtained results were verified in cortex tissue and RNA-Seq data from AD patients (section
4.4) to assess their relevance in human LOAD cases.

4.1 Investigation of HEK293 AD model cells

As a first step TRMT10C, m*A and ND5 levels were examined in HEK293 AD model
cells. To consider different types of AD, two distinct model cell lines (APPwt and APPsw) were
used. HEK293 APPwt cells are stabily transfected with a DNA construct harboring the human
wild-type APP-695 gene, inserted downstream of a cytomegalovirus promoter [216]. In
humans, the APP gene is encoded on chromosome 21, therefore APPwt cells simulate the
situation of APP overabundance similar to the situation in trisomy 21 patients. Since people
with Down syndrome are at enormous risk (~97%) of developing AD [65], APPwt cells can be
regarded as a model for LOAD. Due to the overproduction of APP, the generation of APP
cleavage products is enhanced in this cell line as well. For instance, it was shown that APPwt

cells show seven times higher AB1.40 levels than the untransfected control cell line [216].

APPsw cells are stabily transfected with the same vector as APPwt, but bearing the
Swedish double mutation in the APP-695 gene (K670M/N671L). These cells display even
higher levels of APP than APPwt cells, and as a result of the mutation more APP cleavage
products are generated through the amyloidogenic pathway. For example, ABi-4 levels in
APPsw cells are another 10x higher than in APPwt cells [216]. Therefore they simulate the
case of FAD or a very late stage of LOAD. For both cell lines untransfected HEK293 served

as control (Ctl).

4.1.1 TRMT10C protein expression in HEK293 cells

As a first indicator of m*A®’# methylation, the expression of the writer enzyme TRMT10C

was examined in the aforementioned AD cell models, following hypothesis (i). Via Western blot
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the expression of TRMT10C was investigated in all three cell lines (Ctl, APPwt, APPsw).
Besides, B-Actin was quantified to normalize for aberrant protein loading. In addition, APP
protein levels were analyzed to double-ceck the stable transfection. As it was shown in Selkoe
et al. [435] APP occurs as a heterogeneous group of differently spliced isoforms in a range of
110 to 135 kDa in neuronal and nonneuronal tissue. Therefore the entire band in this area was

assessed.
A B
APP isoforms -a - 110-135 kDa TRMT10C w47 kDa
B-Actin "=~ s==% ==== 42 kDa B-Actin W S WSS 42 kDa
* %k k%
2000 | i I 400 % %k
< : ! I ns |
Sz s = —
5 E 1000 H S £ 200 .
T o = o
@ ¥ s 5 pd
o X 500 o 3, 100
o [l
<
0- 0-
D & ) &
Lol = Y v

Figure 4.1: Overexpression of wild-type and mutant APP in HEK293 cells is associated with an
upregulation of TRMT10C. A) Western blot results of APP in Ctl, APPwt and APPsw cells. A
representative membrane is displayed in the upper panel. The results confirm that APP expression is
dramatically increased in APPwt and even higher in APPsw cells. Mean + SEM, n=6 biological
replicates, unpaired t-test. B) Western blot of TRMT10C reveals significantly increased TRMT10C
protein levels in APPwt and APPsw cells in comparison to Ctl. A representative membrane is shown in
the upper panel. Mean + SEM, n= 8 biological replicates, unpaired t-test. A)-B) **p<0.01, ****p<0.0001.

APPwt cells show a strong overexpression of APP compared to Ctl (Figure 4.1A). The
mean value of APPwt is 732%, reflecting more than seven times higher APP levels in APPwt
cells than in Ctl. Likewise, APPsw cells present a strong APP overexpression, which is even
higher than in APPwt (Figure 4.1A). On average, APPsw cells display a value of 1305%
indicating 13 times higher levels of APP than in Ctl. The differences between both AD model

cell lines and Ctl, as well as the difference between APPwt and APPsw, are highly significant.

Interestingly, TRMT10C protein levels are also significantly elevated in APPwt and
APPsw cells compared to Ctl (Figure 4.1B). Similar to APP, the overexpression is more
pronounced in APPsw cells than in APPwt. The augmentation in APPwt reaches 156%,

whereas TRMT10C protein levels almost double in APPsw (196%) in comparison to Ctl. In this
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case, the difference between APPwt and APPsw is not significant. These results suggest that

TRMT10C expression is increased as a direct or indirect consequence of APP overexpression.

4.1.2 SDR5C1 and PRORP expression in HEK293 cells

It is known that TRMT10C strictly requires the presence of SDR5C1 to methylate
adenosine and guanosine at position 9 in (Mt)tRNAs [329]. For processing of the mitochondrial
primary transcript, a third protein subunit, called PRORP, is additionally recruited [359]. To be
precise, PRORP, TRMT10C and a SDR5C1 tetramer form together the tripartite mtRNase P
complex, which cleaves the mitochondrial primary transcript by processing (mt)tRNAs at their
5'ends [360]. As of today, it is unclear whether SDR5C1 and PRORP are also required for the
methylation of adenosine in (mt)mRNA or whether TRMT10C may function as a stand alone
enzyme in this case. Therefore it was studied, if the overexpression of TRMT10C in APPwt
and APPsw is accompanied by alterations in SDR5C1 and PRORP protein levels. Using
Western blot the expression of both proteins was examined in Ctl, APPwt and APPsw.
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Figure 4.2: SDR5CL1 protein levels are dramatically increased in HEK293 APPwt and APPsw cells.
PRORP protein levels are decreased excusively in APPwt cells. A) Western blot results of SDR5C1
in Ctl, APPwt and APPsw cells. A representative membrane is shown in the upper panel. SDR5C1 levels
are highly elevated in APPwt cells and even higher levels are reached in HEK APPsw. Mean = SEM,
n= 6 biological replicates, unpaired t-tests. B) Western blot results of PRORP in Ctl, APPwt and APPsw
cells. A representative membrane is shown in the upper panel. PRORP levels are significantly
decreased in APPwt cells in comparison to Ctl. PRORP expression in APPsw is not significantly altered
in comparison to Ctl and APPwt. Mean + SEM, n= 4 biological replicates, unpaired t-tests. A)-B) ns= not
significant, *p<0.05, ****p<0.0001, ####p<0.0001.
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In APPwt cells a strong upregulation of SDR5CL1 is observed in comparison to Ctl.
Likewise, APPsw cells show dramatically increased SDR5C1 protein levels. Both findings are
highly significant. The intensity of the SDR5C1 band in APPsw (388%) is a lot higher than in
APPwt (228%) and this difference is again highly significant. Interestingly, PRORP manifests
a different behaviour. In APPwt cells, PRORP protein levels are significantly decreased. No
significant change is detected in APPsw in comparison to both APPwt and Ctl. In summary,
the behavior of SDR5C1 is similar to that of TRMT10C (Figure 4.1), whereas PRORP exhibits
a different behavior.

4.1.3 m'A"1374 methylation levels in HEK293 cells

Since the expression of writer enzyme TRMT10C and the scaffolding protein SDR5C1
were elevated in APPwt and APPsw cells, the question arose whether methylation of mA74
in ND5 mRNA was also altered in these cells (hypothesis (ii)). To this end, a site-specific
analysis method was established, which is based on RT-PCR and lllumina sequencing. As
m!A impedes Watson-Crick base pairing it induces misincorporations at the opposite site in
the newly synthesized cDNA strand during the RT. In the next step, the m!A-surrounding
sequence is amplified by use of PCR with individual sample barcodes and a high-fidelity PCR
enzyme (Platinum SuperFi). After lllumina sequencing and a bioinformatics analysis including
trimming and quality control, reads can be aligned to the human MT-ND5 reference sequence.
At the end of the process, total read counts and the base composition at each individual
position in the amplicon are displayed in IGV (v. 2.8.0.). The misincorporation rate can be
calculated for a specific position by dividing the sum of misincorporated bases (T, G and C) in
all sequenced cDNAs by the total number of read counts. As it has been shown several times
in the literature, it can be assumed that the proportion of mismatch at a given position is

correlated with the amount of m*A in the original sample [341], [436].

Next to nucleotide misincorporations, this method offers a second possibility to estimate
stochiometries of m*A within a specific target sequence. Because, if a polymerase encounters
m*A during RT, there is a certain probability that the proximate base in the newly synthesized
cDNA strand will be overleaped. These nucleotide skipping events, termed jumps, are
detectable as deletion in the sequencing data and represent a second independent parameter
to assess m'A methylation levels [437]. It is important to mention that m*A can also induce
synthesis abortion during the RT process. These truncated cDNAs cannot be amplified in the
following PCR, because they lack one of the two PCR primer binding sites. For this reason,
only strands containing misincorporations and jumps can be assessed in the final analysis of

sequencing data, while truncated reads cannot be evaluated in this experiment setup.
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The frequency and proportion of misincorporation, jumps and abortions, merged from all
sequenced cDNAs, yield the so-called RT signature. It is dependent on multiple factors,
comprising the kind of base preceding the modified site, the type of RNA modification, the
polymerase used and applied reaction conditions [438], [439]. For example, replacing Mg?*
with Mn?*in the reaction buffer was shown to enhance the read-through capability of the RT,
thus leading to an increase of nucleotide skipping events and to a drop of arrest rates. This
was exemplified by m*A-containing positions in tRNAs [437].

Determining optimal reaction conditions for the m'A'374 analysis method in
HEK293 Ctl cells

To verify whether the substitution of Mg?* by Mn?* is also beneficial in the case of m*A374
in ND5 mRNA, both conditions were tested with total RNA from HEK293 Ctl cells in an initial
experiment. Thereby, the RT was performed once with the commercially available RT buffer
containing 5 mM MgCl;, and once with a custom-made RT buffer including 5 mM MnCl,. All
other buffer components and reaction conditions remained unchanged. Furthermore, two
different polymerases were tested, namely SS-IV and EpiScript, to identify the most
appropriate RT conditions for this m*A site.
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Figure 4.3: Manganese ions in the RT buffer boost m*A-induced misincorporations and jumps.
A) Total RNA from HEK293 Cltl cells was subjected to RT with SS-1V and EpiScript both with RT primers
targeting ND5. For each reverse transcriptase the RT was performed with the commercially available
buffer, containing 5 mM MgCl2 and with a self-made RT buffer, where MgCl2 was substituted by 5 mM
MnClz. After PCR and Illumina sequencing mismatch rates at position 1374 in ND5 mRNA were
evaluated. Mn?* significantly raises misincorporation levels. This applies for SS-1V and EpiScript. Mean
+ SEM, n= 3 biological replicates, unpaired t-tests. B) Data from A) subdivided according to the
averaged composition of misincorporated bases. Mn?* does not alter mismatch composition.
T=Thymidine, G= Guanosine, C= Cytidine. C) Sequencing data from A) was analyzed for jumps at the
equivalent position. Mn?* significantly enhances the jump rate during RT with SS-1V and EpiScript. Mean
+ SEM, n= 3 biological replicates, unpaired t-tests. A)-C) ***p<0.001, ****p<0.0001.
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As can be seen in Figure 4.3A, a Mn?*-containing RT buffer vastly increases m!A-
induced misincorpration rates. As for SS-1V, mismatch rates roughly double and the mean
value rises from 1.55% to 3.50%. In the case of EpiScript, misincorporation rates nearly triple
and the mean value increases from 1,09% to 2,99%. Both changes are highly significant.

Regarding Figure 4.3B, replacing Mg?* by Mn? does not seem to affect the mismatch
composition. For both the Mg?*- and the Mn?*-containing buffer, mainly T and G is detected in
the sequencing reads, indicating that m*A preferentially induces incorporation of A and C
during the RT process. However, Table 4.1 reveals that the ratio of misincorporated T, G and
C is slightly changed, when comparing the relation of T, G or C to the total number of
mismatches. Using Mn?*, the proportion of T slightly decreases in case of both polymerases
and proportionally more C and G appear. It cannot be ruled out that these changes occurred
by chance.

Table 4.1: Amount of misincorporated T [%], G [%] and C [%)] in relation to the total amount of mismatch
[%] at position 1374 of ND5 mRNA. Data set from Figure 4.3.

Ratio le%tgl]m SS-IV, Mgz* | SS-IV, Mn?* EpiScript, Mgz* | EpiScript, Mnz*
T 0.612 0.454 0.366 0.235
G 0.355 0.416 0.614 0.727
C 0.033 0.130 0.021 0.038

Not only the misincorporation, but also the jump rate is significantly elevated by replacing
Mg?* by Mn? in the RT buffer (Figure 4.3C). For both SS-IV and EpiScript, jump rates more
than double. And again, the augmentation is more pronounced for EpiScript. However, jump
rates are generally at lower in reads generated with EpiScript than those generated with SS-IV.
For example, the mean value of SS-IV with the Mg?*-containing buffer is 0.72%, while for
EpiScript it is only 0.08%. Also, with the Mn?*-containing buffer, the mean value of SS-1V is
higher (1.75%) than that of EpiScript (0.85%).

At this point, it must be mentioned that the use of Mn?* in the RT buffer entails a
substantial disadvantage. Because, even if the rate of misincorporations and jumps is
elevated, the total amount of reads is dramatically reduced with Mn?*. Thus, the number of
total read counts in SS-1V drops by a power of ten from ~100 000 to about ~10 000. As for
EpiScript, the number of total read counts falls by almost 3 orders of magnitude from
~1 000 000 to about 4 000. The massive reduction of total read counts due to Mn?* not only
reduces reliability of the results, but also massively complicates the handling during library
preparation. While a clear amplicon band appears in the polyacrylamide gel after RT with Mg?*
and PCR, the amplicon band of samples from RT with Mn?* and PCR is not visually
recognizable (shown exemplarily in Figure 4.5). The theoretical length of the amplicon is

199 bp (more information in section 3 Materials and Methods), however, the band appears a
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little higher in the denaturing gel and is therefore difficult to determine on basis of the marker.
Since the Mg?* sample shows only one clear band in the area around 199 bp (see Figure 4.5,
red box, lane 2), this band can be cut out and purified easily. In the lane 1, were the Mn?*
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Figure 4.4: Total read counts of total RNA samples from HEK293 Ctl cells after RT-PCR with
different RT conditions. Number of total read counts dramatically drops by using Mn?* in the RT
buffer. In the data set from Figure 4.3. the number of total read counts was determined with IGV
(v. 2.8.0) for each sample and plotted in a logarithmic scale. Mn?* decreases the obtained number of
read counts in comparison to the Mg?*-containing buffer. This applies for both of the investigated reverse
transcriptases (SS-IV and EpiScript). Mean = SEM, n= 3 biological replicates, unpaired t-tests. *p<0.05,
****n<0.0001.
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Figure 4.5: RT with Mn?* causes massive handling problems because no clear amplicon band is
visually recognizable after RT-PCR in the polyacrylamide gel. In this representative gel 2 ug of total
RNA from HEK293 Ctl cells were subjected to RT with SS-IV. In one approach, RT was performed with
5 mM MnCl: (lane 1) in the RT buffer, and in the other approach, RT was performed with 5 mM MgCl:
(lane 2). In the PCR control (lane 3), cDNA was replaced by water and PCR was conducted as usual.
In lane 4, a low range ladder was applied. Ctl= PCR control, L= ladder, bp= base pairs. 10% denaturing
polyacrylamide gel.
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sample was loaded, the amplicon band is harder to make out. Hence, cutting out the band and
the purification steps are more difficult. DNA vyields are consequently lower and the whole
sample might get lost during the isolation procedure. For this strong reason, a Mg?*-containing
RT buffer was chosen for the following analysis of m*A®"* in HEK293 Ctl, APPwt and APPsw
cells. Besides, the polymerase SS-IV was selected because, unlike EpiScript, it generates
relatively high jump rates with a Mg?* buffer, providing a second, indepedent parameter to
assess m'A methylation levels. In contrast, jump rates of EpiScript with Mg?* were very low
(~0.08%), which would make it very difficult to detect small differences.

Application of the m'A'¥4analysis method to total RNA from HEK293 cells

In the next experiment, total RNA was extracted from Ctl, APPwt, and APPsw cells and
subjected to RT-PCR with SS-1V and Mg?* to accurately determine m*A3’4 methylation levels.
The reasons for choosing these parameters were explained in the previous section. After
lllumina sequencing and bioinformatic analysis of the sequencing raw data, misincorporation
and jump rates at position 1374 in ND5 were determined for each sample.
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Figure 4.6: m*A-induced misincorporations and jumps at position 1374 in ND5 are significantly
elevated in total RNA samples from HEK293 APPwt cells. A) Misincorporation rate after RT with
SS-1V, PCR and lllumina sequencing. Misincorporation levels are significantly increased in APPwt cells.
Values of APPsw cells are not significantly altered in comparison to Ctl. Mean + SEM, n= 4 biological
replicates, unpaired t-tests. B) Data from A) subdivided according to the averaged composition of
misincorporated bases. Mismatch consists maily of incorporated Thymidine and Guanosine in all three
sample groups. T= Thymidine, G= Guanosine, C=Cytidine. C) Sequencing reads from A) were analyzed
for jumps at the equivalent position. Jump rate was significantly increased in APPwt cells in comparison
to Ctl. Jumps in APPsw were unchanged in comparison to Ctl. Mean + SEM, n= 4 biological replicates,
unpaired t-tests. A)-C) ns= not significant, *p<0.05, **p<0.01, #p<0.05.
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m!A-induced misincorporation levels at position 1374 of ND5 are significantly increased
in APPwt cells in comparison to Ctl (Figure 4.6A). Ctl shows an average value of 1.5%, while
the mean value of APPwt is 8.1%. In contrast, the mean value of APPsw is 2.0%, which is
approximately in the range of Ctl. Thus, no significant change can be observed between
APPsw and Ctl. However, the difference between APPwt and APPsw is significant. Since the
samples were treated under the same RT conditions, no substantial changes are observed in
the composition of mismatched bases (Figure 4.6.B and Table 4.2.). In all three cell lines,
mainly T and G are found in the sequencing data, indicating that m*A particularly leads to
incorporation of A and C during the RT process.

Table 4.2: Amount of misincorporated T [%], G [%] and C [%)] in relation to the total amount of mismatch
[%)] at position 1374 of ND5. Data set from Figure 4.6.

Base [%]

Ratio T ———— Ctl, total RNA APPwt, total RNA APPsw, total RNA
ismach [%]
T 0.615 0.563 0.562
G 0.351 0.411 0.409
C 0.078 0.026 0.029

Of note, jump rates show the same pattern as misincorporation rates (Figure 4.6C).
Hence, the jump rate of APPwt is significantly enhanced in comparison to Ctl and rises from
0.67% to 3.96%. Low jump rates are observed for APPsw cells (0.95% on average). The
difference between APPwt and APPsw is significant, whereas no significant change is
measured between APPsw and Ctl. The results from Figure 4.6A and Figure 4.6C clearly
indicate enhanced m*A®"* methylation of ND5 mRNA in APPwt compared to Ctl and APPsw.

Application of the m'A"374 analysis method on mitochondrial extracts from
HEK293 Ctl, APPwt and APPsw cells

The m!A site examined in this section is located at position 1374 of the ND5 mRNA,
which is mitochondrially encoded. Since mitochondrial RNAs account for less than 5% of the
total RNA pool in healthy cells [440], it was verified wether an isolation of mitochondria prior to
the m*A analysis method could improve the accuracy of the method. Therefore, mitochondrial
extracts from Ctl, APPwt, and APPsw cells were isolated by means of a discontinuous Percoll®
gradient (more detailed description of the procedure in section 3 Materials and Methods) and
subjected to RT-PCR with SS-IV and a Mg?*-containing RT buffer. After lllumina sequencing

and bioinformatics analysis, the following results were obtained.

Both misincorporation and jump rates are clearly elevated in mitochondrial extracts of
APPwt cells in comparison to extracts of the other two cell lines (Figure 4.7A and Figure 4.7C).

Whereas the misincorporation rate for Ctl and APPsw is around 5% (Ctl: & 5.7%, APPsw:
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@ 4.5%), the mean value for APPwt is 9.7%. The jump rate is also substantially higher in
mitochondrial extracts from APPwt (3.5%) than in extracts from Ctl (1.8%) and APPsw (1.7%).
However, only two biological replicates were sequenced, therefore no statement about
statistical significance is possible. Once again, the composition of mismatch remains largely
unchanged between the three cell lines (Figure 4.7B and Table 4.3).
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Figure 4.7: m*A-induced misincorporations and jumps at position 1374 of the ND5 sequence.
Mitochondrial extracts confirm elevated m*A methylation levels in APPwt compared to Ctl and
APPsw. A) Misincorporation rates in mitochondrial extracts obtained from Ctl, APPwt and APPsw reveal
increased mismatch in APPwt, but not in APPsw. Mean + SEM, n= 2 biological replicates. B) Data from
A) subdivided according to the averaged composition of misincorporated bases. Mismatch consists
maily of incorporated Thymidine and Guanosine in all three sample groups. T= Thymidine, G=
Guanosine, C= Cytidine. C) Sequencing reads from A) were analyzed for jumps at the equivalent
position. Jump rate was again increased in APPwt cells in comparison to Ctl. Jumps in APPsw were
approximately on the same level as Ctl. Mean + SEM, n= 2 biological replicates. A)+C) No statistics
were performed due to the insufficient number of samples.

Table 4.3: Amount of misincorporated T [%], G [%] and C [%)] in relation to the total amount of mismatch
[%] at position 1374 of ND5. Data set from Figure 4.7.

Ratio el _ Ctl, mito. RNA APPwWt, mito. RNA | APPsw, mito. RNA
ismatch [%]
T 0.457 0.508 0.434
G 0.514 0.475 0.487
C 0.028 0.016 0.079

In the sequencing data mainly mismatches of T and G are observed (see Table 4.3),
suggesting that m*A preferentially induced incorporation of A and C during the RT process.
The results of mitochondrial extracts again demonstrate, similar to the result obtained with total

RNA, that m!A"* methylation levels are higher in APPwt cells in comparison to Ctl and
APPsw.
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4.1.4 ND5 protein and mRNA levels in HEK293 cells

The preceding experiments showed that the AD model cell line APPwt displays elevated
levels of m!A¥4 As it is known that m*A hinders Watson-Crick base pairing, it was
hypothesized that m*A impedes the mitochondrial translation process and consequently
decreases the protein synthesis of ND5 (hypothesis (iii)). To verify this presumption, the direct
effect of increased m*A'*"* methylation on ND5 protein levels was examined in the next step.
For this purpose, a Western blot of ND5 was performed with total protein extracts from HEK293
Ctl, APPwt and APPsw cells. Though polysome fractioning experiments suggested a
repressive effect of m*A on translation [312] and m*A was shown to induce ribosome stalling
[341], the direct effect of mA74 on the ND5 protein level has never been studied before in the

literature.
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Figure 4.8: ND5 protein levels are reduced in HEK293 APPwt and APPsw cells. A) Western blot
results of ND5 in Ctl, APPwt and APPsw cells reveala a significantly decreased ND5 protein content in
APPwt and APPsw cells in comparison to Ctl. No significant difference is observed between APPwt and
APPsw. Mean + SEM, n= 8 biological replicates, unpaired t-tests. B) Representative Western blot
membrane shows clear bands in Ctl and faint bands in APPwt and APPsw in protein extracts from two
different days (n= 2 biological replicates). A) ns= not significant, *p<0.05, **p<0.01.

As demonstrated in Figure 4.8, the ND5 Western blot revealed significantly lower protein
levels in HEK293 APPwt and APPsw cells compared to Ctl. APPwt reaches only 36% and
APPsw 43% of the averaged ND5 amount of Ctl. Values of APPsw are approximately in the
range of APPwt and the small difference between the mean values is not significant. The case
of APPwt suggests that m*A indeed disturbs the mitochondrial protein translation process,
because this cell line displays elevated m*A®"* methylation and at the same time decreased
ND5 protein levels. In case of APPsw the matter is not that simple. Since this cell line did not

show altered m*A¥* methylation, the cause of the ND5 reduction is uncertain at this point.

To further assess the status of ND5 in these AD model cells and to complete the picture,

the relative amount of ND5 mRNA was determined by gPCR. For this purpose, total RNA was
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isolated from HEK293 Ctl, APPwt and APPsw cells using a TRIzol-based protocol. Subsequent
cDNA synthesis was performed with the "High-Capacity cDNA Reverse Transcription Kit",
comprising random primers and the reverse transcriptase MultiScribe™. Afterwards gene
expression was measured in the QuantStudio™ 5 Real-Time-PCR System by means of
specific TagMan™ Assays for ND5 and GAPDH. Prior to the main experiment, only GAPDH
levels were measured in HEK293 Ctl, APPwt and APPsw cells to investigate the suitability of
this gene as a reference gene. Since absolute quantities of GAPDH were unaltered between
all three cell lines in the preciding experiment, this gene was considered appropriate for
normalization and selected as reference gene. Through the AACt method the amount of ND5
MRNA was calculated in the main experiment, normalized to GAPDH and expressed as a “fold
change” relative to the ND5 mRNA level of Citl.
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Figure 4.9: ND5 mRNA is significantly decreased in HEK293 APPwt cells in comparison to Ctl.
After reverse transcription with the High-capacity cDNA Reverse Transcription Kit (including
MultiScribe™), qPCR was performed using TagMan® Assays for ND5 (target gene) and GAPDH
(reference gene). mMRNA was quantified via the AACt method. In APPwt significantly lower ND5 mRNA
levels were measured in comparison to Ctl. In APPsw no significant change was detected in comparison
to Ctl. Mean £ SEM, n= 5 biological replicates, One sample t-tests. ns= not significant, **p<0.01.

The gPCR measurement indicates that ND5 mRNA levels are significantly diminished in
HEK293 APPwt cells in comparison to Ctl (Figure 4.9). This LOAD model shows an averaged
fold change value of 0.38, which means that only 38% of mMRNA is present compared to Ctl. In
APPsw cells, the late-stage LOAD model, lower ND5 mRNA levels are observed in comparison
to Ctl. The difference is not significant, but the p-value is 0.10, demonstrating a clear trend,
which might become significant with a higher number of n. The mean value of APPsw is 0.64,

which is higher than that of APPwt. However, this difference is not significant either (p= 0.22).

98



4 Results

Comparing Figure 4.8 and Figure 4.9, it is noticeable that the patterns of ND5 protein
and mRNA expression are slightly different. While protein levels are significantly decreased in
both APPwt and APPsw compared to Ctl, mRNA levels appear to be lower in APPwt than in
APPsw. Since ribosomes require mRNA for the biosynthesis of proteins, it is generally
assumed that a lower mRNA content results in a reduced expression of the corresponding
protein. So in the case of APPwt, the low mRNA and protein levels fit well together suggesting
that the reduced protein levels are likely caused by the diminution of ND5 mRNA. However, as
this cell line additionally showed increased m*A'*"* |evels (see Figure 4.6 and Figure 4.7) and
m?A is thought to inhibit the protein biosynthesis of ND5, it can be assumed that both factors
together are responsible for the strong reduction of the ND5 protein. In case of APPsw, the
reason for the reduced protein expression is not that clear. Since these cells did not exhibit
higher m*A®"* methylation than Ctl, this modification cannot be the cause for the diminished
ND5 protein expression. Likewise, the reduction of ND5 mRNA was not significant in APPsw
cells in comparison to Ctl. However, the modest decrease (ns, p= 0.10) might already lower
protein level of ND5. As mRNA is translated by several ribosomes simultaneously in a so-
called polysome, even a slight decrease of the mRNA content might have large effects on
levels of the corresponding protein. A second possibility would be that the enourmous AP load
in APPsw and the ensuing detrimental effects on mitochondria accelerate degradation of ND5,
thus leading to a lower protein content. However, a certain explanation cannot be given on

basis of this data.

For the sake of completeness, it must be mentioned that m*A3# is known to hinder the
reverse transcription process leading to truncated cDNA strands that might not be detected in
the subsequent gPCR. This effect is particularly pronounced when an RT with low read-through
efficiency, such as MultiScribe™, is used. According to the manufacturer MultiScribe™ is
similar to the Moloney Murine Leukemia Virus RT M-MuLV. This polymerase is characterized
by comparatively low mismatch and high truncation rates with respect to m*A [302]. For
example, arrest rates are more than twice as high as for SS-IV [302]. In the presented
experiment setup comprising the High Capacity cDNA synthesis kit and TagMan™ probes
specific for the mRNA of ND5, it is plausible that some ND5 cDNA strands are truncated due
to the high level of m*A®"* in APPwt cells. However, these strands can still be amplified in the
following qPCR, because in this case the TagMan™ PCR primer sequences are located
behind m*A"4 (according to the manufacturer probes bind around position 1600). As the name
implies, a reverse transcriptase always transcribes mRNA backwards, i.e. from the 3'- to the
5'-end. Hence, the cDNA strand which is later detected by the TagMan™ probe is generated
independent of truncations after m*A'¥’4, That means that an erroneously reduced mRNA
quantity in the final gPCR analysis as a consequence of m*A-induced abortions during the RT
process can be ruled out in this experiment setup.
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Hypothesis (iv) was not investigated in these AD model cells because mitochondrial
deficits have already been demonstrated in these cell lines in numerous previous studies [179],
[216], [441], [442].
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4.2 Effects of TRMT10C overexpression in p TRMT10C cells

In section 4.1, two AD model cell lines were investigated with regard to the hypotheses
(@) - (iv) stated in section 2. In particular HEK293 APPwt cells, which represent a model for
LOAD, confirmed all of the four assumptions. First, the writer enzyme TRMT10C was
overexpressed. Second, m*A** mRNA methylation of ND5 was enhanced. Third, ND5 protein
levels were reduced, and fourth, it has been demonstrated in former studies, that these cells
exhibit severe mitochondrial impairments, such as a reduction of ATP, a decrease of the MMP
and deficiencies of respiratory chain complexes [179], [216]. However, the results so far did
not allow to draw conclusions about a causal chain between these four findings, because all
of the observations could be caused independent of each other by the numerous effects of
APP overexpression and APP-derived fragments. For this reason, a system that enables the
selective overexpression of TRMT10C was utilized for the next set of experiments. Thus, the
direct effect of increased TRMT10C expression on m!A"* methylation, ND5 protein
expression and the mitochondrial function could be examined without being affected by APP
overexpression or downstream effects of APP-derived fragments.

4.2.1 Tetracycline-induced TRMT10C overexpression

One such system that offers the possibility to selectively overexpress TRMT10C is the
commercially available T-Rex™ system (Invitrogen, Cat.No: V1033-20). These HEK293 cells
are by default transfected with a plasmid encoding a Tetracyline-inducible repressor (TetR),
which enables the Tetracycline-regulated expression of arbitrary proteins. For the following set
of experiments HEK293 T-REx™ cells were used cotransfected with a second plasmid,
providing the the full-length sequence of TRMT10C (including a FLAG-Tag) and its native
initiation codon context [359]. In addition, this second plasmid contains the binding sequence
of TetR downstream of a cytomegalovirus promoter. Thus it enables a selective expression of
TRMT10C in the presence of Tetracycline (more information in section 3 Materials and
Methods). This customized cell line will hereafter be referred to as pTRMT10C cells. Besides
in all of the following experiments, the untransfected HEK293 T-Rex™ cells were additionally

used as a control cell line and will hearafter be called Ctl.

First of all, the Tetracycline-dependent expression of TRMT10C in pTRMT210C cells was
verified. Besides the optimal concentration of Tetracycline was explored. The manufacturer
recommends the addition of 1 pg/mL Tetracycline into the usual cell culture medium and an
incubation time of 24 h. However, since Tetracycline is known to affect mitochondrial function
[443], [444], it was attempted to reduce the concentration of this substance as much as

possible. For this reason, it was also tested whether the concentration of 0.1 pg/mL
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Tetracycline is sufficient to ensure the expression of TRMT10C. Therefore, pTRMT10C cells
were incubated with O pg/mL, 0.1 pg/mL and 1 pg/mL Tetracycline for 24 h. Afterwards, total
protein extracts were isolated and a Western blot for TRMT10C (47 kDa) was performed. As
the band of B-Actin (42 kDa) appears too close to that of TRMT10C and membrane stripping
carries several disadvantages, GAPDH (36 kDa) was selected as reference enzyme. To better
assess the expression of TRMT10C in absence of the inducer Tetracycline, extracts of Cil
treated with O pg/mL Tetracycline were also investigated. Furthermore, it was studied whether
the functionality of the system is maintained at any stage of cell growth. Therefore, three similar
experiments were performed. Once Tetracycline was added directly one day (24 h) after
seeding. In the second approach, Tetracycline was added after two days (48 h) of growing,

and in the third approach, Tetracycline incubation was started three days (72 h) after seeding.
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Figure 4.10: TRMT10C expression in pTRMT10C cells is dependent on the concentration of
Tetracycline and independent of the duration between seeding and Tetracycline addition. A) One
day after seeding 0.1 and 1 pg/mL Tetracycline was added to the medium of pTRMT10C cells and
incubated 24 h until protein extraction. pTRMT10C cells in medium without Tetracycline (0 pg/mL) and
Ctl without Tetracycline were cultivated as references. Western blot shows increasing TRMT10C protein
levels in correlation with increasing Tetracycline concentrations. B) Experimental setup as in A),
however, Tetracycline was added two days after cell seeding. TRMT10C expression is again elevated
in pTRMT10Cs with increasing Tetracyline concentrations. C) Experimental setup as in A) + B),
however, Tetracycline was added three days after cell seeding. TRMT10C expression is again
enhanced after incubation with 0.1 pg/mL Tetracycline and even higher after incubation with 1 pg/mL
Tetracycline. A-C) For each tested condition the Western blot membrane is shown in the upper panel
and the corresponding analysis is presented the panel below. n=1 biological replicate,
Tetra.= Tetracycline. The experiment was performed by

In Figure 4.10 it can be seen that the selective overexpression of TRMT10C in
pPTRMT10C cells works very well. At both 0.1 pg/mL and 1 pg/mL Tetracycline, a clear band is
apparent in all images of the Western blot membrane in comparison to Ctl and pTRMT10C
without Tetracycline. It can also be assumed that the expression of TRMT10C is proportional
to the amount of Tetracycline added. At least a higher amount of TRMT10C was detected at

1 pg/mL than at 0.1 pg/mL Tetracycline in each of the 3 experiments. Furthermore, it was
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demonstrated that the expression of TRMT10C is nearly abolished in absence of the inducer.
Because at 0 pug/mL Tetracycline, the levels of TRMT10C in pTRMT10C cells are in the range

of Ctl or even lower.

Comparing Figure 4.10A-C it is also evident that the expression system is independent
of the cell growth status. Whether Tetracyline was added one day, two days or three days after
seeding, the pTRMT10C cell system showed always the same pattern. That means regardless
of the time between seeding and Tetraycline addition, the expression of TRMT10C was always
successful. For this reason, cells were always seeded one day prior to Tetracycline addition in
the following experiments, as it enables a fast and efficient experiment procedure.
Furthermore, it should be mentioned that Ctl and pTRMT10C at 0 ug/mL Tetracycline show
only very faint bands of TRMT10C in the Western blot image. One reason for this would be
that TRMT10C protein levels in HEK cells are generally very low. On the other hand, a low
antibody binding capacity could also result in weak protein bands. A third explanation would
be that the strong bands of pTRMT10C at 0.1 and 1 pg/mL might be too intense at the
exposure process, thereby making the bands of Ctl and pTRMT10C (at O pg/mL Tetracycline)
appear less prominent.

4.2.2 m1A1374 methylation levels in pTRMT10C cells

In section 4.2.1, it has been shown that pTRMT10C cells are well suited to specifically
overexpress TRMT10C and to study downstream cellular processes. Therefore, the next step
was to investigated whether overexpression of TRMT10C is directly correlated with increased
m!A®4 mRNA methylation, verifying hypothesis (ii). Although it was postulated in 2017 by
Safra et al. [312] that TRMT10C is the writer enzyme of m*A®"* in ND5 mRNA, this finding
should be independently verified. Besides, it was explored whether the amount of TRMT10C
and the stoichiometries of m*A!¥’4 methylation are directly correlated to each other. For this
purpose, pTRMT10C cells were incubated with 0, 0.1 and 1 pg/mL of Tetracycline for 24 h. In
order to assess the effect of Tetracycline per se, the Ctl cell line was treated in parallel with O,
0.1 and 1 pg/mL Tetracycline for 24 h. In both cases, the incubation was started 24 h after
seeding, as established in section 4.2.1. Then, whole cells were lysed and total RNA was
extracted with a TRIzol-based protocol. Subsequently, the site-specific mA®’* analysis
method (procedure described in section 3.2.6 and 4.1.3) was performed. In brief, a reverse
transcription was conducted with SS-1V, dNTPs, a Mg?*-containing buffer and a specific primer
targeting ND5. After PCR with specific barcode primers, the sequence around m*A¥" was
amplified. Then the amplicon was purified via polyacrylamide gel electrophoresis and
sequenced on an lllumina MiSeq platform in 2x 75 bp PE mode. The results of the final

bioinformatics analysis are shown in Figure 4.11.
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Figure 4.11: m*A-induced misincorporations and jumps at position 1374 in the ND5 mRNA are
significantly increased in pTRMT10C cells after Tetracycline-induced overexpression of
TRMT10C. A) pTRMT10C and corresponding Ctl cells were seeded and the next day incubated with O,
0.1 or 1 pg/mL Tetrcycline for 24 h. Afterwards total RNA was isolated and subjected to RT with SS-1V
and a Mg?*-containing buffer, PCR and lllumina sequencing. Misincorporation rates of m1A374 are
significantly heightened in pTRMT10C cells treated with both 0.1 and 1 pg/mL Tetracycline. As for Ctl
misincorporation rates remain unchanged upon Tetracycline addition, but are significantly lower without
Tetracycline in comparison to pTRMT10C without Tetracycline. Mean + SEM, n= 4 biological replicates,
unpaired t-tests. B) Data from A) subdivided according to the averaged composition of misincorporated
bases. Mismatch composition is not altered by Tetracycline. Thymidine (blue), Guanosine (red), Cytidine
(vellow). C) Sequencing data from A) + B) was evaluated for jumps at position 1374 in ND5 mRNA.
Jump rate is significantly elevated in pTRMT10C cells due to Tetracycline-induced TRMT10C
overexpression. In Ctl cells no significant alterations upon Tetracyline addition is observed. In
PTRMT10C cells at 0 ug/mL jump rates are significantly augmented in comparison to Ctl at 0 pg/mL
Tetracycline. Mean + SEM, n= 4 biological replicates, unpaired t-tests. A)-C) *p<0.05, **p<0.01, #p<0.05.

Strikingly, m*A-induced misincorporations are significantly elevated in pTRMT10C cells
after incubation with 0.1 and 1 pg/mL Tetracycline (Figure 4.11A). Importantly,
misincorporation levels remain unchanged in Ctl after incubation with 0.1 and 1 pg/mL
Tetracycline. This proves, that elevated TRMT10C protein levels in fact cause higher m*A37
methylation (either directly or indirectly). Moreover, it can be excluded that Tetracycline itself
interferes with m*A374, because mismatch rates in Ctl are on the same level with and without
Tetracycline addition. Of note, the mean values of Ctl treated with 0, 0.1 and 1 pg/mL
Tetracycline are all 0.60%, which impressively demonstrates the accuracy of this method. For
PTRMT10C cells the mean value of 1.28% at O pg/mL Tetracycline rises to 2.46% at 0.1 pg/mL
Tetracycline and 2.85% at 1 pg/mL Tetracycline. The difference between the latter two is not
significant. Therefore, it is difficult to postulate a direct proportionality between TRMT10C
protein and m*A74 methylation levels in this set up. Interestingly, the values of pTRMT10C in
absence of Tetracycline are significantly higher than those of Ctl. This fact suggests that the
PTRMT10C system yet shows a low expression of TRMT10C in absence of the inducer
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Tetracycline and hence might be leaky. Apparently, this augmentation is miniscule and

therefore no detectable in a Western blot (see Figure 4.10).

Obviously, the composition of mismatched bases at position 1374 is not altered between
the investigated samples (see Figure 4.11B and Table 4.4). As in the preceding experiments
mainly T and G appear in the sequenced reads, indicating that m*A preferentially induced the
incorporation of A and C into the newly synthesized cDNA strand during the RT with SS-IV.

Table 4.4: Amount of misincorporated T [%], G [%] and C [%)] in relation to the total amount of mismatch
[%] at position 1374 of ND5. Data set from Figure 4.11.

Ratio —22se 6l __ Ctl, 0 X2 Tetra. Ctl, 0.1 2 Tetra. ctl, 1 < Tetra.
Mismatch [%] mL mL mL
T 0.475 0.489 0.516
G 0.447 0.445 0.416
C 0.078 0.065 0.068
. Base [%] pTRMT10C, pTRMT10C, pTRMT10C,
Ratio o el 0 £9 Tetra. 0.1 22 Tetra. 122 Tetra.
mL mL mL
T 0.500 0.518 0.520
G 0.452 0.444 0.444
C 0.048 0.038 0.036

In Figure 4.11C the frequency of nucleotide skipping events at position 1374 of ND5 in
this data set is visualized. As in section 4.1.3, the jump rates display exactly the same pattern
as misincorporation rates. Thus, jump rates of pTRMT10C are significantly enhanced at 0.1
and 1 pg/mL Tetracycline compared to pTRMT10C without Tetracycline treatment. The mean
value of pTRMT10C in absence of the inducer is 0.71% and increases to 1.36% and 1.57% at
0.1 and 1 pg/mL Tetracycline, respectively. Of note, Ctl cells again exhibit significant lower
jump rates than pTRMT10C without Tetracycline. This suggests once more that a small
amount of TRMT10C is expressed in pTRMT10C cells even without the inducer. Mean values
of Ctl with and without Tetracycline are again within a narrow range, between 0.29 and 0.31%,
pointing to the high accuarcy of this method. Futhermore, it should be mentioned that the
difference between pTRMT10C with 0.1 and 1 ug/mL Tetracycline is not significant. Therefore,
it could not be statistically proven that mA*’4 methylation proportionally increases with
TRMT10C levels or the Tetracycline concentration. Therefore, only one of the two
concentrations was used in the following experiments (1 pg/mL Tetracycline). This
concentration allows markedly increased TRMT10C and m!A'®" |evels and therefore it
represents a suitable system for studying the effects of TRMT10C and m*A on ND5 protein

synthesis and the mitochondrial function (see section 4.2.3 - 4.2.6).
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4.2.3 ND5 protein expression in pTRMT10C cells

Although it was found in section 4.1.3 and 4.1.4 that HEK293 APPwt cells display
enhanced TRMT10C and m!A®" levels, a causative relationship between these two events
could yet not be proven. Likewise, the direct effect of m*A37* methylation on ND5 protein levels
has not been studied so far in the literature. Although m*A within an artificially generated mRNA
was shown to block the cytosolic protein biosynthesis [338], the effect of m'A must be
evaluated sequence-dependent and might differ in mitochondria [341]. For this reason, it was
examined in the next step how increased m*A¥74 methylation levels in the ND5 mRNA affect
the synthesis of the corresponding ND5 protein.

As demonstrated in section 4.2.2, p TRMT10C cells exhibit significantly increased m*A374
modification levels after incubation with 1 ug/mL Tetracycline, thus enabling the selective
overexpression of TRMT10C. For this reason, pTRMT10C cells were seeded in two different
flasks. One day after seeding, the cell culture medium was replaced. In one flask the medium
was exchanged by standard medium (0 pg/mL Tetracycline) and in the other flask by standard
medium including 1 pg/mL Tetracycline. To evaluate the effect of Tetracycline per se on the
ND5 protein expression, Ctl cells were also seeded and treated in the exact same way. After
24 hours of incubation, protein extracts were generated and a Western blot of ND5 was

performed. As in section 4.2.1 GAPDH was selected as reference protein.
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Figure 4.12: ND5 protein levels are significantly reduced after Tetracycline-induced TRMT10C
overexpression. A) Western blot of ND5 in Ctl and pTRMT10C cells, both treated with 0 pg/mL and
1 pg/mL Tetracycline for 24 h. A representative membrane is shown in the upper panel. A significant
diminution of the ND5 protein is observed in pTRMT10C cells after incubation with Tetracycline. No
significant alteration is observed in Ctl at 1 ug/mL compared to 0 ug/mL Tetracycline. Mean + SEM, n= 3
Ctl, n=5 pTRMT10C, biological replicates, unpaired t-tests. B) Data from A) represented as ratio of ND5
intensities with (1 pg/mL) and without (0 pg/mL) Tetracycline treatment for each cell line. Ratio was
calculated in order to compensate for the possible effect of Tetracycline per se on ND5 protein
expression. The reduction of ND5 upon TRMT10C overexpression remains significant and reaches a
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lower p-value. Mean + SEM, n= 3 Ctl, n=5 pTRMT10C, every n equals one biological replicate, unpaired
t-test. A)+B) ns= not significant, *p<0.05. This experiment was performed by .

Strikingly, the Western blot of ND5 revealed significantly decreased ND5 protein levels
in pPTRMT10C cells after incubation with 1 pg/mL Tetracycline (p= 0.022) (Figure 4.12A).
Looking at Ctl cells, no significant change in ND5 protein expression is observed due to
Tetracycline. The levels of Ctl treated with 1 ug/mL Tetracycline appear a bit higher than those
of Ctl without Tetacycline, however, this difference is far away from being significant.
Nevertheless, this augmentation has an intresting effect, when comparing the ratios of treated
to untreated cells (Figure 4.12B). The ratio of 1 pg/mL to O pg/mL was calculated for each cell
line in order to couterbalance possible effects of Tetracycline per se. Due to the slight increase
of ND5 in Ctl cells with Tetracycline treatment, the decrease of ND5 in pTRMT10C cells is
actually greater than it seems in Figure 4.12A. But by calculating and comparing the ratios of
pPTRMT10C versus Ctl, the effect of Tetracycline is compensated and a lower p-value is
reached (p= 0.14). Of note, the difference between the two cell lines becomes almost highly
significant.

4.2.4 SDR5C1 and PRORP expression in pTRMT10C cells

As mentioned in section 4.1.2, TRMT10C is only capable of methylating adenosines and
guanosines in mitochondrial tRNAs, when SDR5C1 is present [329]. However, it has not yet
been shown that SDR5CL1 is also mandatory for m*A¥”4 mRNA methylation. Although the AD
cell model of HEK293 APPwt cells displayed elevated TRMT10C levels accompanied by
increased SDR5C1 and m!A¥"* |evels in section 4.1, this did not prove the necessity of
SDR5CL1 in the methylation process. Moreover, it was not clear whether the augmentation of
SDR5CL1 is caused by the increase of TRMT10C or vice versa. A third possibility would be that
both proteins regulated independent of each other. To address this question, it was examined
whether overexpression of TRMT10C alone affects SDR5CL1 protein levels. For this purpose,
PTRMT10C cells were seeded in two flasks. The next day, the medium was exchanged once
with and once without Tetracycline addition. As explained in section 4.2.2, a Tetracycline
concentration of 1 pg/mL was selected. After an incubation period of 24 h, total protein extracts
were prepared as described in section 3.2.2. Subsequently, a Western blot of SDR5C1 was
performed. Again, the control cell line Ctl was treated in the same way to evaluate the effects
of Tetracycline per se on SDR5CL1. In this case, B-Actin (42 kDa) was chosen as reference
protein because the GAPDH band (36 kDa) appears too close to the SDR5C1 band (27 kDa)
making membrane cutting impossible. Although the membrane could be stripped, this

potentially introduces errors that would affect protein normalization. Therefore, cutting the

107



4 Results

membrane is preferable as it allows a simultaneous analysis of target and reference proteins.
The results of this SDR5C1 Western blot are shown in Figure 4.13.
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Figure 4.13: SDR5C1 protein levels do not change upon Teracycline-induced TRMT10C
overexpression. A) Western blot results of SDR5C1 protein content in Ctl and pTRMT10C cells after
incubation with 0 pg/mL and 1 pg/mL Tetracycline for 24 h. A representative Western blot membrane is
shown in the upper panel. SDR5CL1 is neither changed in Ctl nor in pTRMT10C after Tetracycline
addition. Mean + SEM, n= 4 biological replicates, unpaired t-tests. B) Data from A) represented as ratio
of SDR5CL1 intensities with (1 pg/mL) and without (0 pg/mL) Tetracycline treatment for each cell line.
Ratio was calculated in order to compensate for the possible effect of Tetracycline per se on SDR5C1
protein expression. No significant alteration is observed between pTRMT10C and Ctl. Mean + SEM,
n= 4 biological replicates, unpaired t-test. A)+B) ns= not significant. This experiment was performed by

The SDR5C1 Western blot in pTRMT10C and Ctl cells revealed no significant changes
(Figure 4.13). For both pTRMT10C and Ctl, protein levels after Tetracycline treatment are more
or less within the range of untreated cells (Figure 4.13A). The mean value of Ctl at 1 pg/mL
Tetracycline is slightly higher than at 0 ug/mL, but the difference is not significant. To account
for this slight increase due to Tetracycline, the ratios of 1 pg/mL to 0 pg/mL were calculated
for both cell lines (Figure 4.13B). Thereafter the response of the two cell lines can be
compared, however, the difference remained insignificant. These results suggest that the
overexpression of TRMT10C alone does not affect SDR5C1 protein levels.

As it is known that TRMT10C forms the mtRNase P complex together with SDR5C1 and
PRORP [359], the question arose whether TRMT10C levels might be correlated with those of
PRORP. Though the AD model cell line HEK293 APPwt showed increased TRMT10C
accompanied by decreased PRORP protein levels (see section 4.1.1 and 4.1.2), no causative
relationship between the two findings could yet be proven. To scrutinize whether the reduction
of PRORP might be directly caused by the augmentation of TRMT10C a PRORP Western blot

was performed in pTRMT10C cells with and without Tetracycline. For this reason, the protein

108




4 Results

extracts obtained in the upper part of this section were also analyzed for PRORP. In this case
GAPDH could be utilized as reference protein, because the distance between the PRORP
protein band (57 kDa) and the GAPDH protein band (36 kDa) was big enough to enable
membrane cutting.
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Figure 4.14: Tetacycline-induced overexpression of TRMT10C does not have an impact on
PRORP protein levels. A) PRORP Western blot of Ctl and pTRMT10C cells treated with O pg/mL and
1 pg/mL Tetracycline for 24 h. A representative membrane is shown in the upper panel. PRORP
expression is not altered by the addition of Tetracycline in Ctl and pTRMT10C. Mean + SEM, n=4
biological replicates, unpaired t-tests. B) Data from A) represented as ratio of PRORP intensities with
(1 pg/mL) and without (0 pg/mL) Tetracycline treatment for each cell line. Ratio was calculated in order
to compensate for the possible effect of Tetracycline per se on PRORP protein expression. There is no
significant change between pTRMT10C and Ctl. Mean + SEM, n= 4 biological repllcates unpaired t-
test. A)+B) ns= not significant. The experiment was performed by

In Western blots of PRORP no significant alterations were observed in both pTRMT10C
and Ctl cells after incubation with 1 ug/mL Tetracycline for 24 h (Figure 4.14A). This indicates
on the one hand, that the inducer Tetracycline does not affect PRORP protein expression and
on the other hand, that the selective overexpression of TRMT10C does not have any impact
on PRORP protein levels. Accordingly, no significant difference between the ratios of 1 pug/mL

to O ug/mL was detected in pTRMT10C cells in comparison to Ctl (Figure 4.14B).

4.2.5 Mitochondrial respiration in pTRMT10C cells

In sections 4.2.1 - 4.2.3, the causative relationship between the hypotheses (i) — (i) was
clarified and confirmed. This means increased TRMT10C levels enhance m*A¥’4 methylation
and diminish ND5 protein levels. However, at this point, it was unclear whether the decrease

of ND5 directly results in an impairment of Cpx | and consequently causes mitochondrial
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dysfunction. Although a reduction of ND5 and numerous mitochondrial deficits were detected
in the HEK293 APPwt AD cell model, a direct cause-and-effect relationship between these two
events was not yet demonstrated. Therefore, the next experiment was set up to investigate
how the decreased ND5 protein levels in pTRMT10C cells affect the function of the respiratory
chain. For this purpose, the oxygen consumption rate (OCR) of pTRMT10C cells and Ctl was
measured in a Seahorse XFe 96 analyzer.

Since Tetracycline is known to exert humerous effects on mitochondria [443], [444],
pTRMT10C cells were treated with 1 pg/mL Tetracycline and compared with Ctl cells also
treated with 1 pg/mL Tetracycline. Therefore, cells were seeded in Poly-L-Lysine-coated
Seahorse XF-96 plates, and the medium was exchanged with a Tetracycline-containing
medium 24 h before the experimental procedure. On the day of the assay, the growth medium
was replaced by XF Base Medium and incubated for 1 h (37°C). At the beginng of the
measurement, the basal respiration was recorded (= OCR in the first 3x 12 minutes). Then,
1 pM Oligomycin, an inhibitor of the ATP synthase, was added to determine proton leak and
indirectly the ATP-linked respiration (ATP Turnover). In the next step, 1 pM FCCP was added
to uncouple the oxidation from the phosphorylation process. Since FCCP evokes the transfer
of protons from the intracellular space to the mitochondrial matrix bypassing the ATP synthase,
the respiratory chain begins to compensate for this effect and operates at maximum capacity.
At this point, the maximum capacity of the electron transport chain (ETS capacity) can be
determined. In the further course, a 1 pM mixture of Rotenone, a Cpx | inhibitor, and Antimycin,
a Cpx Il inhibitor, was injected. These two agents entirely block the electron transport chain,
revealing the non-mitochondrial oxygen consumption. A representative graph of the
experimental procedure and OCR curves of pTRMT10C and Ctl are shown in Figure 4.15A.
The experiment was conducted on three different days, which are for the sake of simplicity

referred to as Dayl, Day2 and Day3 in the following graph (Figure 4.15).

Remarkably, the basal respiration is significantly reduced in pTRMT10C cells compared
to Ctl (Figure 4.15B). This suggests that the effectiveness of the respiratory chain is decreased
in these cells due to the overexpression of TRMT10C and the associated reduction of ND5.
On the other hand, the ETS capacity and the ATP Turnover shows no significant decline
(Figure 4.15C+D). However, the ETS capacity indicates a tendency of reduced levels in
pPpTRMT10C (p= 0.22) and the diminution of the ATP-linked respiration is almost significant (p=
0.057). The Proton-leak also appears to be tendentially decreased in pTRMT10C cells, but the
difference is not significant (p= 0.08) (Figure 4.15E). Undoubtedly, the non-mitochondrial
respiration is unchanged in the two cell lines, as all mean values are more or less at the same
level (Figure 4.15F). This proves that the normalization to cell number was efficient and no

systematic error was introduced during in the experimental procedure.
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Figure 4.15: TRMT10C overexpression leads to a decrease of the basal mitochondrial respiration.
A) Representative Oxygen consumption curve of Ctl and pTRMT10C cells. Measurement was
performed in the Seahorse XFe 96 Extracellular Flux analyzer. During the experiment 1 pM of
Oligomycin (Oligo.), 1 uM of FCCP and 1 uM of Antimycin and Rotenone (Anti./Rot.) was added in
succession. Time points are marked by corresponding arrows. Mean + 95%CI, n= 1 biological replicate.
B) Violin plot for Basal Respiration reveals a significant reduction in pTRMT10C in comparison to Ctl.
C) Violin plot for ETS Capacity shows no significant alteration in pTRMT10C versus Ctl. D) Violin plot
for ATP Turnover indicates a decreased ATP synthesis rate (p= 0.057). E) Violin plot of Proton-Leak
demonstrates no significant change between pTRMT10C and Ctl. F) Violin plot of Non-mitochondrial
Respiration shows no difference between pTRMT10C and Ctl. A)-F) Ctland pTRMT10C were incubated
with 1 pg/mL Tetracycline 24 h prior to the measurement in the Seahorse XFe 96 Extracellular Flux
analyzer. For all violin plots: Width of each plot differs by the amount of data at the given axis intercept,
n= 3 individual experiments (indicated by Dayl, Day2, Day3), nested analysis. OCR= Oxygen
Consumption Rate. *p<0.05, ns=not significant. The experiment was performed by
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Measuring the oxygen consumption rate by means of the Seahorse XFe 96 analyzer is
an appropriate method to evaluate the mitochondrial respiration. Unfortunately, however, the
experiment could only be conducted three times (n= 3), because Seahorse XF 96 plastic plates
were no langer available thereafter due to the global COVID-19 pandemic. For this reason, the
experiment was repeated with another oxygen electrode, the OROBOROS Oxygraph-2k high-

resolution respiromter and an n= 8 was achieved.

Two days before the measurement, Ctl and pTRMT10C cells were seeded in flasks and
the next day incubated with 1 pug/mL Tetracycline for 24 h. Then, cells were trypsinized and
2 million cells of each cell line were placed into the chambers of the OROBOROS
Oxygraph-2k. As in the Seahorse XFe 96 analyzer the Basal Respiration was measured in the
beginning. Afterwards Oligomycin (2 uM) was added to determine the Proton-Leak. The
subsequent injection of FCCP (1 uM) revealed the maximum capacity of th electron transport
chain, termed ETS capacity. At the end, Rotenone (1 pM) and Antimycin (1 pM) were
sequentially injected to assess the non-mitochondrial respiration.
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Figure 4.16: ETS capacity and the mitochondrial membrane potential are reduced in pTRMT10C
cells. A) Oxygen consumption of Ctl and pTRMT10C cells in the OROBOROS Oxygraph-2k high
resolution respirometer. Both cell lines were treated with 1 pg/mL Tetracycline for 24 h prior to the
experimental procedure. 2 uM of Oligomycin (Oligo.), 1 uM FCCP and 1 uM of Rotenone (Rot.) and
Antimycin (Anti.) were added successively. Basal respiration (Basal.) and coupled respiratory capacity
induced by Oligomycin are not significantly altered in pTRMT10C versus Ctl. The non-coupled
respiratory capacity (= ETS capacity) is significantly decreased in pTRMT10C cells in comparison to Ctl.
Non-mitochondrial respiration after Rotenone and Antimycin addition shows no difference between Ctl
and pTRMT10C. Mean + SD, n= 8 biological replicates, two-way ANOVA. B) The mitochondrial
membrane potential (MMP) was analyzed in Ctl and pTRMT10C cells treated and untreated with
1 pg/mL Tetra. for 24 h. 25 nM TMRM was added to stain for the MMP. Ratio of TMRM signals with
(1 pg/mL) and without (0 pg/mL) Tetracycline reveals a highly significant reduction of the MMP in
PTRMT10C cells versus Ctl. Mean + SEM, each datapoint represents one individual well from n=4
different measurements, unpaired t-test. A)+B) *p>0.05, ****p>0.0001. Both experiments were
performed by .
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The result of the measurement in the OROBOROS Oxygraph-2k are shown in Figure
4.16A. Interestingly, the Basal respiration is not altered in pTRMT210C cells in comparison to
Ctl in this instrument. Besides, the oxygen consumption after addition of Oligomycin (Proton-
Leak) is not significantly altered between pTRMT10C and Ctl. However, in this case the ETS
capacity mediated by FCCP is significantly decreased in pTRMT10C cells (p= 0.011). As in
the Seahorse XFe 96 analyzer the non-mitochondrial respiration is unchanged between
pTRMT10C and Ctl.

An additional parameter to assess mitochondrial function is the mitochondrial membrane
potential (MMP). The MMP is generated by protons that are pumped into the intermembrane
space by Cpx I, lll and IV. The transmembrane potential of these protons is the engine for the
synthesis of ATP through the ATP synthase (Cpx IV). That means, the higher the potential
difference (AWm) across the mitochondrial membrane the more ATP is generated. And

conversely, the lower AWm, the less effective is the eletron transport chain.

The MMP can be measured by staining cells with Tetramethylrhodamin-methylester
(TMRM). To further examine the effect of mA®"* and decreased ND5 protein levels on
mitochondrial function with a different approach, pTRMT10C and Ctl cells were subjected to
TMRM staining. In contrast to the OROBOROS Oxygraph-2k, which features only two
chambers, the TMRM staining enabled the investigation four different conditions: pTRMT10C
treated and untreated with 1 pg/mL Tetracycline, and Ctl treated and untreated with 1 pg/mL
Tetracycline. Therefore, both cell lines were seeded in 96-well plates with a transparent
bottom. The next day, the medium was exchanged correspondingly and incubated for 24 h.
On the day of the experiment, the medium was replaced by Tyrode’s buffer containing 25 nM
TMRM. In addition, samples were stained with 1 pug/mL Hoechst to normalize for the number
of cells. Images were captured with a Live cell imaging setup and the quantitative analysis was

performed by means of a machine leaning algorithm.

The results of the TMRM staining are shown in Figure 4.16B displayed as the ratio of
treated (1 pg/mL Tetracycline) to untreated (0 pug/mL Tetracycline) cells. Obviously, incubation
of Citl cells with Tetracycline leads to an increase of the MMP, because the ratio for Ctl is on
average clearly above 1 (mean value = 1.37). In pTRMT10C cells, the membrane potential
does not appear to be altered by Tetracycline (mean value of the ratios = 0.98). However,
because the ratios of Ctl are higher than those of pTRMT10C, a highly significant reduction in
the MMP can be observed when comparing the ratios of both cell lines. In other words, the
increase of the MMP that occurs by Tetracycline per se in Ctl cells is prevented in pTRMT10C
cells by TRMT10C. In consequence, overexpression of TRMT10C and the subsequent

reduction of ND5 via m*A%7* can be assumed to induce a diminution of the MMP.
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4.2.6 Mitochondrial and cytosolic tRNA quantification in pTRMT10C cells

TRMT10C not only methylates m*A in (mt)tRNA and (mt)mRNA, but also functions as a
subunit of mtRNase P together with PRORP and a SDR5C1 tetramer [360]. The mtRNase P
is responsible for the endonucleolytic release of tRNA 5'-ends from mitochondrial primary
transcripts [187]. In section 4.2.4, it was shown that protein levels of SDR5C1 and PRORP are
not altered by overexpression of TRMT10C suggesting that the three subunits are regulated
independent of each other. However, these findings do not rule out the possibility that elevated
TRMT10C levels affect the activity of mtRNase P. It could be, for example that SDR5C1 and
PRORP are present in excess and therefore the amount of TRMT10C alone determines
mtRNase P activity. To address this question, cytosolic and mitochondrial tRNA levels were
guantified in the following experiment.

To this end, total RNA was extracted from Ctl and pTRMT10C both treated and untreated
with Tetracycline (1 pg/mL, 24 h). In the next step, tRNAs were hybridized with custom-
designed oligonucleotides (oligos) complementary to the 3’-end of each mitochondrial and
cytosolic tRNA isoacceptor. Of note, oligos targeting (mt)tRNAs were labeled with Cy5 and
oligos targeting cytosolic tRNAs were labeled with 6-FAM. After a polyacrylamide gel
electrophoresis, fluorescence intensities of hybrid bands could be measured and the ratio of

Cy5 to 6-FAM was calculated indicating the relation of (mt)tRNA to cytosolic tRNAs.
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Figure 4.17: Levels of mitochondrial tRNAs are unaffected by TRMT10C overexpression. A) The
amount of (mt)tRNAs relative to cytosolic (cyt.) tRNAs was assessed by tRNA specific primer
hybridization. Oligos labeled with Cy5 targeting (mt)tRNAs and 6-FAM targeting cyt. tRNAs were
hybridized with total RNA from Ctl and pTRMT10C cells, both treated and untreated with 1 pg/mL
Tetracycline for 24 h. The ratio of (mt)tRNAs to cyt. tRNAs is not altered in Ctl and pTRMT10C cells
after Tetracycline-induced overexpression. Mean + SEM, n= 4 biological replicates, for every biological
replicate the mean of 4 technical replicates was utilized, unpaired t-tests. B) Data from A) represented
as ratio of values with (1 pg/mL) and without (0O pg/mL) Tetracycline treatment for each cell line. Ratio
was calculated in order to compensate for the possible effect of Tetracycline per se on tRNA levels.
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There is no significant change between pTRMT10C and Ctl. Mean + SEM, n= 4 biological repllcates
unpaired t-test. A)+B) ns= not significant. The experiment was performed by

The quantification of tRNAs revealed no significant alteration in the ratio of mitochondrial
to cytosolic tRNAs upon treatment with Tetracycline. This holds true for both pTRMT10C and
Ctl cells (Figure 4.17A). Although Ctl cells treated with Tetracycline show a tendency of an
increased ratio in comparison to Ctl untreated, this does not affect the evaluation of p TRMT10C
cells. Because, after compensating for the effect of Tetracycline per se by calculating the ratios
of 1 pg/mL to 0 pg/mL Tetracycline for both cell lines, the difference between pTRMT10C and
Ctl remains insignificant (Figure 4.17B). Of note, this method cannot determine the activity of
mtRNase P directly, however, it can be assumed that an impaired or enhanced activity of the
mtRNas P would indirectly affect the ratio of (mt)tRNAs to cytosolic tRNAs. In consequence,
this data indicates that the overexpression of TRMT10C alone has no effect on the activity of
the mtRNase P.
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4.3 Investigation of 5xFAD mice

In section 4.1 it was observed that the m*A writer TRMT10C is upregulated in HEK293
APPwt and APPsw cells. Furthermore, altered protein levels of SDR5C1, PRORP and ND5
were detected in these AD model cell lines. The advantage of cell models in general is that the
direct effect of one single manipulation (e.g. overexpression of APP) can be determined.
However, the weakness of cellular models is the inability to reproduce the complex processes
taking place in a whole organism. Moreover, the transferability of results obtained in HEK293
cells to neurons of human AD patients is limited, because the behaviour of neurons might differ
from that of immortalized embryonic kidney cells. For this reason, the observations of section
4.1 should be reviewed in an AD model organism. To this end, 5xFAD mice were selected
because they also represent a system based on increased APP expression and enhanced
generation of AR, similar to HEK293 APPwt and APPsw.

5xFAD mice coexpress human APP and PSEN1 transgenes with a total of five AD-linked
mutations: The Swedish (KM670/671NL), Florida (1716V), and London (V717]) mutation in
APP, and two mutations (M146L and L286V) in PSENL1 [76]. This transgenic line was produced
by pronuclear coinjection of mutated APP and PSENL1, both including the neuron-specifc
mouse Thyl promoter to drive overexpression in the brain [445]. 5XFAD mice are a widely
used mouse model displaying many AD-related phenotypes and exhibiting a relatively early
and severe disease progression [446]. Amyloid plagues are first detected in mice as young as
two months of age, in the subiculum (part of the hippocampus) and layer V of the cortex. By
six months plaques are found throughout the whole hippocampus and large parts of the cortex.
In older mice, plagues are present in further regions, such as the thalamus, brainstem, and the
olfactory bulb, but importantly they are absent in the cerebellum [76]. Neuronal loss occurs in
multiple brain regions, beginning at about 6 months in those areas with the most pronounced
amyloidosis, namely the subiculum and cortical layer V. Soluble AB4 is detectable by 1.5
months in whole-brain homogenates and its levels increase consistently with age. AB4o levels
are substantially lower than those of AB42, but also reach very high levels at the age of 6 and
9 months [76]. 5xFAD mice display a wide range of cognitive and motor deficits. Earliest
cognitive impairments are observed at the age of 4-6 months [446]—[448]. Of note, this model
is absent of tau tangles at any age.

In the following section it should be screened if 5XxFAD mice display the same alterations
as the HEK293 AD model cells. Furthermore, it was now possible to investigate in which brain
regions the suspected changes occur. For this reason, female and male 5xFAD mice at the
age of 42-55 weeks were sacrificed and three brain areas were dissected: The hippocampus,
cortex and cerebellum. As mentioned above, the hippocampus is the earliest and most

severely affected brain region in 5XxFAD mice. Thus, changes in TRMT10C and ND5 protein
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levels are assumed to be found here, if the hypotheses (i)-(iv) were also true in AD model
organisms. The cortex is also heavily affected by AD pathology, whereas the cerebellum is
devoid of amyloid in 5XFAD mice. Accordingly, the cerebellum is a kind of negative control.
Meaning, if the hypotheses (i) — (iv) were specific to AD, no change would be observed in this
brain region. Furthermore, it should be mentioned that male and female animals were
deliberately used to study AD pathology in both sexes rather than unilaterally in one sex. Age-
matched C57BL6/J wild-type (Wt) mice were used as corresponding control and a balanced

mix of female and male Wt animals was selected as well.

4.3.1 TRMT10C protein expression in 5xFAD mice

First of all, it should be tested, if protein levels of TRMT10C are also altered in 5XxFAD
mice, following hypothesis (i). For this purpose, male and female 5xFAD mice at the age of
42-55 weeks were euthanized and hippocampus, cortex and cerebellum were manually
dissected. After the isolation of proteins, a Western blot of TRMT10C was performed. All
samples from the same brain region were applied to one gel for that they all could be compared
on the same membrane during the imaging analysis. As reference enzyme GAPDH was
chosen because it had already been shown to be suitable for these mice in other publications
[446], [449]. In the final analysis, protein levels of 5XFAD mice for each brain region were

expressed in relation to the respective mean value of Wt mice (see Figure 4.18B).
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Figure 4.18: TRMT10C is overexpressed in hippocampi and cortices of 5XxFAD mice. A) Sketch of

localization of cortex, hippocampus and cerebellum in a mouse brain sagittal cut. Cerebral cortex is

labeled in yellow, hippocampus in red and the cerebellum in turquoise. B) Western blot results of

hippocampus (Hippo.), cortex and cerebellar (Cereb.) tissue from Wt and 5xFAD (= tg) mice. TRMT10C

levels are significantly elevated in hippocampi and cortices of tg mice in comparison to Wt mice. Mean
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+ SEM, hippocampus: n= 6 wt n= 8 tg, cortex and cerebellum: n=5 wt n=5 tg, female + male mice,
age= 42-55 weeks, unpaired t-tests. ***p<0.001, **p<0.01, ns= not significant.

The Western blot analysis revealed a dramatic upregulation of TRMT10C in hippocampi
of 5XFAD mice (Figure 4.18B). Besides, TRMT10C levels in cortices of 5XxFAD mice are
significantly increased in comparison to Wt. However, in the cerebellum no difference was
detected. Since male and female mice displayed the same phenotype, the results of both sexes
were combined in the final analysis. Of note, TRMT10C is overexpressed in precisely those
brain regions where high AB loads are reached and the AD pathology is particularly

pronounced, and is absent in cerebellar extracts.

4.3.2 SDR5C1 and PRORP protein expression in 5xFAD mice

Since TRMT10C levels were vastly increased in the hippocampus and cortex of 5XxFAD
mice, the question arose whether protein expression of its enzymatic parter proteins are
affected as well. For this purpose, the protein extracts obtained in section 4.3.1 were also
analyzed for SDR5C1 and PRORP. The results of the corresponding Western blots are

presented in Figure 4.19. Again, GAPDH was used as reference enzyme.
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Figure 4.19: SDR5C1 protein levels are significantly increased in the cortex of 5XxFAD mice,
whereas PRORP protein expression is unchanged. A) Western blot results of SDR5C1 in three
different brain regions of 5xFAD and Wt mice. A representative membrane is shown in the upper panel.
SDR5C1 expression is significantly enhanced in cortex tissue of 5XxFAD mice. In the hippocampus and
cerebellum no significant changes are observed. B) Western blot results of PRORP in hippocampus,
cortex and cerebellum of 5xFAD and Wt mice. In all three brain regions PRORP expression is not altered
in 5XFAD mice in comparison to Wt. A)+B) Mean + SEM, hippocampus (Hippo.), cortex (Cortex) and
cerebellum (Cereb.): n=5 wt and n=5 tg, female + male mice, age= 42-55 weeks, unpaired t-tests,
*p<0.05, ns= not significant.
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The protein levels of SDR5C1 are not significantly altered in the hippocampus of 5xFAD
mice compared to Wt (Figure 4.19A). However, a tendency towards increased levels can be
observed (p= 0.31). Since in this case only an n of 5 was examined, the difference would
possibly become significant with a larger number of animals. In the cortex, the overexpression
is more pronounced and significant. Importantly, SDR5C1 expression is unchanged between
5xFAD and Wt in the cerebellum.

The protein expression of PRORP displays a different behaviour (Figure 4.19B). Here,
no significant differences were detected between 5xFAD and Wt mice in all three brain regions.
Not even a trend could be identified. This and the results of 4.3.1 suggest that, first, the
mtRNase P subunits behave differently and, second, only the expression of SDR5C1 and
TRMT10C is altered in AD.

4.3.3 Probing the m'A1374 analysis method in 5xFAD mice

Regarding section 4.2.1 and 4.2.2, higher protein levels of the writer enzyme TRMT10C
are expected to be associated with elevated m*!A®’* methylation. Accordingly, the highly
significant overexpression of TRMT10C in the hippocampus of 5XFAD mice also suggests
higher modification content in this brain tissue. However, the m*A®’* modification site in the
MRNA of ND5 has only been identified in human tissue and human cell lines so far, and has
never been studied in mice brains or other murine tissue. Therefore, it was first necessary to
determine whether an m*A site at all exists in the ND5 mRNA from mice that is analogous to
m!A¥# in humans. Indeed, the alignment of the human and mouse ND5 sequence revealed
an adenosine base at position 1374 that is in a homologous sequence context to human
m!A74 Moreover, this adenosine corresponds to the third base of a GCA codon triplet coding
for alanine just like m*A*®7#in humans. In order to verify whether this adenosine base might be
N!-modified in mice, the m*A*"* analysis method used in section 4.1.3 was adapted to the
species mouse. For this purpose, both the RT primer and the p5 PCR primer were adjusted to
the mouse ND5 sequence (primer sequence listed in 3.1.3). Except for these primer
sequences, the experiment setup remained unchanged. This modified setup was applied to an

exemplary mouse hippocampal sample to gain initial insights into m*A'374 modification in mice.

As depicted in Figure 4.20, misincorporation rates at position 1374 were extremely low
in this one investigated hippocampus sample. Although there were 626 reads (sum of 99, 262
and 265) containing mismatch at position 1374, this represents only 0.019% (sum of 0.003%,
0.008% and 0.008%) in relation to the total number of read counts (see Figure 4.20). When
comparing these mismatch rates with the results of 1-11% in HEK293 cell samples (see section

4.1.3), this rate is extremely low suggesting a spontaneous mutation rather than m*A-induced
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Figure 4.20: Visualization of mapped sequencing reads from an exemplar mouse hippocampus
shows scarce misincorporation rates at position 1374 of ND5. The m'A¥74 analysis method was
applied to murine tissue by means of adjusted RT and p5 PCR primers targeting the mouse ND5 mRNA
sequence. Total RNA was isolated from one exemplar hippocampus of a Wt mouse (sex: male, age: 27
weeks) and used for RT-PCR (with SS-IV) ans subsequent Illumina sequencing. After trimming and
alignment the above presented screenshot was taken in IGV (v. 2.8.0). Misincorporations rates of C, G,
T and the number of jumps are extremely low, suggesting that little or no m?A is present in mouse
MRNA. Purple: forward reads, rose: reverse reads, colored horizontal bars (red, yellow, dark blue,
green) represent misincorporated bases in individual reads.

mismatch. The jump rate at position 1374 is also vanishingly low with 0.0006% (equals 20
reads out of >3 million reads). In HEK293 cells, this value of jump rates were between 0.5%
and 7%, which again indicates that these 0.0006% in 5XxFAD mice are not m*A-induced but
might represent ordinary, spontaneous deletions. To evaluate the frequency of spontaneous
mismatches and jumps in this experiment setup, the situation at the preceding and following
position of the expected m?A site were additionally considered (see Table 4.5). Since mismatch
and jump rates at position 1373 and 1375 were more or less in the same range as those at
position 1374, this result suggests that m*A*’* is not methylated in mice. However, in order to
proof the existence or absence of m*A®™* in mice the experiment would have to be repeated
with a different experimental set up including mA-immunoprecipitation or AlkB/ Dimroth
treatment. For this reason, the experiment was not repeated with a higher number of samples.
Table 4.5: List of mismatch and jumps at position 1373 and 1375 in the mouse ND5 sequence.

Data of one mouse hippocampus sample (depicted as well in Figure 4.20) is represented in a tabular
list in order to estimate ordinary, spontaneous mismatches and jumps around the potential m*A'37 site.

Position C373 Position C373 Position T37° Position T37®

[read counts] Number in [%0] [read counts] Number in [%0]

Total read counts 3 095 404 100.000 3 095 383 100.000
A 103 0.003 122 0.004

C 3 094 854 99.982 540 0.017

53 0.002 116 0.004

T 394 0.013 3 094 605 99.975

Total mismatch 550 0.018 778 0.025
Jumps 46 0.001 82 0.003
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4.3.4 ND5 protein expression in 5xFAD mice

In section 4.3.1 the hypothesis (i) was confirmed and an upregulation of TRMT10C was
found in two brain regions of 5XFAD mice. As explained in the previous section a reliable
assessment of mA’* methylation levels in 5xFAD mice was not possible. For this reason,
the hypothesis (iii) was investigated in the next step. To be precise, it was examined whether
the upregulation of TRMT10C in the hippocampus and cortex of 5XFAD mice also coincides
with decreased ND5 protein levels, as it was observed in HEK293 AD model cells and
PTRMT10C cells. In section 4.2.2 and 4.2.3 it was shown that increased TRMT10C levels
directly lead to elevated m*A®"* and decreased ND5 protein levels. However, there is still the
possibility that a mouse, as a whole organism, reacts different from a cell line. Therefore, a
Western blot of ND5 was performed with 5XxFAD and Wt mice. Again, the hippocampus, cortex
and cerebellum was investigated and GAPDH was used as reference enzyme.
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Figure 4.21: ND5 protein levels are significantly reduced in hippocampus tissue of 5XxFAD mice.
Western blot results of ND5 in hippocampus (Hippo.), cortex (Cortex) and cerebellar (Cereb.) tissue
from 5xFAD and Wt mice. Representative membranes are displayed in the upper panel. ND5 protein
levels are significantly diminished in hippocampi of 5xFAD mice. In cortices a trend towards decreased
ND5 levels is visible (p= 0.06). In the cerebellum ND5 content of Wt and 5xFAD is unchanged. Mean £
SEM, hippocampus: n= 6 wt and n= 7 tg, cortex and cerebellum: n= 5 wt n=5 tg, female and male mice,
age= 42-55 weeks, unpaired t-tests, ns= not significant.

Strikingly, the Western blot showed a vast decrease of ND5 protein levels in hippocampi
of 5XFAD mice compared to Wt (Figure 4.21). The values of the transgenic mice are on
average 77% compared to the mean of Wt mice. Likewise, a reduction of ND5 is apparent in

cortex samples, however, this decrease is just not significant (p= 0.06). At this point, it should
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be noted that more hippocampus samples were provided than from the cortex and cerebellum.
Therefore, there are seven 5xFAD data points given for the hippocampus and five data points
given for the other brain regions. Thus, one can speculate that the decrease in ND5 in the
cortex would fall below the significance threshold with a higher number of n. Of note, in the
cerebellum no significant change was detected between transgene and Wt animals.
Considering Figure 4.18, this data suggests that ND5 levels are decreased in exactly those
brain regions of 5xFAD mice, where the TRMT10C expression was upregulated.

According to hypothesis (iv), the reduction of ND5 in the hippocampus and cortex of
5xFAD mice raised the question of whether Cpx | and the overall mitochondrial function are
impaired as a consequence. Yet mitochondrial deficits have been found several times in
5XFAD mice [450]-[452]. Therefore, these experiments were skipped and the examination of

hypotheses (i) - (iv) was pursued in human AD samples (see section 4.4).
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4.4 Investigation of human brain tissue and RNA-Seq data
from AD patients

In the final section of this chapter, the findings of the previous sections should be verified
in human AD patients. Therefore, the hypotheses (i) — (iv) were tested sequentially on human
brain tissue and publicly available RNA-Seq data sets.

Human brain tissue samples from AD patients and age-matched controls (Ctl) were
provided by the Netherlands Brain Bank (NBB)®. This non-profit organization collects human
brain tissue of donors with a variety of neurological and psychiatric disorders and also of non-
diseased donors. Among them, Alzheimer patients are represented with a high number. Once
a brain has been removed from its donor, it is macroscopically examined and dissected into
several smaller pieces. Thereby a certain scheme is applied, yielding the hippocampus,
amygdala, cortex and cerebellum, all subdivided into small tissue dices (see section 3.1.7).
After a successful application process, a researcher can select from the frozen samples those
anonymous individuals and brain sections that match best to his or her scientific question.
Because hippocampal samples were limited in availability, cortex samples were selected for
the following experiments. Here, frontal cortex samples (gyrus frontalis superior 3+4) were
chosen because in this brain region pathophysiological changes are already evident in the
early symptomatic AD stage [453]. When selecting the samples, care was taken to ensure that
both AD and Ctl contained a balanced mixture of male and female individuals and the ages
were matched between the two groups. Furthermore, it was aimed to select patients at the
same Braak stage in order to exclude effects resulting from different AD stages. The Braak
classification, introduced by Heiko Braak in 1991 [38], is based on the characteristic distribution
of neurofibrillary tangles throughout the brain and enables a reliable differentiation of AD
pathology between individuals by means of six stages. In stage 1 and 2 a mild to moderate
burden is detectable in the transentorhinal cortex. In stage 3 and 4, an aggravated burden is
observed in the transentorhinal and entorhinal cortex, two regions directly adjacent to the
hippocampus. In stage 5 and 6, neurofibrillary tangles are found throughout the entire cortex.
In this case, brain samples from individuals at Braak stage 5 and 6 were selected to ensure
that the AD pathology has definitely reached the frontal cortex. Unfortunatelly, the NBB did not
provide enough samples at these Braak stages to balance for sex and age, therefore also
samples at stage 4 were included. The final tissue selection showed an average Braak stage
of 4.7 + 0.6 among AD patients, representing an intermediate AD stage [454] (for more

information see Materials and Methods section 3.1.7).

16 https://www.brainbank.nl/
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The RNA-Seq data was retrieved from three different sources. To gain a general
overview of the mRNA expression of the desired proteins (TRMT10C, SDR5C1, PRORP and
ND5), the “Aging, Dementia and TBI Study” data set [425] was employed. This data set
obtained from brains of AD patients and healthy controls is freely accessible through the “Allen
Institute for Brain Science”’ and represents a cohort from the Adult Changes in Thought (ACT)
study [424]. In this Study, tissue samples were cut from the temporal cortex, hippocampus,
parietal cortex and white matter of the parietal cortex. These bulk preparations were then
subjected to RNA sequencing (RNA-Seq). Thereby, 377 samples were sequenced from a total
of 107 brains and the results of this transcriptomic study were published as normalized
fragments per kilobase per million mapped fragments (FPKM) including the associated donor
information. Thus, FPKM values of TRMT10C, SDR5C1, PRORP and ND5 could be extracted
and evaluated in all four brain regions in order to estimate the corresponding mRNA expression
in AD patients. Of note, the study focused on the impact of TBI and therefore investigated a
high number of TBI exposure cases. To assure that the consequences of TBI do not confound
the possible results of AD pathology, all AD and control samples that had experienced TBI
were excluded in the following analysis. Besides, only a part of the demented patients could
be diagnosed with probable AD. Another part was diagnosed with vascular dementia or so-
called possible AD. In consequence, only patients with a probable AD diagnose were included
in the following analysis. Furthermore, this data set did not contain a balanced mixture of
female (n=2-3) and male (n=8-13) AD patients. As two samples are not enough to perform
separated statistics and a balanced mixture could not be reached, only male individuals were
included in the following analysis. The results for TRMT10C, SDR5C1, PRORP and ND5 from
the “Aging, Dementia and TBI Study” data set are shown in section 4.4.1 - 4.4.6.

The “Aging, Dementia and TBI Study” data set entails two major drawbacks. First, after
excluding cases with TBI and uncertain diagnosis, only two female AD patients remained. As
mentioned before, two samples are inappropriate to perform statistical tests, therefore only
male samples could be assessed. Second, in the “Aging, Dementia and TBI Study” a bulk
preparation was conducted. This poses the risk that cell-type specific effects might be “washed
out” by the transcriptomes of surrounding cells. For this reasons, it was sought for a second
data set in which single-cell RNA sequencing (sScRNA-Seq) was conducted in AD patients. In
consequence, a scRNA-Seq study performed by Mathys et al. [426] in 2019 was additionally
analyzed. This data set was obtained from 48 individuals, among them 24 controls (Ctl) and
24 patients with varying degress of AD pathology. In both groups, the sexes were equally
distributed (12+12) and the average age was almost the same. From these subjects, a part of

the prefrontal cortex (Brodman area 10) was dissected and then the tissue was homogenized

17 http://aging.brain-map.org/
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and filtered with a cell strainer prior to the RNA-Seq analysis. In this way, 80 660 single-cell
transcriptomes could be collected, which were subsequently divided into 6 different cell type
groups based on specific marker genes. These six cell types were excitatory neurons,
inhibitory neurons, astrocytes, oligodendrocytes, precursor-oligodendrocytes and microglia.
The results of this sScRNA-seq study were reported as fold change (FC) values, reflecting the
ratio of mMRNA in AD patients versus Ctl. Furthermore, an associated p-value was provided to
assess the relevance of potential differences. In the following sections (4.4.1 & 4.4.3) FC and
p-values of TRMT10C and SDR5C1 from this sScRNA-Seq data set are visualized in heatmaps.
In the case of PRORP, no FC and p-values were available because no significant differences
were found in any of the six cell types. Likewise, no results were reported for ND5 as
mitochondrial encoded genes were generally not included. Furthermore, it should be
mentioned that the AD group was further divided into early and late-stage cases. Hence, AD
versus Ctl, as well as early-stage versus Ctl, and late- versus early-stage AD could be

compared.

In the two data sets mentioned above, the whole transcriptome was determined by
means of RNA-Seq or scRNA-Seq. Thereby, mRNA expression levels were made available to
the public as FPKM or FC values. However, for the analysis of m*A%"* methylation leves in the
ND5 mRNA, sequencing raw data files (.fastg-files) would be needed to assess m*A-induced
misincorporation rates. For this reason, a third data set providing freely accessbile sequencing
raw data from AD patients and healthy controls was selected [427] and analyzed for m*A374,
A more detailed description of this data set can be found in section 4.4.5.

4.41 TRMT10C mRNA expression in AD patients

To evaluate the expression of TRMT10C in AD patients according to hypothesis (i), the
first step was to analyze mRNA expression levels in the “Aging, Dementia and TBI Study” data
set. Therefore, normalized FPKM values of AD patients were compared to Ctl in all four brain
regions studied. Of note, only male patients with a confirmed AD diagnosis and without TBI
incident were utilized, as explained in the previous section. Likewise, male patients without TBI

were selected for the corresponding control group (Ctl).

Examination of the ,Aging, Dementia & TBI Study“ data set showed a significant increase
in TRMT10C mRNA expression in the white matter of the parietal cortex and a highly significant
increase in the parietal cortex of AD patients (Figure 4.22). In the hippocampus and the
temporal cortex no significant change could be detected. It should be noted, however, that

both showed a trend towards elevated TRMT10C mRNA levels in comparison to Ctl. The
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corresponding p-value was 0.21 in the hippocampus and 0.37 in the temporal cortex. Thus,

TRMT10C mRNA expression seems to be clearly altered by AD.
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Figure 4.22: TRMT10C mRNA expression is significantly enhanced in the white matter of the
parietal cortex and in parietal cortex samples from AD patients. Normalized FPKM values were
extracted from the “Aging, Dementia & TBI Study” data set [425]. AD & Ctl: Male individuals without TBI.
Mean = SEM, n= 13-15 Ctl, n= 5-8 AD, multiple unpaired t-tests, *p<0.05, **p<0.01. PCx(WM)= white
matter of the parietal cortex, Hipp.= hippocampus, PCx= parietal cortex, TCx= temporal cortex.

Going one step further, the mMRNA expression of TRMT10C should be examined in
scRNA-seq data from AD patients. Therefore, the publicly available data set of Mathys et al.
[426] was consulted, in which six different cell types were analyzed in prefrontal cortex
samples. This study provides log. fold change (FC) and p-values resulting from the comparison
of AD patients and healthy controls. Furthermore, AD patients were divided into early- and
late-stage cases enabling a comparison between both disease stages (more information about

this data set can be found at the beginning of section 4.4.)

The analysis of the scRNA-Seq data set revealed a highly significant overexpression of
TRMT10C mRNA specifically in neurons of AD patients (Figure 4.23, first column). Comparing
all AD cases with healthy controls showed a moderate, but highly significant increase in
excitatory and inhibitory neurons of AD patients. The log, FC value in excitatory neurons was
+0.195, which log».-converted corresponds to a value of 1.14. This signifies that ~14% more
TRMT10C mRNA fragments were found in AD patients than in Ctl. In inhibitory neurons, the
log> FC value is +0.238, corresponding to 18% higher TRMT10C mRNA content in AD. Of
note, the alterations in astrocytes, oligodendrocytes, pre-oligodendrocytes and microgla were
insignificant.

Regarding the early-stage AD group (second column), a similar picture emerges. Here,
TRMT10C mRNA expression is also significantly enhanced in excitatory and inhibitory

neurons, however, the augmentation is more pronounced in this group than in AD versus Citl.
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This becomes visible from the darker shades of red in the corresponding fields of the heat map
(see Figure 4.23). In excitatory neurons, a log. FC value of +0.455 was measured, which
means converted that mMRNA levels are 37% higher in early-AD than in Ctl. In inhibitory
neurons, the log. FC value was +0.497, representing 41% more TRMT10C mRNA in the early-
stage AD group than in Ctl.
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Figure 4.23: TRMT10C mRNA levels are altered exclusively in inhibitory and excitatory neurons
of AD patients. Heatmap representing log: fold change (FC) values of TRMT10C mRNA expression in
the scRNA-Seq data set from Mathys et al. [426]. The red or blue color of a box indicates the
corresponding fold change value. Adjusted p-values (adj. p-vals) are entered as symbols in the
corresponding box. TRMT10C mRNA is significantly upregulated in AD and early-stage AD in
comparison to Ctl, but only in excitatory and inhibitory neurons. TRMT10C mRNA is downregulated in
late-stage AD versus Ctl in neurons and oligodendrocytes. 80 660 transcriptomes were analyzed from
prefrontal cortex tissue of 48 individuals. n= 24 Ctl, n= 24 AD (n= 15 early-stage AD, n=9 late-stage AD).
**+adj. p-vals<0.0001, ***adj. p-vals<0.001, **adj. p-vals<0.01, ns= not significant.

The results of the late-stage AD group showed a rather different pattern (Figure 4.23,
third column). Here, TRMT10C mRNA expression was also significantly altered in excitatory
and inhibitore neurons, however, less mMRNA was found in the late-stage than in the early-
stage cases. Excitatory neurons displayed a log, FC value of -0.671, which means converted
that mRNA levels were 37% lower in late-stage AD patients. In inhibitory neurons, the log, FC
value was -0.628, indicating 35% less mMRNA expression in late- compared to early-stage AD
patients. Besides it is important to stress, that no significant changes were observed in
astrocytes, pre-oligodendrocytes and microglia. Only in oligodendrocytes, a significant
decrease of TRMT10C mRNA was detected. In this case, the log, FC value was -0.320,

representing 20% lower mRNA levels in the late- versus the early-stage of AD.
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4.4.2 TRMT10C protein expression in AD patients

Since TRMT10C mRNA levels were elevated in both RNA-Seq data sets, it was
reasonable to assume that protein levels would also be elevated. However, it has been
frequently shown in the literature that mRNA levels do not always correlate with the
corresponding protein content [455]-[457]. Therefore, TRMT10C protein expression was
examined the human frontal cortex tissue samples, obtained from the NBB. More information
about the NBB and the selected samples is provided at the beginning of section 4.4 and in
section 3.1.7. TRMT10C protein expression was determined by Western blot in AD patients
and age-matched controls (Ctl). Prior to the first analysis, the suitability of GAPDH as reference
enzyme was tested in these samples. Since the intensities of this protein did not vary more
than 10% between all tested samples, it was considered to be appropriate for the following
Western blot analysis.
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Figure 4.24: TRMT10C protein levels are significantly elevated in frontal cortex samples of
human AD patients. A) Western blot results of TRMT10C in frontal cortex tissue from AD patients and
age-matched controls, obtained from the NBB. A representative blot is shown in the upper panel.
TRMT10C protein levels are significantly increased in AD patients. Mean + SEM, n= 12 Ctl and n= 13
AD, female and male individuals, unpaired t-tests, *p<0.05. B) Data from A) subdivided by Braak stages
of both AD patients and Ctl. A correlation of TRMT10C and Braak stage can be assumed because the
difference between Ctl at Braak stage 1-3 and AD at Braak stage 5+6 is significant. Grey-filled points
represent values of AD patients, white-filled points represent those of Ctl. Superimposed scatter plot,
Mean £ SEM.

Strikingly, Western blot results of the human frontal cortex samples revealed a significant
increase in TRMT10C protein levels in AD patients (Figure 4.24A). This matches well with the
results of the previous section, where TRMT10C mRNA was found to be elevated in neurons

generated from prefrontal cortex tissue of AD patients (Figure 4.23). However, it is not clear
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from these results at which time point of the disease this alteration occurs. Therefore, Western
blot data was split according to Braak stages of both AD and Ctl. The Braak stage offers a
reliable classification of AD patients to determine and compare their stage of the disease based
on the characteristic distribution of neurofibrillary tangles (more information about Braak stages
at the beginning of section 4.4). As neurofibrillary tangles can also be found in healthy
individuals, people from the Ctl group could also be divided by Braak stages. Plotting
TRMT10C expression as a function of Braak stages indicates a possible correlation between
these two parameters, because the augmentation between Ctl with Braak stage 0-3 and AD
patients with Braak stage 5+6 was significant (Figure 4.24B). This data suggests that
TRMT10C protein levels increase in the frontal cortex during the couse of AD.

4.4.3 SDR5C1 and PRORP mRNA expression in AD patients

In the previous sections, mMRNA and protein levels of TRMT10C were found to be
increased in brain tissue and RNA-Seq data of AD patients. As mentioned before, it known
that TRMTOC requires enzymatic partner proteins to exert two out of three enzymatic functions.
For the methylation of (mt)tRNAs at position 9 SDR5C1 is needed. To process and release
(mt)tRNA at their 5-ends from mitochondrial primary transcripts, PRORP is additionally
required. Whether one or both of these enzymes are also necessary for the methylation of
m*A¥4 is not known so far. Nontheless, overexpression of TRMT10C would be presumed to
be accompanied by changes in the SDR5C1 and PRORP protein content in AD, as observed
in the HEK AD model cell lines (section 4.1.2). However, it is unclear whether these changes
would also be apparent at the mRNA level. For this reason, the mRNA expression of SDR5C1
and PRORP was studied in both of the RNA-Seq data sets utilized above. So below, the results
of the “Aging, Dementia and TBI Study” data set and the scRNA-Seq from Mathys et al. [426]

are presented.

The mRNA expression of SDR5C1 was not significantly altered in all of the four brain
regions investigated in the “Aging, Dementia & TBI Study” data set (Figure 4.25). Although a
downward trend can be observed in AD patients in the white matter of parietal cortex, the
parietal cortex and the temporal cortex, these alterations are all not significant. As for
TRMT10C, only male patients with a confirmed AD diagnosis and without TBI were used for
the analysis. Likewise, only male individuals without TBI were considered in the control group
(Ctl). Thus, the results are well comparable to the analysis of TRMT10C mRNA (Figure 4.22).

Given the limitations of RNA-Seq analysis in bulk preparations (explained at the
beginning of section 4.4), SDR5C1 mRNA was also studied in the scRNA-Seq data set of
Mathys et al. [426]. Interestingly, the expression of SDR5C1 mRNA was significantly increased
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Figure 4.25: SDR5C1 mRNA expression is not altered in brain tissue of AD patients. Normalized
FPKM values were extracted from the “Aging, Dementia & TBI Study” data set [425]. AD & Ctl: Male
individuals without TBI. Mean + SEM, n= 13-15 Ctl, n= 5-8 AD, multiple unpaired t-tests, ns= not
significant. PCx(WM)= white matter of the parietal cortex, Hipp.= hippocampus, PCx= parietal cortex,
TCx=temporal cortex.
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Figure 4.26: SDR5C1 mRNA levels are altered exclusively in inhibitory and excitatotry neurons
of AD patients. Heatmap representing logz fold change values of SDR5C1 mRNA expression in the
scRNA-Seq data set from Mathys et al. [426]. The color of a box indicates the corresponding fold change
value, adj. p-vals. are entered as symbols in the corresponding box. SDR5C1 mRNA is significantly
upregulated in AD and early-stage AD in comparison to Ctl, but only in excitatory and inhibitory neurons.
SDR5C1 mRNA is downregulated in late-stage AD versus Ctl in neurons, oligodendrocytes and pre-
oligodendrocytes. 80 660 transcriptomes were analyzed from prefrontal cortex tissue of 48 individuals.
n= 24 Ctl, n= 24 AD (n= 15 early-stage AD, n=9 late-stage AD). ****adj. p-vals<0.0001, ***adj. p-
vals<0.001, **adj. p-vals<0.01, ns= not significant, not sp.= not specified.
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in neurons of AD patients versus Ctl (Figure 4.26, first column). In excitatory neurons, the log»
fold change value is +0.214, which converted signifies an elevation of 16% compared to Ctl.
As for inhibitory neurons, the rise of SDR5C1 mRNA was more pronounced, with a log. fold
change value of +0.853, corresponding to 80% higher levels in AD. Of note, in astrocytes,
oligodendrocytes and pre-oligodendrocytes no significant alterations were detected. In the
case of microglia, no fold change values were stated in the data set, probably due to detection
deficulties in a large fraction of the microglia population (explained in [426]).

Comparing early-stage AD versus Ctl (Figure 4.26, second column), a similar pattern is
apparent. Again, SDR5C1 mRNA expression is significantly enhanced in neurons of early-
stage AD patients, but unchanged in astrocytes, oligodendrocytes and pre-oligodendrocytes.
However, the overexpression is much stronger than in AD versus Ctl. In excitatory neurons,
the log: fold change value is +0.586, corresponding to 50% higher mRNA levels in early-AD
patients. Remarkably, the log; fold change value in inhibitory neurons is +1.177 in early-AD
compared to Ctl. After log> conversion this results in 126% higher mRNA levels, which signifies
that mMRNA quantity is more than doubled in the early-stage of AD.

Looking at the comparison of late- versus early- stage AD (Figure 4.26, third column), it
is of notice that SDR5C1 mRNA levels are significantly decreased in neurons in the late-stage.
In excitatory neurons the log: fold change value is -0.914, which means that mRNA expression
is 47% lower in the late-stage compared to the early-stage. In inhibitory neurons, the log: fold
change value is -0.765, corresponding to a 41% decreased mRNA expression in the late-stage.
In astrocytes no significant changes were detected. However, in oligodendrocytes and pre-
oligodendrocytes a significant downregulation was found in the late-stage of AD compared to
early-stage AD. Unfortunately, the data set does not provide information about the comparison

of late-stage versus Ctl.

As with SDR5C1, PRORP mRNA expression was analyzed in the same way in the
“Aging, Dementia and TBI Study” data set [425]. And likewise, there were no significant
differences observed in AD patients in all four investigated brain regions (Figure 4.27). In the
white matter of the parietal cortex and the temporal cortex a tendency to decreased PRORP
levels is visible, however, these alterations are not significant (p=0.12 in PCx(WM) and p= 0.20
in TCx). Furthermore, it should be mentioned here that again only male AD patients with a
confirmed AD diagnosis and without TBI were included in this evaluation. Similar to the
analysis of SDR5C1 and TRMT10C, women were excluded because only two female AD
samples were available. Furthermore, it should be emphasized that in the “Aging, Dementia
and TBI Study” a bulk RNA-Seq analysis was conducted. This offers the disadvantage that
minor changes in certain cell types, e.g. neurons, might be masked by the expression of the

surrounding cell types. Due to these two limitations, the scCRNA-Seq study from Mathys et al.
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was additionally evaluated for TRMT10C and SDR5CL1. In the case of PRORP, this single-cell
data set does not provide FC and adj. p-vals, which implies that this enzyme did not show any
significant alterations.
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Figure 4.27: PRORP mRNA expression is not significantly altered in brain tissue from AD
patients. Normalized FPKM values were extracted from the “Aging, Dementia & TBI Study” data set
[425]. AD & Ctl: Male individuals without TBI. Mean + SEM, n= 13-15 Ctl, n= 5-8 AD, multiple unpaired
t-tests, ns= not significant. PCx(WM)= white matter of the parietal cortex, Hipp.= hippocampus, PCx=
parietal cortex, TCx= temporal cortex.

4.4.4 SDR5C1 and PRORP protein expression in AD patients

Regarding mRNA expression no significant changes were detected for SDR5C1 and
PRORRP in the "Aging, Dementia and TBI Study" RNA-Seq data set using bulk preparations. In
the scRNA-Seq study SDR5C1 showed significantly increased mRNA levels exclusively in
neurons of AD patients, whereas PRORP mRNA was unchanged in all cell types. However,
as mentioned above, MRNA levels do not always correlate with protein levels [455]-[457]. For
this reason, the protein content of both proteins should be investigated in the human brain
tissue of AD patients obtained from the NBB. Therfore, these frontal cortex samples were
subjected to Western blot analysis for SDR5C1 and PRORP. As in section 4.4.2, GAPDH

served as the reference enzyme.

In the Western blot of SDR5C1 no significant difference between the AD and Ctl group
was detected (Figure 4.28A). Values of AD patients showed a relatively broad distribution
ranging from 29.2% to 194.0% in relation to the mean of Ctl. The mean value of the AD group
is 113%, so a slight upward trend can be estimated, but this elevation is far from being
significant (p= 0.42). Furthermore, it was suggested that the broad deviation from the mean in
the AD group might be caused by different SDR5C1 levels at different stages of the disease.

Therefore, the data was subdivided by Braak stages for both AD and Ctl (Figure 4.28B). Here,
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Figure 4.28: SDR5C1 expression is unchanged in frontal cortex tissue of human AD patients. A)
Western blot results of SDR5C1 in frontal cortex tissue from AD patients and age-matched controls
show no significant alterations between these two groups. A representative membrane is displayed in
the upper panel. Mean £ SEM, n= 12 Ctl and n= 13 AD, female and male individuals, unpaired t-tests,
ns= not significant. B) Data from A) subdivided by Braak stages of both AD patients and Ctl. No
correlation between SDR5C1 and Braak stages is observed. Grey-filled points represent values of AD
patients, white-filled points represent those of Ctl. Superimposed scatter plot, Mean + SEM.
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Figure 4.29: PRORP expression is not altered in frontal cortex tissue of AD patients. A) Western
blot results of PRORP in frontal cortex tissue of AD patients does not show any alteration compared to
Ctl. A representative membrane is displayed in the upper panel. Mean £ SEM, n= 12 Ctl and n= 13 AD,
female and male individuals, unpaired t-tests, ns= not significant. B) Data from A) subdivided by Braak
stages of both AD patients and Ctl. No correlation between PRORP and Braak stages is observed.
Grey-filled points represent values of AD patients, white-filled points represent those of Cil.
Superimposed scatter plot, Mean + SEM.
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no correlation between Braak stage and SDR5C1 protein levels was observed, as all mean

values varied around the same value.

In the same way, PRORP protein levels were examined in the frontal cortex tissue
provided by the NBB. Again, the Western blot showed no significant changes between the AD
and the Ctl group (Figure 4.29A). In this case, mean values of both groups were almost at the
same level (AD: 91% related to the mean of Ctl) and again a broad distribution was observed
in the AD group. To determine whether PRORP protein expression correlates with the disease
stage, the data from Figure 4.29A was subdivided by Braak stages of all individuals. However,
as for SDR5C1, no correlation was observed between these two parameters (Figure 4.29B).
Mean values from each subgroup are more or less at the same level. Therefore, it cannot be
concluded that the broad deviation is caused by different disease stages. Rather, it suggests
that human brain samples simply display a high interindividual variability, which might be

caused by different life styles (nutrition, genetics and more).

4.4.5 m'A methylation levels in AD patients

Since increased TRMT10C levels were found in frontal cortex tissue of AD patients
(section 4.4.1 & 4.4.2), the question arose whether m*A¥74 methylation is also elevated in AD
patients. Following hypothesis (ii), m*A-induced misincorportions in ND5 should be determined
in AD patients. However, tissue samples from the NBB are provided after a long time of storage
(up to 12 years in this set of samples). As freezing is known to damage RNA [282], no reliable
m!A74 methlyation quantification could be conducted. Besides, none of the above databases
provides sequencing raw data (.fastq files), which would be required to analyse m*A-induced
misincorporation and jump rates. For this reason, it was searched for a RNA-Seq study
comprising publicly available raw data from AD patients. These data sets are scarce because
RNA-Seq data contains very sensible information about the individuals. But fortunately, the
NCBI Sequencing Read Archive (SRA) provides raw data of a RNA-Seq study conducted by
Guennewig et al. [427] (PRINA720779).

In this study, 10 post-mortem brains from AD patients and healthy age-matched controls
were used for the RNA-Seq in order to explore differential gene expression in AD. In this bulk
RNA-Seq appraoch, two brain regions were studied, the precuneus and the primary visual
cortex. The precuneus is a trapezoidal structure that defines the posterior medial part of the
parietal lobe in each brain hemisphere. This brain region is important for (self-) perception,
visuo-spatial imagination and the storage of spatial information [458]. In doing so, it works
closely together with the hippocampus [459]. The primary visual cortex is located in the

occipital lobe and represents the principal telencephalic recipient of visual input in humans.
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This brain region is essential for the conscious and initial processing of visual stimuli [460]. Of
note, in the AD patients of this study the precuneus was moderately and the primary visual
cortex was mildly affected by disease pathology. The editors claim that comparing these
differently affected regions within the same AD brains enables modeling the course of the
destructive processes leading to synaptic loss and neurodegeneration in AD [427]. This means
that a mildly affected region represents an early time point and a moderately affected region
represents an advanced time point within the pathologic cascade taking place in AD.
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Figure 4.30: m!A-induced miscorporations are significantly increased in the primary visual
cortex of AD patients. A) Misincorporation rates at position 1374 of ND5 in the precuneus show no
significant difference between AD and Ctl. B) Data from A) subdivided into the proportion of
misincorporated bases on average. C) Analysis of jump rates at position 1374 of ND5 in the sequencing
reads used in A) displays no significant alterations in the precuneus. D) Misincorporation rates at
position 1374 of ND5 in the primary visual cortex exhibit a significant increase in AD patients. E) Data
from D) subdivided into the proportion of misincorporated bases on average. F) Analysis of jump rates
at position 1374 of ND5 in the sequencing reads used in D) shows no significant change between Citl
and AD in the primary visual cortex. A)-F) Raw data was extracted from the NCBI SRA (PRINA720779)
[427]. n=5 Ctl, n= 5 AD, unpaired t-tests, **p<0.01, ns= not significant. Prim. Vis. Cx.=Primary Visual
Cortex, T= Thymidine, G = Guanosine, C= Cytidine. One patient, carrying the G13708A single
nucleotide polymorphism (SNP) has been excluded from the analysis (data points are labeled in red).

Comprehensive information on how this RNA-Seq study was performed can be found in

Guennewig et al. [427] and section 3.1.8. In brief, five post-mortem brains from controls and
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five from AD patients at Braak stage VI with a pathological diagnosis according to “ABC” criteria
[461] were selected. Groups were matched for age, gender, APOE ¢4 genotype and RNA-
quality (RNA integrity number (RIN)). Next, RNA was extracted using TRIzol from frozen tissue
of the precuneus and the primary visual cortex. After DNase | treatment and ribodepletion with
RNase H, library preparation was conducted with the TruSeq Stranded Total RNA Sample
Prep Kit (lllumina, USA) and the reverse transcriptase SuperScript Il. Samples were
sequenced in the lllumina HiSeq 2500 and uploaded to the NCBI Sequencing Read Archive!®,
Through this freely accessible platform, the data was then downloaded in our lab and the
bioinformatics scripts (see section 3.2.6 & 4.1.3) were applied to determine m*A*’* methylation

levels via misincorporation and jump rates.

The analysis of mA-induced misincorporations at position 1374 of ND5 revealed no
significant difference between AD patients and Ctl in the precuneus (Figure 4.30A). Of note,
one patient displayed the G13708A single nucleotide polymorphism (SNP), which is among
the defining SNPs of the Eurasian J haplogroup. This mutation is located two bases upstream
of m*A74 as position 1374 in ND5 equals position 13710 in the whole mtDNA. The G13708A
SNP is known to prevent m*A®"* methylation [312], and also shows a considerably lower
mismatch rate in this data set (mean Ctl: 1.44%, mean AD patients: 1.53%, G13708A sample:
0.45%). Therefore, this individual has been excluded from the statistic analysis for both the
precuneus and the primary visual cortex.

Table 4.6: Amount of misincorporated T [%], G [%] and C [%] in relation to the total amount of
mismatch [%] at position 1374 of ND5. Data set from Figure 4.30.

Rati Base [%] Precuneus, Precuneus, Prim. Vis. Cx., Prim. Vis. Cx.,
Mismatch [%] Ctl AD Cil AD
T 0.131 0.155 0.150 0.314
G 0.627 0.576 0.486 0.318
C 0.242 0.269 0.364 0.368

The division of misincorporated bases indicates that mainly G occurs at position 1374 in
the sequencing reads, while T and C appear in lower proportions (Figure 4.30B und Table 4.6).
This suggests that the reverse transcriptase used in this study preferentially incorporates C
during the RT at the opposite site of m!A. Besides, the mismatch composition remains

unchanged between the Ctl and AD group.

Jump rates of the precuneus provide the same result as misincorporation rates. Again,
no significant change is observed between Ctl and AD patients (Figure 4.30C). In summary,
the data from the precuneus does not suggest that m'A'®"* methylation is elevated in

Alzheimer’s disease. However, evaluation of the primary visual cortex data yielded a different

18 https://www.ncbi.nim.nih.gov/sra
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result. Here, mA-induced misincorporations are significantly elevated in AD patients in
comparison to Ctl (Figure 4.30D). The mean value of Ctl is 1.13%, which rises to 1.55% in the
AD group. Again, the individual carrying SNP G13708A showed a substantially lower value
and was therefore excluded from the analysis. For the first time, the composition of
misincorporated bases seems to be altered between two samples of the same sequencing run
because in primary visual cortex samples of Ctl mainly G is found at position 1374, whereas
the AD samples present an almost equal proportions of G, T and C in the sequencing reads
(Figure 4.30E and Table 4.6).

In addition, jump rates show for the first time a different result that varies from mismatch
rates because in the primary visual cortex no significant change between jump rates of AD and
Ctl is detected (Figure 4.30F). However, it must be emphasized that the reverse transcriptase
used in this study is obviously not prone to jumps in general, because the jump rates of all
sample groups are extremely low. On average, they are at 0.02% (Ctl) and 0.03% (AD) in the
precuneus and at 0.04% (Ctl) and 0.03% (AD) in the primary visual cortex. These values could
also be the result of spontaneous nucleotide skipping events, therefore it can be suggested
that m*A does not evoke jumps during RT with the reverse transcriptase used in this study
(SuperScript II). In consequence, misincorporation levels are more informative than jumps and

more appropriate to assess of m*A'¥"* methylation levels of ND5 in this study.

4.4.6 ND5 mRNA and protein levels in AD patients

The hypotheses (i) and (ii) were at least partially confirmed in AD patients. So the next
step was to verify hypothesis (iii) and to examine whether ND5 protein expression might be
altered in AD patients as it was observed in the HEK293 AD model. For this purpose, ND5
protein levels were investigated in the aforementioned frontal cortex tissue obtained from the
NBB, and also mRNA levels were examined in the aforementioned RNA-Seq data sets to gain
a comprehensive view of this protein. Unfortunately, Mathys et al. did not include mitochondrial
encoded genes in their analysis, therefore this data set does not contain results for ND5. Yet
the “Aging, Dementia and TBI Study” data set did provide FPKM values for ND5. Therefore
ND5 mRNA expression was examined in this bulk RNA-Seq study, as it was done for
TRMT10C, SDR5C1 and PRORP in the previous sections.

The “Aging, Dementia and TBI Study” data set yielded interesting results (Figure 4.31).
The ND5 mRNA expression was significantly decreased in the hippocampus and the parietal
cortex of AD patients. In the white matter of the parietal cortex and the temporal cortex a
downward trend was also visible, however, these changes are not significant (p= 0.13 in
PCx(WM) and p= 0.29 in TCx).
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Figure 4.31: ND5 mRNA levels are significantly decreased in the hippocampus and the patietal
cortex of AD patients. Normalized FPKM values were extracted from the “Aging, Dementia & TBI
Study” data set [425]. AD & Ctl: Male individuals without TBI. Mean + SEM, n= 13-15 Ctl, n= 5-8 AD,
multiple unpaired t-tests, *p<0.05, ns= not significant. PCx(WM)= white matter of the parietal cortex,
Hipp.= hippocampus, PCx= parietal cortex, TCx= temporal cortex.

Going one step further, ND5 protein levels should be determined in the frontal cortex
tissue obtained from the NBB. Therefore, AD and Ctl samples were subjected to Western blot
analysis for ND5. As in the previous blots for TRMT10C, SDR5C1 and PRORP GAPDH was

used as reference enzyme.

In the first analysis, the Western blot did not show significant alterations in the ND5
protein expression between AD samples and the Ctl group (Figure 4.32A). Again, the AD
patients displayed a relatively broad distribution varying from 18% to 167% in relation to the
mean of Ctl. To determine whether this broad distribution might be caused by different disease
stages among the AD patients, the data was subdivided according to Braak stages for both
AD and Ctl. This division suggests a potential correlation between high Braak stages and lower
ND5 protein levels (Figure 4.32B). At least, the mean values of each AD subgroup steadily fall
from Braak 4 to 6. A similar pattern is visible in the Ctl group. Here, the mean value decreases
from Braak stage 3 to 4, however, is nearly unchanged between Braak stage 1 and 2. This
observation leads to the assumption that ND5 protein levels in the frontal cortex may decrease
during the course of AD and are specifically reduced in late stages (Braak stages 5+6). To
verify this assumption, a statistical unpaired t-test was performed between AD patients at
Braak stage 5+6 and Ctl at Braak stage 0+2. Of note, this analysis indicates a tendential
reduction (ns, p= 0.09) of the ND5 protein in AD patients at high Braak stages in comparison
to Ctl.
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Figure 4.32: Comparing ND5 protein levels of AD patients with those of Ctl in the first analysis,
no significant difference is detectable. A) Western blot of NBB frontal cortex samples does not show
significant alterations between AD patients and Ctl. A representative membrane is displayed in the upper
panel. Mean + SEM, n= 12 Ctl and n= 13 AD, female and male individuals, unpaired t-tests, ns= not
significant. B) Data from A) subdivided by Braak stages of both AD patients and Ctl. A tendential,
nonsignificant (p= 0.09) decrease can be seen between Braak stage 5+6 (AD) and Braak stage 0+2
(Ctl). Grey-filled points represent values of AD patients, white-filled points represent those of Ctl.
Superimposed scatter plot, Mean £ SEM, unpaired t-tests, ns= not significant.
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Figure 4.33: Reevaluation of Western blot data from Figure 4.32. After exclusion of G13708A SNP
carriers, a significant decrease between AD patients at Braak stage 5+6 and Ctl at Braak stage
0+2 becomes apparent. A) ND5 Western blot does not show a significant alteration when comparing
all AD patients versus Ctl. Data points from G13708A SNP carriers were blotted (highlighted in red), but
not included in the statistical analysis. Mean + SEM, n= 12 Ctl and n= 13 AD, female and male
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individuals, unpaired t-tests, ns= not significant. B) Data from A) subdivided by Braak stages of both AD
patients and Ctl. This division illustrates a significant diminution (p= 0.013) of ND5 protein in AD patients
at Braak stage 5+6 in comparison to Ctl at Braak stage 0+2. Again, data points from G13708A SNP
carriers were blotted (labeled in red), but not included in the statistical analysis. Grey-filled points
represent values of AD patients, white-filled points represent those of Ctl. Superimposed scatter plot,
Mean + SEM, unpaired t-test, *p<0.05.

While writing this thesis, further investigations of our group have revealed that four
individuals of the NBB cohort carry the G13708A SNP in the mRNA of ND5 two bases
upstream of mA"4 (position 1374 in the mMRNA of ND5 equals position 13710 in the mtDNA).
As mentioned in section 4.4.5, G13708A SNP carriers presumably do not exhibit mtA74
methylation, as these individuals display dramatically reduced mismatch rates at position 1374.
This interrelationship has already been observed by our group (see Figure 4.30) and Safra et
al. [312]. In consequence, this mutation apparently prevents or at least impedes methylation
of A4 by TRMT10C. Since the aim of this work was to investigate whether m*A'*"4 is capable
of decreasing the synthesis of ND5 (see hypothesis (iii) in section 2), the G13708A SNP
carriers are not suited to address this question. Therefore, the respective individuals, two in
the Ctl and two in the AD group, were removed from the Western blot analysis. Comparing all
AD patients to Cltl, this reevaluation still yields no significant change in the protein content of
ND5 (Figure 4.32Figure 4.33A). However, interestingly, the comparison of AD patients at
Braak stage 5+6 to Ctl at Braak stage 0+2 now results in a significant diminution (see Figure
4.33B). In other words, the trend observed in the overall evaluation was corroborated by the
removal of SNP carriers. With a p-value of 0.013, this difference is now almost highly
significant. That means the reevalution provides two pieces of information: First, it indicates
that ND5 protein content declines in the late-stage of AD and, second, it suggests that m*A37
is involved in this reduction, strongly supporting hypothesis (iii). So in summary, it can be
assumed by this data and the findings from section 4.2, that the upregulation of TRMT210C in
AD leads to decreased ND5 protein levels (at least in Braak stage 5+6) via methylation of
m*A"* in the mRNA of ND5.
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5.1 Enhanced TRMT10C mRNA and protein expression in
different AD models and in AD patients

Over the past decade, numerous studies have linked TRMT10C to human diseases
[403], [405], [407], [410], [462]. Especially in different types of cancer TRMT10C appears to
play an important role. For example, in three subtypes of gynecological cancer a high number
of TRMT10C mutations was found and increased mRNA expression was detected in
comparison to healthy controls [405]. In addition, high TRMT10C mRNA levels correlated with
poorer prognosis as measured by the overall survival rate. Besides, it is known that genetic
mutations in TRMT10C can cause severe mitochondrial diseases. In one study, performed by
Metodiev et al. [293], two patients harboring TRMT10C missense mutations were
characterized. The affected patients displayed at birth hypotonia, feeding difficulties, lactate
acidosis and deafness. Besides, the analysis of extracted fibroblasts revealed vastly
decreased TRMT10C protein levels in conjunction with multiple respiratory chain deficiencies
[293]. In a second study, progressive cognitive, motor impairments and brain atrophy were
additionally found in an infant carrying a homozygous variant in TRMT10C [402]. In both
studies, patients died at few months of age, highlighting the importance of TRMT10C for the

human life.

In the context of AD, TRMT10C has not been mentioned until 2020, when Shafik et al.
reported for the first time decreased protein and mMRNA levels in an AD mouse model (5xFAD)
[355]. However, only one animal model was investigated and no information about sex and
age of these mice was stated. Besides, one recent study published in May 2023 reported
elevated TRMT10C mRNA levels in pyramidal neurons of AD patients [463]. However, no
further investigations, e.g. measuring the protein content of TRMT10C, have been conducted.
Moreover, these results conflict with Shafik et al. [355]. Therefore, this work aimed to
comprehensively investigate whether the mRNA and protein expression of TRMT10C is

altered in relation to AD, according to hypothesis (i).

5.1.1 TRMT10C protein levels are consistently upregulated in AD model
cells, mice and human AD cortex tissue

In HEK293 APPwt cells TRMT10C protein levels were dramatically increased in

comparison to Ctl. Since these cells only differ in the abundance of APP due to the transfected
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APPwt plasmid, the upregulation of TRMT10C must be caused by either increased APP or
elevated APP-cleavage products. It was shown, that APPwt cells display 7x higher AB1.40levels
[179], [216] than Citl cells. As this and other AB peptides are known to exert numerous
deleterious effects in cells [199], it is likely that they are directly or indirectly responsible for the
the upregulation of TRMT10C. However, it must be considered that APP can be cleaved in
multiple ways. Through the non-amyloidogenic pathway APP can be cleaved by the
a-secretase resulting in the generation of SAPPa, p3 and CTFa fragments [61]. Through the
amyloidogenic pathway which is initiated by the cleavage of 3-secretase further APP-derived
fragments are produced, namely sAPPB , CTFB and AR peptides of varying length [61], [464].
Except for AB1-40, Nnone of these fragments have been quantified in HEK293 APPwt and Cil
cells. However, an ~2.5 fold increased activity of the B-secretase has been measured in APPwt
cells compared to Ctl [179]. Therefore, it can be assumed that TRMT10C overexpression is
probably mediated by fragments derived from the amyloidogenic pathway, e.g. ABi-40 0r AB1-42.
To conclusively clarify whether these fragments induce the upregulation of TRMT10C an
additional experiment is required. Thereby, cells (e.g. HEK293) would need to be treated with
soluble or oligomeric AR peptides and afterwards TRMT10C levels would need to be checked
via Western blot. Indeed, recent unpublished data of our group points to an upregulation of

TRMT10C as consequence of treatment with oligomeric ABao.

HEK293 APPwt cells represent a model for LOAD, thus the above mentioned finding
represents a first hint for an elevation of TRMT10C in the context of AD. Likewise in HEK293
APPsw cells, the late-stage LOAD model, TRMT10C protein expression was significantly
augmented in comparison to Ctl. As these cells diplay 10x higher AB1.40 levels than APPwt and
even 70x higher levels than Ctl [216], this again suggests that the TRMT10C upregulation is
mediated directly or indirectly by AB peptides. Of note, TRMT10C levels are not significantly
altered between APPwt and APPsw indicating that the expression of TRMT10C might have
already reached a maximum in APPwt cells and does not correlate proportionally with the A

load.

In 5XxFAD mice, TRMT10C protein levels were significantly increased in the hippocampus
and the cortex in comparison to Wt mice. These findings are in line with the results obtained
in HEK293 AD model cells and strongly support hypothesis (i), which states that TRMT10C
levels are altered in AD. Importantly, the expression of TRMT10C was unchanged in the
cerebellum which is devoid of amyloid plaques in 5XxFAD mice [76]. In contrast, the
hippocampus and cortex are strongly affected by amyloid pathology. As these brain regions
showed high TRMT10C protein content, this again suggests a link between amyloid load or
AB-peptides and the upregulation of TRMT10C.
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The analysis of human frontal cortex tissue comfirmed the findings obtained in AD model
cells and mice. Here, TRMT10C protein expression was also significantly increased in AD
patients in comparison to Ctl. This augmentation seems to correlate with the disease
progression and is also significant when only high Braak stages (5+6) are compared to healthy
controls (Braak stages 0-3). In summary, the TRMT10C protein content was consistenly
increased in APPwt and APPsw cells, 5XFAD mice, and in the frontal cortex of AD patients,
validating hypothesis (i).

5.1.2 TRMT10C mRNA levels are increased specifically in neurons

While the analysis of proteins is by default performed from bulk preparations, RNAseq
allows a comparatively simple cell type-specific analysis. For example, in the scRNA-Seq study
from Mathys et al. [426] a small piece of tissue was excised from the prefrontal cortex,
homogenized using a Wheaton Dounce tissue grinder, and filtered through a cell strainer. After
the separation of nuclei by ultracentrifugation and library preparation with unique molecular
identifiers (UMIs) to select single cells, the RNA sequencing was conducted. This approach
allows the subsequent division of the obtained transcriptomes and their assignment to different
cell types based on the expression of specific marker genes. In this way, Mathys et al. were
able to study the mRNA expression of TRMT10C in six different brain cell types. The
comparison of AD patients vs. Ctl in this data set revealed a significant increase solely in
neurons and no changes in glia cells. This finding demonstrates that different brain cell types
are differently involved in AD. This fact has already been proven by numerous other studies
[465]-[467], pointing to the necessity of more cell-type specific investigations in the future.

Why TRMT10C mRNA is specifically raised in excitatory and inhibitory neurons of AD
patients remains an open question. A higher AB load has not yet been clearly demonstrated in
neurons. Quite the contrary, toxic AR conformers have been reported in astrocytes and
extracellular fractions, which obviously allows AB to come into contact with all brain cell types
[468]. However, certain cell types seem to be more susceptible to AB or other AD-related
stressors, as a recent study has shown [469]. A second open question is why TRMT10C mRNA
levels are decreased in the late-stage of AD in comparison to early-stage cases. On the one
hand, this result is in line with a recent study published in May 2023, which also reported
elevated TRMT10C mRNA levels in an early AD stage (Braak stage 0-3, pyramidal neurons)
[463]. On the other hand, this result appears to be inconsistent with the findings of elevated
TRMT10C protein levels in 5XxFAD mice (42-55 weeks old) and AD cortex tissue (Braak stage
5+6) which both represent late stages of AD. One possibility for this contradiction is that mMRNA
and protein content do not match at this stage. The fact that mRNA and protein levels do not

always correlate directly has yet been observed several times in the literature [455]-{457],
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which might be caused by different turnovers of mRNA and proteins or by intracellular
modulation of the translation process (e.g. via RNA modifications). Lastly, it is unfavorable for
the assessment that Mathys et al. did not provide results of a direct comparison between late-
stage AD and healthy controls.

As the “Aging, Dementia and TBI Study” data set was obtained from bulk tissue
preparations the information content of this study is comparatively limited. However, the results
revealed that TRMT10C mRNA is also elevated in the parietal cortex, in white matter
preparations of the parietal cortex, and a nonsignificant tendency to increased levels was
observed in the hippocampus and temporal cortex. All these brain regions are heavily affected
from the AD pathology [412], [453]. Importantly, the patients studied had on average a Braak
stage of 2.8, which indicates again that TRMT10C mRNA is upregulated rather early in the

course of AD.

5.2 Enzymatic partner subunits of TRMT10C are differently
affected in AD

As mentioned before, TRMT10C is the catalytical subunit of the mitochondrial
methyltransferase that introduces m*A and m!G at position 9 of human mitochondrial tRNAs
[329]. To exert its function it requires a tetramer of SDR5C1 as a scaffolding protein [329],
[360], [470]. Since the chemical structure of adenosine is logically identical in tRNAs and
mRNAs, the m*A sites at position 9 in (mt)tRNA and at position 1374 in the ND5 mRNA only
differ by the surrounding base sequence. Therefore, it is likely that SDR5C1 is also necessary
for the methylation of m*A¥"# in ND5. However, a precise evidence in this case has not yet
been provided in the literature. Nevertheless, it was important to investigate whether the

expression of SDR5CL1 is also altered in the context of AD to gain a comprehensive picture.

Unlike TRMT10C, SDR5C1 has been frequently linked to Alzheimer's disease. SDR5C1
is also known as 17B-hydroxysteroid dehydrogenase type 10 (HSD17B10), endoplasmic
reticulum-associated amyloid-binding protein (ERAB) or amyloid binding alcohol
dehydrogenase (ABAD). As the last two names illustrate, it was found that AR can directly bind
to this protein [392], [471]. Furthermore, the toxic effect of AR was enhanced by overexpression
of SDR5C1 and prevented by blocking SDR5C1 [394], [471]. Therefore, SDR5C1 inhibitors
are discussed for the treatment of AD [391], [395], [396].
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5.2.1 SDR5C1 is partly upregulated in AD models and human brain tissue

In HEK APPwt cells, SDR5C1 protein levels were significantly increased in comparison
to Ctl. In APPsw cells, the augmentation was even more pronounced and the difference of
APPsw was highly significant in comparison to both Ctl and APPwt. This clearly demonstrates
that SDR5C1 is upregulated as a consequence of APP overexpression and/or elevated AB
levels. At first glance, the results of SDR5C1 appear to be the same as those of TRMT10C.
However, at the second glance, it can be seen that the SDR5C1 expression in APPsw is much
stronger than in APPwt, which was not the case for TRMT10C. It seems that TRMT10C already
reaches a maximum in the LOAD model APPwt, while SDR5C1 stil increases with the
enormously high AB load in the late-stage LOAD model APPsw.

In 5XFAD mice, the expression of SDR5C1 was slightly different from that of TRMT10C.
Whereas TRMT10C was upregulated in the hippocampus and cortex, SDR5C1 was only
significantly elevated in the cortex of 5XFAD mice. However, in the hippocampus an upward
trend was observed (p= 0.31, n=5), which might become significant with a higher number of n.
This is supported with a study performed by He et al. [472] in which increased levels of
SDR5C1 were found in the hippocampus of 22-month-old 5xFAD mice. In contrast to this,
SDR5C1 and TRMT10C were both unchanged in the cerebellum. Since no AB load was
detected in this brain region of 5XxFAD mice [76], these results again indicate that the
upregulations in the hippocampus and cortex are likely a result of the AR burden in these

regions.

In contradiction to this, SDR5C1 protein expression was unchanged in NBB frontal cortex
tissue of AD patients in comparison to Ctl. So in this case, the behavior of SDR5C1 was clearly
different from that of TRMT10C. Of note, another group found substantially elevated levels of
SDR5CL1 in the temporal lobe of AD patients as early as 1997 [471]. Especially in the area
close to AB plaques, the neuronal SDR5C1 expression was increased. This again indicates
that the upregulation of SDR5C1 is a cellular response to AR, respectively its oligomeric or
fibrillar form. Why protein levels were not altered in the NBB frontal cortex tissue used in this

thesis remains an open question.

However, the mRNA level of SDR5C1 did show a significant increase in the sScCRNA-Seq
data set from Mathys et al. [426]. Here, SDR5C1 displayed exactly the same pattern as
TRMT10C. In both cases, the mMRNA was elevated in AD patients, but exclusively in excitatory
and inhibitory neurons. Besides, the elevation was particularly pronounced in the early stage
and disappeared comparing late versus early stage cases. In contrast, no significant change
was found in any of the four brain regions studied in the “Aging, Dementia and TBI Study” data
set. However, as mentioned earlier, a ScCRNA-Seq approach is more precise and reliable than

a RNA-Seq approach performed with bulk preparations. Especially when regarding the fact
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that the cell composition might cange due to atrophy in AD brains [473]. For these reasons,

more weight should be given to the sScCRNA-Seq results.

In summary, the expression of SDR5C1 was partly increased in the AD models and AD
patient samples used in this thesis. In those cases where the overexpression was absent
(hippocampus of 5XxFAD mice and cortex samples of AD patients), a counterexample was
given by the literature. Therefore, it can be assumed that TRMT10C and SDR5C1 behave
similarly in AD, but not entirely the same, which is probably related to the direct binding of AR
to SDR5C1 [392], [471]. However, whether SDR5C1 is required for the mA’* methylation
process cannot be inferred from these experiments. To address this question a different
experimental setup with recombinant proteins and a synthetic ND5 oligo would be needed.
Besides it is important to mention that even if SDR5C1 protein levels would be unchanged in
AD, this does enable to draw conclusion about its involvement in m*A¥’* methylation, because
this protein could still be present in excess. Following this hypothesis, TRMT10C would serve
as the limiting building block of the holoenzyme and the content of this protein would control
the methylation level of m*A¥7#4 in the mRNA of ND5.

5.2.2 PRORP expression in largely unchanged in AD

In addition to methylating m*A in (mt)tRNAs and the (mt)mRNA ND5, TRMT10C serves
a third function as a subunit of the mitochondrial RNase P (mtRNase P) complex. Whereas the
nuclear and bacterial RNase P are ribozymes, the mtRNase P comprises exclusively three
protein subunits: TRMT10C alias MRPP1, SDR5C1 alias MRPP2 and PRORP alias MRPP3
[359], [360]. Since the human mitochondrial transcript contains mRNAs and rRNAs flanked by
tRNAs, the mtRNase P is important to excise (mt)tRNAs at their 5’-ends thereby liberating all
RNA species. In this case, PRORP is the catalytical subunit, while a subcomplex of TRMT10C
and SDR5CL1 is supposed to deliver the pre-tRNA substrate and activate PRORP through an
induced-fit process [384], [474]. To assess whether the upregulation of TRMT10C might be
associated with changes in PRORP expression, this protein was examined in all AD models
and samples studied above. So far, in the literature, it has not yet been investigated whether
the protein content of PRORP is altered in AD.

In HEK APPwt cells, PRORP protein levels were significantly decreased indicating that
in comparison to TRMT10C, this protein displays an opposite behavior. Interestingly, this effect
disappeared in APPsw cells, where the expression of PRORP was not significantly changed
in comparison to Ctl. This result suggests that PRORP expression is diminished in an
intermediate stage of AD (represented by APPwit), but no longer at the very late stage of LOAD
(represented by APPsw). In addition, no significant change of PRORP was detected in the
hippocampus, cortex and cerebellum of 5XFAD mice. Since these mice were 42-55 weeks old

and 5xFAD mice at this age display very high levels of ABs and AB.. [76], they can be
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considered to represent a far advanced stage of AD. In this respect, the findings from 5xFAD

mice and APPsw cells match very well.

In human tissue, a similar picture emerges. Here, no significant change in the protein
level of PRORP was found when comparing AD (Braak stage 4-6) to Ctl. Besides, the
expression does not seem to change during the course of the disease, because the mean
values at Braak stage 4, 5 and 6 barely change. In this context, it fits very well that the mRNA
expression of PRORP is unchanged in the “Aging, Dementia and TBI Study” data set [425] in
any of the four investigated brain regions. Likewise, in the sScRNA-Seq Study from Mathys et
al. [426], apparently no significant alteration of PRORP mRNA was detected. The authors state
that whenever no significant difference for a gene was found in AD patients, no FC value was
listed in the freely accessible data table. This is the case for PRORP, reflecting the fact that no

significant alteration was found in any of the six investigated brain cell types.

In summary, PRORP mRNA and protein expression was unchanged in several AD
models and human AD patients. Only in HEK APPwt cells, the protein level of PRORP was
significantly decreased. This discrepancy is possibily caused by the fact that cells behave
differently from a whole organism.

5.2.3 Previously known role of mtRNase P and the m1A?® methylation in
(mt)tRNAs in Alzheimer’s disease

As mentioned above, TRMT10C, SDR5C1 and PRORP form together the tripartite
mtRNase P complex that cleaves (mt)tRNAs at their 5’-ends and a subcomplex of TRMT10C
and SDR5C1 is sufficient to methylate (mt)tRNAs at position 9. Data from this thesis and
previously published studies suggest that TRMT10C and SDR5C1, but not PRORP, are
upregulated in AD models and AD patients (see section 5.1, 5.2.1 and 5.2.2). This raises the
guestion of whether mtRNase P acitivity and the methylation of (mt)tRNAs are consequently
altered in AD. Since this question cannot be answered by the experiments performed in this
thesis, the literature was consulted. So until today, a systematic study of the involvement of
mtRNase P in AD has not been carried out so far, though the direct binding of AR to SDR5C1
and the composition of mtRNase P are known for more than 13 years [359], [471]. Previous
studies rather focused on other pathways of this multifunctional enzyme and their role in AD
[389]. However, Vilardo et al. [475] have performed in vitro experiments to test the mtRNase P
acitivity upon titration of AB. Using recombinant enzyme components they discovered that
micromolar concentrations of monomeric or oligomerized A inhibit the 5’-end processing of
labeled (mt)tRNAMS precursors. Besides, they observed that these concentrations prevent the

methylation of (mt)tRNA" at position 9. It cannot be ruled out that AR blocks these two
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processes by binding directly to SDR5C1, however, biochemical studies have shown that the
AB binding to SDR5C1 occurs at nanomolar concentrations that are two orders of magnitude
lower than those required to inhibit the processing and methylation activity [392]. Thus, the
authors state that the inhibition of both enzyme activities is not mediated by the AB-SDR5C1
interaction, but might an unspecific effect. Furthermore, they question whether these
micromolar concentrations are reached in mitochondria of AD patients. In conclusion, these in
vitro experiments give a first hint that (mt)tRNA methylation and the mtRNase P are impaired
by AB, but their implications for the pathogeneis of AD are questionable. Therefore, further
invesigations in AD models and patients are needed.

Of note, two recent studies investigated m*A°® methylation levels in vivo in the context of
AD and obtained opposite findings [355], [476]. Whereas Shafik et al. [355] detected
significantly decreased m*A® levels in four different (mt)tRNAs in the cortex 5xFAD mice, Silzer
et al. [476] observed significantly increased mA° levels in eight (mt)tRNAs in RNA-Seq data
obtained from the cerebellum of AD patients. One the one hand, the latter study agrees well
with the results obtained in this thesis, as the observed upregulation of TRMT10C and SDR5C1
in AD models and patients potentially results in higher m*A® methylation levels. On the other
hand, this study was carried out with cerebellar tissue from AD patients, a region that is not
tipically associated with the pathogenesis of AD. Therefore this data is not suitable for
estimating the molecular processes that occur in severely affected brain regions, e.g.
hippocampus and cortex. Though Shafik et al. did examine the cortex of 5XxFAD mice, the
applicability of these results to humans is also limited, because the human brain is more
complex than any other organ relative to that found in lower mammals [477]. In summary,
whether m*A° in (mt)tRNA is up- or downregulated in AD remains an open question, but in fact

there is evidence that the methylation levels are altered.

5.3 m'A1374 Jevels are increased in AD model cells and
human AD patients

TRMT10C protein levels were consistently upregulated in all AD models and the human
tissue investigated in this thesis. As pointed out in hypothesis (ii), a plausible implication would
be that m*A¥"* methylation in the ND5 mRNA is enhanced in these models and AD patients.
To verify this assumption, the custom-designed m*A*"* analysis method was performed with
HEK APPwt, APPsw and Ctl cells. Besides, the method was adapted to the species mouse in
order to explore the presence of an m*A site in the murine ND5 mRNA. In a subsequent step,

the bioinformatic scripts were applied to RNA-Seq data obtained from human AD patients.
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5.3.1 Determining optimal reaction conditions to assess m1A1374
methylation levels in ND5 mRNA

Several studies have previously demonstrated that m*A-induced misincorporation during
the reverse transcription process provides a reliable signal for the indirect determination of m*A
sites [312], [341], [439], [478]. Some of them used a m!A-binding antibody to pre-enrich
modified transcripts. However, further analysis revealed that some of the sites detected in this
way were false-positives caused by the limited specificity of these antibodies [313], [314]. Even
considering only studies performed without antibody pre-enrichment, the number of m!A-
methylated mMRNA sites is highly variable. For instance, Safra et al. [312] discovered 14 m*A
sites in MRNA, 5 of which located on mitochondrial mMRNAs, whereas Grozhik et al. [313]
detected appreciable amounts of m*A only in one mRNA: the mitochondrial ND5 transcript.
Since this m*A site at position 1374 of ND5 has already been confirmed by several independent
groups [312], [313], [341], our analysis no longer required the use of a control to exclude false-
positives. Instead, this thesis focused on achieving a reliable quantitative measurement of
m!A74 methylation. In the literature, it has often been shown that the m!A-induced
misincorporation is not only suitable for the qualitative but also for the quantitative analysis of
m?A [355], [436]. This assumption is supported by the data obtained in this thesis. Even though
the absolute values of misincoporation may vary between different experiments, the samples
within the same run show an impressive reproducibility. For example, in Figure 4.11 Ctl
samples treated with 1 pg/mL Tetracycline display almost the same misincorporation rates for
all four biological replicates. For this reason, the relative abundance of misincorporations within

one experiment is well comparable.

During the development of this m*A'3"# analysis method, several conditions were tested
initially. Knowing that yields of misincorporation and reverse transcription arrest both depend
heavily on reaction conditions and the reverse transcriptase, two different enzymes and two
different RT buffers were examined. To be precise, the two reverse transcriptases EpiScript
and SS-IV were each used once with a commercially available RT buffer containing 5 mM
MgCl,, and once with a custom-made RT buffer containing 5 mM MnCl, instead of MgCl.. This
experimental approach revealed that a Mn?*-containing RT buffer significantly increases m*A-
induced mismatch and jump rates in comparison to an Mg?*. This was true for both EpiScript
and SS-1V. These findings confirmed for the first time in cellular material what Kristen et al.
have already shown in in vitro experiments [437]. However, the amount of PCR amplicon
product dramatically dropped by using Mn?*, which made handling much more difficult when
purifying the amplicon band. Besides, less amplicon product leads to lower read counts in the
sequencing run, which could also affect the accuracy of the results. Therefore, a buffer

containing Mg?* was utilized in the main experiment. Given that only SS-1V showed appreciable
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amounts of m*A-induced jumps, this enzyme and not EpiScript was used as RT in the main
experiment. In addition, it was shown by Werner et al. [302] and Kristen et al. [437] that SS-IV
provides lower truncation rates than EpiScript, thus yielding more full-length product suitable
for the RT-PCR and the following mismatch rate analysis.

5.3.2 m'A-induced misincorporation is increased in HEK APPwt cells and
the primary visual cortex of AD patients

Applying the optimized reaction conditions described above, the m*A%7* analysis method
was performed with total RNA from HEK293 APPwt, APPsw and Ctl cells. The results revealed
a highly significant increase in the misincorporation rate of APPwt in comparison to Ctl. For the
first time ever, this shows that m*A'*"4 methylation levels are increased in a LOAD model and
it provides the first link between AD and this m?A site. Importantly, this elevation is also evident
in the jump rate of these samples, representing a second independent parameter for m*A.
Furthermore, the augmentation is confirmed in mitochondrial extracts from these HEK cells,
which were generated in order to pre-enrich mitochondrial RNAs and then subjected to the
mA74 analysis. Of note, misincorporation rates from mitochondrial extracts are in general on
a higher level that those obtained from total RNA. For instance, total RNA samples of Citl cells
displayed misincorporation rates from 1.2-2.2% whereas the mitochondrial extracts of this cell
line showed values of 5.0-6.4%. A similar shift can be observed in mitochondrial etracts of
APPwt and APPsw cells. Since all samples were sequenced in the same run and both library
preparation and bioinformatics followed the same procedure, these aspects cannot be the
source of that difference. One possible explanation could be that the augmentation is not for
technical reasons, but that m*A methylation levels change physiologically when generating the
mitochondrial extracts. During the isolation of mitochondria, the cells are stressed by
homogenization step and the relatively long processing time. As previously shown by Li et al.
[341], m*A"4 can dynamically adapt to stressful conditions such as hypoxia and MitoBloCK-6
(a chemical compound that blocks the import of mitochondrial proteins). This dynamic reaction
to harmful conditions was shown to appear already after a short time period. For example, after
two hours of transcription arrest induced by Actinomycin D [312]. In all of these stress
situations, m*A3’* methylation levels of ND5 were increased, which is in line with our findings
that stress conditions due to the isolation of mitochondria or AR lead to an increase of this

methylation.

Interestingly, APPsw cells did not display an elevation of m*A-induced misincorportions
and jumps. Neither total RNA nor mitochondrial extracts showed a significant alteration in

comparison to Ctl. In addition, both misincorporation and jump rates were significantly

150



5 Discussion

decreased in comparison to APPwt cells. It is unclear why m!A¥"# is elevated in the
intermediate LOAD model APPwt, but not in the late-stage LOAD model APPsw. However,
one hypothesis is that the enormously high AB levels in these cells are sufficient to block the
methyltransferase activity of the TRMT10C-SDR5C1 complex. As Vilardo et al. [475]
demonstrated in 2013, a concentration of 5 uM A4z is able to inhibit the methyltransferase
activity of a recombinant TRMT10C-SDR5C1 complex at position 9 of the (mt)tRNA"®. Though
in this case a mitochondrial tRNA with m'G at position 9 was investigated, it stands to reason
that this also applies to the methylation of m*A in mitochondrial mMRNA. Yet, it is questionable
whether this enormously high AB concentration is achieved in mitochondria of APPsw. On the
one hand, only a concentration of 5 nM was detected when the extracellular concentration of
ABso was measured for APPsw cells [216]. This is just one thousandth of the inhibitory
concentration. On the other hand, it is difficult to assess the intracellular concentration of AR
and in particular the one in mitochondria. In APPsw cells, this has never been measured and
there is no universal formula that describes the ratio of intra- to extracellular or mitochondrial
AB. However, it is known that AR accumulates inside cells and in particular in mitochondria
[70], [479]-[481]. The authors of Vilardo et al. [475] doubt that the inhibitory concentration of
5 uM is reached in vivo in AD patients. However, APPsw cells are an artificial model exhibiting
extremely high AB loads that might exceed the concentrations in human AD patients
(extracellular AB4o levels of APPsw are 10x higher than those of APPwt and 70x higher than
those of Ctl). For this reason, it might still be possible that the inhibitory concentration in
mitochondria of APPsw is reached or if not, is at least in cellulo sufficient to inhibit the
methylation of m*A374, A second hypothesis is that m*A methylation levels are physiologically
reduced in APPsw cells. Since the methylgroup can be dynamically installed, it can also be
removed by a so far unknown eraser protein. This was also shown by Li et al. [341], when
m*A’* methylation of ND5 dramatically dropped in HEK293T cells after 16 hours of serum
starvation. Unfortunately, the authors of this publication did not provide an explanation of why
m!A methylation decreases after incubation with serum-free medium or a presumption about
the purpose for cells. Likewise, for APPsw the reason for a downregulation of m'A¥"4 is
unclear. One suggestion would be that less m*A is supposed to increase the synthesis of ND5
and the activity of Cpx | in the late stage of LOAD in order to compensate for the dramatic

dysfunction of mitochondria at this stage.

Importantly, the results of the SRA data set [427] showed a similar pattern. In this RNA-

Seq study, two brain regions from five AD patients at Braak stage 6 were compared to five

age-, gender- and APOE e¢4-matched non-demented controls. Here, mA-induced

misincoporations at position 1374 of ND5 were significantly enhanced in the primary visual

cortex of AD patients, but no significant alteration was observed in the second brain region

investigated, the precuneus. In the primary visual cortex, the misincorporation rate marginally
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increased from on average 1.1% in Ctl to 1.5% in AD patients, however, this difference
accounts for +36% and was highly significant. This data shows for the first time that the
methylation of m*A%*7#in ND5 is upregulated in human AD patients. Besides, this finding is in
line with the result obtained in APPwt cells. In contrast, no significant alteration was detected
in RNA-Seq data from the precuneus. This could be caused by the fact that in the patients
studied the precuneus was moderately affected by disease pathology, whereas the primary
visual cortex was mildly affected. In general, pathological changes occur earlier in the
precuneus of AD patients than in the primary visual cortex, because this brain region is affected
later in the course of the disease. As the authors of this study state, the comparison of these
differentially affected brain areas may allow the temporal remodeling of disease progression
[427]. This means that molecular signatures found in the primary visual cortex represent a
change that occurs early in the destructive “cascade of AD”. This freely chosen term is intended
to describe the process that causes neuronal loss in AD and is set in motion by a so far
unknown trigger. Accordingly, the moderately affected precuneus represents a later time point
in this cascade. This assumption is supported by the fact that Guennewig et al. [427] reported
broader abnormalities in differential gene expression in the precuneus than in the primary
visual cortex. Thus, the molecular mechanisms taking place in these two regions are very
different. Accordingly, our results from the SRA data set show that m*A¥"* methylation is
upregulated primarily early in the cascade and apparently decreases later in the pathological

cascade of AD.

Furthermore, the analysis of the SRA data set [427] provided an additional insight into
the relatively common G13708A SNP in ND5. The one patient carrying this SNP showed
considerably lower misincorporation rates than the other AD patients and non-demented
controls. In both the precuneus and the primary visual cortex this patient displayed a value
below 0.5%. For comparison, lowest values of Ctl were 0.9% and in AD 1.3%. This indicates
that stochiometires of m*A*"# are extremely low in this patient and might even suggests that
this adenosine base is not methylated at all. Because, when looking by way of example at the
preceding position (C*373), the mismatch rate is also on average 0.5% in AD patients (data not
shown). That indicates that low misincorporation rates can also result from spontaneous errors
during RT and PCR without any RNA modification in the original transcript. In line with this,
Safra et al. [312] detected dramatically reduced misincorporation rates at position 1374 of ND5
in human ovary samples from individuals carrying the G13708A SNP in comparison to wild
type samples. This SNP is among the defining SNPs of the Eurasian haplogroup J and located
two bases upstream of the m*A®™ site (position 1374 in the ND5 sequence equals position
13710 in the whole mtDNA sequence). Hence, the authors of Safra et al. [312] propose that
the G13708A SNP reduces the ability of ND5 to undergo methylation, possibly because the
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writer enzyme can no longer identify its target sequence. Interestingly, the halpogroup J

displays an elevated risk of developing AD [482].

Moreover, one technical aspect about the SRA data set [427] should be mentioned. The
group that generated this RNA-Seq data from AD patients and healthy controls used the RT
SuperScript-1l (SS-11) for library preparation (this information was received upon personal
request). This enzyme apparently provides a different RT signature when it encounters m*A in
comparison to SS-IV, which was used in our in-house m*A®"* analysis method applied on
HEK293 cells. For this reason, the composition of misincorporated bases differs between the
SRA data set and the data obtained from HEK293 cells. In the latter, where SS-1V was used,
the mismatch at position 1374 consisted mainly of T and G in the sequenced reads. This
implies that SS-IV lead to the incorporation of A and C, instead of normally T, at the
complementary site of m*A during the reverse transcription process. In contrast, the mismatch
of the SRA data set at position 1374 comprises T, G and C in almost equal proportions
indicating that SS-II incorporated A, C and G during the reverse transcription. In addition,
mismatch rates are in general higher in the data generated with SS-IV than in the data
generated with SS-1l. For instance, mismatch rates for APPwt cells in our data set are 4.6-
11.7% and AD patients showed mismatch rates of 1.4-1.8% in the SRA data set. Since this
effect also occured in Ctl samples, but to a much lower extent, a physiological cause for these
altered ranges cannot be ruled out. Besides, only SS-1V allows to assess m*A methylation
levels by the second parameter of jumps. Whereas jump rates generated with SS-1V were in
the range of 0.5-6.5%, the data generated with SS-II displayed jump rates by a factor of 100
lower (0.00-0.05%). These values are extremely small and therefore not suitable for the
guantitative evaluation of m*A. To sum it all up, SS-IV provides higher mismatch and jump
rates than SS-Il and is therefore more appropriate for the quantitative analysis of m*A. This
conclusion is in accordance with Werner et al. [302]. In this publication SS-IV also showed the
highest misincorporation and jump rates and, importantly, the lowest truncation rates in
comparison to several other RTs. A low truncation rate is very important, because reads that
are truncated during the RT cannot be amplified in the following PCR and consequently do not
show up in the lllumina sequencing reads. On the one hand, this reduces the accuracy of the
m*A analysis method and, on the other hand, this leads to an underestimation of the obtained

result. This fact must always be kept in mind when evaluating m*A-induced misincorporations.

For the sake of completeness, it must be mentioned that m*A*3’* methylation levels were
not studied in 5xFAD mice in this thesis. Since this modification site has only been reported in
human-derived samples (cells and tissue) so far, the presence of an equivalent m*A site in the
species mouse had to be verified beforehand. Strikingly, the alignment of the human and

murine ND5 sequence revealed an adenosine base at position 1374 that is in the same

153



5 Discussion

sequence context as the human m'A¥74, This was to be expected because all of the Cpx |
core subunits are highly conserved in all organisms. So after adapting the RT and PCR primers
to the ND5 sequence of mice, the m!A®¥* analysis method was applied to one exemplary
mouse hippocampus (Wt, male, age: 27 weeks). This yielded vanishingly low values for the
mismatch (0.019%) and jump rate (0.0006%). These values are in the area of spontaneous
misincorporations and skipping events in this experiment set up, as demonstrated by
evaluating position 1373 and 1375 in the same sequencing raw data. This fact points to the
absence or at least a scarcity of m!A*”* methylation in the species mouse. In order to
completely reject or proof the presence of m*A'®"* in mice, the experiment would have to be
repeated with a corresponding negative control (e.g. AIkB treatment or Dimroth
rearrangement). Besides, it cannot be said on basis of this data, whether 5xFAD mice would

display higher mismatch and jump rates than Wt mice.

Lastly, it should be mentioned that no results for m*A'*’4 methylation of the NBB frontal
cortex tissue are provided in this thesis. However, recent data of our group revealed a
significantly elevated m*A-induced mismatch rate at position 1374 in AD patients at high Braak
stages (5+6) in comparison to Ctl. This data is expected to be published shortly in Nucleic Acid
Research (current status: resubmitted) and is therefore not discussed at this point. Besides,
m*A¥"4 methylation of both the sScRNA-Seq data set and the “Aging, Dementia and TBI study”
data set is not presented in this thesis, because these two studies did not provide freely
accessible sequencing raw data (fastg-files). These files are necessary to evaluate the
mismatch rate at position 1374 in the mRNA of ND5. Therefore, unfortunately, neither in the
data set of the "Aging, Dementia and TBI Study" nor in the scRNA-Seq from Mathys et al.

study m*A could be analyzed.

Nonetheless, the results of this thesis provide, for the first time, a link between the
methylation of m*A¥74 in the ND5 mRNA and AD. In both the LOAD model APPwt and the
primary visual cortex of AD patients increased levels of m*A'3"* were detected. These findings
in combination with the observed elevation of TRMT10C in AD models and AD patients
strongly support hypothesis (ii) and indicate that the upregulation of TRMT10C is accompanied

by enhanced methylation of m*A374,

5.3.3 Impact of m'A1374 on the mitochondrial translation process

Although the m*A®¥"4 site in ND5 has been consistently reported in the literature [312],
[313], [341], the effect of this methylation on the mitochondrial translation process has not been
fully elucidated so far. However, there is some evidence that this m!A-site may have a

repressive effect on translation. For example, Safra et al. [312] performed polysome
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fractionation experiments coupled with the ND5-specific analysis of m*A-induced mismatch
and detected higher misincorporation rates in the free mRNA and monosome fractions than in
the light and heavy polysomal fractions. From this, the authors conclude that m*A-containing
mRNAs are inefficiently translated. Of note, they observed an altered behavior of cytosolic m*A
sites, which was also confirmed by Li et al. [341]. In the latter publication, ribosome profiling
was additionally performed and compared to RNA-Seq data with regard to ND5. This
comparison revealed that ribosomes are specifically enriched at the area -5 to -10 bases
upstream of m*A'®"4indicating that this methylation leads to ribosome stalling.

Looking at the sequence of ND5, m*A¥"# is located at the third position of a GCA triplet
coding for alanine (A458). Including the upstream and downstream codon-triplets the
sequence is 5-CUG GCA GCC-3'. Hence, the GUU CNA NNC motif, which was frequently
found in cytosolic mMRNAs prior to m*A ([312], [341]), is not present in this case. As all of the
four GCN triplets would code for alanine, the question about the impact of m*A¥"4 on the
synthesis of ND5 arises. In general, it seems obvious that the Watson-Crick disruptive nature
of m'A prevents the effective translation of modified codons. This assumption can be
confidently applied to m*A sites located in the first two nucleotides of a codon-triplet. At these
two positions Watson-Crick base pairing is strictly monitored by the translating ribosomes.
However, in the case of m*A®"* the modified base is at the so-called “wobble” position, where
nonstandard base-pairings are very common. Though the mitochondrial translation apparatus
is considerably different from cytosolic ones, a productive nonstandard base pairing via the
Hogsteen edge, remains a possible scenario [483]. In this cases, the triplet would still be
decoded as alanine and m*A would not affect the synthesis of ND5. In contrast, Hoernes et al.
[338] demonstrated that m*A at the third position of a codon-triplet indeed inhibits the
translation process of the corresponding protein. In this publication, an artificial, modified
transcripts coding for GFP was transfected into HEK293T cells. Afterwards the protein
expression of GFP was determined by Western blot for cells transfected with mRNA modified
at the first, second or third position of a selected AAA triplet. In all three preparations the GFP
protein was not detected in the Western blot membrane indicating that m*A, even at position
3, efficiently blocks the translation process. On the one hand, this finding refers to the cytosolic
translation apparatus and is therefore of limited informative value for the mitochondrial
translation process. On the other hand, these results suggest that m*A might block translation
not by inhibiting the binding of the complementary tRNA, but by other mechanisms, e.g.
ribosomal scanning. As the methylation of m*A adds a positive charge to the adenosine base,
this positive charge might disturb the attachment of the intricate ribosome complex [484], [485].
However, the direct experimental proof of this hypothesis is very challenging, because
mitoribosome preparations which would be needed for in vitro translation assays are very hard
to access. Taken together, it is unlikely that the exact mechanism of m*A on the mitochondrial
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translation process will be revealed in the near future, but in general there is considerable

evidence for a translation repression of the corresponding protein.

5.4 ND5 protein and mRNA levels are decreased in AD
models and human AD patients

In light of the above findings, the question arose whether the elevation of TRMT10C and
m*A¥"* methylation in AD models and patients is accompanied by a decreased expression of
ND5. According to hypothesis (ii) and the results discussed in section 5.3.3, higher
modification levels would impede the mitochondrial translation process, resulting in a lower
ND5 protein content. To verify this, the ND5 protein expression was examined in all AD models
mentioned so far. Besides, ND5 mRNA levels were studied in APPwt and APPsw cells, and in
the “Aging, Dementia and TBI Study” data set to obtain a comprehensive picture.

5.4.1 ND5 protein levels are reduced in AD model cells, 5xFAD mice and
human cortex tissue of patients at Braak stage 5+6

Strikingly, ND5 protein levels were significantly decreased in HEK293 APPwt and APPsw
cells in comparison to Ctl. In case of APPwt, the decline was even highly significant. So in this
LOAD model a decreased expression of ND5 coincides with elevated TRMT10C protein and
m!A74 methylation levels. While this is no proof, it strongly suggests a causative relationship
between the methylation of ND5 mRNA and reduced ND5 protein content, strongly supporting
hypothesis (iii). In APPsw cells, the late-stage LOAD model, m*A¥"# levels were unchanged in
comparison to Ctl. Therefore, the modification cannot be the cause for the reduction of ND5 in
this cell line. Why the protein level has nevertheless fallen in APPsw cannot be said on basis

of the data obtained in this thesis.

Significantly reduced ND5 protein levels were found in the hippocampus of 5XxFAD mice.
In the cortex, a marked reduction was also observed, but the difference was just not significant
(p=0.06). Perhaps this would change with a higher number of n (n > 5). As shown in Oakley et
al. [76], both brain regions are severely affected in this AD mouse model. Already at an age of
2 months, amyloid deposits are found in the cortex and subiculum, a connecting structure
between the parahippocampal gyrus and the hippocampus. Especially the AB42, but also the
AB4o load steadily increase with age and from 6 months on the hippocampus is also strongly
affected. Regarding the experiment performed in this thesis, mice were dissected at an age of

42-55 weeks, which is equivalent to 10-12 months. At this age the presence of amyloid
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depositis in the hippompus and cortex can be expected. This suggests that the reduction of
ND5 likely results from the elevated AR burden or indirectly from AB-induced mechanisms.
This assumption is supported by the finding of unaltered ND5 protein in the cerebellum. As
stated by Oakley et al., no amyloid deposits can be found in this brain region in 5XxFAD mice
[76]. It is reasonable to assume that the AB-induced decrease of ND5 protein is independent
of m!A74 methylation, because mice eventually do not harbor an m*A site in the mRNA of
ND5. At least, this is suggested by the evaluation of one exemplary mouse hippocampus
sample. Yet, further investigation of the m*A modification landscape in the species mouse is
needed.

At the first glance, the comparison of NBB frontal cortex samples from AD patients and
healthy controls showed no significant alteration in the protein expression of ND5. But
intriguingly, after all individuals were subdivided by their Braak stage, a possible correlation
between high Braak stages and low ND5 protein levels became apparent. However, the
comparison between AD at Braak stage 5+6 and Ctl at Braak stage 0+2 was initially not
significant (p=0.09). As already mentioned in the section 4.4.6, further data of our group
revealed that 4 out of 25 individuals of the NBB tissue donors carried the G13708A SNP in the
mRNA of ND5. As it is known that G13708A SNP carriers contain no or scarce m!A7
modification, these individuals (2 in AD group, 2 in Ctl group) were removed from the analysis,
because in this thesis, the effect of m*A methylation on the ND5 protein levels was to be
investigated. Strikingly, the reevalution revealed a significant decrease of ND5 between AD
(Braak stage 5+6) and Ctl (Braak stage 0+2), confirming the trend observed in the first analysis.
Of note, the fact that the ND5 diminution became significant only after removal of the SNP
carriers confirms the involvement of m*A¥4 according to hypothesis (iii). Only at Braak stage
5+6 neurofibrillary tangles are found throughout the entire cortex, whereas Braak stage 4
signifies that neurofibrillary tangles are observed exclusively in the transentorhinal and
entorhinal cortex. That implies that the tau pathology has not yet reached the frontal cortex of
patients at Braak stage 4. As NBB samples were prepared from the frontal cortex, it indeed
makes sense to exclude patients with Braak stage 4. Interestingly, the cognitive decline of AD
patients typically just starts at Braak stage 5 [454]. Nevertheless, it is important to stress that
the common Braak classification (stages 1-4) relies on the distrubtion of neurofibrillary tangles
and does not give any information about the amyloid burden. In fact, Braak et al. did also
establish a classification based on Amyloid plaques (ABC staging [38]), but unfortunately no
information about the ABC stage was given by the NBB. Another classification based on Ap
(e.g. Thal phases [486]) was also not consistently reported for all NBB samples. Therefore, the
assessment of the AD stage in the NBB samples remained only possible on basis of the Braak
stage classification (stage 1-6). Yet it is reasonable to assume that a greater burden of
neurofibrillary tangles is paralleled by greater AR load because both increase during the course
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of the disease. However, it must be noted that AR and tau do not spread in the same spatial
and temporal manner throughout the brain [487]-[489]. That means, in this case it is not
possible to say whether the decrease of ND5 directly correlates with increasing A load in NBB
samples. However, a link between elevated A levels and the reduction of the ND5 protein has
already been proven by the ND5 Western blots of APPwt cells and 5xFAD mice. For this
reason, it is likely that the decrease of ND5 in the NBB AD patients is caused by AR and not
by an alternative player (e.g. tau). In summary, the results of this thesis indicate that ND5 levels
in the cortex of AD patients are reduced in the late stage of AD (Braak stages 5+6). This finding
is in line, with the elevation of TRMT10C in AD patients at Braak stages 5+6. Additionally,
recent data of our group showed m*A*"* methylation is also increased in these AD subgroup
(unpublished data), strongly supporting hypothesis (iii). About other brain regions, e.g. the
hippocampus, no conclusion can be drawn based on this experiment, because different brain

regions are affected differently during the course of AD [486)].

Concerning the findings of ND5 in the frontal cortex tissue of AD patients, one more thing
must be mentioned: Even the age-matched control partly displays advanced Braak stages.
More precisely, all Ctl samples showed Braak stages in the range of O up to 4. This is due to
the fact that neurofibrillary tangles, like amyloid plaques, can also be found in cognitively
normal individuals [490]. For example, one study observed the presence of neurofibrillary
tangles in brains of almost all individuals older than 70 years [491]. Why these aggregates lead
or contribute to the development of AD in some individuals, while others remain cognitively
normal is unclear. To ensure that the severe tau pathology in Ctl samples does not affect our
evaluation, all Ctl subjects at Braak 4 were excluded in the final analysis when AD patients at

Braak stages 5+6 were compared to Ctl.

5.4.2 Diminished expression of ND5 mRNA was detected in AD model
cells and the human “Aging, Dementia and TBI Study” data set

To obtain a complete picture of ND5, the mRNA expression of this protein was also
examined in the aforementioned AD models and in human data sets. Interestingly, in APPwt
cells significantly decreased ND5 mRNA levels in comparison to Ctl were detected in gPCR
measurements. In contrast, APPsw cells did not show a significant alteration compared to Ctl.
However, a downward trend was apparent (p=0.10). Of note, protein levels of ND5 were
significantly decreased in both of these cell lines. As ribosomes require mRNA for
proteinbiosynthesis, lower mRNA expression is generally assumed to cause lower levels of
the corresponding protein. So in the case of APPwt, this correlation seems to hold true and the

lower protein content is most likely caused by the decreased mRNA level. Since elevated
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m!A74 methylation was observed in this cell line, one can assume that this modification
synergistically reduces protein levels of ND5. In the case of APPsw, the explanation for the
reduction of ND5 protein is not that simple. As this cell line did not show higher m*A"
methylation than Ctl, the modification can not be responsible for the reduced protein content.
Likewise, ND5 mRNA expression was only by trend (ns, p= 0.10) decreased in comparison to
Ctl. However, as one mRNA molecule is transcribed simultaneously by several ribosomes (so-
called polysome), this tendency of lower mRNA levels might already have a great impact on
the corresponding protein expression. Besides, an accelerated degradation of mitochondrial
proteins due to the enormous AB load in APPsw cells and the ensuing deleterious effects is
conceivable. Nevertheless, these two aspects are only conjectures, an exact reason for the

diminution of ND5 in APPsw cells cannot be given on basis of this data.

It is important to note that ND5 mRNA could not be examined in 5XxFAD mice, because
the qPCR TagMan™ assay was not compatible with the mouse species. Besides, the
scRNA-Seq data set from Mathys et al. [426] did not provide results for ND5, as mitochondrial
genes were generally not considered. In addition, the ND5 mRNA expression was nhot
investigated in the frontal cortex tissue from AD patients and age-matched Ctl, because the
NBB samples have been stored for a very long time (up to 12 years). As mentioned previously,
tissue freezing is known to compromise RNA integrity [282] and therefore no reliable mRNA
guantification could have been performed with these samples. Lastly, the SRA data set from
Guennewig et al. [427] was not suitable for the analysis of ND5 mRNA, because only 5 patients
were studied, including one carrying the SNP G13708A. This number of n is likely too small to
detect differences in human samples, especially because the one individual with the SNP
G13708A might bias the result.

The only database that allowed a reliable evaluation of ND5 mRNA expression in human
patients was the “Aging, Dementia and TBI Study” data set. Here, a significant diminution of
this mMRNA was detected in the hippocampus and parietal cortex of AD patients in comparison
to Ctl. In the temporal cortex and white matter a tendency towards decreased levels was
observed, however, this was not significant (p=013 PCx(WM), p=0.29 TCx). When regarding
these results it must be kept in mind that if higher m*A*74 levels would be present in the ND5
MRNA of AD patients, this would partly block the reverse transcription and would falsely
suggest decreased mRNA levels, because trunced cDNA strands cannot be recorded in this
experiment set up. This raises the question of whether the lowered mRNA levels of ND5 were
actually existent in the sample or caused by enhanced methylation of mA’4, This assumption
could only be verified by analyzing the raw data of this data set and evaluating the mismatch

rate at position 1374. But unfortunately, this data is not publicly available.
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In summary, the data of this thesis shows that the protein expression of ND5 is
consistently reduced in AD model cells, 5xFAD mice and frontal cortex tissue of AD patients
at Braak stage 5+6. These findings strongly support hypothesis (iii), which states that elevated
m!A74 modification, installed by TRMT10C, impedes the mitochondrial translation process
and results in lower ND5 protein levels. Furthermore, ND5 mRNA was partly decreased in AD
model cells and human patients. Whether the lower expression of ND5 mRNA is entirely or
partly caused by increased m*A¥"* methylation cannot be said from these data. In general, a
down regulation of Cpx | subunits has been reported several times in the literature [205], [206],
among others in a recent meta-analysis where protein and mRNA levels were analyzed
together [183].

5.5 Selective overexpression of TRMT10C enhances
methylation of m'A1374 lowers ND5 protein levels and
induces severe mitochondrial deficits

Although an elevation of TRMT10C and m*A¥74 and a decrease in ND5 were detected
in different AD models and patients, these results did not prove a causative relationship
between these three findings. Therefore, it was crucial to investigate the downstream effects
of TRMT10C overexpression to establish the link between the hypotheses (i)-(iv). For this
purpose, a double-transfected HEK293-based cell system was chosen, which allows the
selective overexpression of TRMT10C via incubation with the inducer Tetracycline. This
customized cell line was designated as pTRMT10C cells. In parallel, once-transfected control
cells (without the Tetracycline-inducible plasmid coding for TRMT10C) were studied to

evaluate the effect of Tetracycline per se.

5.5.1 TRMT10C overexpression leads to elevated m'A1374 methylation and
decreased ND5 protein levels

In an inital experiment the optimal conditions for the Tetracycline-inducible pTRMT10C
cell system were determined. Here, incubation with 0.1 pg/mL Tetracycline already evoked
markedly increased TRMT10C protein levels, which were further enhanced in pTRMT10C cells
after incubation with 1 pg/mL Tetracycline. Both concentrations were incubated for 24 h
because this time was specified by the manufacturer. In Ctl cells, TRMT10C protein levels

were relatively low and approximately equal to those in pTRMT10C cells without Tetracycline
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addition. Furthermore, it was shown in this initial experiment that the pTRMT10C cell system

functions efficiently, independent of the time between seeding and Tetracycline addition.

In the next step, m*A-induced misincorporations and jumps at position 1374 of ND5 were
analyzed in these two cell lines. Both parameters were significantly higher in pTRMT10C cells
after incubation with 0.1 pg/mL and 1 pg/mL Tetracycline in comparison to untreated
pTRMT10C cells. In contrast, both mismatch and jump rates remained unchanged in Ctl cells
upon treatment with Tetracycline. These findings strongly confirm what has been proposed
already in 2017: TRMT10C is the writer enzyme of m*A¥"* in ND5 [312]. In addition, the data
suggests a correlation between these two factors, i.e. the higher the TRMT10C protein
concentration the higher the m*A'*"* modification stoichiometry. However, this can only be
estimated and is not supported by a statistical evaluation (Figure 4.11). Of note, the increased
m*A methylation could still be caused by an indirect effect of TRMT10C overexpression as a
physiological response. Yet this can be ruled out with a high degree of probability, because
Safra et al. [312] performed a control experiment with SiIRNA in HEK293T cells and found that
misincorporation levels dramatically dropped. Thus, it can be assumed that TRMT10C is
indeed the writer enzyme for this position and methylates m*A*"* in the ND5 mRNA.

Furthermore, it is noticeable that the mismatch rates without Tetracycline are higher in
pTRMT10C cells than in Ctl cells. This fact might suggest that the pTRMT10C cell system yet
shows a low expression of TRMT10C in absence of the inducer and hence might be leaky. To
test this assumption more closely, an additionally statistical test was performed between these
two sample groups. The significant difference found in both misincorporation and jump rate
suggests that this is not a coincidence. On the one hand, methylation level could just naturally
differ between the two cell lines. On the other hand, the manufacturer stated that this
Tetracycline-inducible system is not 100% leakproof in absence of the inducer. This obviously
is the case for pTRMT10C cells and this fact should always be kept in mind when assessing
the effects of TRMT10C overexpression in this cell system. In addition to the evaluation of
effects derived from Tetracycline per se, this is one reason, why the results of p TRMT10C with
Tetracycline always need to be compared to both pTRMT10C without Tetracycline and Ctl.

Concerning the analysis of m*A-induced mismatch and jumps in pTRMT10C and Ctl cells
it should further be mentioned that misincorporation rates are generally on a relatively low
level. For example, the value for pTRMT10C cells untreated is 1.28% and rises to 2.85% upon
Tetracycline treatment. Presuming that 2.85% of the mitochondrial ND5 mRNA is methylated
instead of 1.28%, and conversely, 97.15% of these mRNAs instead of 98.72%, are present
demethylated, this does not seem to have a major impact. However, it is important to note that
a large number of ribosomes can bind to one individual mMRNA strand to form multiple copies

of a polypeptide simultaneously [492], [493]. This suggests that the effect of a single mMRNA
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strand being methylated is potentiated. Besides, the percentage of sequenced cDNAs showing
misincorporation cannot be transferred to methylated mRNAs in a 1:1 ratio. The transferability
of percent values is limited because on the one hand, the unique molecular identifiers (UMIs)
in the RT primer sequence were not evaluated and, on the other hand, because m?A-
methylated strands that evoke a truncation of the newly synthesized cDNA strand cannot be
amplified in the subsequent PCR and hence do not show up in the sequenced reads. Likewise,
m!A-methylated strands that result in the incorporation of the correct complementary base
(Thymidine) during RT do not raise the mismatch rate. Importantly, both of these facts lead to
an underestimation of the m*A methylation level in the final analysis compared to the original
sample.

The question of whether enhanced m!A®# methylation in pTRMT10C cells after
Tetracycline-induced overexpression of TRMT10C is sufficient to alter protein levels of the
corresponding protein was answered by means of Western blots. This method revealed
significantly lower ND5 protein levels in pTRMT10C cells, when TRMT10C was
overexpressed. When the effect of Tetracycline was subtracted, the difference became nearly
highly significant (p=0.014). This finding is tremendously important, because it proves for the
first time in the literature the repressive effect of the m'A'*"* methylation on the protein
synthesis of ND5. As described in section 5.3.3, a repressive effect of this m!A-site on
translation has already been suggested by two different groups [312], [341]. However, in these
publications, polysome fractionation experiments and Ribo-Seq were performed and possible
alterations on protein level were not investigated. Only Hoernes et al. [338] found lower protein
levels as a result of m*A at position 3 of a codon triplet, but here a cytosolic, artificially modified
transcript was used. Since differential effects for cytosolic and mitochondrial m*A-sites have
been posulated and mitoribosomes bight behave different from cytosolic ribosomes [312],
[341], it is essential to assess each m!A-site specifically. As already discussed in section 5.3.3,
it is unlikely that the repressive effect of m*A*’* on the mitochondrial translation is due to
blockage of tRNA binding. Indeed, m*A blocks the Watson-Crick base pairing, but at position
3 of a codon triplet (here: GCA) this is not necessarily required and all GCN triplets are coding
for the same amino acid (alanine). Taken together, these findings indicate that m*A'*"* does
inhibit the mitochondrial protein biosynthesis, but probably by disturbing the mitoribosome
rather than by impeding tRNA binding. In any case, hypothesis (iii) was strongly supported by

this experiment.

162



5 Discussion

5.5.2 TRMT10C overexpression does not affect protein levels of SDR5C1
and PRORP

For methylation of mitochondrial tRNAs at position 9, TRMT10C requires an additional
protein subunit, SDR5C1 [329]. Since (Mt)tRNAs and (mt)mRNAs are nearly identical in their
chemical structure, it stands to reason that SDR5C1 is also needed for methylation of m*A374
in the ND5 mRNA, even though the sequence around m*A differs and the RNA secondary
structure might play an additional role. As these two proteins work closely together and both
TRMT10C and SDR5C1 were found to be upregulated in AD models and patients, a possible
connection was investigated. More precisely, it was examined in the pTRMT10C cell system
whether the selective overexpression of TRMT10C leads to an upregulation of SDR5C1. This
assumption could not be confirmed, because pTRMT10C cells did not display significant
changes in SDR5C1 protein after treatment with Tetracycline. Even when the result was offset
against Ctl cells, no significant difference was observed. This indicates that the overexpression
of TRMT10C alone does not lead to an increase of SDR5C1 protein and is in line with Metodiev
et al. [293]. In this publication fibroblast cell lines derived from individuals harboring TRMT10C
missense variants were investigated via Western blot. These fibroblasts showed markedly
reduced protein levels of TRMT10C, whereas the protein expression of SDR5C1 was
unchanged in comparison to control subjects. This result also suggests that the protein level
of SDR5C1 is not affected by those of TRMT10C. Interestingly, a reverse effect has already
been found in the literature [398]. In this publication, SDR5C1 protein levels were found to be
reduced in fibroblast carrying the HSD17B10 mutation p.R130C, which was accompanied by
a reduction in TRMT10C protein. In addition, in SDR5C1 knock-down cells TRMT10C protein
content was diminished and the ectopic expression of SDR5C1 partly restored this defecit.
These results strongly suggest that the protein level of SDR5C1 impacts the protein expression
of TRMT10C. Therefore, it is more reasonable that the upregulation of TRMT10C in AD models
and patients is caused by the elevation of SDR5C1 and not the other way around. In particular,
since the neurotoxic AB protein is known to bind to SDR5C1 [392], it can be speculated that
this may trigger a mechanism leading to the upregulation of TRMT10C in AD.

In conjunction with PRORP, TRMT10C and SDR5C1 form the tripartite mtRNase P
complex that is responsible for the endonucleolytic release of tRNA 5’-ends from mitochondrial
primary transcripts, a vital step in mitochondrial RNA maturation [187]. For this reason, it was
aimed to investigate whether TRMT10C overexpression has an impact on PRORP protein
content. Yet, this was not the case because PRORP expression in pTRMT10C cells remained
unchanged after incubation with Tetracycline. There was also no significant difference when
compared to the control cell line. Thus, it can be concluded that TRMT10C protein levels do

not alter the protein expression of PRORP. This matches well with the findings obtained in
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HEK293 APPsw cells, 5xFAD mice and AD patients, in which PRORP protein levels were
unchanged despite of the upregulation of TRMT10C. Although a significant downregulation of
PRORP was detected in APPwt cells, it is unlikely that this is a regulatory consequence of
TRMT10C. Also, in the literature, only a reverse effect has been observed, viz. that decreased
PRORP alters TRMT10C protein levels [386]. According to the author of this recent study,
fibroblasts from patients with bi-allelic variants in PRORP exhibited lower PRORP and
TRMT10C protein levels than control subjects indicating a regulatory effect of PRORP on
TRMT10C. However, it must be mentioned that the depicted Western blot membrane in this
publication does no clearly prove this assertion and no statistical test was performed to verify
this claim. So in summary, there is no firm evidence that the regulation of PRORP and
TRMT10C are related.

Although in the pTRMT10C model system overexpression of TRMT10C did not affect
protein levels of SDR5C1 and PRORP, the question of whether the sole elevation of TRMT10C
leads to an alteration of the mtRNase P activity remained open. For this reason, the amount
of (Mt)tRNAs was determined in pTRMT10C cells after addition of Tetracycline. Here,
(mt)tRNAs were hybridized with specific, fluorescently-labeled oligos and related to cytosolic
tRNAs (also detected by fluorescently-labeled oligos). This ratio was not significantly altered
in both pTRMT10C and Citl cells after Tetracycline-treatment. Assuming that an altered
cleavage acitivity of mtRNase P would directly affect the total amount of (mt)tRNAs, the
overexpression of TRMT10C does not seem to have any impact on the mtRNase P. However,
this conclusion must be taken with a grain of salt. Because in the case at hand, the upregulation
of TRMT10C would be expected to increase the mtRNase P activity. This enhanced activity
may not be reflected in (mMt)tRNA levels, if all of the pre-tRNAs have already been entirely
excised from the precursor transcript. This means that, conversely, only a reduced acitivity of
mtRNase P can be detected with this experimental setup. And hence, only a decreased, but
not an increased activity of mtRNase P can be excluded in pTRMT10C cells. This is particularly
important because Holzmann et al. [359] detected an elevated mtRNase P cleavage activity in
HEK cells overexpressing TRMT10C. Here, the specific effect on (mt)pre-tRNA™" was
investigated using mitochondrial extracts, SDS-PAGE and silver staining. So in summary, it is
unclear whether the upregulation of TRMT10C alone in vivo leads to an enhanced mtRNase P
acitivity or not, and a more suitable experiment setup is needed. Also, with respect to our
findings in AD models and patients, it is not possible to say whether the activity of mtRNase P

is altered or not.
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5.5.3 TRMT10C overexpression results in an impairment of the
mitochondrial respiration and a decrease of the MMP

ND5 is one of the 14 core subunits of Cpx I, which are considered essential for the
catalysis of electron transfer from NADH to Ubiquinone and for generation of the proton-motive
force [494]. Among these core subunits, which are all conserved from bacteria to humans, ND5
plays a special role. It is located at the most distal end of the membrane-embedded arm of
Cpx | that translocates protons from the matrix into the intermembrane space [144], [154]. The
energy for this process is provided by the redox reaction of Ubiquinone to Ubiquinol, which
occurs at the interface between the membrane and the peripheral arm of Cpx I. Importantly,
ND5 contains a long amphiphatic a-helix spanning from the most distal part of the membrane-
arm to the junction with the peripheral arm. It is assumed that the conformational changes at
this junction drive the long amphiphatic a-helix of ND5 in a piston-like motion, thereby moving
the antiporter-like subunits ND4, ND2 and NDA4L in the membrane-arm, which results in the
translocation of protons [155]. Using site-directed mutagenesis in E.coli, it was shown that
mutations in NuoL (homolog of ND5 in bacteria) lead to a substantial loss of the proton
pumping efficiency of Cpx | [156]. In addition, mutations in ND5 are known to cause severe
mitochondriopathies, such as Leber’s hereditary optic neuropathy (LHON), Leigh syndrome
(LS) and a syndrome consisting of mitochondrial encephalomyopathy, lactic acidosis, and
strokelike episodes (MELAS) [159], [162], [163], [170]. These findings highlight the importance
of ND5 and suggest that the disruption of ND5 protein biosynthesis by m*A®’* may have

detrimental effects on Cpx | activity and the overall mitochondrial respiration.

For this reason, it was investigated whether increased m*A*’4 methylation may lead to
a decreased Cpx | activity by lowering the ND5 protein content, as postulated in hypothesis
(iv). Since Cpx | is the first enzyme and rate-limiting step of the ETC, this decrease would be
reflected in an overall decline of the mitochondrial respiration. Therefore, the oxygen
consumption of pTRMT10C and Ctl cells, both treated with 1 pg/mL Tetracycline, was
measured in both a Seahorse XFe 96 analyzer and the OROBOROS oxygraph-2k in order to
verify hypothesis (iv). Strikingly, the results of the Seahorse XFe 96 analyzer revealed a
significant reduction of the Basal respiration in pTRMT10C cells, which was almost highly
significant (p=0.019, nested analysis). This indicates that overexpression of TRMT10C and the
concomitant increase of m*A'¥74 methylation, indeed results in an impairment of the respiratory
chain. Regarding the ATP-linked turnover a similar picture emerges, as the oxygen
consumption after Oligomycin addition was on average lower in pTRMT210C cells than in Ctl.
This reduction was just not significant (p=0.057, nested analysis, n=3), but might have reached
significance with a higher n-number. Interestingly, the ETS capacity was not significantly

altered between pTRMT10C and Ctl. However, the values of this parameter varied widely
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between Day 1, 2 and 3. Therefore, it might be that the ETS capacity values were affected by
technical issues. This presumption is very likely because the second measurement in the
OROBOROS oxygraph-2k showed a clear reduction of the ETS Capacity in pTRMT10C cells
(p=0.011, n=8). Of note, the non-mitochondrial respiration was not altered between
pPpTRMT10C and Ctl cells. This parameter reflects the amount of O that is consumed by cells
apart from the respiratory chain, e.g. in enzymatic reactions that use oxygen as a reactant.
The fact that the non-mitochondrial respiration is unchanged in pTRMT10C cells proves that
the observed effect in the Basal respiration and ETS capacity is indeed attributable to the
respiratory chain and not to other cellular changes.

The measurement in the OROBOROS oxygraph-2k provided slightly different results.
Here, the Basal respiration and ATP-linked turnover was not significantly altered between
pTRMT10C and Ctl cells, but the ETS capacity displayed significantly lower values in
pTRMT10C cells. Yet, the non-mitochondrial respiration was unchanged between pTRMT10C
and Ctl, exactly as it was observed in the Seahorse XFe 96 analyzer. So in summary, neither
method seems to be entirely accurate and in addition, the results of an oxygen-consumption
measurement in cells might change due to environmental conditions, e.g. cell growth status or
daily temperature fluctuations. Nevertheless, a significant decrease was found in pTRMT10C
cells in both Basal respiration and ETS capacity, strongly suggesting that TRMT10C
overexpression leads to a severe impairment of the respiratory chain via methylation of m*A374
and the reduction of ND5. Thus, in the pTRMT10C cell model, a causal chain could be
demonstrated that is initiated by the upregulation of TRMT10C and ends in the decline of the
mitochondrial respiration, ultimately linking hypotheses (i)-(iv). Hypothesis (iv), which states
that an impairment of ND5 causes dysfunction of Cpx I, is also supported by external studies.
For example, Zhang et al. [163] and Singh et al. [175] showed that mutations in ND5 lead to a
reduction of Cpx | activity. Apparently, not only the activity of this complex but also the sheer
amount of ND5 protein and the enzyme complex is diminished as a consequence of this
mutation [163].

The findings obtained with the oxygen electrode measurements are in line with former
studies of our group investigating the mitochondrial respiration in HEK293 APPwt and APPsw
cells. As mentioned earlier, these two cell lines exhibited significantly elevated TRMT10C
protein levels and were found to display various mitochondrial deficiencies, among others a
reduced respiratory control ratio and decreased ATP levels [179], [210], [441]. In this respect,
it can be assumed that, at least in the LOAD model APPwt, the upregulation of TRMT10C
causes or enhances mitochondrial dysfuction via mA*™* methylation and the ensuing
reduction of ND5. Of course, it should be noted that the neurotoxic AB peptide, which is

abundantly produced in these cells, has additional deleterious effects on mitochondria and the
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whole cell an therefore causes mitochondrial impariments per se [70], [199], [495], [496].
However, the here newly discribed mechanism obviously seems to contribute to mitochondrial
dysfunction and offers for the first time an explanation for the Cpx | impairment that has been
observed in numerous times in both AD models and patients [182], [183], [202], [210], [497].

Next to the impairment of the mitochondrial respiration, a decreased MMP was also
observed in pTRMT10C cells in comparison to Ctl. Since the MMP is built up by the proton-
pumping activity of Cpx I-1V, this also indicates an impaired function of the ETC upon
overexpression of TRMT10C. Besides, a rapid reduction of the MMP takes place as an early
event in the apoptotic pathway [133] and may therefore indicate that these cells are undergoing
increased apoptosis. These findings align well with former studies in HEK293 APPwt cells,
where a decreased MMP was also observed [179], [216]. Likewise, in brains of AD patients a

reduced MMP was reported, interstingly, also in lymphocytes (reviewed in [102]).

In conclusion, the experiments performed in pTRMT10C cells clearly demonstrate a
causative relationship between the hypotheses (i)-(iv). Besides this thesis provides
considerable evidence that this mechanism initiated by the elevation of TRMT10C is implicated
in the pathogenesis of AD. According to our hypotheses, the initial upregulation of TRMT10C
leads to increased methylation of m*A*’#and an attenuated synthesis of ND5, which ultimately
results in an impairment of Cpx | and the mitochondrial respiratory chain. This mechanism is
particularly important because a reduction in the mitochondrial function can trigger apoptosis,
causing neuronal death and cognitive decline in AD [71], [102], [498]. At this point, however, it
is unclear why exactly this mechanism is initiated in AD, although the models studied in this
thesis suggest a direct or indirect downstream effect of AB. Recent unpublished data of our
group also suggests an upregulation of TRMT10C as a consequence of elevated ROS levels.
Moreover, it is not entirely clear whether the TRMT10C-induced downregulation of Cpx | is in
fact a pathological mechanism or whether it may be part of a protective mechanism that
counterbalances deleterious events and mitochondrial dysfunction in AD. Since Cpx | is one
of the major source of mitochondrial ROS and highly elevated ROS levels were found in brains
of AD patients, both assumptions are conceivable [212], [499]. Considering that APP and AB
are known to block the mitochondrial TIM/TOM complex, which inhibits the import of nuclear-
encoded proteins, TRMT10C and m*A'3"* could also serve to fine-tune the interplay of nuclear
and mitochondrial encoded Cpx | subunits [500], [501]. Since it is well known that RNA
modifications play multiple roles in post-transciptional gene regulation pathways, this

hypothesis is particularly interesting and requires further investigation [280], [306], [502].
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6 Conclusion and Outlook

In this thesis, the potential involvement of m*A¥"# in the mitochondrial mMRNA ND5 and
its corresponding writer enzyme TRMT210C within the pathophysiology of AD was investigated.
In addition, it was examined whether m*A%¥"4 is able to decrease protein levels of ND5, thus
leading to an impairment of Cpx | and a reduced mitochondrial respiration. As this thesis
focused on m*A, it is embedded within the highly competitive and dynamic research area of
RNA modifications. As a variety of RNA modifications has been discovered over the last
decades, the question of their biological functions has emerged and a growing number of
studies suggests that RNA modifications are essential players in both physiological and
pathophysiological processes. Also in the case of AD, decreased neuronal levels of m®A were
observed in AD brains along with a reduced expression of its writer enzyme METTL3, which
was associated with increased neuronal death, synaptic dysfunction and memory deficits
[345]. However, the role of m'A mRNA methylation in the context of AD and for the
mitochondrial function under physiological conditions, has not yet been investigated and is

therefore of great interest.
Regarding the hypotheses postulated in section 2, the following conclusions can be drawn:

(i) The expression of writer enzyme TRMT10C is upregulated in AD. Enhanced
protein expression was observed in AD model cells and mice, both characterized by
elevated AR levels, and in frontal cortex tissue of human AD patients. Besides,
increased TRMT10C mRNA levels were detected specifically in neurons and this
upregulation was particularly pronounced in the early stage of AD.

(i) mA methylation is correlated with TRMT10C protein levels. The Tetracycline-
induced overexpression of TRMT10C in pTRMT10C cells revealed higher mtA74
levels with increasing Tetracycline-concentrations. In addition, elevated mA74
methylation was detected in APPwt cells and the mildly affected primary visual cortex
of AD patients. However, no significant alteration was observed in APPsw cells and
the moderately affected precuneus, pointing to a stage-dependent involvement in AD.

(iii)  ND5 protein levels are diminished as a consequence of m*A® methylation.
Decreased NDS5 protein levels were measured in pTRMT10C and HEK APPwt cells,
both displaying elevated m*A*’4 methylation in the mRNA of ND5. While the reduction
of ND5 in HEK APPwt cells could be caused by alternative AB-induced mechanisms,
the selective overexpression of TRMT10C in pTRMT10C cells suggests a direct

causative relationship between TRMT10C, m*A'*"4 and ND5.
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(iv) Reduced levels of ND5 decrease the basal mitochondrial respiration by
lowering the activity of Cpx I. Measurements of pTRMT10C cells with an oxygen
electrode revealed a significantly reduced basal mitochondrial respiration and a
decreased MMP as a consequence of TRMT10C overexpression. This decline of the
respiratory chain is most likely caused by decreased levels of ND5 and the

consecutive impairment of Cpx .

The data of this thesis clearly demonstrates that TRMT10C is upregulated within the context
of AD. Besides, these results independently confirm that TRMT10C incorporates m*A¥74in the
MRNA of ND5, which was recently postulated by Safra et al. [312]. Moreover, this thesis shows
that enhanced m*A¥74 methylation results in decreased ND5 protein levels, although the exact
mechanism of this translational repression remains unclear. Since increased m*A'*"* levels
were already reported in light polysomal fractions [312], an impaired binding of the
mitoribosome or a disruption of the translation elongation process can be suspected.
Moreover, this thesis provides first evidence that a reduction of ND5 due to m*A¥" is able to
induce severe mitochondrial defecits by an impairment of Cpx I. A reduced acitivity of Cpx |
due to mutations or depletion of ND5 has already been reported numerous times in the
literature [156], [159], [169], [170], [418], [503]—-[505]. There are even hints that mutations in
ND5 may result in a enhanced generation of ROS, an aspect that is of particular importance
with regard to AD [175].

However, a few questions still remain unanswered. For example, it is unclear whether
TRMT10C requires an additional enzymatic partner protein or is able to catalyze m'A¥74
methylation as a stand alone enzyme. As SDR5C1 is indispensable for m*A°® methylation in
(mt)tRNAs, one can assume that it is also needed for the methylation of m*A®"* in ND5.
However, to prove this assumption biochemical experiments are imperative. In addition, it is
not conclusively resolved to what extent the activity of mtRNase P is affected by the
upregulation of TRMT10C. Though the ratio of mitochondrial to cytosolic tRNAs was not altered
in our experiments, Holzmann et al. obtained opposite results [359]. In this case, a more
accurate method might be beneficial to detect minor differences. Furthermore, the question
remains why APPsw cells show an upregulation of TRMT10C but no alteration of m*A¥"4,
Although extremely high concentrations of AR were shown to inhibit the methyltransferase
activity of TRMT10C in vitro, this inhibitory concentration is unlikely to be reached in APPsw
cells. As elevated m*A®" levels were also observed in the mildly affected primary visual cortex
but not in the moderately affected precuneus of AD pateints, a stage-depent activation of this
mechanism is conceivable. Lastly, it is uncertain whether the upregulation of TRMT10C and
m*A¥"4 and the ensuing effect on ND5 is a harmful downstream effect of AR or might be part

of counteracting mechanisms, in order to compensate for the elevated ROS generation
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observed in AD. Recent unpublished data of our group indicates an upregulation of TRMT10C
in consequence of AR and H»O- treatment in cells, and TRMT10C levels in HEK293 APPwt
cells were lowered by incubation with Vitamin C, a common antioxidant. Therefore it is
reasonable to assume that TRMT10C is upregulated by mitochondrial ROS, thus leading to
mitochondrial dysfunction in AD.

TRMT10C is
- upregulated in AD
m'A 171374 ;
Mitoribosome m'A"” methylation
levels are elevated
ND5 mRNA
ND5 protein ND5 miDNA ND5 protein levels are
reduced
Cpx | ADP ATP
- Coxll oo "t
NAD Cpx1l ML o Cpx | and the basal
Fey N A, CpxV l mitochondrial
GF Q o \/ respiration is impaired
N ey |
H* H H H

Figure 6.1: Graphical abstract of the main findings obtained in this thesis. Simplified illustration in
analogy to the hypotheses (i)-(iv) postulated in section 2. TRMT10C protein and mRNA expression were
upregulated in AD models and human patients. m*A%¥74 methylation was partly enhanced in AD
(elevation was observed in APPwt cells and the primary visual cortex of AD patients). ND5 protein levels
were reduced in HEK APPwt cells, frontal cortex samples of AD patients with high Braak stages and
cells overexpressing TRMT10C. Basal mitochondrial respiration was reduced in pTRMT10C cells after
incubation with Tetracycline. This impaired function of the respiratory chain is most likely caused by an
impaired activity of Cpx | due the reduction of the ND5 protein.

With regard to AD, this newly identified mechanism offers a plausible explanation for the
impaired activity of Cpx | that has been observed in AD models and brains of AD patients. One
possible hypothesis is that this mechanism might down-tune mitochondrial function under
physiological conditions and is dysregulated in the pathophysiology of AD. As mitochondrial
dysfunction represents an early and possibly causative event in AD, these findings are of great
importance and provide a new and potential target for the treatment of AD. Specific examples
for the development of new drug candidates would be a TRMT10C inhibitor or siRNA against
TRMT10C mRNA. Interestingly, a reduced basal respiration rate and a decreased MMP were
also reported in lymphocytes of AD patients [217], therefore m*A*”4 may also provide potential
to establish a new biomarker to detect AD in blood samples. Although all these ideas require
further research, and a TRMT10C inhibitor may need to be combined with other drugs, this

work certainly takes us a small step closer to deciphering the complex pathogenesis of AD.
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APP Amyloid Precursor Protein
APPwt HEK 293, stabily transfected with a plasmid
coding for the human wild-type APP gene
APPsw HEK 293, stabily transfected with a plasmid
coding for the human APP gene including the
Swedish (K670M/N671L) mutation
Ctl Respective control
DMEM Dulbecco’s Modified Eagle’s Medium
FCS Fetal Calf Serum
TetR Tetracycline Repressor protein
TetO; 2x Tet operator binding sequence
pTRMT10C T-Rex™ cells, stabily transfected with a
plasmid coding for TRMT10C (tetracycline-
inducable expression)
FAD Familial Alzheimer’s Disease
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Nomenclature

LOAD Late-onset Alzheimer’s Disease

Wit Wild type

TBI Traumatic Brain Injury

FPKM Fragments per kilobase per million mapped
fragments

FC Fold Change

pad;. Adjusted p-value

NCBI National Center for Biotechnology Information

SRA Sequence Read Archive

NBB Netherlands Brain Bank

CERAD Consortium to Establish a Registry for
Alzheimer’s Disease

SD Standard Deviation

SEM Standard Error of the Mean

n.s. Not significant

p-value Probability value

PBS Phosphate buffered saline

wB Western Blot

RIPA Radio-immunoprecipitation Assay buffer

SDS Sodium Dodecyl Sulfate

PMSF Phenylmethylsulfonylfluorid

BSA Bovine Serum Albumin

TBST Tris buffered saline with Tween®

L Liter

mL Milliliter

pL Microliter

ug Microgram

uM Micromolar

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase

B Isolation Buffer

EGTA Ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N'-tetraacetic acid

g Gravitational force

min Minutes

DTT Dithiothreitol

SS-Iv SuperScript™ |V

RT Reverse Transcription/ Reverse Transcriptase

PCR Polymerase Chain Reaction

DNA Deoxyribonucleic acid

MtDNA Mitochondrial DNA

cDNA Complementary DNA

BAM Binary Alignment Map

PAGE Polyacrylamide Gel Electrophoresis

h Hours

oligo Oligonucleotide

FAM Fluorescein amidite

TMRM Tetramethylrhodamine methyl ester
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Nomenclature

CO- Carbon dioxide

FCCP Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone

OCR Oxygen Consumption Rate

MMP Mitochondrial Membrane Potential

ETS Electron Transport System

Tetra Tetracycline

LS Leigh-Syndrome

LHON Leber’s hereditary optic neuropathy

MELAS Mitochondrial encephalomyopathy, lactic
acidosis and strokelike episodes

RRF Ragged-red fibres

yw Wybutosine

Q Queuosine

m°C 5-methylcytidine

meA 6-methyladenosine

Am 2'-O-methyladenosine

s*U 4-thiouridine

m’G 7-methylguanosine

W Watt
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