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ABSTRACT

Spinocerebellar ataxia type 11 (SCA11) is an autosomal dominant cerebellar ataxia caused by het-
erozygous frameshift variants in the tau-tubulin kinase (TTBK2) gene. However, TTBK2 missense vari-
ants are still not clearly associated with the disease. TTBK2 have been reported to regulate proteins
related to neurodegeneration (e.g., TDP-43), microtubules (e.g., KIF2A), ciliogenesis (e.g., CEP164),
transporters and receptors (e.g., BGT1 and GluK2). Currently, the pathological mechanisms behind
SCAL11 are not fully understood.

In this study, the creation and validation of a CRISPR/Cas9 cellular model allowed to associate for
the first time a TTBK2 (c.625C>T; p.L209F) missense variant with a decrease in TTBK2 protein expres-
sion and a loss-of-function effect, affecting TDP-43 phosphorylation. Moreover, alterations in autophagy
markers and microtubule associated proteins were observed. The phosphoproteome data suggests a
dysregulation of gene expression, translation and cytoskeleton related pathways, as well as an indica-
tion of a possible involvement of SMAD2 and SMAD4 in SCA11 pathogenesis.

Overall, the TTBK2 missense variant seems to dysregulate microtubule, transcription and auto-
phagy, which may affect neuronal morphogenesis and axonal transport. Further experiments must be
done to find the degradation pathway responsible for TTBK2 decreased levels, understand the variant

influence on autophagy, and search for other interactors in pathways linked to neurodegeneration.

Keywords: Spinocerebellar ataxia type 11 (SCA11); Tau-tubulin kinase 2 (TTBK2); CRISPR/Cas9; Mi-

crotubule dynamics; Autophagy; Phosphoproteomics.
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RESUMO

A ataxia espinocerebelosa tipo 11 (SCA11) é uma ataxia cerebelosa autossémica dominante pro-
gressiva causada por variantes frameshift no gene Tau-tubulina cinase (TTBK2). Contudo, as variantes
missense na TTBK2 ainda néo estdo claramente associadas a doen¢a. A TTBK2 foi associada com a
neurodegenerescéncia, microtubulos, ciliogénese, canais e recetores. Os mecanismos de patogenici-
dade responséveis pela SCA11 ainda ndo sado totalmente compreendidos.

Neste estudo, a criagéo e validacdo de um modelo celular CRISPR/Cas9 permitiu associar pela
primeira vez uma variante missense da TTBK2 (c.625C> T; p.L209F) a um efeito de perda de fungéo,
afetando a fosforilacdo da TDP-43. Além disso, foram observadas altera¢cdes em marcadores de auto-
fagia e proteinas associadas aos microtubulos. Os dados do fosfoproteoma sugerem uma desregula-
¢ao das vias que regulam a expresséo genética, traducao e citoesqueleto, bem como indicam um pos-
sivel envolvimento de SMAD2 e SMAD4 na patogénese da SCA11.

Concluindo, a variante missense da TTBK2 parece desregular os microtubulos, a transcricdo e a
autofagia, provavelmente afetando a morfogénese neuronal e o transporte axonal. Experiéncias adici-
onais devem ser feitas para encontrar a via de degradacéo responsavel pela redugdo dos niveis de
TTBK2, entender a sua influéncia na autofagia e procurar outros interatores nas vias associadas a
neurodegenerescéncia.

Palavas chave: Ataxia espinocerebelosa tipo 11 (SCALll); Tau-tubulina cinase 2 (TTBK2);

CRISPR/Cas9; Dindmica dos microtubulos; Autofagia; Fosfoprote6mica.
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INTRODUCTION

Neurodegenerative diseases (NDDs) are a group of life-threatening or chronically debilitating disor-
ders caused by pathogenic genetic variants (i.e., mutations), harmful environmental exposures during
embryonic development or later in life, brain tumours, autoimmune or infectious diseases?!. Neurodegen-
eration usually affects the cerebral cortex, thalamus, hypothalamus brain stem and/or cerebellum, re-
sulting in a progressive neuronal loss within the central nervous system (CNS) (Figure 1.1)12. In addi-

tion, involvement of the peripheral nervous system is also relatively common in some NDDs?2,

Figure 1.1 Brain magnetic resonance imaging (MRI) showing progressive cerebellar atrophy. In
a female Caucasian diagnosed with autoimmune anti-glutamic acid decarboxylase (GAD) associated cerebellar
ataxia was acquired brain MRI, sagittal view, T1-weighted image obtained at (A) the disease onset and (B) follow-
up at 6 months. Adapted from Gomez, J. and Jin, D. (2019)3.

1.1 Cerebellar Ataxias

The term ataxia, meaning “absence of order”, designate specific neurological diseases primarily
characterised by gait imbalance, and decreased coordination?#. These symptoms result mainly from
impairment of the cerebellum, responsible for motor planning and limb control, and the midline vermis,
which controls motor execution, balance, gait, and ocular movements (Figure 1.2)5. Consequently, oc-

curs the dysfunction of Purkinje cells which receive excitatory input mainly from granule cells (via mossy



fibers) and the inferior olive (via climbing fibers), being responsible for the inhibitory regulation of cere-

bellar nuclei neurons through the neurotransmitter y-aminobutyric acid (GABA) (Figure 1.2)%8.
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Figure 1.2 Structure and organization of the cerebellum. Superior (A) and midsagittal (B) views of the
cerebellum, presenting the cerebellar hemispheres and vermis along with the anterior and posterior lobes. (C) Basic
organization and circuitry of the cerebellar cortex. Adapted from Siegel, A. and Sapru, H. (2011) (Figure 11.7 and

21.8)".
There is evidence that in cerebellar ataxias exists a pre-ataxia period of several years that is char-

acterized by mild coordination deficits, non-ataxia symptoms and the start of brainstem and cerebellum
degeneration®. So, in most cases, the first abnormality identified is gait unsteadiness, and as ataxia
progresses, the coordination deteriorates, resulting in intention tremor, dysarthria, dysphagia, nystag-
mus, and the loss of fine motor skills. Moreover, sleep disorders (such as restless leg syndrome and
rapid eye movement sleep behaviour disorder), cerebellar cognitive affective syndrome, dementia and
depression may also occur in cerebellar ataxia patients®. In some systemic cerebellar ataxias, it may
appear gastrointestinal problems, autonomic dysfunction, dizziness, spasticity, neuropathy, dystonia,
and parkinsonism®.

In the early twentieth century, neuropathological classification for cerebellar ataxias was introduced:
olivo-pontocerebellar atrophy, cerebello-olivary atrophy or spinocerebellar degeneration?. However, as
pathological data were not always available and several families showed clinical heterogeneity, Harding
proposed a classification based on the age of onset, mode of transmission and clinical signs: (1) early
onset cerebellar ataxia (EOCA) with age of onset before 20 years and usually with autosomal recessive
(AR) transmission; (2) autosomal dominant cerebellar ataxia (ADCA) with adult onset that comprises
ADCA type | — ataxias with ophthalmoplegia, optic atrophy, dementia, extrapyramidal features and/or



amyotrophy, ADCA type Il — ataxias with retinal degeneration, ophthalmoplegia, with or without demen-
tia and extrapyramidal features, and ADCA type lll — ataxias with pure cerebellar symptoms; (3) idio-
pathic late onset cerebellar ataxia (ILOCA)2.

Still, nowadays, as cerebellar ataxias comprise disorders of both genetic and non-genetic causes,
there are two main categories: hereditary (dominant, recessive, mitochondrial and x-linked inheritance)

and sporadic ataxias, the latter being of acquired or idiopathic nature®.

1.1.1 Hereditary Ataxias

Hereditary ataxias comprise about 60—75% of ataxias, and can present with autosomal dominant,
autosomal recessive, X-linked or mitochondrial inheritance?.

1.1.1.1 Autosomal Dominant Ataxias

The autosomal dominant cerebellar ataxias (ADCAS), also named spinocerebellar ataxias (SCASs),
are a heterogeneous group that also includes the complex ataxia dentatorubral-pallidoluysian atrophy
(DRPLA) and nine episodic ataxias (EAs)'®. In some SCAs, progressive loss of balance, coordination
and dysarthria are the only findings (e.g., SCA6), whereas others may present non-ataxic signs (e.g.,
SCA1, SCA3, SCA7 and DRPLA), such as spasticity, amyotrophy, parkinsonism, dystonia, chorea, ep-
ilepsy, oculomotor, and muscle abnormalities®. In ataxias due to conventional mutations, the age of
onset tends to be earlier (childhood or early adulthood) with a slower progression and a more benign
course than in the repeat expansion ataxias, which typically start in mid or later adulthood with the
presentation of extra-cerebellar signs®. Clinical variation exists between genotypes, within genotypes
and even within families. Their prevalence is estimated to be approximately 1-5:100,000 population?0,
being SCA3/Machado-Joseph disease (SCA3/MJD) the most common worldwide (20-50% of families
with SCA), followed by SCA2 (13-18%), and SCA6 (13-15%)8. SCA3/MJD is caused by CAG coding
repeats in the ataxin 3 gene, a deubiquitinase that participates in protein quality control. Interestingly,
the different SCA subtypes shows marked geographical and ethnic variability, due to founder effects?.

Regarding SCAs, 48 SCA types were described, numbered from SCA1 to SCA48 in the chronolog-
ical order in which the disease locus of the subtype was identified®. However only 43 loci have been
identified since SCA9 and SCA33 are unassigned, SCA15, 16 and 29 were linked to the same chromo-
somal locus, and SCA24 proved to be recessively inherited. The genetic background of the SCAs re-
vealed several underlying mutational mechanisms (Figure 1.3): (1) classical mutations, such as mis-
sense mutations (e.g., SCA13), frameshift mutations (e.g., SCA11), deletions (e.g., SCA15) and dupli-
cations (e.g., SCA20); (2) coding repeat expansions of CAG (glutamine-codon) triplets (e.g., SCA1-3,
6, 7, 17, DRPLA), also referred to as polyglutamine (polyQ) expansions because their translation pro-
duces monomers and oligomers of polyglutamine proteins; (3) other triplet coding repeat expansion
(e.g., SCA8, where a CTG expansion is transcribed in both directions, provoking the transcription and
the translation of a CAG repeat in the antisense strand, also generating a polyQ protein); (4) noncoding

triplet, quintuplet or hexaplet repeat expansions (e.g., SCA10, 12, 31, 36, 37), which primarily cause
3



disease at the RNA level, and tend to be much larger expansions compared to CAG repeats?8. Although
other SCAs have been successfully linked to distinct genetic loci, the disease gene and/or the causative
mutations are still unknown for SCA4, SCA18, SCA25, SCA30, SCA32, and SCA39.

Repeated Coding (triplets)
expansions | Non-coding (triplets, quintuplets or hexaplets)

SCAs —
Missense
__ Conventinal Frameshift
mutations Deletions
Duplications

Figure 1.3 SCAs division according to the underlying mutations.

The polyQ ataxias are the most common SCAs, found in approximately 50% of families with domi-
nant ataxia, while noncoding repeats and conventional mutations have been identified in a smaller num-
ber of cases of ataxia®. Among the SCAs due to conventional mutations, the most frequent forms are
SCA14 and SCA28. A substantial percentage of SCA-affected families have no identifiable genetic de-
fect (30-48%), indicating a set of ataxias yet to be characterised?.

A typical aspect of repeat expansion ataxias is the instable or “dynamic” nature of the expanded
sequence, which leads to clinical “anticipation”, i.e., an earlier onset of the clinical manifestations in
affected offspring due to a further expansion of the triplet repeat®!l. So, the age of onset inversely
correlates with the length of the expanded repeat. However, the length of the expanded repeat explains
only about 50% of age at onset, suggesting that other factors may also participate. Also, the phenotype
tends to be dependent on the repeat expansion size, i.e., larger expansions typically cause a more
severe phenotype®1l,

The EAs differentiates from SCAs due to the episodic occurrence of symptoms, existing an inter-
mittent (i.e., minutes to hours) unsteady gait, often associated with nystagmus or dysarthrial?. Perma-
nent ataxia and even cerebellar atrophy may be seen late in the disease course®. There are nine EA
subtypes, numbered from EA1 to EA9 with mutations identified in five genes (potassium voltage-gated
channel subfamily A member 1 (KCNA1), calcium voltage-gated channel subunit alphal A (CACNA1A),
calcium voltage-gated channel auxiliary subunit beta 4 (CACNB4), excitatory amino acid transporter 1
(EAAT1), and fibroblast growth factor 14 (FGF14))'2. Although most have been successfully linked to
distinct genetic loci, the disease gene and/or the causative mutations are still unknown for EA3, 4 and
7.

The DRPLA caused by a CAG repeat expansion in the atropine-1 (ATN1) gene, a transcriptional
co-repressor, is classified as SCA given its clinical features of progressive ataxia, myoclonus, epilepsy,
choreoathetosis, seizures, dystonia, and dementia?5. As in other polyQ diseases, “anticipation” occurs

frequently, and typically larger expansions cause an earlier onset (before age 20) and a more severe
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phenotype, whereas smaller expansions lead to an older onset and development of ataxia accompanied

by choreoathetosis and dementia®1t,

1.1.1.2 Autosomal Recessive Ataxias

The autosomal recessive cerebellar ataxias (ARCAS) include a group of genetically and clinically
heterogeneous disorders, characterized by cerebellum and spinal cord impaired development or degen-
eration!3. More than 50 ARCAs represent loss-of-function variants implicated in mitochondrial metabo-
lism, calcium homeostasis and DNA repair, and most of them were only reported in 1 to 5 families!3.
Typically, in ARCAs there is an early onset characterized by ataxia, dysarthria, and pyramidal signs,
however many of them present particular phenotypes and multisystemic manifestations4. In this group,
the Friedreich ataxia (FRDA) and ataxia-telangiectasia (AT) are the most common, with a prevalence of
1:50000 and 1:100000 individuals, respectively*. FRDA is caused by a GAA repeat expansion within
the frataxin (FXN) gene and AT derives from variants in the ataxia telangiectasia mutated (ATM) gene,
altering the mitochondrial iron metabolism and DNA repair, respectively’314,

Recently, ARCAs were classified in six subtypes based on genetic and pathophysiological criteria:
primary autosomal recessive cerebellar ataxias, congenital ataxias, ataxias associated with metabolic
disorders, ataxias with a DNA repair defect, degenerative ataxias, and ataxia associated with other
features?!®. But the classification criteria remain controversial, and the recessive disorders included in
this category still need further assessment. Moreover, diseases in which cerebellar involvement is a
minor or late finding in a multisystem phenotype or ones that are already classified on their own, such
as the congenital Joubert syndrome, were excluded. An important future challenge will be addressing

the issue of a proper nomenclature system?5 .

1.1.1.3 X-linked and Mitochondrial Inherited ataxias

X-linked cerebellar ataxias (XLCAS) are a group of heterogeneous disorders caused by genomic
imbalances or gene variations on the X chromosome genes and generally involved in brain development
and synaptic function® . The XLCAs present developmental delay, intellectual disability, ataxia, and
other disease specific features like mild facial anomalies, sensorineural deafness and macro-orchid-
ism16, These disorders are quite rare, except for fragile X syndrome (FXS) with an estimated prevalence
of 1,4:10000 males'’. This disorder is caused by CGG triplet expansions in the 5’'untranslated region of
the fragile X mental retardation 1 (FMR1) gene, a synaptic regulator, which causes loss of neuronal
plasticity and intellectual disability6-17.

Furthermore, cerebellar ataxia is found in many mitochondrial diseases because, as a highly meta-
bolically active structure, the cerebellum may be affected by mitochondrial disfunction'8. Mitochondrial
diseases are divided into disorders due to primary mitochondrial DNA (mtDNA) mutations and disorders
due to abnormalities of mitochondrial-related nuclear genes (nDNA)!819, In a study was found that mi-

tochondrial diseases in adults have a prevalence of 9,6 and 2,9 per 100000 individuals in case of mu-



tation in mtDNA and nDNA, respectively!®. So, mtDNA mutations seem to cause most of the mitochon-
drial diseases in adults, while childhood-onset ones are normally caused by autosomal recessive muta-
tions in nDNA!®, Examples of mitochondrial diseases with associated ataxia caused by mtDNA muta-
tions include myoclonic epilepsy with ragged red fibers (MERRF), mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes (MELAS), neuropathy, ataxia, and retinitis pigmentosa (NARP), Leber
hereditary optic neuropathy (LHON), Kearns-Sayre and Leigh syndrome®18. As multisystemic disorders,
it is essential to discriminate mitochondrial aetiology by observing the presence of ophthalmoplegia,
elevated lactic acid in the cerebrospinal fluid, and other features, like deafness1819,

Still, there is very few information about the mechanisms underlying the neurodegeneration in
XLCAs and mitochondrial diseases.

1.1.2 Sporadic or Nonhereditary Ataxias

Sporadic ataxias have a diverse aetiology but are mainly divided in acquired and idiopathic disor-
ders?. Acquired ataxias are due to structural lesions or malformations in the cerebellum, trauma, toxics,
endocrine dysfunction, diabetes, gastrointestinal disorders, vitamin E or B12 deficiencies, abetalipopro-
teinemia, neoplasia, demyelinating, autoimmune and infection diseases, among others?5.

Idiopathic ataxias include ILOCA and multiple system atrophy (MSA)'5. MSA is the most common
cause of isolated late-onset cerebellar ataxia with a prevalence of about 4 cases per 100000 individuals,
and a mean survival of 6-9 years2. It is a a-synucleopathy with glial cytoplasmatic inclusions in the
CNS, and presents autonomic and urinary dysfunction, parkinsonism, and cerebellar signs!->. Additional
symptoms may be hyperreflexia, myoclonus, and facial dystonia, among others. Moreover, MSA can be
classified as parkinsonian or cerebellar depending on the symptoms, being the first one more predomi-
nant (80%)%5.

Intriguingly, the clinical and neuropathological findings are often indistinguishable between inherited

and the sporadic ataxias, suggesting an overlap of pathological mechanisms?.

1.1.3 Differential Diagnosis

The key elements for the diagnosis of cerebellar ataxia include the onset age, time course and
progression, and medical, social, and family history of the patient>!*. In children, congenital and hered-
itary ataxias as well as metabolic, infectious, or neoplastic brain diseases are often part of the differential
diagnosis, whereas in adults, the sporadic and hereditary ataxias are most common. A hereditary form
of ataxia is suggested by a slowly progressive neurodegeneration, and symmetrical findings. To distin-
guish between dominant or recessive inheritance, the main factors are the family history and age of
onset. A positive family history of ataxia or gait imbalance in a patient’s progenitors, and an adulthood
onset strongly suggests a dominantly inherited disorder. In other hand, the absence of a family history
of ataxia and an early onset, suggest a recessive form of ataxia®*.

The general physical assessment should help to screen for specific features of some cerebellar

ataxias such as orthostatic hypotension in MSA,; thyroid, eyes and cardiac dysfunctions in for FRDA,;
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and endocrine and skin defects in AT®. During the neurological examination, there should be particular
attention on cerebellar functionality by analysing speech, ocular abnormalities, limb coordination,
stance, and gait. Besides that, non-cerebellar symptoms like cognitive deficits, dementia, peripheral
neuropathy, and movement disorders (parkinsonism, dystonia, and myoclonus) should be examined®.
This way, a combination of cerebellar features and anomalies in other systems may provide diagnostic
clues and help to direct the molecular genetic testing®?!. Also, neuroimaging techniques, such as the
brain MRI, allow to exclude non-genetic causes of ataxia (e.g., multiple sclerosis, cerebrovascular dis-
ease, congenital disorders, or brain tumours) by identifying spinal, olivopontocerebellar and cortical cer-
ebellar atrophy®2!, In addition, metabolic studies may be done recurring to positron emission tomogra-
phy (PET) and the single-photon emission computed tomography (SPECT) scans?t.

The clinical evaluation of cerebellar ataxia may involve the utilization of scales, which assesses
ataxia symptoms severity and disease progression®. Currently, the most widely used is the scale for the
assessment and rating of ataxia (SARA) which evaluates gait, stance, sitting, speech, and limb move-
ments, and can be complemented by performance tests®®. Other ataxia assessment scoring methods
are the SCA functional index (SCAFI), the composite cerebellar functional severity score (CCFS) and
the international cooperative ataxia rating scale (ICARS)>.

The genetic screening to search known, novel disease-associated genes or pathogenic variants is
crucial to confirm the clinical diagnosis. A systematic approach is recommended for the genetic diagno-
sis, where a suggestive clinical phenotype of an autosomal dominant or recessive cerebellar ataxia point
to an initial screening for polyQ (SCAL, 2, 3, 6, 7, 17 and DRPLA) expansions, or FRDA and AT, re-
spectively, given their high prevalence®121. In case of known family genotype, high regional prevalence,
a targeted gene test may be suitable®. Other genetic causes can be screened on a targeted gene basis
to search for known ataxia-genes or expansions using exome or genome sequencing®!!, A genetic
testing must also be considered in patients with sporadic ataxia and without a family history of ataxia
because these patients might have a de novo mutation, reduced penetrance of the mutation, or the
parents may have been misattributed or died before ataxia symptoms manifested®. A resumed flow-
chart of the approach used to diagnose cerebellar ataxia patients can be found in Figure 1.4.

After the symptomatic patient has been counselled on the potential consequences of the results,
both positive and negative, and the genetic diagnosis is made, there may be the need to assist other
family members in obtaining predictive testing®l. Even when there is no treatment available, as with
the SCAs, establishing a specific diagnosis can permit an informed discussion of the prognosis, availa-

ble therapies, and the genetic risk within the family members?1,
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Figure 1.4 General flow-chart for molecular genetic diagnosis of cerebellar ataxias.

1.1.4 Management and Therapies

Currently, no approved pharmacological treatments are available for routine use in patients with
cerebellar ataxia, except episodic ataxia that can be treated with aminopyridines and acetazolamide?2.
In non-hereditary ataxias such as ataxia with vitamin E deficiency (AVED) the symptoms can also be
improved by vitamin E supplementation?2. Additionally, some symptoms as gait and balance can ame-
liorate by rehabilitation through physiotherapy (conventional exercises, computer-assisted training,
treadmill training and/or biofeedback therapy), occupational therapy, and speech therapy®22.

The main problem in finding effective therapies for cerebellar ataxias is their heterogeneity, which
leads to a need for specific therapeutics focused on genotypes/affected disease mechanisms?®. Thus,
some potential pharmacological treatments that targets specific ataxia and non-ataxia-associated symp-
toms are being tested®. An example is the encouraging results on several ion channel modulators, such
as riluzole, valproic acid and 4-aminopyridine, which could have symptomatic benefit and even alter the
course of disease in SCAs characterised by an ion-channel dysfunction®22. In addition, gene therapies
are being tested, for example, through the viral delivery of small interfering RNAs or microRNAs to the
CNS®23, These can be used to silence or reduce the expression of the mutated gene, transcript, or
protein®. Also, antisense oligonucleotides or other small molecules have already been successfully

tested to selectively target repeat expansions®23,



1.1.5 Pathogenic Mechanisms Behind Neurodegeneration in

Cerebellar Ataxias

The cerebellar atrophy along with cellular degeneration and loss, especially the Purkinje cell layer,
is the main neuropathological feature of cerebellar ataxias?*. So, during disease progression the neu-
rons present “dark cell degeneration” characterised by apoptotic and necrotic features along with cellular
shrinkage, protein aggregates, dysmorphic mitochondria, and endoplasmic reticulum (ER)?*.

Scientific research has identified several cellular and molecular processes underlying these patho-
logic aspects, including transcriptional dysregulation, protein aggregation and clearance, autophagy,
alterations of calcium homeostasis, mitochondria defects, and apoptosis®?4. However, the reason why
all these mechanisms lead to cerebellar Purkinje cell death remains largely elusive. The diversity of
altered genes in cerebellar ataxias may trigger cell death by affecting different levels of the same cellular

processes 24, as described below in the Figure 1.5.
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Figure 1.5 Pathogenic mechanisms shared by cerebellar ataxias. A detailed description of the pathways
illustrated can be found in the text. Adapted from Klockgether, T. et al. (2019)8.

1.1.5.1 Abnormal Protein Folding and Aggregation

The expansions of coding repeats (e.g., SCAL, 2, 3, 6, 7, 17 and DRPLA) were hypothesised to
adopt conformations prone to aggregation or generate protein fragments, triggering intracellular protein
inclusions in affected brains and in vitro studies®!!. Importantly, the repeat length threshold for aggre-
gation in vitro strongly relates with the repeat length known to cause disease!!. Therefore, polyQ protein

inclusions seems to be the main feature for the disease process, where initial oligomers and microaggre-



gates have a toxic effect and macroagregates may reflect a protective response towards neuronal sur-
vival by isolating abnormal accumulated proteins into relatively neutral complexes (e.g., large fibrillar
structures)811.24,

The misfolded polyQ protein places a continual burden on protein homeostasis pathways®11. Sim-
ultaneously, these mutant protein oligomers or fragments may participate in aberrant protein-protein
interactions, including its normal partners and novel interactors, or may be unable to achieve its com-
plete range of functions; thus, compromising several cellular processes such as cargo trafficking in neu-
rons811, Moreover, proteins caused by conventional mutations may also misfold, altering protein function
and promoting aggregation®. Some have been implicated in protein fidelity reduction (e.g., in SCA26),
unfolded protein response (UPR) induction (e.g., in SCA35), fibril formation (e.g., in SCA14), and altered
cytoskeletal dynamics (e.g., in SCA5)8.

1.1.5.2 Gene Transcription Dysregulation

The expansion repeats proteins or their proteolytic fragments can concentrate in the nucleus en-
gaging in aberrant protein-protein or protein-DNA interactions, altering transcription factors and other
nuclear proteins activity (e.g., in SCA3)2. Consequently, chromatin state and promoter’s activity of genes
crucial for neuronal development and function can be altered®1!. These pathological nuclear peptides
also contribute to altered nucleocytoplasmic transport and loss of nuclear integrity. Moreover, several
polyQ proteins directly affect transcription (e.g., in SCA7, SCA17, SCA1), being observed alterations in
gene expression profiles in patients’ brains811,

Additionally, in some SCAs the dysregulation of neuronal calcium homeostasis may alter calcium-
mediated pathways, such as the mitogen-activated protein kinase (MAPK) cascade which catalyses the
phosphorylation of transcription factors and thereby regulating transcription and chromatin remodel-
ling?.

Regarding noncoding repeats causing cerebellar ataxias, the current hypothesis states that they act
through an RNA dominant toxic mechanism by binding and sequestering RNA-binding proteins, per-
turbing splicing or other RNA-related processes®!l. Also, this non-coding expansions may accumulate

in aggregates and negatively influence protein homeostasis®24.

1.1.5.3 Channelopathies

Several cerebellar ataxias are directly caused by mutations in genes encoding transmembrane
channels or associated regulatory proteins that lead to channel dysfunction, possibly affecting tissues
like the muscle and nervous system®&24, The mutation of genes such as the CACNAL1A (causing SCAGS,
EA2 and familial hemiplegic migraine 1 (FHM1)) and glutamate metabotropic receptor 1 (GMR1 causing
SCAA44) lead to alterations in the calcium channel physiological proprieties and an increase in the glu-
tamate receptor activity, respectively®23. Thus, these channel’s dysfunction possibly leads to excitotox-

icity in Purkinje cells causing cerebellar ataxia?*.
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Therefore, channel modulators represent an appealing approach to ameliorate disease symptoms

caused by neuronal dysfunction and neurodegeneration824,

1.1.5.4 Mitochondrial Dysfunction

Several genes related to mitochondrial function have been related to cerebellar ataxias23. For ex-
ample, in SCA28 and FRDA, mutations in the genes ATPase family gene 3-like 2 (AFG3L2) and FXN
respectively, lead to alterations in oxidative phosphorylation, mitochondrial respiration, and iron home-
ostasis®. However, the role of reactive oxygen species (ROS) in the pathogenesis of cerebellar ataxias
still needs further clarification.

Still, as cellular pathways from transcription to degradation pathways influence mitochondrial func-
tion, in most of the cases there is an indirect mitochondrial impairment like in Huntington’s disease
(HD)2. The mitochondrial dysfunction and ROS may affect cellular processes like proliferation and dif-
ferentiation and provoke oxidative damage and apoptosis via the intrinsic mitochondrial pathway in neu-
rodegenerative diseases?324. However, little is known about the contribution of mitochondrial disfunction
and impaired bioenergetics in cerebellar ataxias.

1.1.5.5 Defective DNA Repair

The neurons are submitted to high levels of oxidative stress, generating ROS that potentially cause
DNA damage, and trigger cell death?®. Several cerebellar ataxias are caused by defects in DNA repair,
including the ARCAs: AT, and ataxia with ocular apraxia type 1, 2 and 4 (AOA1, AOA2 and AOA4),
caused by mutations in the ATM, aprataxin (APTX), senataxin (SETX) and polynucleotide kinase 3'-
phosphatase (PNKP) genes, respectively®8. In addition, it was found a significant association between
DNA repair pathways and the age of onset in SCAs25,

Thus, the inability to repair DNA damage may cause neuronal degeneration. The increase in DNA
damage have been linked to Alzheimer’s disease (AD) and HD, and DNA repair factors like breast

cancer 1 (BRCA1) have shown to be neuroprotective?s,

1.1.5.6 Protein Degradation Pathways: UPS and Autophagy

The main pathways responsible for protein homeostasis are autophagy and ubiquitin—proteasome
system (UPS). UPS have been associated with several polyQ ataxias where the proteosome machinery
dislocation near the aggregates and their consequent ubiquitination suggests an attempt to prevent
proteotoxicity?’. However, the proteosome complex might be sequestrated to the inclusions or blocked
by the polyQ expansions, preventing the degradation of other proteins, causing UPS impairment?’. Also,
protein misfolding and ER stress is linked to UPR and ER-associated protein degradation (ERAD) as a
way to restore protein homeostasis, although in irreversible cases apoptosis is induced?®. Though, the

role of these mechanisms in cerebellar ataxias is still not well understood.
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Additionally, some studies demonstrated that decreased autophagy could cause ataxia in the ab-
sence of aberrant proteins?4. Therefore, in the context of polyQ cerebellar ataxias when UPS is impaired,
misfolded proteins tend to aggregate and saturate the autophagy pathway, consequently reducing the
ability of the cell to deal with other cellular processes. Alterations in autophagy have been described in
several NDDs including AD, HD, Parkinson’s disease (PD), and Frontotemporal lobar dementia (FTLD-
TDP). In SCAs caused by conventional mutations, the mutant proteins were also found to be targeted
to autophagy. It also has already been shown that the pharmacological modulation of autophagy de-
crease toxicity and improve the phenotype in different disease models of AD and PD, so if autophagy
impairment will be defined as a common feature in ataxias, therapies to increase autophagy may help

ataxias in a general manner?4,

1.2 Spinocerebellar Ataxia Type 11

The spinocerebellar ataxia type 11 (SCAL1) is a slowly progressive cerebellar ataxia, characterised
by limb and gait imbalance, dysarthria, dysphagia, nystagmus, and hyperreflexia2®%. In some cases,
pyramidal features, peripheral neuropathy, and dystonia were observed in patients??31.32, Onset of
SCA11 varies from early to late adulthood, with an average of 30 years231-33 The life span is thought
to be normal, but most patients require a wheelchair decades after onset31:33, SCA11 prevalence is
unknown, however it accounts for less than 1% of autosomal dominant ataxias in Europe33.

SCA11 was first described in a large British family as a slowly pure progressive cerebellar ataxia,
genetically linked to the locus 1514212930, After screening, the candidate gene tau tubulin kinase 2
(TTBK2) was analysed, leading to the identification of a one-base insertion (c.1329_1330insA, p.
Arg444Thrfs*7) in patients?®. In the same study, a deletion of a dinucleotide in another family of Pakistani
ancestry (c.1284 1285delAG, p. Glu429Aspfs*21) was identified?®. Afterwards, more 3 families with
TTBK2 truncating variants have been reported, one from France and other from Germany
(c.1306_1307delGA, p. Asp435Tyrfs*14), and one from Denmark (c.1205 1207delinsA, p.
Thr402fs*48)31.33, Interestingly, in a 2013 next-generation sequencing pilot study, a patient with cerebel-
lar atrophy had the same variant as the one found in the British family (c.1329_1330insA), suggesting
a possible link between them34. More recently, two missense variants in TTBK2 were identified and
linked to cerebellar ataxia, but no functional studies were performed to clearly associate the variants to
the disease®?35, A detailed description of the SCA11 cases along with the identified TTBK2 variants can
be found in Table 1.1.
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Table 1.1 Description of the SCA11 cases along with the identified TTBK2 variants.

1A1089yd d

Ge erep oN erep oN elep oN | p|o sieah op=z ‘<l 6EZ erep oN
ssau abewep
-eam qui ‘Aydose 9josnw | duaboinau pue erebuojge plo ev.60TeAd
A - . . . . BUIlyD
‘eibeydsAp ‘snwbeisAu ‘eixere | gnpaw  ayl Jo Aydos | sieak  y-8€ 'D<1062ED
qui pue web ‘euyuesAqg | -1e ppw ‘Aydoure Jej|agaiad
eIxajyaiiadAy ‘eibajdow
win||aqa1a9 ay}
-leqiydo  ‘snwbeisAu ey 92Ud2S9|0 817xSigoviyL-d
TE Ireyojaaym ur AlAioe dljogelsw paosnp _ sewuaq
-resAp ‘eidoidip ‘ssauiswn|o -pe-ploJeadk ¥ | ‘wsuneplozT S0ZT 2
-al pue Aydouse Jejjagaia)d
‘eixere ueb ‘aoueeqU|
snwbeisAu ‘euyl pIo
Ireyojaaym Aydoae Jejjagaladued Auewiao
-lesAp ‘eixere 1eb ‘aouepequi sieak (0G-0v
ee yTxSpALGEYdsy d
oo 'VOI9PLOET 90ET™
Ireyojeaym elYLeSAp ‘eixele Jejjagala)d Aydouae Jejjagaia)d adueld
sreak gg-Gge
BIXa|}
-auadAy ‘snwbeisAu ‘eixere ud plo 12Z+Sidsvezyno d
Ireyolaa . . oJle Jejjagala _ ueispe
BHRISSUM 1 quuy pue yeb ‘epupresAp ‘ssau HEORZ TRIRAR9 | s ook soo-1T | towieasszr vezTo 1Shed
-Iswno ‘buusbbels ‘aoueequi
0€ ‘6¢ eIXa|Jol
-1adAy ‘snwbeisAu ‘eixere quij
. . pio L«SHYLyyybiy-d
Ireyojeaym pue 1eb ‘eixele Jejjagalad ‘euyl Aydoure Jejjagaia)d pue|bug
, . sreak Gg-9T 'VSUIBZET
-lesAp  ‘Buuabbers ‘eidojdip
‘ssauizzip ‘aouelequ|
saJualaley pre Bunjem swoldwAs sBuipulj urepy | 19suo jo aby jueneA gl ulbuo

13



These variants are all heterozygous frameshift mutations, except for the ones found in the Chinese
and in the Italian reports, leading to the generation of a premature stop codon and ultimately to protein
truncation of the non-catalytic C-terminal moiety3¢ .

The SCA11 patients (c.1329 1330insA, p. Arg444fs*7) presented mRNA levels reduced by 50%,
when compared to unaffected individuals, suggesting that the premature stop codon leads to honsense-
mediated decay (NMD) of the mutated mRNA and cause haploinsufficiency of the TTBK2 protein?°.
When affected individuals lymphoblasts’ were treated with cycloheximide, a known inhibitor of NMD, the
total TTBK2 mRNA increased, showing that a proportion of the abnormal mRNA escapes NMD. Thus,
the truncated protein could still be produced and cause a dominant-negative effect on the normal al-
lele?®.

Interestingly, homozygous mutant TTBK2 mice for the truncating variant ¢.1329_1330insA were
embryonic lethal at embryonic day 10, showing development delay, indistinct brain subdivisions and
distorted caudal bodies36. While heterozygous mutant TTBK2 mice were completely normal and exhib-
ited a regular lifespans®.

Post-mortem neuropathological examination of the brain of one affected individual of the British
family (c.1329 _1330insA, p. Arg444fs*7) revealed gross atrophy of the cerebellum accompanied by
severe loss of Purkinje and granule cells, and a marked preservation of the basket cells, as well as
neuronal loss in the dentate nucleus and proliferation of Bergmann glial cells2°. There were also altera-
tions related with pathological aging, such as tangles and B-amyloid-positive plagues observed in the
neocortex, hippocampus, transentorhinal, entorhinal and insular cortex?. The cerebellum degeneration
was also accompanied by tau deposition, like what happens to aberrantly phosphorylated tau in taupa-
thies such as AD??37. Therefore, the dominant basis of disease may reflect aberrant action of TTBK2
on tau. In vivo brain MRIs showed predominantly vermal atrophy of the cerebellum, along with a mod-
erate atrophy of the pons and medulla®8. Occasionally, atrophy has also been described in the medulla,
but this was not associated with disease severity32:38, In a Danish proband, a PET scan showed reduced
metabolic activity in the cerebellum and pons, and brain MRI four years later showed worsening of
cerebellar atrophy with olivopontine atrophy3t.

1.2.1 Tau Tubulin Kinase-2

The TTBK2 gene located at chromosome 15q15.2 can encode multiple alternatively spliced mMRNAs
that translate into a protein up to 1244 amino acids in length, with ubiquitous expression in human adult
and fetal tissues?°3° (Figure 1.6A and B). TTBK2 mRNA is expressed in all brain regions, with a partic-
ularly higher expression in the Purkinje and granular cell layers of the cerebellum, the hippocampal CA1
sector, midbrain, and substantia nigra. Contrarily, a lower expression was seen in the brain cortex?°. At
the protein level, TTBK2 is highly expressed in brain and testis, which corresponds to the elevated
kinase activity of this protein in these tissues®6.

TTBK2, as a serine-threonine protein kinase, belongs to the casein kinase (CK1) group of eukaryotic

protein kinases, composed of CK1 isoforms (a1, a2, 9, €, y1, y2 and y3), vaccinia-related kinase (VRK)
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isoforms (1, 2 and 3) and TTBK isoforms (1 and 2)3°. TTBK2 possesses 38% identity with CK1& within
the kinase domain, but there is no obvious homology beyond the catalytic moiety*°. Moreover, TTBK1
(35—-294) and TTBK2 (21-280) have highly homologous kinase domains (88% identity and 96% simi-
larity)3® (Figure 1.6B). Despite of the lack of homology in the rest of the sequences, there is a small C-
terminal domain (TTBK1 1053-1117; TTBK2 942—-1006) with 43% identity and 58% similarity36-3° (Figure
1.6B), corresponding to the SxIP (serine any amino acid isoleucine proline) motifs location*!. Although
TTBK1 and TTBK2 are distinctly conserved among vertebrates, only the catalytic domain is preserved
in invertebrates (such as C. elegans and D. melanogaster, suggesting that TTBK1 and TTBK2 genes

diversified from a common shorter TTBK gene during the evolution from invertebrates to vertebrates.
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Figure 1.6 TTBK2 genomic location and protein characterization. (A) TTBK2 gene located at chromo-
some 15q15.2, with 14 coding exons. (B) TTBK1 (35-294) and TTBK2 (21-280) have highly homologous kinase
domains (Conserved domain A, 88% identity and 96% similarity) and a small C-terminal domain (TTBK1 1053—
1117; TTBK2 942-1006) with some grade of conservation (Conserved domain B, 43% identity and 58% similarity),
indicating the existence of a functional motif.

TTBK2 was first identified based on its ability to phosphorylate microtubule-associated proteins tau
and B-tubulin in vitro*2-44, Since then, several cellular functions have been attributed to TTBK2, but few
have been described in detail, including:(1) initiation of ciliogenesis, possibly by modulating sonic hedge-
hog (SHh) signalling*>-#7; (2) microtubule plus-end tracking protein (+TIP), regulating the microtubule-
depolymerizing activity of kinesin family member 2A (KIF2A)4148; (3) regulation of membrane transport-
ers like the betain/GABA transporter 1 (BGT1)*°, the sodium-coupled glucose transporter (SGLT1)%°
and the glutamate (kainate) receptor subunit 2 (GluK2)5!; (4) phosphorylation of the transactive re-
sponse DNA-binding protein 43 kDa (TARDBP or TDP-43)%2, a nucleotide binding protein linked to sev-

eral neurodegenerative diseases®3; and (5) role in sensitivity of tumour cells against antiangiogenic
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treatment®. Furthermore, TTBK2 may also play a role in mitosis55%, interact with the inositol/IP3 path-
way, and stabilize Purkinje cells to resist calcium-induced cell death®’. A summarised description of

TTBK2 involvement with some cellular processes or structures can be found in Table 1.2.

Table 1.2 TTBK2 involvement in several cellular processes have been identified.

Cellular processes Targets References

Cytoskeleton tau, B-tubulin, KIF2A 42-44, 48

Transcription TDP-43 52

Ciliogenesis CEP164, CEP97, MPP9, CEP83, CEP89, | 46, 62-66
CCDC92, Rabin8, and DVL2/3

Mitosis Midbody and mitotic spindle 55, 56

Transporters and receptors | SGLT1, BGT1, GluK2, SV2A 49-51, 59

1.2.1.1 TTBK2 phosphorylation of tau, TDP-43 and SV2A

One of the main targets of TTBK2 is the cytoskeletal tau protein*2-44, which abnormal phosphoryla-
tion is associated with neurodegeneration in AD%’. The abnormal deposition of tau in SCA11 patients
together with the knockdown experiences of the TTBK2 C. elegans homolog in FTDP-17 (frontotemporal
dementia and parkinsonism linked to chromosome 17) suggest an indirect interaction between TTBK2
and tau that prevents tau toxicity?®43. Also, the two TTBK2 phosphorylation sites in tau (Ser208 and
Ser210) are known priming sites for the phosphorylation of tau by glycogen synthase kinase 3 (GSK-
3B), supporting the existence of a common pathway that involves TTBK2, GSK-3B and tau43:58,

TTBK2 has also been found to phosphorylate TDP-43 at Ser409/410 in vitro and in cellular and
animal models of amyotrophic lateral sclerosis (ALS)%2. TDP-43 is a DNA/RNA binding protein that un-
dergoes several modifications including ubiquitination, phosphorylation, and proteolytic processing, pos-
sibly promoting aggregation®3. TDP-43 hyperphosphorylated inclusions are hallmarks of ALS and FTLD-
TDP and may also be present in some other neurodegenerative diseases, such as AD, PD and HD?%3,
Still, the neurodegeneration may to be related to an alteration in TDP-43 function rather than toxic in-
clusions®3,

In FTLD-TDP and ALS it was observed an increase of TTBK1/2 levels, and a cytoplasmatic co-
localization of TTBK1/2 with phosphorylated TDP-43 aggregates®2. TTBK2 overexpression resulted in
phosphorylation and re-localization of TDP-43 from the nucleus to the cytosol, like the neuronal cyto-
plasmic inclusion pathology observed in FTLD-TDP and ALS®2. Thus, TTBK1/2 phosphorylation at
Ser409/410 may have a central role in TDP-43 loss-of-function and neurotoxicity by impairing its auto-
regulation mechanism and increasing TDP-43 expression®3. Moreover, decreased phosphorylation of
TDP-43 may ameliorate the motor defects resulting from pathological TDP-43%2,

Therefore, tau and TDP-43 proteinopathies appear to share a common aetiology, caused by im-
paired TTBK2 activation leading to neuropathology.

Furthermore, TTBK2 phosphorylates the synaptic vesicle protein 2A (SV2A) in the cytoplasmic N-
terminal domain (Thr84), which promotes its interaction with synaptotagmin-15°. This interaction is im-

portant for synaptic vesicle trafficking and regulation of neurotransmitter release®°.
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1.2.1.2 TTBK2 and Microtubule's Dynamics

Microtubules are dynamic structures composed of a/p tubulin heterodimers tightly controlled to en-
sure the normal function and division of eukaryotic cells. Besides the phosphorylation of B-tubulin and
tau4243, TTBK2 also act as a +TIP by tracking growing microtubule ends and binding to the end binding
protein 1 (EB1), connecting both to several proteins and cellular structures in a kinase-independent
manner (SxIP motifs)*!. The binding of TTBK2 to EBs enables the phosphorylation of KIF2A at Ser135
in vitro, inhibiting its interaction with the microtubules and decreasing the depolymerizing activity*®. Con-
trarily, in the absence of TTBK2, KIF2A exhibit an extensive localization to the microtubules, which
induces short-lived microtubules with an increased shrink rate and a decreased rescue frequency*.
Moreover, overexpression of TTBK2 displaced EB1 from the microtubules, suggesting that it may reg-
ulate the association of +TIPs and other microtubule-associated proteins with newly polymerized
ends*48, Therefore, the EB-TTBK?2 interaction appears to antagonize the microtubule-depolymerizing
machinery, primarily affecting KIF2A4%8,

Furthermore, a study suggested that the centrosomal protein of 164 kDa (CEP164) may play a role
in recruiting TTBK2 to the midbody during cytokinesis®¢. However, the TTBK2 role at the midbody re-
mains elusive. Additionally, the TTBK homolog in D. melanogaster (Asator) appeared to be localized at
the mitotic spindle interacting with the spindle matrix protein Megator, homolog of the human nucleo-
protein translocated promotor region, that functions as a spatial regulator of the spindle assembly check-

point, ensuring a correct spindle maturation®.

1.2.1.3 TTBK2 in Ciliogenesis

Ciliogenesis is perhaps the most well studied function of TTBK2. Ciliogenesis is closely regulated
according to the phase of the cell cycle, as well as other cellular activities, and require a delicate control
of axonemal cytoskeleton remodelling®. On quiescent cells, the primary cilium (PC) extends its ax-
oneme from its basal body after the transportation of tubulin precursors by intraflagellar transport (IFT)
proteins and molecular motors that are added to the ciliary tip until it reaches its stable length. Before
re-entering the cell cycle, the cilium is resorbed after disassembly of the axonemal microtubules subunits
and shortening of the cilium, for preparing for centriole duplication®. These processes regulate signal-
ling pathways such as SHh and Wnt signalling’s that are essential to embryonic patterning, organogen-
esis, and cellular homeostasis*’. Mutations in ciliary proteins result in early embryonic lethality or in the
development of ciliopathies such as the Joubert syndrome and the Bardet-Biedl syndrome®?.

Several proteins associated with cilia, namely CEP1646263 CEP9763, M-Phase Phosphoprotein
9 (MPP9)84, CEP83%566, CEP89, coiled-coil domain containing 92 (CCDC92), Rabin8, and dishevelled
2/3 (DVL2/3)% are subjected to TTBK2 phosphorylation in their intrinsically disordered regions (IDRs)*®.
Given that phosphorylation of IDRs might affect protein structure, it was speculated that TTBK2 phos-
phorylation leads the cilia proteins to achieve a novel conformation that ensures their timely interactions

and formation of complexes necessary for the PC assembly66-68,

17



Moreover, TTBK2 controls the cilia assembly pathway by turning the cilia initiation to cilia elongation
process?. First, the cell cycle regulators target CEP164 to induce PC formation by recruiting TTBK2 to
the basal body distal appendages (DA)52:6369, Then, at the basal body DA, TTBK2 promotes the removal
of CP110, probably through the phosphorylation of CEP97 and MPP9, which leads to the displacement
of the CP110/CEP97/CEP290/KIF24 cilia suppression complex from the distal end of the microtubules
(mother centriole), allowing the beginning of ciliary axoneme elongation670. Furthermore, TTBK2
seems to promote the recruitment or retention of IFT proteins at the base of the cilium, to construct the
ciliary axoneme*. Then, through an unknowing mechanism, TTBK2 is removed from the basal body for
cilia disassembly*s.

Recent studies suggested that SCAl1l-associated variants cause defects in ciliogenesis*6.71, |t
was reported that SCA11 cells have a failure in axoneme elongation, since truncated TTBK2 is unable
to interact with CEP164 and fail to localize to DA%6:62, Thereby, it cannot displace the cilia suppression
complex or recruit IFTs for the cilia assembly, which causes loss of SHh activity*6. Also, it was proposed
that these effects are due to a dominant negative mechanism that disturbs wild-type TTBK246. As apart
from TTBK2, only the Microtubule Associated Protein (MAP)/microtubule affinity-regulating kinase 4
(MARK4) has been implicated in cilium initiation and assembly, suggesting that no other kinase can
compensate for defects caused by SCAll-associated mutations>”-"1,

The finding that TTBK2 is essential for ciliogenesis along with the phenotype present in SCA11
animal models and the loss of Purkinje cells raises the possibility that cilia are important to promote

cerebellar development and prevent neural degeneration6:57.71,

1.2.1.4 TTBK2 Interaction with Transporters and Receptors

TTBK2 seems to up-regulate SGLT1%° and BGT14°, by increasing their protein abundance in the
cellmembrane. However, this effect of TTBK2 depends on the kinase activity as it is disrupted by SCA11
truncating mutations*%59. Contrarily, TTBK2 down-regulates the GluK2 activity by decreasing the chan-
nel protein abundance in the cell membrane and neuroexcitation that would cause neurodegeneration>?.
Also, it was reported that the SCAl11l-associated protein accumulates perinuclearly, which is consistent
with reduced effects on plasma membrane GluK23651,

Thus, TTBK2 could be modulating the protein abundance in the cellular membrane by participating
in the regulation of transport processes, through the modification of the microtubules36. However, addi-
tional studies are needed to elucidate the mechanisms behind TTBK2 activity and transporters abun-
dance, and whether it influences excitatory neurotransmission and consequently neuronal function and

survival3e,
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1.3 Aims of the Study

SCA11 is a rare autosomal dominant cerebellar ataxia, so far linked to four frameshift and two mis-
sense heterozygous variants in TTBK229:31-33.35 The heterozygous truncating variants were reported to
reduce TTBK2 mRNA and proteins levels in patients?®, provoke a nuclear dislocation3¢, as well as impair
TTBK2 kinase activity*6:51.52, From a previous genetic study, we identified a novel heterozygous mis-
sense variant in TTBK2 (¢c.625C>T; p.Leu209Phe) in two siblings presenting progressive cerebellar
ataxia, nystagmus, and dysarthria. So, the main purpose of this project was to confirm and characterize
the pathological potential of the new TTBK2.

Therefore, the following objectives were proposed:

(1) Create and validate a cellular model expressing the novel TTBK2 missense variant using Clus-
tered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 technology.

(2) Evaluate TTBK2 gene and protein expression by RT-gPCR and immunoblotting, respectively,
and the subcellular localization of TTBK2 by fluorescence microscopy and subcellular fractionation as-
says.

(3) Characterise the impact of the novel variant in TTBK2 molecular functions such as microtubule
dynamics and TDP-43 phosphorylation, as well as investigate autophagy impairment, a mechanism
associated with neurodegeneration recurring to immunoblotting and immunofluorescence protocols.

(4) Analyse the phosphoproteome of the mutated cell line by mass spectrometry to look for changes

in cellular kinases activity.
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| 2

MATERIALS AND METHODS

2.1 In Silico Analysis

The pathogenicity of the missense variant was evaluated across four criteria: (a) functional in silico
prediction of the variant pathogenicity recurring to the Variant Effect Predictor (VEP) tool
(https://www.ensembl.org/Tools/VEP)72:  MutationTaster’®, Mutation Assessor’¥, MutPreds75,
FATHMM?’, FATHMM-MKL", FATHMM-XF?®, LRT®, Deogen28!, Eigen/Eigen PC#8, SIFTS3,
Provean8+8 MVP8, Revel?’, Primate Al8, MetaSVM/MetaLR8®, M-CAP®, PolyPhen®!, LoFtool®2, Con-
del®3, BayesDel (addAF and noAF)%, ClinPred®, LIST-S2%, VEST®7:%, DANN®® and CADD00.101; (b)

minor allele frequency <1% in gnomAD (https://gnomad.broadinstitute.org/)1%2, 1000 Genomes Project

(https://www.internationalgenome.org/)1%3, and dbSNP (https://www.ncbi.nlm.nih.gov/snp/)1%4 data-

bases; (c) conservation analysis prediction by PhyloP1%5, PhastCons!%, Integrated fitCons%” and
GERP++108 also obtained from the VEP tool; (d) prediction of protein stability changes was performed

with DynaMut (http://biosig.unimelb.edu.au/dynamut/) and DynaMut2 (http://biosig.unimelb.edu.au/dy-

namut2/) web servers, obtaining six different predictions of changes in folding free energy (AAG): Dy-
naMut21%, DynaMut1, ENCoM11.112 mCSM113, SDM14, and DUET3, recurring to the partial or com-
plete 3D structure available in the Protein Data Bank (PDB) (https://www.rcsb.org/)!16117, The DynaMut2

web server was also used to generate images of the interatomic interactions.

2.2 Expression Vectors

The pEGFP-C1-TTBK2-WT plasmid (MRC PPU, University of Dundee) was modified by site-directed
mutagenesis using the QuikChange Il Kit (Agilent) to produce the TTBK2 kinase dead (KD) Asp163Ala
variant and the new Leu209Phe variant plasmids. The following primers pairs were used to introduce
Aspl63Ala and Leu209Phe variants: forward primer 5-GGAAATGTTACATGCTTGCTTTTGGCTT-
GGCTCGACA-3' and reverse primer 5'- TGTCGAGCCAAGCCAAAAGCAAGCATGTAACATTTCC-3'
and forward primer 5-GAAATGGGAAGACATGATGACTTTTGGTCCTTATTCTACATGT-3'and reverse
primer 5-ACATGTAGAATAAGGACCAAAAGTCATCATGTCTTCCCATTTC-3', respectively.
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2.3 Cell Culture and Transfection

Human embryonic kidney 293 cells incorporated with SV40 large T antigen (HEK293T) cells were
grown in Dulbecco's Modified Eagle Medium (DMEM) high glucose GlutaMAX™ supplemented with
10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic (Gibco, Life technologies) at 37 °C in a
humidifed 5% CO: atmosphere. Cells were transiently transfected for 24h with each plasmid using
Lipofectamine™ 2000 (Invitrogen) according to the manufacturer’s protocol. For autophagy analysis,
cells were incubated with the autophagy inhibitor chloroquine (25 yM for 2h for immunofluorescence
assays; 10 uM for 18h for immunoblotting experiments; Sigma-Aldrich)18, or control vehicle DMEM

(Gibco, Life technologies).

2.4 CRISPR-Cas9 System

The knock-in of the TTBK2 ¢.625C>T (p.Leu209Phe) variant (Figure 2.1) was performed on
HEK293T cell line genetically modified using CRISPR/Cas9 system to insert an N-terminal 3xXFLAG-tag
in TTBK2 (FLAG-TTBK2-WT), according to methods already described!'%129, A single-chain guide RNA
(sgRNA) in the variant flanking zone was designed using the CRISPOR online tool
(http://crispor.tefor.net/): 5-ACATGTAGAATAAGGACCAA-3’, considering that it should be as close as

possible to the modification site and preferentially near a protospacer adjacent motif (PAM) sequence

(NGG) for a more successful edition!!®. A single-stranded oligodeoxynucleotide (ssODN) with 50 bp
homology arms (5- tgtgactggattctgttttgtttatgaagGAAATGGGAAGACATGATGACTTTTGGTCATTATT
CTACATGTTGGTGGAGTTTGTGGTTGGTCAGCTGCCCTGGAGAAA-3") was designed to serve as a
template for homology-directed repair (HDR)19. A silent point mutation within the PAM sequence was
also introduced in the ssODN to easily select/genotype the cells through the Avall restriction site (would
be destroyed in case of HDR). After annealing, single-stranded oligos containing the sgRNA sequence
(forward 5- CACCGTTGGTCCTTATTCTACATGT-3" and reverse primer 5- AAACACATGTAGAA-
TAAGGACCAAC-3') were cloned through Bbsl restriction sites into the mammalian expression con-
struct pSpCas9(BB)V2.0 (Addgene), bearing both sgRNA scaffold backbone and S. pyogenes Cas9
(pSpCas9(BB)V2.0).

The Cas9/sgRNA (2 ug) plasmid was co-transfected along with the ssODN (10 uM) and an inhibitor
of an enzyme involved in non-homologous end joining (NHEJ) repair - NU7026%2%122 (10 uM, Sigma-
Aldrich) for 24h using DreamFect Gold reagent (OZ Biosciences, 1:2.5 ratio) according to the manufac-
turer’s protocol. Following transfection, clonal cell lines were sorted through fluorescence-activated cell
sorting (FACS) and further genotyped through PCR amplifications (forward 5'-
ACACATTAACTAATGGGCTGTT-3' and reverse primer 5-TCTTCTACCACAATTGACATCT-3'), using
Ranger Mix (Bioline), followed by digestion with Avall (New England Biolabs) at 37°C for 4 hours with
an inactivation step at 80°C for 20 min. In addition, the purified PCR products with Exo/SAP (GRiSP)

were further analysed by Sanger sequencing using BigDye Terminator Cycle Sequencing v1.1 (Applied
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Biosystems) and an ABI 3130xI Genetic Analyzer (Applied Biosystems). Sequencing analysis was car-

ried out using the BioEdit Sequence Alignment Editor V7.0.5.3 software!23,
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Figure 2.1 CRISPR/Cas9 system workflow. The sgRNA was cloned into the mammalian expression con-
struct pSpCas9(BB)-2A-puro, and co-transfected in HEK293T cells with a HDR template (ssODN). Then isolation
of clonal cell lines and genotyping were performed.

Table 2.1 The primers used to check alterations in off-targets sequences.

Mismatches Gene Off-target Sequence PCR Primers
SLC7AZ TCAAGATGAATAAGGACCAAGGG ?XZ‘? g:;gigiigégg:é}g A
. cLyeL ACATGCTGAATAGGGAACAATGG g?—?,/.(\BAAGC (;-EAC\:(S;(;'?\ g ;_?égig:g
TTBKL o ATOTAGAAGAGGGACOACAGS | CORAGCACACACGGTAGTT
TMEM181
8 GCATGTAGAATATGTACCATAGG l;gﬁ%;?%;ﬁ;gi%gﬁi;ﬁT
T arstaommacmccss | MSRCCISTeTITOCTOR
B | aatetaccammooncmaTos | [SCTICRASCRARCCHTCRS
NEBL ACATGTACAATAAGGAAAAAT TACCAGTTCCCTGAGGCATT
s e L.
ACATGAAGAATAAGGGCCCAGGG ACATCTGCTTTGCTCTATTTCC
DEPDCS GCAGGTAGAATCAGGACCAATGA E‘IC':'IT g:gﬁggg?géiéﬁiﬁ?gﬁg G
TCF4 ACCTTTTGAATAAGGACCAAAGA gg_::_? gfg A%Tglgggéig;ﬁ-r
2 KALRN ACATATAGAATAAGGACCAGAAG ;?g%ig%AgiﬁAG%:ig;;?’Zi G

The off-targets were predicted with the CRISPOR and CRISPR Finder (https://wge.stem-
cell.sanger.ac.uk/) tools and checked for alterations using Sanger sequencing (as described above) in
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the selected clonal cell line (FLAG-TTBK2-L209F). Off-targets with four or less mismatches were se-
lected for sequencing!1%124 (Table 2.1): off-targets with four mismatches that fell within exons or splice
sites (4 in total).; off-targets with three mismatches that fell within introns (6 in total; none was located
in exons/splice sites); off-targets with two mismatches that fell within introns (1 in total); none was lo-
cated in exons/splice sites); none off-target with less than two mismatches was predicted. Also, the
other TTBK2 exons (2-15) and intron 8-9 were checked for off-target effects (Table 2.2) (as described

above). The detailed information of PCR and sequencing reactions can be found in Annex I.

Table 2.2 The primers used to check alterations in TTBK2 gene.

Gene PCR Primers
S TATTAGTAGTGCTTCCTGATGCTG
_ AGGGTATAAACAGAGCTTAATCATAG
S AAGAGATCAATTGCTTTCAAGTTAG
_ GAATGTAATTAAGGTTCAGGAAGATAC
CTGGGAGGAGAAGAGGTAGGTAG
TTBK2_Ex4 CTGTTTAAATACAGTTCCATCTGC
AATGGTAAGTGAGTAGTTTCCCAG
TTBK2_Ex5 CCACAGCAAATACACAAAGC
TGGAACATGTGTGTTATATAGAG
TTBK2_Ex6 TCATTAAATGTATATGCCACTTC
— TTTCTTCCATTTACTTCATGGTTC
_ GCAAGACTCTGTCTCAACAAATATAC
GCTTGCTTCCCTTATTTCTACC
TTBK2_Ex8 AAGCTAAGAGGGAGGGCTATAA
GCTTGCTTCCCTTATTTCTACC
TTBK2_In8_9 TGCTGAATTCTGGAGGGAGA
GAGCTCAGTTCTTGCTTTATGC
TTBK2_Ex9 TGAAGTTAAGTCCATCCAGAGG
GCAATTTGAGCCATCAGTTT
TTBK2_Ex10 TCTGAGGGAATCTGGATGAA
AACCTCCGCCTTCTAGATTC
TTBKZ_Ex11 CCCTCATGAATGAGAGTGGT
TTTGAAAGGCTTCAATGATTC
TTBK2_Ex12 GGAGCTGAATAGACTCAGTGTTAC
GAACTGAGCTCCATCTTCCA
TTBK2_Ex13.1 TGAAGCAGCAGTAGGAGGAC
TAGGTCCTTGGGCAGAAAAT
TTBK2_Ex13.2 CAGTGGCCATCAATGTTAGA
TGTGTTCTTCCTATAAATTAGAATTGG
TTBKZ_Ex14.1 GTCTTGATTTGGCACCACAC
TTAAGTAGAGGGCAGCATTG
TTBK2_Ex14.2 TTTTGCAGAAACTGGAGAGG
GGATATGGTTAGGTCATCCTTTG
TTBK2_Ex14.3 TGGTGGACTACAATAAAGCAG
AATTTGTCCAGGGTCATACAAC
TTBKZ_Ex15 TTTACATAGAAAGTACAGGGACACAC
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2.5 Reverse-Transcription Quantitative Polymerase Chain Reaction
(RT-gPCR)

Total RNA was isolated from HEK293T, FLAG-TTBK2-WT and -L209F cells, using NZY Total RNA
Isolation kit (Nzytech) as per the manufacturer’s recommendations. RNA quantification was performed
on NanoDrop 2000 Spectrophotometer (ThermoFisher Scientific). cDNA was synthesized by reverse
transcription-PCR of 3 pg total RNA with oligo(dT), using the NZY First-Strand cDNA Synthesis Kit
(Nzytech), according to the manufacturer’'s protocol. RT-gPCR was performed using PowerUp™
SYBR™ Green Master Mix (Applied Biosystems) and primers against TTBK2 exon 4_5 and exon 8_9
(Table 2.3). Human B-actin was used as endogenous control. All reactions were performed in triplicate
and replicated three times, using the Applied Biosystems 7500 Fast Real-Time PCR (Applied Biosys-
tems). The analysis was carried out using 7500 Software v2.0.6 (Applied Biosystems), and mRNA ex-
pression was calculated by the 2-24ACT method!25126, The detailed information of RT-gPCR reactions can

be found in Annex |I.

Table 2.3 The RT-gPCR primers used to analyse B-actin and TTBK2 expression.

Gene RT-qPCR Primers
TGTAGATTTATTGGCTGTGG

TTBK2_Bx4_S TGGTACTAATGGTGAATGTG

TTBK2_Ex8_9 TGGAGTTTGTGGTTGGTCAG

TGAGCCTGTGGTCATATCTCT

GCACTCTTCCAGCCTTCCTTC

ACTB GTGATCTCCTTCTGCATCCTGTC

2.6 Subcellular Protein Fractionation

For subcellular protein fractionation, FLAG-TTBK2-WT and -L209F cells were washed, scrapped
from the plate in ice-cold 1x phosphate buffered saline (PBS). The whole cell extract (corresponding to
the total fraction) was centrifuged at 500 xg for 3 min and the supernatant discarded. Subcellular protein
extraction was then performed, using the Subcellular Protein Fractionation Kit for cultured cells (Thermo
Fisher Scientific), according to the manufacturer’s instructions. Subcellular fractions corresponding to
cytoplasm, membranes, soluble nuclear and chromatin-bound nuclear extracts were isolated. A fraction

of the whole cell extract was collected and sonicated (Branson sonifier 250, ThermoFisher Scientific).

2.7 Immunoblotting

HEK293T, FLAG-TTBK2-WT and -L209F cells were collected in Radioimmunoprecipitation Assay
(RIPA) buffer (Sigma; 150 mM NacCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris, pH 8.0) supplemented with cOmplete Protease Inhibitor Cocktail (Roche) and then soni-

cated (Branson sonifier 250, ThermoFisher Scientific). Total protein concentration was measured with
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the Pierce Bicinchoninic Acid (BCA) protein assay kit (ThermoFisher Scientific) according to manufac-
turer’s instructions.

The samples (30-50 g of total protein) were denatured in laemmli 1x loading buffer with B-mercap-
toethanol at 95°C for 10 minutes. After sample loading on a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Mini-PROTEAN, Bio-Rad), proteins were electrophoretically transferred
onto polyvinylidene fluoride (PVDF) membranes (Merck-Milipore) using a wet (Mini Trans-Blot electro-
phoretic transfer cell, Bio-Rad) or a semi-dry (SemiPhor transfer unit, Hoefer) transfer systems depend-
ing on the proteins’ molecular weight (MW). Membranes were stained with Ponceau S and images ac-
quired with a ChemiDoc XRS+ Imaging System (Bio-Rad). After washing, membranes were blocked in
5% non-fat dry milk or bovine serum albumin (BSA) in Tris-buffered saline-Tween 20 (TBS-T) for 1 hour
with agitation, at room temperature (RT), and subsequently incubated with specific primary antibodies
as indicated (Table 2.4; diluted in 5% BSA in TBS-T and 1% sodium azide), overnight at 4°C with agi-

tation.

Table 2.4 List of primary antibodies used in immunoblotting assays.

Antigen Description Manufacturer ic;;nrrennecrglal Dilution
EGFP mouse monoclonal Abnova MAB1765 1:3000
FLAG mouse monoclonal Sigma-Aldrich F1804 1:500
B-actin mouse monoclonal Sigma-Aldrich A5441 1:50000
GM130 mouse monoclonal BD Biosciences 610822 1:1500
Caspase 3 mouse monoclonal Cell Signalling 9668 1:1500
HDAC2 mouse monoclonal Santa Cruz sc-9959 1:1000
Histone H3 rabbit polyclonal Abcam ab1791 1:10000
Vimentin rabbit polyclonal Proteintech 10366-1-AP 1:30000
KIF2A rabbit polyclonal Proteintech 13105-1-AP 1:2000
a-Tubulin mouse monoclonal Santa Cruz sc-5286 1:10000
Acetylated a-tubulin | mouse monoclonal Sigma T7451 1:10000
TDP-43/TARDBP rabbit polyclonal Proteintech 10782-2-AP 1:30000
Fshfosgp /230) TDP-43 rabbit polyclonal Proteintech 22309-1-AP 1:1000
p62/SQSTM1 mouse monoclonal Proteintech 66184-1-Ig 1:1000
LC3B rabbit polyclonal Cell Signalling 2775 1:1000
LAMP1 rabbit monoclonal Cell Signalling 3243 1:1000
ULK1 rabbit monoclonal Cell Signalling 8054 1:1000
EEOKS'lphO (Serss5) rabbit monoclonal Cell Signalling 5869 1:2000
Beclinl rabbit monoclonal Cell Signalling 3495 1:1000
Ezgﬁﬂm (Ser93) rabbit monoclonal Cell Signalling 14717 1:1000
Raptor rabbit monoclonal Cell Signalling 2280 1:1000
Eggfcr))rho (Ser792) rabbit polyclonal Cell Signalling 2083 1:1000
CEP97 rabbit polyclonal Proteintech 22050-1-AP 1:5000
CEP164 rabbit polyclonal Sigma SAB3500022 1:2000

26




The membranes were washed with TBS-T and then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody (diluted in 3% non-fat dry milk or BSA in TBS-T) for 1 hour with agitation
at RT (Table 2.5). Following three washes with TBS-T, detection was achieved using WesternBright
Sirius or WesternBright Standard enhanced chemiluminescence (ECL)-HRP substrates (Advansta) and
chemiluminescence detected with a ChemiDoc XRS+ Imaging System (Bio-Rad). Ponceau S staining
and protein bands were quantified using the ImageLab 6.1 Software (Bio-Rad). Quantitative compari-
sons between samples of each experiment were always performed on the same blot. When necessatry,
membranes were stripped by incubation in stripping solution (62,5 mM Tris-HCI pH 6.7, 2% SDS,
100mM B-mercaptoethanol) at 50°C for 30min with gentle agitation.

Table 2.5 List of secondary antibodies used in immunoblotting assays.

Type of antibody Description Manufacturer Commercial Dilution
reference

HRP-conjugated Goat anti-mouse IgG | Santa Cruz sc-2005 1:5000

HRP-conjugated Goat anti-rabbit IgG Merck-Millipore 401393 1:10000

2.8 Immunofluorescence

FLAG-TTBK2-WT and -L209F cells were fixed using 4% paraformaldehyde/4% sucrose (Merck-Mil-
lipore) for 20min, and permeabilised with 0.3% triton X-100 (Merck-Millipore) for 20min; or permeabil-
ised/blocked in microscopy buffer (1% BSA, 0,1% saponin, and 0,02 % NaN3) for 1h. When necessary,
cells were fixed and permeabilised in ice-cold methanol 100% (ThermoFisher Scientific) for 10 min. After
washing with PBS, cells were blocked in 3% BSA/PBS for 45 min (except in case of permeabilisation in
microscopy buffer) and further incubated with the primary antibodies for 3h at 4°C (Table 2.6).

Table 2.6 List of primary antibodies used in immunofluorescence assays.

Antigen Description Manufacturer Commercial Dilution
reference

FLAG mouse monoclonal | Proteintech 66008-3-Ig 1:200

LC3A/B XP rabbit monoclonal Cell Signalling 12741 1:200

p62/SQSTM1 mouse monoclonal | Proteintech 66184-1-Ig 1:200

Acetylated a-tubulin mouse monoclonal Sigma T7451 1:200

KIF2A rabbit polyclonal Proteintech 13105-1-AP 1:200

Then, cells were incubated with the secondary antibodies for 1 hour at RT (Table 2.7), washed with
PBS and stained with Hoechst 33342 (1:10000, Life Technologies) for 5 min to label the nucleus. Prep-
arations were mounted with ProLong™ Gold Antifade Mountant (Life Technologies) and visualized using
an epifluorescence Zeiss Axio Imager Z1 microscope equipped with an Axiocam MR3.0 camera and

Axiovision 4.7 sofware.

Table 2.7 List of secondary antibodies used in immunofluorescence assays.

. - Commercial L
Type of antibody Description Manufacturer Dilution
reference
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Alexa fluor 568 con- | Goat polyclonal anti- | - richer Scientific A-11011 1:200
jugated rabbit 1I9G
Alexa fluor 568 con- | Goat polyclonal anti- | o picher Scientific A-11004 1:200
jugated mouse IgG
Alexa fluor 488 con- | Goat polyclonal anti- | o cicher Scientific | A-11008 1:200
jugated rabbit IgG
Alexa fluor 488 con- | Goat polyclonal anti- | o 0 cicper scientific | A-11029 1:200
jugated mouse lgG

2.9 Phosphoproteome Analysis

2.9.1 Phosphoprotein Enrichment

Phosphoprotein enrichment was performed using the phosphate metal affinity chromatography
(TALON® PMAC Phosphoprotein Enrichment Kit, Clontech) columns, which allows for the selective
binding of proteins that contain a phosphate group on any amino acid (including serine, threonine or
tyrosine), according to the manufacturer’s instructions. Briefly, FLAG-TTBK2-WT and -L209F cells (in
three replicates) were washed with PBS, scrapped in PBS supplemented with the phosphatase inhibitor
NaF (10 mM) and protease inhibitors (cOmplete Protease Inhibitor Cocktail; Roche), centrifuged at 500
xg for 5 min and washed with PBS with NaF (10 mM) for two times, and the resulting pellet was frozen
at -80°C. Extraction buffer was added to each sample according to pellet weight (30 uL buffer A/1mg
of pellet), supplemented with the phosphatase inhibitor NaF (10 mM) and protease inhibitors. The sam-
ples were then incubated at 4°C for 10 min with mixing, followed by ultrasonic chromatin/DNA/RNA
shearing (Bioruptor Plus, Diagenode) and centrifugation at 10000 xg, for 10 min at 4°C. In parallel,
columns were washed with distilled water and twice with buffer A to equilibrate the columns. Protein
concentration of supernatants obtained by centrifugation was determined by Pierce BCA protein assay
to add about 7 mg of total phosphoproteins extracts to the columns and shaken at 4°C for 20 min for
phosphoprotein binding. Then the non-adsorbed material (non-phosphorylated protein fraction) was al-
lowed to flow through the column. After 4 washes, phosphorylated proteins were eluted (into 5 fractions)
using 1ml of buffer B for 5 times, determining in the end their protein concentration by Pierce BCA

protein assay. Samples were stored at —80°C before protein precipitation.

1 Identificati d
Total protein g > MS/MS entification an
—> < o analysis of
P Fiowthrough phospho-enriched
proteins

Phosphorylated
proteins
Figure 2.2 Overview of the phosphoprotein enrichment approach. Adapted from TALON® PMAC Phos-
phoprotein Enrichment Kit User Manual (https://www.takarabio.com/documents/User%20Man-

ual/TALON%20PMAC%20Phosphoprotein%20Enrichment%20Kit%20User%20Manual%20%28PT3731/TALON
%20PMAC%20Phosphoprotein%20Enrichment%20Kit%20User%20Manual%20%28PT3731-1%29 071414.pdf).
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2.9.2 Phosphoprotein Precipitation and Preparation

The phospho-enriched fractions 2 and 3, which had the highest concentration of proteins, needed to
be concentrated to reduce sample volume. This was achieved by reducing the volume to 500 uL using
a speed vacuum concentrator (SpeedVac, ThermoFisher Scientific). Then to remove the high concen-
tration salt in the samples buffer, we used the ProteoExtract® Protein Precipitation Kit (Merck-Millipore).
Samples were mixed with the cold precipitation agent, incubated overnight at -20°C and centrifuged at
10000 xg for 10 min at RT. After 2 washes in cold wash solution, the pellet was dried at room tempera-
ture. Then, in the spectrometry service (i3S, Porto) 100 ug of protein from each sample were processed
for proteomic analysis following the solid-phase-enhanced sample-preparation protocol as described in
Hughes, C.S. et al.1?’, Enzymatic digestion was performed with trypsin/LysC (2 ug) overnight at 37°C at

1000 rpms, and the resulting peptide concentration was measured by fluorescence.

2.9.3 Phosphoprotein Data Acquisition

Following sample preparation, protein identification and quantitation were performed by nano Liquid
Chromatography with tandem mass spectrometry (LC-MS/MS) (Ultimate 3000 liquid chromatography
system coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer; ThermoFisher Scien-
tific) in the spectrometry service (i3S, Porto) according to the protocol described in Osério et al.1?8, The
data acquisition was controlled by Xcalibur 4.0 and Tune 2.9 software (ThermoFisher Scientific).

In collaboration with the spectrometry service of i3S, the acquired raw data were processed using
the Proteome Discoverer 2.5.0.400 software (ThermoFisher Scientific). Protein identification analysis
was performed with the data available in the UniProt protein sequence database for the Reviewed Homo
sapiens Proteome 2021 03 with 20,371 entries and a common contaminant database from MaxQuant
(version 1.6.2.6, Max Planck Institute of Biochemistry). Two protein search algorithms were considered:
(i) the mass spectrum library search software MSPepSearch, with the NIST human HCD Spectrum
Library and (ii) the Sequest HT tandem mass spectrometry peptide database search program, through
an ion mass tolerance of 10 ppm for precursor ions and 0.02 Da for fragment ions. The maximum al-
lowed missing cleavage sites was set to 2. Cysteine carbamidomethylation was defined as constant
modification. Methionine oxidation, asparagine and glutamine deamidation, phosphorylation of serine,
threonine and tyrosine, peptide N-terminus GIn->pyro-Glut, protein N-terminus acetylation, and loss of
methionine and Met-loss+Acetyl were defined as variable modifications. Peptide confidence was set to
high. The Inferys rescoring node, which calculates intensity-based similarity scores for peptide-to-spec-
trum matches (PSMs), was considered for this analysis. The Percolator node was enabled to filter PSMs
with the following settings: maximum delta Cn 0,05; decoy database search target False Discovery Rate
(FDR) 1%; validation based on g-value.

Protein-label-free quantitation (LFQ) of isotope features was performed with the Minora feature de-
tector node. Precursor ion quantification was performed at the processing step with the following pa-

rameters: peptides - unique plus razor; precursor abundance was based on intensity; normalization
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mode was based on the total peptide amount; the minimum number of replicate files that a feature must
be detected in to be used was set to half in the sample group; the pairwise protein ratio calculation and
hypothesis test were based on a t-test (background based). The ptmRS node was used to calculate the
probability (confidence) that the phosphorylation of serine, threonine and/or tyrosine is present within
the peptide. Based on the observed fragment ions, it assigns a percent confidence score that represents
the localization probability. The Feature Mapper node was used to create peptide features from unique
peptide-specific peaks, reducing missing values, by applying a chromatographic retention time align-
ment with a maximum shift of 10 min and 10 ppm of mass tolerance. For feature linking and mapping,

the minimum Mutant vs. Wild-type signal to noise threshold was set at 5.

2.9.4 Phosphoprotein Functional Enrichment Analysis

For the determination of differentially expressed proteins between the FLAG-TTBK2-WT and -L209F
(Mutant) cell samples, the following filters were considered: (1) the minimum number of samples that a
protein must be detected was set to 50% per experimental group; (2) the use of at least two unique
peptides with the exception of proteins with a MW lower than 30 kDa; (3) the P-value adjusted using
Benjamini-Hochberg correction for the FDR set to <0.05; (4) the L209F/WT considered ratio was set to
=1.60 for the selection of upregulated proteins and to <0.625 for downregulated proteins; (5) in least
50% of samples (minimum 2 out of 3) with protein-related peptides sequenced by MS/MS.

The protein functional enrichment analysis was performed with the WebGestalt tool'2°. The Over-
Representation Analysis (ORA) was performed by inputting a list of significant differentially expressed
proteins under the following conditions: minimum/maximum number of genes for a category 5/2000 and
significance level P < 0.05, with the P-values adjusted following the Benjamini-Hochberg methodology.
The reference list was the default genome protein-coding present in the software. The weighted set
cover redundancy reduction method was included as a post-processing step, allowing to identify the
most representative significant sets by finding a minimum subset of gene sets that can cover all the
enriched sets of genes, associated with its P-value. The Gene Set Enrichment Analysis (GSEA) is based
on a ranked list determined by t-statistic values between the two groups for all quantified proteins, and
the following parameters were considered: minimum/maximum number of genes for a category, 5/2000;
significance level P < 0.05; 1000 permutations. For both ORA and GSEA approaches, the following
Functional Databases were considered: Gene Ontology (BP - Biological Process, CC - Cellular Compo-
nent and MF - Molecular Function)130.131  Pathway (KEGG!32133 Panther!34, Reactome35136 and Wik-

ipathway®3” and Disease (Disgenet!38, GLAD4U*3° and OMIM49),

2.9.5 Phosphosites Analysis

The phosphosites identified in the differentially expressed proteins were analysed using: Phos-
phositePlus v6.6.0.2 (https://www.phosphosite.org/homeAction)!#!, Phospho.ELM v.9.0 (http://phos-

pho.elm.eu.org/index.html)'42, and PhosphoNet (http://www.phosphonet.ca/)!4® databases.
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2.10 Statistical Analysis

The statistical analysis was performed using the IBM SPSS Statistics 25.0 sofware. All quantitative
data are expressed as mean + standard deviation (SD) of at least three independent experiments. Sta-
tistical significance analysis was conducted using one-way Analysis of variance (ANOVA) with Tukey’
post-hoc tests, when comparing means of more than two groups, or two-tailed Student’s t-test to com-
pare means between two groups. Non-parametric tests were used when normality (Shapiro-Wilk) and/or
homogeneity of the variances (Levene) was not observed, such as Mann-Whitney U test. The level of
statistical significance was set at P-value <0.05.
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| 3

RESULTS

3.1 Identification of a novel potentially pathogenic TTBK2 variant

In a previous study in collaboration with the CGPP (Centro de Genética Preditiva e Preventiva, i3S,
Porto), two siblings exhibiting cerebellar ataxia without a conclusive genetic diagnosis were identified.
The available medical history of the proband (11.1) (Figure 3.1A) indicates a clinical diagnosis of sensitive
ataxia and cerebellum atrophy, presenting gait imbalance at 48 years old, which progressed to visual
impairment, nystagmus, and ataxia at 53 years old. In addition, there was a first-degree case (11.2, sister)
(Figure 3.1A) with progressive ataxia and neuropathy, dysarthria and cerebellum atrophy. The two af-
fected Portuguese siblings (Figure 3.1A) were first excluded for all autosomal dominant ataxias of triplets
expanded repeats, as well as the most common recessive ataxias, such as FRDA, AOA1 and AOA2.
Then, since the clinical phenotype of the patients suggest that SCA11 might be the genetic cause?2931:33,
PCR amplification of all TTBK2 exons and intronic flanking regions was performed. This analysis led to
the identification of a novel heterozygous missense variant in TTBK2 gene (ENST00000267890.11:
€.625C>T; p.Leu209Phe) (Figure 3.1B and C).

The variant (chr15:42,811,759; ¢.625C>T; p.Leu209Phe) located within the exon 8 of TTBK2 (Fig-
ure 3.1C) had a minor allele frequency of 6,58x10-% in the population with only one allele count de-
scribed in the gnomAD database. The variant was reported as rs1595936604 in the dbSNP.
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Figure 3.1 The family pedigree and a schematic representation of the TTBK2 gene and protein.
(A) A pedigree with the new TTBK2 variant (c.625C>T; p.Leu209Phe) identified in two siblings. The arrow indicates
the proband, filled black symbols indicate affected family members by cerebellar ataxia, circles indicate females
and squares indicate males. (B) An electropherogram showing the heterozygous TTBK2 ¢.625C>T variant boxed
in red. (C) The localization of the identified variant (c.625C>T; Leu209Phe) (in red) in the TTBK2 gene and protein
(NP_775771.3/Q61Q55-1), a KD variant (Asp163Ala) that disables the kinase domain activity and known SCA11
frameshift variants (Thr402fs; Glu429Aspfs*21; Asp435Tyrfs*14; Arg444Thrfs*7). A sequence alignment of the
flanking residues of L209 of human TTBK2 against other species was performed using the Clustal Omega program.

The p.Leu209Phe variant locates within an alpha helix of an annotated kinase domain (Figure 3.1C,
3.2) and leads to the alteration of a leucine (aliphatic side chain) to a phenylalanine (aromatic side chain)
on aresidue buried in the core of the protein (Figure 3.2). A functional in silico analysis based on several
pathogenicity prediction programs was done, which predicted the amino acid substitution (p.
Leu209Phe) to be deleterious (e.g., SIFT = 0.01 (deleterious); Polyphen = 0.999 (probably damaging);
CADD = 28; Mutation Taster = 1 (disease causing); MutPred = 0,6) (Table 3.1; Annex Il - Table S3.1).
The phylogenetic analysis showed that the new variant is within a highly conserved position in terms of
nucleotide (GERP++ RS = 5,57; PhastCons100way = 1,00; PhyloP100way = 10,003) and protein,
across different species (Table 3.1; Figure 3.1C).

Table 3.1 Summary table showing the TTBK2 variant (c.625C>T; p.Leu209Phe) nucleotide con-
servation and pathogenicity prediction scores.

Nucleotide Conservation Pathogenicity
GERP++ | PhastCons PhyloP .
RS 100way 100way SIFT Polyphen CADD | MutationTaster | MutPred
5,57 1,00 10,003 0,01 0,999 28,00 1 0,6

CADD and Mutpred scores are considered as pathogenic above 20 and 0,5, respectively. In nucleotide conservation
scores, the larger the score, the more conserved the site. GERP++ RS, PhastCons100way and PhyloP100way
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scores range from -12,3 to 6,17; 0 to 1; and -20 to 10,003, respectively. Additional programs and scores can be
found in Annex Il - Table S3.1.

To complement the previous results, an analysis on the protein stability was done based on pre-
diction programs that evaluates changes in folding free energy (AAG). This converged to assess a de-
stabilizing effect of the missense variant in TTBK2 protein (PDB accession: 6VRF44) (Table 3.2), pre-

dicted to increase on aromatic and hydrophobic contacts with the neighboring residues (Figure 3.2).

Table 3.2 Prediction of protein stability changes of TTBK2 Leu209Phe variant.

AAG predictions
DynaMut DynaMut2 mCSM SDM ENCoM DUET
0.228 kcal/mol | -1,95 kcal/mol | -1.891 -1.390 0.260 kcal/mol | -2.132
(stabilizing) (Destabilizing) | kcal/mol (De- | kcal/mol (De- | (Destabilizing) | kcal/mol (De-
stabilizing) stabilizing) stabilizing)

The protein stability analysis revolves around bioinformatic assessment of AAG variations between WT and altered
proteins.

Leucine (L) — Phenilalanine (F)

) O

Wild-type TTBK2 TTBK2 (p.L209F)
Legend
| Hidrogen bonds I Aromatic contacts
I Polar contacts B Var der Waals interactions
[ | Carbonyl contacts | Hydrophobic contacts
lonic interactions | Clash interactions

Figure 3.2 The Leu209Phe variant alters residues interactions in the core of the protein. The pre-
diction of the variant impact on stability and protein dynamics was done using the web server DynaMut2. The 209
residue is centered displaying the various interactions with nearby residues in different colours.
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3.2 The new variant (c.625C>T; p.Leu209Phe) affects TTBK2 protein

expression

To study the impact of p.Leu209Phe variant on the expression of TTBK2, constructs that direct the
expression of TTBK2 wild-type (EGFP-TTBK2-WT), TTBK2 carrying the D163A variant (loss of kinase
function; EGFP-TTBK2-KD), or the L209 variant (EGFP-TTBK2-L209F), in fusion with a N-terminal
EGFP-tag, were generated. Constructs, including the control construct (empty vector), were transfected
into HEK293T cells. Immunoblotting analysis revealed that EGFP-TTBK2-KD and EGFP-TTBK2-L209F
had significantly reduced protein levels compared with EGFP-TTBK2-WT (Figure 3.3A, about an 80%
and 60% decrease; P-value = 0,005 and 0,001, respectively). To note that, both TTBK2 KD and
Leu209Phe proteins presented the expected molecular weight of about 164 kDa (about 137 kDa from
TTBK2 plus 27 kDa from EGFP) (Figure 3.3A).

Then, to analyse endogenous TTBK2, CRISPR-Cas9-mediated knock-in of the variant c.625C>T
(FLAG-TTBK2-L209F) was performed in a HEK293T cell line expressing TTBK2 in fusion with an N-
terminal 3xFLAG-tag (FLAG-TTBK2). After the CRISPR-Cas9 assay (co-transfection with the gRNA,
ssODN, in the presence of the NHEJ inhibitor NU7026) and single cell sorting, the cell clones repaired
by HDR were first genotyped through Avall digestion. Then, the correct insertion of the TTBK2 ¢.625C>T
variant (in homozygosity) and surrounding genomic sequence was verified by Sanger sequencing. All
TTBK2 exons and predicted off-targets were also sequenced to exclude potential off-target effects. The
newly created and validated FLAG-TTBK2-L209F (FLAG-L209F) CRISPR/Cas9 modified cell line and
the control FLAG-TTBK2-WT (FLAG-WT) CRISPR/Cas9 modified cell line (previously established) were
used to perform the following experiments.

The TTBK2 protein expression, evaluated by Western blot, revealed a significant decrease in
TTBK2 proteins levels on the FLAG-TTBK2-L209F cell line compared to the FLAG-TTBK2-WT cell line
(Figure 3.3B, about a 60% decrease; P-value = 0,023). Quantitative RT-PCR showed no significant
reduction on TTBK2 mRNA levels (using either primers targeting exon 4 or exon 8 of TTBK2), confirming
that the variant does not result in reduction or instability of the mRNA (Figure 3.3C). In addition, we also
showed that the introduction of the 3xFLAG-tag does not influence TTBK2 mRNA expression (compar-
ison between HEK293T and FLAG-TTBK2-WT and -L209F modified cells) (Figure 3.3C).
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Figure 3.3 The Leu209Phe variant reduce TTBK2 protein expression. (A) Analysis of TTBK2 protein
expression of EGFP-tagged TTBK2 clones in HEK293T cells by immunoblotting with anti-EGFP antibody. Ponceau
S staining was used as the loading control. Quantification data (graph) are presented in percentage as the mean +
SD of three independent experiments; **p < 0.01, ***p < 0.001 compared with FLAG-TTBK2-WT transfection con-
dition (one-way ANOVA/Tukey). (B) Analysis of endogenous TTBK2 protein expression in FLAG-TTBK2-WT and —
L209F cells (CRISPR-cas9 madified cells) by immunoblotting with anti-FLAG antibody. Ponceau S staining was
used as the loading control. Quantification data (graph) are presented in percentage as the mean + SD of three
independent experiments; *P < 0,05 compared with FLAG-TTBK2-WT cell line (T-test). W identifies an unspecific
band. (C) Analysis of TTBK2 mRNA levels in CRISPR-cas9 modified HEK293T cells by RT-gPCR. Quantification
data (graph) are presented in fold change as the mean + SD of three independent experiments; compared with
HEK293T (one-way ANOVA/Tukey).

3.3 Characterization of the subcellular localization of TTBK2

Previous studies showed a protein localization of TTBK2 in the cytoplasm#6:145 also being present
in cytoskeleton related structures as primary cilia, midbody and mitotic spindle during cell division46:55.56,
However, SCA11 variants had been reported to enhance nuclear localization3¢. Thus, a study on the
subcellular localization of TTBK2 was performed by fluorescence microscopy and subcellular fractiona-
tion of FLAG-TTBK2-WT and -L209F cells. TTBK2 proteins were labelled with anti-FLAG antibody and
Hoechst was used to mark the nucleus. Both WT and Leu209Phe TTBK2 proteins were located mainly
in the cytoplasm and seemed to be present within the nucleus in a minor extent (Figure 3.4A).

The subcellular localization of WT and Leu209Phe TTBK2 was confirmed by subcellular protein
fractionation. The fractionation method efficiency was controlled by immunoblotting using specific anti-
bodies for each fraction isolated: B-actin (total fraction), caspase 3 (cytoplasmic fraction), Cis-Golgi ma-
trix protein 130 kDa (GM130) (membrane fraction), HDAC2 (soluble nuclear fraction), histone H3 (chro-
matin-bound nuclear fraction), and CEP97, a-tubulin and vimentin (cytoskeletal fraction). Presence of
TTBK2 in each fraction was analysed by immunoblotting with anti-FLAG antibody. TTBK2 protein was

mainly present in the cytoplasmic fraction. In addition, a band with a high molecular weight of about 300
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kDa was also detected in the cytoskeletal fraction; but the specificity of this band remains unknown and
have not yet been reported in other studies. (Figure 3.4B). Moreover, most of the cytoskeleton specific
markers seem to be extracted not only with the cytoskeleton fraction but also with the cytoplasmic and
other fractions (Figure 3.4B). The Leu209Phe variant was collected in a similar pattern to TTBK2 WT,

showing no apparent changes in TTBK2 levels in the cytoplasm or cytoskeletal fractions (Figure 3.4B).
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Figure 3.4 TTBK2 locates in the cytosol and Leu209Phe variant does not affect its subcellular
localization. (A) Immunofluorescence showing the localization of endogenous TTBK2 in FLAG-TTBK2-WT and
—L209F cells fixed in microscopy buffer and incubated with anti-FLAG antibody, followed by detection with Alexa
Fluor 568-conjugated secondary antibody (red) (n=1). The nucleus was stained with Hoechst 33342 (blue). Photo-
graphs were acquired using a Zeiss Axio Imager Z1 microscope. Bars, 10 ym. (B) Subcellular fractionation of FLAG-
TTBK2-WT and -L209F cells. Presence of TTBK2 with the anti-FLAG antibody was evaluated in each fraction with
specific markers such as -actin (total fraction), caspase 3 (cytoplasmic fraction), GM130 (membrane fraction),
HDAC2 (soluble nuclear fraction), histone H3 (chromatin-bound nuclear fraction), and CEP97, a-tubulin and vi-



mentin (cytoskeletal fraction) antibodies (n=1). W identifies an unspecific band. T, total protein fraction; C, cytoplas-
matic protein fraction; M, membrane protein fraction; SN, soluble nuclear protein fraction; CN, chromatin-bound
nuclear protein fraction; CK, cytoskeletal protein fraction.

3.4 The TTBK2 Leu209Phe variant may affect cytoskeleton dynamics

The TTBK2 protein was first reported as a tau and tubulin kinase in vitro#243, and since then TTBK2
have been described to be essential for ciliogenesis initiation671 and to regulate microtubule-depoly-
merisation by inhibiting KIF2A activity via EB148. Therefore, protein expression of KIF2A and acetylated
a-tubulin, known as an indicator of microtubules stability46:147, was assessed by immunoblotting. Both
KIF2A and acetylated a-tubulin protein levels were decreased in FLAG-TTBK2-L209F cells comparing
to FLAG-TTBK2-WT cells (Figure 3.5A, about a 50% decrease in both; P-value = 0,035 and 0,031,
respectively). The changes in acetylated a-tubulin protein levels were not due alterations in a-tubulin
protein expression (Figure 3.5A). The fluorescence microscopy of FLAG-TTBK2-WT and -L209F cells
support the immunoblotting data, but quantification of fluorescence intensity still needs to be performed
(Figure 3.5B).
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Figure 3.5 The Leu209Phe variant alters KIF2A expression and a-tubulin acetylation. (A) Analysis
of KIF2A, a-tubulin and acetylated a-tubulin protein expression in FLAG-TTBK2-WT and —L209F cells by immunob-
lotting with anti-KIF2A, anti-a-tubulin and anti-acetylated a-tubulin antibodies. Ponceau S staining was used as the
loading control. Quantification data (graph) are presented in percentage as the mean + SD of three independent
experiments, *p < 0,05 (T-test). (B) Immunofluorescence of KIF2A and acetylated a-tubulin in FLAG-TTBK2-WT
and —L209F cells fixed in 4% paraformaldehyde/4% sucrose, followed by incubation with anti-KIF2A and anti-acet-
ylated a-tubulin antibodies and detection with Alexa Fluor 568 (red) and Alexa Fluor 488 (green) -conjugated sec-
ondary antibodies, respectively (n=1). The nucleus was stained with Hoechst 33342 (blue). Photographs were ac-
quired using a Zeiss Axio Imager Z1 microscope. Bars, 10 ym.

To confirm the direct involvement of the Leu209Phe variant in KIF2A expression levels, a rescue
experiment was performed by the transient transfection of the empty vector EGFP, EGFP-TTBK2-WT
or EGFP-TTBK2-L209F in FLAG-TTBK2-WT and —L209F cells.

Immunoblotting analysis showed that FLAG-TTBK2-L209F cells transfected with EGFP-TTBK2-WT
revealed twice the KIF2A proteins levels observed in the presence of EGFP or EGFP-TTBK2-L209F
(Figure 3.6). Therefore, KIF2A defects in FLAG-TTBK2-L209F cells seem to be rescued by the EGFP-
TTBK2-WT transfection. In addition, EGFP-TTBK2-L209F transfection decreases about 20% of KIF2A
protein expression in FLAG-TTBK2-WT cells, but since the EGFP-TTBK2-L209F levels are much
smaller than of the EGFP-TTBK2-WT, these findings may not demonstrate the total effect of the
Leu209Phe variant (Figure 3.6).
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Figure 3.6 KIF2A expression was rescued by the TTBK2-WT overexpression. Analysis of KIF2A pro-
tein expression in FLAG-TTBK2-WT and —L209F cells transfected with the empty vector EGFP, EGFP-TTBK2-WT
or EGFP-TTBK2-L209F by immunoblotting with anti-KIF2A and anti-EGFP antibodies. Ponceau S staining was
used as the loading control. Quantification data (graph) are presented in percentage as the values of one experi-
ment.

3.5 The TTBK2 Leu209Phe variant may influence autophagy

Autophagy impairment has been associated with neurodegeneration and the accumulation of mis-
folded proteins, and its induction has been shown to be beneficial'#814°. Thus, a study on the protein

expression of several autophagy players was done to verify if the Leu209Phe variant was linked to
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autophagy impairment. Immunoblotting analysis demonstrated that the levels of regulatory-associated
protein of MTOR (Raptor), Unc-51 like autophagy activating kinase 1 (ULK1) and Beclin 1 in the FLAG-
TTBK2-L209F cells were increased for about 40%, 90% and 40%, respectively (Figure 3.7A, P-value =

0,087; 0,016; and 0,060, respectively). Interestingly, the cellular levels of the phosphorylated (activated)

forms of these proteins significantly accompanied the increases in their expression levels (Figure 3.7A,
about an increase of 60%, 100% and 40%; P-value = 0,008; 0,01; and 0,041, respectively) in FLAG-

TTBK2-L209F cells. These results suggest that there are higher levels of autophagy-related active pro-

teins in the presence of the Leu209Phe variant. However, when normalising the phosphorylated to the

respective total protein levels, there were no significant differences in Raptor (Ser792), ULK1 (Ser555)
and Beclin 1 (Ser93) levels between FLAG-TTBK2-L209F and -WT cells (Figure 3.7A).
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Figure 3.7 The TTBK2 Leu209Phe variant affects the expression of several autophagy related
proteins. (A) Protein expression analysis of upstream autophagy proteins like Raptor, ULK1 and Beclin 1, plus
their phosphorylated forms, and (B) LAMP1 and p62, was performed in FLAG-TTBK2-WT and —L209F cells by
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immunoblotting with anti-raptor, anti-phospho raptor (Ser792), anti-ULK1, anti-phospho ULK1 (Ser555), anti-be-
clinl, anti-phospho beclinl (Ser93), anti-LAMP1 and anti-p62 antibodies. Ponceau S staining was used as the
loading control. Quantification data (graph) are presented in percentage as the mean + SD of at least three inde-
pendent experiments, *P < 0,05, **P < 0.01, ns (non-significant, P>0.05) (T-test; non-parametric T-test/Mann-Whit-
ney U test). (C) Analysis of caspase 3 protein expression in FLAG-TTBK2-WT and —L209F cells was done by
immunoblotting with anti-caspase 3 antibody. Ponceau S staining was used as the loading control. Quantification
data (graph) are presented in percentage as the mean £ SD of three independent experiments (non-parametric T-
test/Mann-Whitney U test).

Relatively to lysosomal-associated membrane protein 1 (LAMP1; glycosylated form), a lysosomal
marker, and p62 (also known as sequestosome 1 (SQSTML1)), an indicator of both autophagy and UPS,
they presented about a two-fold decrease and increase, respectively (Figure 3.7B, P-value = 0,009 and
0,006, respectively). In addition, caspase 3 protein levels were maintained in FLAG-TTBK2-L209F cells
compared to the -WT cells and no cleaved forms of caspase 3 were detected, showing that the
Leu209Phe variant does not lead to apoptosis (Figure 3.7C).

To further analyse the alterations in the autophagic flux and activity, the turnover of microtubule-
associated protein 1A/1B-light chain 3 (LC3B)-I/lIl and p62 after autophagy blockage was assessed.
FLAG-TTBK2-WT and —L209 cells were treated with either chloroquine (10 uM during 18h or 25 uM
during 2h), an inhibitor of the autophagosome-lysosome fusion!18, or the control vehicle DMEM, and
further prepared for immunoblotting or fluorescence microscopy.

Once more, the FLAG-TTBK2-L209F cells showed an increase in p62 protein levels compared to
-WT cells, which further increased in the presence of chloroquine, reflecting the autophagy blockage
(Figure 3.8A and B). The data from immunoblotting indicated an increase in LC3B-II levels, in the pres-
ence of chloroquine (Figure 3.8A and B), suggesting a normal LC3B conversion (LC3B-I to LC3B-Il) in
both cell lines. By fluorescence microscopy, after treatment of cells with chloroquine, it was visible the
presence of LC3B in green puncta (Figure 3.8B) labelling LC3B recruitment to the autophagosomes.
Moreover, p62 was also detected in puncta (label in red), some co-localizing with LC3B, possibly indi-
cating the presence of p62 in autophagosomes. However, further co-localization studies should be per-
formed to evaluate differences in LC3B and p62 subcellular localization between FLAG-TTBK2-WT and
-L209F cells.
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Figure 3.8 The autophagic flux does not seem to be altered in FLAG-TTBK2-L209F cells, however
thereis an increase in p62 expression. (A) FLAG-TTBK2-WT and —L209F cells were incubated with chloro-
quine (10uM) or control vehicle DMEM for 18 h, followed by immunoblotting with anti-P62 and anti-LC3 antibodies,
along with ponceau S staining as loading control. (B) Immunofluorescence: FLAG-TTBK2-WT and —L209F cells
incubated with chloroquine (25uM) for 2 h were fixed in methanol, incubated with anti- P62 and anti-LC3 antibodies,
and detected with Alexa Fluor 488 (green) and Alexa Fluor 568 (red) -conjugated secondary antibodies, respectively

(n=1). The nucleus was stained with Hoechst 33342 (blue). Photographs were acquired using a Zeiss Axio Imager
Z1 microscope. Bars, 10 um.
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3.6 The TTBK2 Leu209Phe variant impairs TDP-43 phosphorylation

The TTBK2 phosphorylates TDP-43, a DNA/RNA binding protein, at Ser409/410 and leads to its
re-localization from the nucleus to the cytosol, which is thought to promote toxicity in ALS, FTLD-TDP,
and possibly other neurodegenerative diseases®>°3. Hence, it was verified by immunoblotting if the
Leu209Phe variant affected the TTBK2 kinase activity, causing a decrease in the phosphorylation of
TDP-43 at Ser409/410. Since the phosphorylated TDP-43 proteins were difficult to analyse in FLAG-
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TTBK2-L209F cells, an experiment was performed with the transient transfection of EGFP-FLAG-
TTBK2-WT construct in FLAG-TTBK2-WT and —L209F cells to increase phosphorylation of TDP-43 and
quantification sensitivity. Immunoblotting analysis showed that transfection of EGFP-FLAG-TTBK2-WT
increases the phosphorylation of TDP-43 in FLAG-TTBK2-WT and FLAG-TTBK2-L209F cells by 60%
and 80%, respectively (Figure 3.9A). Moreover, phosphorylated TDP-43 levels in non-transfected
FLAG-TTBK2-L209F cells were decreased about 90% comparing to non-transfected FLAG-TTBK2-WT
cells (Figure 3.9A). The level of Ser409/410 phosphorylation of TDP-43 was normalised to the total
TDP-43 level.

Additionally, to analyse Leu209Phe effect on TDP-43 Ser409/410 phosphorylation, an experiment
was performed by the transient transfection of the empty vector EGFP, EGFP-TTBK2-WT or EGFP-
TTBK2-L209F in FLAG-TTBK2-WT and —L209F cells. Immunoblotting analysis revealed that in FLAG-
TTBK2-WT and -L209F cells the TDP-43 phosphorylated levels were increased in the presence of
EGFP-TTBK2-WT, but not with EGFP-TTBK2-L209F transfection (Figure 3.9B). However, as the levels
of EGFP-TTBK2-L209F are much smaller than of the EGFP-TTBK2-WT, these results may not com-
pletely demonstrate the effect of the Leu209Phe variant (Figure 3.9B).

Therefore, both experiments showed that TDP-43 Ser409/410 phosphorylation seems to increase
in the presence of WT TTBK2 but not by the Leu209Phe variant (Figure 3.9A and B), indicating a loss-

of-function mechanism of the latter (Figure 3.9B).

. FLAG-WT FLAG-L209F FLAG-WT FLAG-L209F FLAG-WT  FLAG-L209F
- o+ -4 EGFP- R R
TTBK2-WT TTBK2-WT i : EGFP-empy T
—— EGFP-TTBK2-WT -+ - - +
26 EGFP-TTBK2-200F - - + -~ - *
250 - [ - IB: TDP-43
| g
130 - ' 250 - . 250 - ' -
. 130 - ® "
95 - - - |B: EGFP

%- - -

IB: TDP-43 Ser 409/410
IB: TDP-43 Ser 409/410

55 -

160

120
_ 36 -
S, IB: TDP-43
Q@

40 e

250 - -
0 B2 130 -

wol transfection |EGFP-TTBK2-WT wol transfection |EGFP-TTBK2-WT
FLAG-WT FLAG-L209F IB:EGFP

Ser409/410 TDP43/TDP-43

DN

Figure 3.9 The TTBK2 Leu209Phe variant impairs TDP43 phosphorylation. (A) Analysis of TDP43
Ser409/410 levels in FLAG-TTBK2-WT and —L209F cells, non-transfected (wo/ transfection) or transfected with
EGFP-FLAG-TTBK2-WT, by immunoblotting with anti-TDP43 Ser409/410, anti-TDP43 and anti-EGFP antibodies.
Ser409/410 phosphorylation of TDP-43 was normalised to the total TDP-43 protein. Quantification data (graph) are
presented in percentage as the value of one experiment. (B) Analysis of TDP43 Ser409/410 protein levels in FLAG-
TTBK2-WT and -L209F cells transfected with the empty vector EGFP, EGFP-TTBK2-WT or EGFP-TTBK2-L209F,
followed by immunoblotting with anti-TDP43 Ser409/410, anti-TDP43 and anti-EGFP antibodies (n=1). Total TDP-
43 protein was used to normalize Ser409/410 phosphorylation of TDP-43 data.
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3.7 The TTBK2 Leu209Phe variant may lead to abnormal protein
phosphorylation

Since SCA11 is linked to the loss of function of TTBK2 as reported by others and us in section 3.7,
we decided to perform a phosphoprotein enrichment analysis that allows to obtain quantitative infor-
mation and identify abnormal phosphorylation in human diseases. A total of 5277 proteins were identi-
fied among the second and third phospho-enriched fractions of 6 samples, 3 replicates of FLAG-TTBK2-
WT and -L209F cells (Figure 3.10). After the removal of common contaminants, the number of identified
proteins decreased to 5257 (Figure 3.10). Proteins were considered for the analysis of DEP if detected
in 2 out of 3 samples per experimental group, setting the P-value adjusted using Benjamini-Hochberg
correction for the FDR to <0.05. In case of proteins with only one unique peptide, the ones kept had an
MW lower than 30 kDa (Figure 3.10). So, in total 4429 quantified proteins were then analysed by per-
forming the FLAG-TTBK2-L209/-WT ratio (Figure 3.10).
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Figure 3.10 Schematic representation of the proteomics workflow for the analysis of FLAG-
TTBK2-L209F and -WT cells.

The relative quantification of the phospho-enriched extracts allowed to compare the DEP between
the FLAG-TTBK2-L209F cells and the -WT control cells (Figure 3.10, Table 3.3). Considering the
L209/WT ratio (21,60 for upregulated proteins and <0,625 for downregulated proteins), 110 differentially
expressed proteins were obtained: 50 upregulated and 60 downregulated (Table 3.3).
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Table 3.3 List of DEP between FLAG-TTBK2-L209 and -WT cells.

Protein Accession Gene Symbol Fold-Change Unique MW
No. (L209F/WT) Peptides  [kDa]
HAUS augmin-like complex subunit 2 QINVX0 HAUS2 100 1 26,9
Annexin A1 P04083 ANXA1 100 2 38,7
Forkhead box protein M1 Q08050 FOXM1 100 2 84,2
Serine/threonine-protein kinase ULK3 Q6PHR2 ULK3 100 2 53,4
Ubiquitin-associated domain-containing Q9BSL1 UBAC1 100 2 45,3
protein 1
Vesicle-trafficking protein SEC22b 075396 SEC22B 8,689 1 24,6
Uncharacterized protein C180rf25 Q96B23 C18orf25 2,586 6 43,4
Phosphatidylinositol 3-kinase regulatory Q92569 PIK3R3 2,472 3 54,4
subunit gamma
NAD-dependent malic enzyme, mitochon- P23368 ME2 2,412 22 65,4
drial
Oligoribonuclease, mitochondrial Q9Y3B8 REXO2 2,382 3 26,8
Bardet-Bied| syndrome 7 protein Q8IWZ6 BBS7 2,366 2 80,3
Keratin, type | cytoskeletal 9 P35527 KRT9 2,282 32 62
Acyl-CoA dehydrogenase family member Q709F0 ACAD11 2,223 13 87,2
11
Ceroid-lipofuscinosis neuronal protein 5 075503 CLN5 2,209 2 41,5
Neuromodulin P17677 GAP43 2,208 1 24,8
Mothers against decapentaplegic homo- Q13485 SMADA4 2,196 17 60,4
log 4
AT-rich interactive domain-containing pro- Q14865 ARID5B 2,165 3 132,3
tein 5B
Mucosa-associated lymphoid tissue lym- Q9UDY8 MALT1 2,08 3 92,2
phoma translocation protein 1
E3 ubiquitin-protein ligase Midline-1 015344 MID1 2,062 6 75,2
Insulin receptor substrate 4 014654 IRS4 2,034 39 133,7
Histone H3.3 P84243 H3-3A/3B 2,022 1 15,3
Asparagine--tRNA ligase, cytoplasmic 043776 NARS1 1,993 18 62,9
Thioredoxin reductase 1, cytoplasmic Q16881 TXNRD1 1,984 3 70,9
Slit homolog 2 protein 094813 SLIT2 1,983 4 169,8
Angiomotin Q4VCSs5 AMOT 1,978 45 118
Profilin-2 P35080 PFN2 1,957 1 15
CBP80/20-dependent translation initiation 043310 CTIF 1,951 8 67,5
factor
Protein ERGIC-53 P49257 LMAN1 1,927 16 57,5
Carboxymethylenebutenolidase homolog  Q96DG6 CMBL 1,91 1 28
Methyl-CpG-binding domain protein 1 Q9UIS9 MBD1 1,895 6 66,6
Angiomotin-like protein 2 Q9Y2J4 AMOTL2 1,825 5 85,7
Keratin, type | cytoskeletal 10 P13645 KRT10 1,805 27 58,8
Histone-lysine N-methyltransferase Q03112 MECOM 1,796 10 138
MECOM
E3 ubiquitin-protein ligase NEDDA4-like Q96PU5 NEDDA4L 1,772 13 1119
WD repeat-containing protein 74 Q6RFH5 WDR74 1,764 10 42,4
SH2 domain-containing adapter protein B Q15464 SHB 1,755 4 55
Histone H3.2 Q71DI3 H3C13/14/15 1,739 1 15,4
Keratin, type Il cytoskeletal 1 P04264 KRT1 1,739 36 66
Sequestosome-1 Q13501 SQSTM1/p62 1,717 9 47,7
E3 SUMO-protein ligase PIAS2 075928 PIAS2 1,698 7 68,2
Mothers against decapentaplegic homo- Q15796 SMAD2 1,688 4 52,3

log 2
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Table 3.3 (continued)

Protein Accession Gene Symbol Fold-Change  Unique MW
No. (L209F/WT) Peptides  [kDa]
Protein HEXIM1 094992 HEXIM1 1,673 7 40,6
Zinc finger protein ZIC 2 095409 ZIC2 1,666 3 55
HIV Tat-specific factor 1 043719 HTATSF1 1,658 27 85,8
TRAF2 and NCK-interacting protein ki- Q9UKE5 TNIK 1,654 16 154,8
nase
GMP synthase [glutamine-hydrolyzing] P49915 GMPS 1,634 16 76,7
Retinoid-inducible serine carboxypepti- Q9HB40 SCPEP1 1,624 8 50,8
dase
Methyl-CpG-binding domain protein 2 Q9UBB5 MBD2 1,618 9 43,2
ATP-dependent DNA/RNA  helicase Q9H2U1 DHX36 1,617 38 114,7
DHX36
Zinc finger CCCH-type antiviral protein 1- Q96H79 ZC3HAV1L 1,602 7 32,9
like
Far upstream element-binding protein 2 Q92945 KHSRP 0,624 8 73,1
Vacuolar protein sorting-associated pro- 075351 VPS4B 0,624 13 49,3
tein 4B
Inactive phospholipase C-like protein 2 Q9UPRO PLCL2 0,623 10 125,8
Elongation factor 2 P13639 EEF2 0,621 73 95,3
Integrin-linked protein kinase Q13418 ILK 0,619 15 51,4
Eukaryotic translation initiation factor 3 Q7L2H7 EIF3M 0,614 19 42,5
subunit M
Cdc42-interacting protein 4 Q15642 TRIP10 0,61 13 68,3
Eukaryotic translation initiation factor 3 Q9UBQ5 EIF3K 0,603 6 25
subunit K
BAG family molecular chaperone regula- 095817 BAG3 0,601 21 61,6
tor 3
Ribonucleoside-diphosphate  reductase P23921 RRM1 0,592 18 20
large subunit
Epiplakin P58107 EPPK1 0,589 9 555,3
Phostensin Q6NYC8 PPP1R18 0,581 8 67,9
NAD-dependent protein  deacetylase Q8N6T7 SIRT6 0,579 7 39,1
sirtuin-6
MRNA cap guanine-N7 methyltransferase 043148 RNMT 0,576 19 54,8
Mitochondrial glutamate carrier 1 Q9H936 SLC25A22 0,571 9 34,4
Protein kinase C and casein kinase sub- Q9UKS6 PACSIN3 0,569 10 48,5
strate in neurons protein 3
Ribosome biogenesis protein NOP53 Q9NZM5 NOP53 0,567 4 54,4
Nuclear pore membrane glycoprotein 210 Q8TEM1 NUP210 0,567 14 205
Alpha-parvin QINVD7 PARVA 0,564 9 42,2
RNA-binding protein 20 Q5T481 RBM20 0,564 10 1343
Carnitine O-palmitoyltransferase 1, liver P50416 CPT1A 0,558 3 88,3
isoform
Threonine synthase-like 1 Q8IYQ7 THNSL1 0,557 2 83
Alpha-internexin Q16352 INA 0,555 6 55,4
Sodium bicarbonate cotransporter 3 Q9Y6M7 SLC4A7 0,555 11 136
Zinc finger and BTB domain-containing 095365 ZBTB7A 0,554 6 61,4
protein 7A
Beta-parvin Q9HBI1 PARVB 0,549 8 41,7
Ubiquitin-like modifier-activating enzyme 095352 ATG7 0,546 14 77,9
ATG7
Ribonuclease inhibitor P13489 RNH1 0,543 5 49,9
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Table 3.3 (continued)

Protein Accession Gene Symbol Fold-Change  Unique MW
No. (L209F/WT) Peptides  [kDa]
60S acidic ribosomal protein P1 P05386 RPLP1 0,538 2 115
Mitochondrial mRNA pseudouridine syn- Q6P087 RPUSD3 0,524 3 38,4
thase RPUSD3
E3 ubiquitin-protein ligase RAD18 QI9NS91 RAD18 0,523 11 56,2
Kinesin-like protein KIF18A Q8NI77 KIF18A 0,517 3 102,2
Krev interaction trapped protein 1 000522 KRIT1 0,515 3 84,3
Glutamine and serine-rich protein 1 Q2KHR3 QSER1 0,513 7 189,9
Endonuclease/exonuclease/phosphatase Q7L9B9 EEPD1 0,509 7 62,4
family domain-containing protein 1
Very-long-chain 3-oxoacyl-CoA reductase Q53GQO0 HSD17B12 0,509 7 34,3
Solute carrier family 35 member E1 Q96K37 SLC35E1 0,508 2 447
Histone-lysine N-methyltransferase Q53H47 SETMAR 0,505 4 78
SETMAR
Phosphatidylinositol  4-phosphate 3-ki- 000443 PIK3C2A 0,499 27 190,6
nase C2 domain-containing subunit alpha
Shootin-1 AOMZ66 SHTN1 0,49 12 71,6
LIM and senescent cell antigen-like-con- P48059 LIMS1 0,482 2 37,2
taining domain protein 1
Electrogenic sodium bicarbonate cotrans- Q9Y6R1 SLC4A4 0,481 3 1214
porter 1
Cytosolic non-specific dipeptidase Q96KP4 CNDP2 0,47 10 52,8
Microtubule-associated protein 1B P46821 MAP1B 0,47 46 270,5
FSD1-like protein Q9BXM9 FSD1L 0,457 3 59,5
Neurabin-1 QouLJ8 PPP1R9A 0,452 4 123,3
Inositol 1,4,5-trisphosphate receptor type Q14573 ITPR3 0,448 7 303,9
3
Nuclear factor of activated T-cells, cyto- 095644 NFATC1 0,446 5 101,2
plasmic 1
Carbonic anhydrase-related protein P35219 CA8 0,44 4 33
Phosphatidate cytidylyltransferase, mito- Q96BW9 TAMMA41 0,432 2 51
chondrial
TLE family member 5 Q08117 TLES 0,431 1 22
Mitochondrial import inner membrane Q9BVV7 TIMM21 0,43 3 28,2
translocase subunit Tim21
Neutral amino acid transporter B (0) Q15758 SLC1A5 0,429 4 56,6
Excitatory amino acid transporter 1 P43003 SLC1A3 0,427 2 59,5
Metalloreductase STEAP3 Q658P3 STEAP3 0,408 3 54,6
DNA-binding protein SATB1 Q01826 SATB1 0,329 4 85,9
EKC/KEOPS complex subunit LAGE3 Q14657 LAGE3 0,01 2 14,8
Fibrosin-1-like protein Q9HCM7 FBRSL1 0,01 2 110,8
Polypyrimidine tract-binding protein 3 095758 PTBP3 0,01 2 59,7
tRNA-dihydrouridine (20) synthase Q9NX74 DUS2 0,01 2 55

[NAD(P)+]-like

A P-value < 0.05 was considered with adjustment using the Benjamini—-Hochberg correction for the FDR to
<0.05. In total, 50 proteins were over-expressed and 60 under-expressed in the FLAG-TTBK2-L209F cell line.

48



On the DEP data, an ORA was performed with the web tool WebGestalt. The weighted set cover
redundancy reduction method was included as a post-processing step, allowing to identify the most
representative significant sets. For downregulated protein expression, the term “Cell-extracellular matrix
interactions” (R-HSA-446353) from the Reactome was found, with an enrichment ratio of 73,957 and
four associated proteins: LIM zinc finger domain containing 1 (LIMS1), integrin linked kinase (ILK),
parvin beta and alpha (PARVB and PARVA) (Table 3.4). For the upregulated proteins, the terms “De-

velopmental Biology”, “Negative regulation of RNA metabolic process”, “Circulatory system develop-

ment”,

” o«

Negative regulation of gene expression”, “Negative regulation of organelle organization

"«

, “Ame-
boidal-type cell migration” and “Cellular responses to stress” from Biological Process category of Gene
Ontology and Reactome provided statistically significant results with enrichment ratios of 5,195, 4,0212,
4,3504, 3,2195, 7,0181, 6, 8339, and 6, 112, respectively (Table 3.4). In two enrichment sets (“Devel-
opmental Biology” and “Negative regulation of RNA metabolic process”) there was a mutual overlap of
4 proteins: mothers against decapentaplegic homolog 4 and 2 (SMAD4, SMADZ2), H3 histone family 3A
(H3F3A), and histone cluster 2 H3 family member ¢ (HIST2H3C) (Table 3.4). Additionally, the “Circula-
tory system development” and “Negative regulation of gene expression” has also the SMAD2 and
SMADA4 proteins; and “Developmental Biology” and “Cellular responses to stress” terms mutually relate
to a set of 5 proteins: HIST2H3A, C and D, as well as H3F3A and B (Table 3.4). The four enrichment

LTINS

terms “Developmental Biology”,

Circulatory system development”, “Negative regulation of organelle
organization”, and “Ameboidal-type cell migration” related to the protein Slit guidance ligand 2 (SLIT2)
(Table 3.4). The two sets “Negative regulation of RNA metabolic process” and “Negative regulation of
gene expression” only differ in the addition of cap binding complex dependent translation initiation factor
(CTIF) to the later (Table 3.4).

Table 3.4 Functional enriched categories of the 110 DEP (+, upregulated; -, downregulated) in
FLAG-TTBK2-L209F cells using the WebGestalt ORA enrichment method.
DEP Gene Set Description Protein Name Size Expect Ratio P-value FDR

PIAS2, SLIT2,
KRT1, KRT10,
GAP43, PFN2,
KRT9, H3F3B,
R-HSA- Developmental H3F3A, SMADA4,
1266738  Biology SMAD2,
HIST2H3D,
HIST2H3C,
HIST2H3A,
PIK3R3
HEXIM1, ZIC2,
H3F3A,
MECOM,

Negative regula- FOXML,
9 9 SMADA4,

OG(%1253 gct;r;”c():f ;gl?esrr;et- SQSTML, 1295 3,48 4,02 5,25E-06  4,29E-03
ARID5B,
SMAD2,
HIST2H3C,
NEDDAL,

1074 2,89 5,20 8,30E-08 4,41E-04
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DHX36, MBD2,
MBD1
SLIT2, HEXIM1,
GO Circulatory sys- gl\N/I);ADil K;Ié
0072359 tne]zwnt develop- SMAD2, AMOT, 1026 2,76 4,35 1,31E-05 7,11E-03
BBS7, PIK3R3,
DHX36, MBD2
CTIF, SLIT2,
HEXIM1,
GO Negative regula- ANXAl, KRT1,
001'0629 tion qf gene ex- SMAD4, SHB, 1733 4,66 3,22 3,25E-05 1,30E-02
pression SMAD2, AMOT,
BBS7, PIK3RS3,
DHX36, MBD2
GO Negative regula- '\S/lll_llj_rlz SESéig
0010639 g?;a:ifzztri%inelle LMANL, H3F3A 371 1,00 7,02 5,71E-05 2,06E-02
SMAD4
SLIT2, ANXAL,
GO: Ameboidal-type PFN2, ARID5B,
0001667  cell migration AMOT, PIK3R3, 8L 102 683  6,75E-05 2,28E-02
AMOTL2
H3F3B, H3F3A,
R-HgA.  Cellular re- I-I-—|>I(S’\1TF\;E|13,D
2é6275'2 zﬁzzzes to HISTZHSCZ 426 1,15 6,11  1,35E-04 4,11E-02
HIST2H3A,
TNIK
Cell-extracellular
R-HSA- . . LIMS1, ILK,
- 446353 {inoz?]tglx interac- PARVB, PARVA 18 0,05 73,96 2,17E-07 4,61E-03

Values were rounded to 2 decimal places. A P-value < 0.05 was considered with adjustment using the Benjamini—
Hochberg approach. The weighted set cover redundancy reduction method was included as a post-processing step.
The ORA data before the processing step of redundancy reduction is presented in Annex Ill - Table S3.2

In addition, GSEA method was performed to obtain more relevant biological information on the
FLAG-TTBK2-L209F/-WT comparison. Like ORA, only the statistically significant results are shown for
a P-value < 0.05 and a weighted set cover redundancy reduction method was integrated. For the Gene

Ontology categories, was observed mainly a negative normalised enriched score (NES) of the protein

sets indicating loss of functions related to gene expression (“ribosome”, “rRNA binding”, “structural con-

]

stituent of ribosome”), mitochondrial activity, and biogenesis (“mitochondrial membrane part”, “mito-

LTS ” o« ” o«

chondrial inner membrane”, “mitochondrial matrix”, “oxidoreductase complex”, “generation of precursor

metabolites and energy”) (Figure 3.11A). On the other hand, there was an increase in six sets namely

(TS LTS "o«

“ciliary part”, “regulation of protein catabolic process”, “DNA conformation change”, “mRNA processing”,
“regulation of cytoskeleton organization”, “activation of protein kinase activity”, and “regulation of mMRNA
metabolic process” (Figure 3.11A).

Other pathway analysis added information to the previous data by showing an increase in gene

"« LT ” o«

sets such as “angiogenesis”, “axon guidance”, “estrogen-dependent expression”, “mitotic prophase”,
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“regulation of actin cytoskeleton”, “cellular senescence”, “alcoholism” and “histone modifications” (Fig-

ure 3.11B). Once more, negative NES values were observed for gene expression related sets (“metab-
olism of RNA”, “cytoplasmatic ribosomal proteins”, “RNA transport”, “basal transcription factors”, “ribo-
some”), however with the addition of “metabolism” and “translation” sets (Figure 3.11B). In the Disgenet
and GLAD4U databases, we observed a decrease in the gene sets of increased serum lactate and
mitochondrial diseases. Also, a decrease in PD and AD (-2,4787 and -2,2392, respectively) contrasted
with an increase in Joubert syndrome and melanoma (2,3527 and 2,1821, respectively) sets was ob-

served (Figure 3.11B and C; Annex Ill - Table S3.3).
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Figure 3.11 Functional enrichment analysis using WebGestalt GSEA enrichment approach. A P-
value < 0.05 was considered with adjustment using the Benjamini—Hochberg approach. The (A) Gene Ontology
(GO) categories: Biological Process (BP), Cellular Component (CC) and Molecular Function (MF); (B) Pathway
databases: KEGG, Panther, Reactome and Wikipathway; and (C) Disease functional databases: Disgenet and
GLADA4U, were considered. The weighted set cover redundancy reduction method was included as a post-pro-
cessing step. The upregulated pathways are depicted in green, and the downregulated proteins are displayed in
red, based on NES. The GSEA information before the processing step of redundancy reduction is presented in
Annex Il - Table S3.3. Due to the extent of the GSEA enrichment data, the complete set of enriched proteins can
be seen in https://drive.google.com/file/d/1bQumR9I6QB5H0Yy6e70CoNu6nALWNXxXfvO/view?usp=sharing.

Furthermore, on this analysis were identified 18 phosphorylation sites of 10 differentially expressed
proteins (Figure 3.10, Table 3.5). An annotation of the phosphorylated residues in databases such as
PhosphositePlus and PhosphoELM allowed to discover that more than a half of the 18 residues have
been confirmed in mammals’ studies. In vitro upstream kinases had been described for SQSTM1/P62
(Ser272), SMAD2 (Thr8) and NEDDAL (Ser448): cyclin-dependent kinase 1 (CDK1)/ MAPK13, MAPKS3,
and protein kinase A catalytic subunit alpha (PKACa)/ serum/glucocorticoid regulated kinase 1 (SGK1),

respectively. For the other residues, there are no known kinases or regulatory proteins identified yet.

Table 3.5 List of phosphorylated sites identified in FLAG-TTBK2-L209F DEP.

Protein ACCSZSIOH Phosphorylation Site State PMID
p62/ ) Confirmed in mam-
SQSTM1 Q13501 Ser272: LTPVSPESSSTEEK mals 16565220
SMAD2 Q15796 Thr8: mSSILPFtPPVVK Conf"mnfgl's” mam- 12103505
Predicted by Kinexus
Ser200: AHPPVTSAP- . -
AMOT Q4VCS5 LsPPQPNDLYK P-Site Prgdlctlon al-
gorithm
Ser309: NSQPH- Confirmed in mam-
SPTSSLTSGGSLPLLQSPPSTR mals 27869121
Ser332: NSQPH- Predicted by Kinexus
SPtSSLTSGGSLPLLQSPP- P-Site Prediction al-
STRLsPAR gorithm
Ser714: DTTVISH- Confirmed in mam-
sPNTSYDTALEAR mals 18452278
+ Ser808: SLMSISNAGSGLL- F:?;'t(:idreb;’icfi'gs);‘f_s
SHSSTLTGsPIMEEK )
gorithm
Thr1061: TDGPVFHSNILER Conf"mne]:l'sn mam-— 17287340
Ser299: LED- ) . .
CTIF 043310 TAGDTGHSSLEAPRSPD- Conf"mrﬁgl'sn mam- 11%%86?1%%1’
TLAPVASER
NEDDAL Q96PUS Ser448: SLsSPTVTLSAPLE- Confirmed in mam- 16716084
GAK mals
HTATSF1 043719 Ser498: ESEEGNPVRGSEED- Confirmed in mam- 17287340
sPKK mals
Ser642: VFDDEsDEKEDEE- Confirmed in mam-
YADEK mals 15302935
Ser676: LFEEsDDKEDEDAD- Confirmed in mam-
GKEVEDADEK mals 15302935
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Confirmed in mam-

TNIK Q9UKES5 Ser640: QNsDPTSENPPLPTR mals 18691976
Predicted by Kinexus
IRS4 014654 Ser757: VsPPPAPsPPKAPDT P-Site Prediction al-
gorithm
Serl73: SQsPAASDCS- Confirmed in mam-
BAG3 095817 SSSSSASLPSSGR mals 15302935
RBM20 Q5T481 Ser742: SGsPNLPHSVSSYK Conf"mrﬁgl'sn mam- 19276368

Serl048:
GVESSDVHPAPTVQQMSsPK-
PAEER

Predicted by Kinexus
P-Site Prediction al-
gorithm

PMID:

PubMed reference number. The phosphorylated residues are represented in red lowercase letters.
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DISCUSSION

In this work, functional studies were performed in a cellular model genetically modified by
CRISPR/Cas9 with a novel missense variant in TTBK2 (c.625C>T; p.Leu209Phe), which was identified
in two Portuguese siblings affected with cerebellar ataxia. HEK293T cell line is easy to handle and grow,
and allows a high transfection efficiency, which are critical features to CRISPR/Cas9 genetic editing°.
Moreover, these cells are an interesting model for neuroscience-related studies as they derived from
neuronal precursor cells in the embryonic kidney and expresses neuronal specific genes!s151, |n addi-
tion, these cells can form PC under medium starved conditions, which allows to study TTBK2 role in
ciliogenesis and its relation to cerebellar ataxial®2. Unfortunately, we were not able to create a hetero-
zygous cell line expressing the TTBK2 ¢.625C>T variant. Indeed, it has been reported that the insertion
of knock-in mutations at single alleles (to create heterozygous cell models) by CRISPR/Cas9 has low
efficiency53. Despite that, our homozygous model allowed us to study the impact of the novel variant
in TTBK2 cellular and molecular functions, which was the main goal of this work. Furthermore, our
results demonstrated for the first time an association between a TTBK2 missense variant and a loss-of-
function effect, linked to alterations in cytoskeleton, protein phosphorylation and autophagy.

The decreased levels of FLAG-TTBK2-L209F variant are not the result of reduction or instability
of the mRNA, as previously reported for truncating variants2®, but may result instead from decreased
protein stability (Figure 3.3), which is also supported by in silico predictions (Table 3.2, Figure 3.2). The
low protein expression of this variant supports the reported theory of loss-of-function??, but the mecha-
nism responsible for the degradation of FLAG-TTBK2-L209F remains unclear. The treatment of cells
with inhibitors of the proteasome (MG132), autophagy (chloroquine and NH4Cl) and endoplasmic retic-
ulum-associated degradation (ERAD and Eerl) did not allow to visualize an increase in FLAG-TTBK2-
L209F protein levels by immunoblotting (data not shown). Another possible pathway that may be affect-
ing FLAG-TTBK2-L209F protein levels is the chaperone-mediated autophagy (CMA) which function as
a backup mechanism when autophagy is impaired and was previously described to participate in PD,
AD, and ALS'541%5, In CMA, the heat shock cognate 71 kDa protein (HSC70) chaperone recognizes a
KFERQ sequence and deliver the cargo to the LAMP2A complex at the lysosome®®4. Therefore, it would
be relevant to identify a KFERQ-consensus sequence in TTBK2 protein, and study CMA in FLAG-
TTBK2-L209F cells via RT-qgPCR and immunoblotting of markers such as HSC70 and LAMP2A158,
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The analysis on TTBK2 subcellular localization (Figure 3.4B) supported the previous findings#6:55.56,
demonstrating a primary location in the cytoplasm (Figure 3.4A and B). At the same time, TTBK2
seemed to be present in the cytoskeletal fraction (Figure 3.4B) with a higher molecular weight that may
be caused by post-translational modifications (PTMs) or protein charge changes. One hypothesis is the
phosphorylation-dependent electrophoretic mobility shift'5.158 as TTBK2 can be phosphorylated by
other proteins (e.g., TTBK1) or itself41:159, Still, there is a need for further investigate the presence of
PTMs in TTBK2 through assays like phospho-tag and mass spectrometry!%8. Nevertheless, it was not
observed a major dislocation of TTBK2 to the nucleus as in truncating variants36, demonstrating that the
missense variant does not cause abnormalities in the subcellular distribution of TTBK2. Thus, its pres-
ence in the microtubules*48 or cilia*¢:6263 seems to not be affected, in agreement with the previous
reports that TTBK2 interacts with microtubules and CEP164 through the SxIP motifs independently of
the kinase activity*1-63, Still, the kinase activity needs to be fully assessed as TTBK2 phosphorylate
microtubules and cilia associated proteins like tau, KIF2A, CEP164, among another4243:48:6263 and this
process is essential for ciliogenesis initiation*®71. Therefore, later, it would be interesting to analyze
ciliogenesis alterations in FLAG-TTBK2-L209F cells.

The kinesin KIF2A is a target of TTBK2 phosphorylation at Ser135 through the interaction with EB1
at the microtubule ends, inhibiting KIF2A interaction with the microtubules and consequently decreasing
its depolymerizing activity*148, KIF2A protein expression is decreased (Figure 3.5) in FLAG-TTBK2-
L209F cells, being rescued by EGFP-TTBK2-WT overexpression (Figure 3.6). This scenario may indi-
cate that TTBK2 is essential for the proper maintenance of cytoskeleton and KIF2A. One hypothesis is
the regulation of KIF2A levels by phosphorylation, but KIF2A was not detected in our phosphoproteome
analysis, and we cannot take conclusions. However, KIF18A, also a microtubule depolymerase that is
essential for mitotic progression®, appear as a downregulated protein (Table 3.3, ratio = 0,517) in the
phophoenrichment data. Additionally, it would be relevant to perform co-immunoprecipitation experi-
ments to analyse changes in protein interaction between TTBK2 and KIF2A in the presence of the
Leu209Phe variant. The decrease in KIF2A protein levels may affect the microtubules dynamics, dis-
turbing neuronal morphogenesis, proliferation, and migration during brain development161-163 as well as
the regulation of the cell cycle and ciliogenesis®4165, The full understanding of the KIF2A-TTBK2 regu-
lation and its influence on microtubules dynamics still needs to be explored.

Our results also demonstrated a reduction in a—tubulin acetylation in FLAG-TTBK2-L209F cells
(Figure 3.5). The decrease in TTBK2 protein levels may lead to microtubule’s dynamic instability, result-
ing in reduced a—tubulin acetylation'%¢ because TTBK2 might regulate microtubule assembly functioning
as a +TIP (group of MAPs) and kinase of B-tubulin (part of microtubule’s a/B-tubulin heterodimers)
and/or MAPs#1-43.167  Besides that, it is known that some kinases may function as MAPs in a kinase-
independent manner, influencing microtubule dynamics and stability168169, Another possibility is that
TTBK2 may regulate a—tubulin acetylation through the stabilization of a-tubulin acetyltransferase 1
(aTAT1) or histone deacetylase 6/sirtuin 2 (HDAC6/SIRT2)17°. The a-tubulin acetylation is crucial for
axonal vesicular trafficking!’t, neuronal dendritic branches growth and migration during develop-

mentl72173, Therefore, deficits on a—tubulin acetylation cause an altered pattern of MAPs, leading to
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axonal transport impairment, abnormal polarization, and migration in neurons7. The axonal transport
defects are a common feature of neurodevelopmental and neurodegenerative disorders’4. The in-
crease in microtubules acetylation rescued the axonal transport and locomotor deficits in HD and PD,
respectively, reverted axonal loss in Charcot-Marie-Tooth disease, and improves memory in a tau dep-
osition context'’4. These studies reveal the HDAC inhibitors as a promising therapeutic target in neuro-
degenerative diseases. The effect of HDAC inhibitors can also be evaluated in FLAG-TTK2-L209F cells
in future studies. Moreover, the microtubules acetylation is also intrinsically associated with the cell
cycle!” and a-tubulin acetylation alterations can cause abnormalities in cell division. Thus, it would be
interesting to study the cell cycle by flow cytometry of FLAG-TTBK2-L209F cells. Also, the acetylation
of a—tubulin is required for autophagosome formation and their fusion with lysosomes6, which can
somehow alter autophagy in FLAG-TTBK2-L209F cells.

The association of autophagy impairment with neurodegeneration also seems to be observed in
SCA118, In FLAG-TTBK2-L209F cells, it was seen an increase in p62 protein levels comparing to
FLAG-TTBK2-WT cells (Figure 3.7B, 3.8A), which suggests an impairment in the autophagic flux be-
cause p62 itself is degraded by autophagy'’’. However, the turnover of LC3B-I/-ll seems to indicate a
normal autophagic flux in FLAG-TTBK2-L209F cells (Figure 3.8A). Interestingly, we also detected an
increase in the protein expression of upstream autophagy proteins like Raptor, ULK1 and Beclin 1, which
were all found to be phosphorylated (activated forms) in FLAG-TTBK2-L209F; but no phosphorylation
differences were found between FLAG-TTBK2-WT and —L209F cells (Figure 3.7). Still, the increase in
these active autophagy players may alter their downstream targets and alter the autophagic process in
FLAG-TTBK2-L209F cells48, Further work is needed to understand and to confirm these results.

If the increase of these proteins levels is due to increased transcription and/or protein accumulation
(e.g., in inclusions) remains to be evaluated. The kelch-like ECH-associated protein 1/nuclear factor
(erythroid-derived 2)-like 2 (Keapl/Nrf2) pathway is a major cellular defense mechanism associated
with neurodegenerative diseases that may explain this upregulation of autophagic proteins’é. Under
non-stressed conditions, the transcription factor Nrf2 is constitutively degraded via the ubiquitin-proteo-
some pathway due to the interaction with Keapl, an adaptor of the ubiquitin ligase complex!78.179, How-
ever, in oxidative and protein stress (UPS deficiency) situations, the p62 inclusions sequesters Keapl
and stabilizes Nrf2 leading to the transcription of genes containing ARE (antioxidant response element)
domains, like ULK1, p62 and autophagy related 7 (atg7), creating a positive-feedback loop!7°. Besides
that, an increase in p62 (Table 3.3, ratio = 1,717) phosphorylated at Ser272 was observed in FLAG-
TTBK2-L209F cells (Table 3.5). This PTM was reported to regulate p62 protein degradation, provoking
an inhibition of autophagy8°181, control the cell cycle through CDK1'82 and activate transforming growth
factor beta-activated kinase 1 (TAK1) signalling platform?8, Therefore, it is important to evaluate au-
tophagy markers gene expression, p62 phosphorylation (Ser272) and its co-localization with Keap1 by
RT-gPCR, immunoblotting and immunofluorescence, respectively.

Furthermore, LAMPL1 (glycosylated) levels were decreased in FLAG-TTBK2-L209F cells. There are

several studies showing alteration in lysosomes and autophagy in neurodegenerative diseases, includ-
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ing cerebellar ataxias!*® . Whether LAMP1 reduced levels correlate with a reduced number of lyso-
somes, or abnormalities in lysosomes, is still unknown but our results indicate that it would be pertinent
to analyse it. In FTD, an abnormal LAMP1 immunostaining indicated that protein degradation through
autolysosomes might be altered!83.184, Thus, it would be relevant to analyse if p62 accumulates with
LAMPL1 in the lysosomes and/or with LC3B in the autophagosomes by immunofluorescence.

Additionally, it is important to understand the impact of the Leu209Phe variant in the kinase activity
of TTBK2 in vitro by analysing the phosphorylation state of its substrates. In ALS models, TTBK2 was
found to phosphorylate the DNA/RNA binding protein TDP-43 at Ser409/410, where a hyperphosphor-
ylated state promotes a cytoplasmic re-localization and protein aggregation that may be the key mech-
anism behind TDP-43 neurotoxicity®2. In FLAG-TTBK2-L209F cells it was observed a decrease in TDP-
43 phosphorylation at Ser409/410 (Figure 3.5A), which demonstrated a loss-of-function mechanism.
Moreover, overexpression of EGFP-TTBK2-WT increased Ser409/410 of TDP-43 phosphorylation lev-
els, while EGFP-TTBK2-L209F overexpression did not alter the phosphorylation state of TDP-43 (Figure
3.5A and B).

TDP-43 is essential for the autophagosome formation, as it stabilizes the mRNAs of the autophagy
proteins atg7, raptor and dynactin 1185186, TDP-43 phosphorylation at Ser409/410 leads to the disloca-
tion of TDP-43 to the cytoplasm, blocks autophagosome-lysosome fusion and enhance LC3-Il and p62
levels by inhibiting the activity of mammalian target of rapamycin (mTOR) and expression of dynactin
1187 In the future, it would be important to understand the consequences behind the lack of TDP-43
phosphorylation and dislocation to the cytoplasm, and its effect on the regulation of autophagy atg7,
raptor and dynactin 1 mRNAs!87. Note that TDP-43 autoregulates its own mRNA and there were not
observed changes in its total expression levels (Figure 3.5A and B), but in FTLD brain samples it was
observed an increase in TDP-43 mRNA levels!®. Nevertheless, TDP-43 gene expression should be
evaluated by RT-qPCR, as well as its localization in FLAG-TTBK2-L209F cells by immunofluorescence.

A mass spectrometry-based proteomics study was performed to explore differential phosphopro-
teins levels between FLAG-TTBK2-L209F cells and -WT control cells. The GSEA analysis (weighted
set cover redundancy reduction) showed that the most relevant pathways enriched in FLAG-TTBK2-
L209F cells were “Alcoholism” (hsa05034), "Histone Modifications" (WP2369) and "Cellular Senes-
cence" (R-HAS-2559583), with the NES of 4,4201, 3,5679 and 3,4784, respectively (Figure 3.11B, An-
nex Il - Table S3.3). Among these enriched pathways, it was present several members of the histone
cluster 1 H3 family (a, b, c, d, e, f, g, h, i and j) and H4 family (a, b, c, d, e, f, h, i, j, k and ) as well as
other histone clusters (Annex i - Table S3.3,
https://drive.google.com/file/d/1bQumMRI6QB5HOY6e70CoNuU6nALWnxXfvO/view?usp=sharing). The
H3 and H4 histones are core components of the nucleosome that regulates DNA accessibility, replica-

tion, and repair®. PTMs on H3 and H4 histones such as phosphorylation, acetylation and methylation
are associated with mitosis and gene expression regulation®®, In addition, the redundant data (Annex

Il - Table S3.3) showed an enrichment in FLAG-TTBK2-L209F cells of pathways related to transcription

58


https://drive.google.com/file/d/1bQumR96QB5H0y6e7oCoNu6nALWnxXfv0/view?usp=sharing

” o«

regulation (e.g., “RNA Polymerase | Chain elongation”, “RNA Polymerase | Transcription”, “RNA Poly-
merase |l Transcription” and “Gene Silencing by RNA” from Reactome). Therefore, this data highlights
the role of gene dysregulation in NDDs1%

Moreover, FLAG-TTBK2-L209F cells were found to be less enriched in phosphoproteins involved
in “Translation” (R-HSA-72766) and “Ribosome” (hsa03010) pathways with a NES of -4,1307 and -
3,8302, respectively (Figure 3.11B, Annex Il - Table S3.3). This data agrees with the developing notion
of translational repression and ribosome dysfunction, caused by UPR and oxidative stress, in NDDs192,

Interestingly, some mitochondrial activity related pathways such as “mitochondrial membrane part”, “mi-

tochondrial inner membrane”, “mitochondrial matrix”,
cursor metabolites and energy” (Figure 3.11B, Annex Il - Table S3.3) with the NES of -3,2805, -3,5869,
-2,3361, -3,7770, and -2,8683, respectively, also appeared less enriched in FLAG-TTBK2-L209F cells.

This could be indirectly caused by the dysfunction of gene expression regulation and oxidative stress8.

oxidoreductase complex”, and “generation of pre-

In the ORA data, it was found seven upregulated pathways in FLAG-TTBK2-L209F cells related to
embryonic development (“Developmental Biology”, “Circulatory system development” and “Ameboidal-
type cell migration”), negative transcriptional regulation (“Negative regulation of RNA metabolic process”
and “Negative regulation of gene expression”), “Negative regulation of organelle organization”, and “Cel-
lular responses to stress” (Table 3.4). Interestingly, more than a half of the enriched sets (“Developmen-

” o«

tal Biology”,

Negative regulation of RNA metabolic process”, “Circulatory system development” and
“Negative regulation of gene expression”) had an overlap of the proteins SMAD4 and SMAD2 (Table
3.4). Moreover, we identified the Thr8 phosphorylation in SMAD2 protein (Table 3.3 and 3.5, ratio =
1,688). The MAPK3 phosphorylation was associated with activity induction and enhanced transcription
of an activin/transforming growth factor beta (TGF-B)-responsive DNA element due to SMAD2 increased
levels (protein stabilization/increased half-life) that provokes an increase in the formation of complexes
with SMAD4192, On the other hand, calmodulin negatively regulates SMAD?2 by inhibiting MAPK phos-
phorylation and decreasing its levels1®2. The TGF- activin regulates several aspects of neuronal devel-
opment, morphology, and function193, These two upregulated proteins (SMAD2 and SMAD4) should be
studied in the future to better understand their role in the pathogenesis of SCA11.

Additionally, we identified the downregulated pathway "Cell-extracellular matrix interactions” (R-
HSA-446353), which includes the PINCH-ILK—parvin (PIP) complexes that regulate integrins and the
actin cytoskeleton, functioning as signaling transducers of several pathways®4195, Moreover, PIP re-
lated proteins have been reported to regulate cells morphology, migration, and proliferation, as well as
neuron outgrowth%4195, |LK depletion showed increased in GSK3p activity, tau hyper-phosphorylation
and reduced neurite extension and actin reorganization, and LIM proteins were involved in AD neuronal
dysfunction and tau phosphorylation'%.

Finally, by analysing the mass spectrometry data, we identified the phosphorylated Ser448 in the
neuronal precursor cell expressed developmentally downregulated 4-like (NEDD4-2/NEDDA4L) (Table
3.3 and 3.5, ratio = 1,772). This protein is an E2 ubiquitin ligase crucial to correctly regulate the channel
degradation and maintain neuronal excitability!%. Previously, Ser448 phosphorylation was associated

with enhanced ubiquitination of NEDD4L and consequent increased neuronal excitability'%¢ . In overall,
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the phosphoproteome analysis provided us relevant data that will help to unravel the molecular path-

ways underlying SCA11 (caused by the Leu209Phe variant).
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|5

CONCLUSIONS AND PERSPECTIVES

Since the TTBK2 gene was linked to SCA11 several studies have been made to understand the
impact of the variants as well as discover its molecular functions. However, the mechanisms underlying
SCA11 and TTBK2 loss-of-function are far from being completely understood.

In this study, for the first time, a TTBK2 missense variant was associated with a loss-of-function
effect, and alterations in cytoskeleton, protein phosphorylation and autophagy. The changes in these
pathways may consequently provoke defects in axonal transport, neuronal morphogenesis and migra-
tion, which are common features of neurodegenerative diseases.

The TTBK2 (c.625C>T; p.Leu209Phe) variant affected TTBK2 protein expression, possibly by im-
pacting protein stability as there were not changes in gene expression. Still, the search for the mecha-
nism responsible for TTBK2 protein degradation needs to be addressed. KIF2A and acetylated a—tubulin
decreased levels in FLAG-TTBK2-L209F cells indicate that TTBK2 is probably essential to the regulation
of microtubule dynamics. But it is unknown if TTBK2 regulates KIF2A and a—tubulin acetylation levels
by phosphorylation, or if it is an indirect effect. Also, FLAG-TTBK2-L209F cells showed alterations in
autophagy markers Raptor, ULK1, Beclin 1 and p62 that may be provoked by a positive-feedback-loop
and/or sequestering in cytoplasmic inclusions. Furthermore, the increase in p62 (Ser272) phosphoryla-
tion shows that autophagy may be inhibited. The TTBK2 Leu209Phe kinase activity was proven to be
impaired since phosphorylated (Ser409/410) TDP-43 was decreased in the FLAG-TTBK2-L209F cells,
but the effects of this are unknown. Additionally, the phosphoproteome results point to a gene expres-
sion and mitochondrial dysregulation, translational repression, and cytoskeleton changes, as well as
indicate two enriched proteins (SMAD2 and SMAD4) involved in the TGF-B pathway that may play a
role in SCA11 pathogenesis.

Future studies with this cellular model should be done to further understand the mechanism be-
hind the autophagy alterations, and the consequences of TDP-43 phosphorylation deficit and its effect
on the transcriptional regulation/mRNA stabilization. TTBK2 influence in cytoskeleton dynamics and
mitosis should be explored as TTBK2 may interact with other cytoskeletal proteins involved in microtu-
bule stabilization, such as aTAT1, HDACs and MAPs. Also, an exploratory study on the obtained DEP,
especially the SMAD2 and SMAD4, may increase the knowledge on the affected mechanisms in SCA11.
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Furthermore, the development of cellular models to study the impact of TTBK2 variants in neuro-
degenerative related mechanisms, will contribute to a better understanding of SCA pathological pro-
cesses as well as the development of new strategies, enabling the recovery or improvement of the

deleterious effects caused by TTBK2 loss-of-function.
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ANNEX |

PCR protocol:
- PCR amplification was performed with a mix of:

Reagents

H20 1,6 uL
TTBK2_Ex8_ mix 2,4 uL
Ranger mix 2x 5L
DNA (~20 ng) luL
Final reaction volume 10 pL

- PCR amplification parameters and annealing temperature for each primer pair (Tables 2.1 and 2.2)

were as follow:

TTBK2 (clonal cell lines genotyping) and CRISPR/cas9 off-targets (TAFAL, PIBF1, NEBL, DEPDCS5,
TCF4 and KALRN):

95°C 15 min
95°C 45 sec
60°C 60 sec | 30x
72°C 60 sec
72°C 10 min

TTBK2 2-15 exons and the CRISPR/Cas9 off target STAT5B:

95°C 15 min
95°C 45 sec
58°C 60 sec | 30x
72°C 60 sec
72°C 10 min

TTBK2 8-9 intron:

95°C 15 min

95°C 45 sec

60°C 60 sec | 35x
72°C 90 sec

72°C 5min
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Sequencing protocol:
After samples were obtained directly from PCR amplification, an additional step of purification be-

fore sequencing was required. To purify these products, 2 uL of PCR product was added to 0,5 pL of
ExoSAP (GRIiSP). The mixture was exposed to a temperature of 37°C for 5 minutes and then, inacti-

vated at 85°C for 10 minutes.

- Sequencing reactions were performed with a mix of;:

Reagents

H20 S L
Primer (10 pM) 0,5 uL
BigDye v1.1 (1:1) 2 uL
PCR product 2,5uL
Final reaction volume 10 pL

- Sequencing parameters were as followed:

95°C 5 min

96°C 10 sec

50°C 5 sec 35x
60°C 4 min

RT-qPCR protocol:
- Quantitative Reverse-Transcription PCR was performed to measure TTBK2 and -actin mRNA levels

(primers shown in Table 2.3) with a mix of:

Reagents

H20 3,8 L
Primer Mix (10 uM) 1,2 uL
PowerUP™ SYBR Green Master Mix 10 pyL
cDNA (1:5) 5uL
Final reaction volume 20 pL

- RT-gPCR parameters were as followed:

502C 2 min

95°C 10 min

95°C 155

sgoc  1min | X4
95°C 155

60°C 1 min

95°C 305

60°C 155
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ANNEX I

Table S3.1 The TTBK2 variant (c.625C>T; p.Leu209Phe) nucleotide conservation and pathogenic-

ity prediction scores.

Tool \ Score

Nucleotide Conservation

GERP++ RS 5,57

PhyloP100way (vertebrate) 10,003

PhyloP30way (mammalian) 1,176

PhyloP17way (primate) 0,676

PhastCons100way (vertebrate) | 1,000

PhastCons30way (mammalian) | 1,000

PhastConsl17way (primate) 0,999

Integrated fitCons 0,7063

Pathogenicity Prediction

MutationTaster Disease-causing (1)
Mutation assessor Medium (1,95)

FATHMM Tolerated (1,89)
FATHMM-MKL Damaging (0,97102)
FATHMM-XF Damaging (0,845963)
LRT Deleterious (0,0)
DEOGEN2 Tolerated (0,097979)
EIGEN Pathogenic (13,96179)
EIGEN PC Pathogenic (16,42539)
SIFT Deleterious (0,01)
Provean Damaging (-3,87)

MVP Benign (0,533107066423)
REVEL Pathogenic (0,638)
Primate Al Damaging (0,905742049217)
MetaSVM Tolerated (-0,5563)
MetalLR Tolerated (0,2289)
M-CAP Damaging (0,035096)
Polyphen Probably damaging (0,999)
LoFtool Probably damaging (0,435)
Condel Deleterious (0,896)
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BayesDel addAF Damaging (0,244987)

BayesDel noAF Damaging (0,11413)

ClinPred Damaging (0,995844900608063)
LIST-S2 Damaging (0,991087)

VEST4 0,773

MutPred 0,6

DANN 0,999077798

CADD Score 28

CADD, Mutpred, DANN and VEST4 scores are considered as pathogenic above 20, 0,5, 0,5 and 0,5, respectively.
In nucleotide conservation scores, the larger the score, the more conserved the site. GERP++ RS, PhastCons (17,
30 and 100way), PhyloP100way, Phylo30way, Phylol17way, and integrated fitCons scores range from -12,3t0 6,17;
0to 1;-20 to 10,003; -20 to 1,312; -13,362 to 0,756; and 0 to 1, respectively.
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ANNEX Il

Table S3.2 The ORA complete data before the processing step of redundancy reduction.

Gene Sym-

Gene Set Description bol Size Expect Ratio P-value FDR
The effect of .
progerin on the in- :3H|:|§'3rz|-||-|33|*:D3
WP432 volved genes in ;
X - ;HIST2H3C; 37 0,0995 60,318 6,0778E-10 0,000012913
+ 0 Hutchinson-Gil- ”
ford Progeria Syn- HIST2H3A;
9 YN MBD2
drome
H3F3B;H3F3
A;HIST2H3D
.\ %’;ZSSA' E:\c'fn Eg?’gegﬁg' ‘HIST2H3C; 63 0,1694 35425 1,6847E-08  0,00017898
PENING Ly 1ST2H3A:
MBD2
FBXL10 enhance- H3F3B:H3F3
wpass  ment of MAP/ERK .y orotiap
signaling in diffuse 7" ~ 35 0,0941 53,137 3,5075E-08 0,00024842
+ 3 large B-cell lym- HIST2H3C;
9 YM HIST2H3A
phoma
PIAS2;SLIT2
JKRT1L;KRT1
0;GAP43;PF
RHSA- N2;KRT9;H3
Developmental Bi- F3B;H3F3A;
+ é26673 ology SMADA4:SM 1074 2,8874 5,195 8,2996E-08 0,00044086
AD2;HIST2H
3D;HIST2H3
C;HIST2H3A
;PIK3R3
H3F3B;H3F3
R-HSA- NoRC negatively A;HIST2H3D
regulates rRNA ;HIST2H3C; 106 0,2850 21,054  3,8752E-07 0,0013522
+ 427413 A ’
expression HIST2H3A;
MBD2
H3F3B;H3F3
R-HSA- Negative epige- A;HIST2H3D
+ 525094 netic regulation of ;HIST2H3C; 109 0,2930 20,475 4,5721E-07 0,0013522
1 rRNA expression HIST2H3A;
MBD2
R-HSA- RNA Polymerase | H3F3B;H3F3
Promoter Clear- A;HIST2H3D 109 0,2930 20,475 4,5721E-07 0,0013522
+ 73854 . .
ance ‘HIST2H3C;
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HIST2H3A;

MBD2
H3F3B;H3F3
A;HIST2H3D
%ggf' _'?gﬁs'zzgmrase' ‘HIST2H3C; 111  0,2984 20,106 5,0914E-07  0,0013522
HIST2H3A,;
MBD2
s
533411 DNA methylation e i 65 0,1748 28,612 8,3992E-07 0,0014924
8 ;HIST2H3C;
HIST2H3A
Activation of ante- PIAS2;H3F3
R-HSA- rior HOX genes in  B;H3F3A;HI
561747 hindbrain develop- ST2H3D;HIS 122 0,3280 18,293 8,8878E-07 0,0014924
2 ment during early T2H3C;HIST
embryogenesis 2H3A
PIAS2;H3F3
R-HSA- Activation of HOX B;H3F3A;HI
561950 genes during dif- ST2H3D;HIS 122 0,3280 18,293  8,8878E-07 0,0014924
7 ferentiation T2H3C;HIST
2H3A
Activated PKN1
stlmu!ates tran- H3F3B:H3F3
R-HSA- scription of AR AHIST2H3D
562588 (androgen recep- 'I-’|IST2H3C' 67 0,1801 27,758 9,7809E-07 0,0014924
6 tor) regulated i—IIST2H3A '
genes KLK2 and
KLK3
H3F3B;H3F3
WP236 Histone Modifica- A;HIST2H3D
9 tions "HIST2H3C: 67 0,1801 27,758  9,7809E-07 0,0014924
HIST2H3A
H3F3B;H3F3
R-HSA- Oxidative Stress A;HIST2H3D
255958 Induced Senes- ;HIST2H3C; 125 0,3361 17,854 0,000001025 0,0014924
0 cence HIST2H3A;T
NIK
R-HSA- SIRT1 negatively KSHFé'.aI_;'_?gDS
427359 :(gl:tlaagsezn rRNA ‘HIST2H3C: 68 0,1828 27,350 0,000001054 0,0014924
P HIST2H3A
H3F3B;H3F3
R-HSA- PRC2 methylates A;HIST2H3D
212300 histones and DNA  :HIST2H3C: 73 0,1963 25,477 0,000001503 0,0019957
HIST2H3A
R-HSA- Condensation of QSH%E%;S;DS
229971 Prophase Chro- -I—]ISTZHSC 74 0,1990 25,132 0,000001609 0,0020104
8 mosomes HIST2H3A
ERCC6 (CSB)and H3F3B;H3F3
R-HSA- EHMT2 (G9a) A;HIST2H3D
427389 positively regulate :HIST2H3C; 76 0,2043 24,471 0,000001837 0,0021688
rRNA expression HIST2H3A
H3F3B;H3F3
R-HSA- Interleukin-7  sig- AHIST2H3D
126669 naling ;HIST2H3C; 36 0,0968 41,329 0,000002561 0,002864
5 HIST2H3A;P
IK3R3
R-HSA- Epigenetic regula- H3F3B;H3F3
212165 tion of gene ex- A;HIST2H3D 148 0,3979 15,079 0,000002747 0,0029183
pression :HIST2H3C;
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HIST2H3A;

MBD2
H3F3B;H3F3
R-HSA- Meiotic recombi- A;HIST2H3D
012446 nation ‘HIST2H3C; 86 0,2312 21,626 0,000003394 0,0034341
HIST2H3A
H3F3B;H3F3
R-HSA- RNA Polymerase | A;HIST2H3D
73777 Chain Elongation ‘HIST2H3C; 90 0,2420 20,664 0,000004249 0,0039721
HIST2H3A
Formation of the H3F3B;H3F3
R-HSA- B-catenin:TCF A;HIST2H3D
201722  transactivating ‘HIST2H3C: 91 0,2447 20,437 0,000004487 0,0039721
complex HIST2H3A
iisa BYICH complex BT
positively regu- ;
225092 lates rRNA ex- :HIST2H3C: 91 0,2447 20,437 0,000004487 0,0039721
pression HIST2H3A
R-HSA- Pre-NOTCH Tran- :3HFI2I?I'2|-|I-|33FD3
191240 scription_ and 'I—]IST2H3C' 93 0,2500 19,998 0,000004994 0,0042443
8 Translation HIST2H3A
HEXIM1;ZIC
2;H3F3A;ME
COM;FOXM
GO:005 negative regula- ggﬁ@fi;
1253 gglrilcofrsé\(laésmeta- D5B:SMAD2 1295 3,4815 4,021 0,000005253 0,0042924
P ‘HIST2H3C;
NEDDA4L;DH
X36;MBD2;
MBD1
RHSA pHocTP :ﬁ?ﬁ:gos
ases ac- ;
862574 tivate PKNs "HIST2H3C; 95 0,2554 19,577 0,000005545 0,0043636
HIST2H3A
LIMSZ1;ILK;P
RHSA- Cell-extracellular — \pyppaRy 18 00541 73,957 21717E-07  0,0046143
446353 matrix interactions A
RUNX1 regulates .
R-HSA- genes involved in :SHF@?I';I-IS;DS
893645 megakaryocyte 'I-’|IST2H3C' 97 0,2608 19,173 0,000006143 0,0046614
9 differentiation and | '
. HIST2H3A
platelet function
PA446 Hyperkeratosis, KRT1;KRT1
493 Epidermolytic 0:KRT9 14 0,0376 79,706  0,000006526 0,0047811
HEXIM1;ZIC
2;H3F3A;ME
negative  regula- COM;FOXM
) X . 1;SMAD4;S
GO:004 tion of transcrip- i
5892 tion, DNA-tem- QST.Ml,ARI 1167 3,1374 4,144 0,000008964 0,0059276
plated D5B;SMAD2
:HIST2H3C;
NEDD4L;MB
D2;MBD1
R-HSA- Transcriptional 21’??.;:;3
557874  regulation by small 'I—]ISTZHSC' 105 0,2823 17,712 0,000009056 0,0059276
9 RNAs HIST2H3A
negative regula- HEXIM1,ZIC
GO0:200 tion of cellular 2;H3F3AME
. COM;FOXM 1359 3,6536 3,832 0,000009155 0,0059276
0113 macromolecule bi- ] .
osynthetic process 1.SMADA,S
QSTM1;ARI
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D5B;SMAD2

;HIST2H3C;
NEDDA4L;DH
X36;MBD2;
MBD1
R-HSA- Positive epige- :3H|:|gl‘3r2|_:—|33':§
525091 netic regulatio_n of 'I—'|IST2H3C' 106 0,2850 17,545 0,000009486 0,0059276
3 rRNA expression HIST2H3A
H3F3B;H3F3
R-HSA- Amyloid fiber for- A;HIST2H3D
977225  mation "HIST2H3C; 106 0,2850 17,545 0,000009486 0,0059276
HIST2H3A
GO:000 chromatin silenc- H3F3A;HIST
0183 ing at rDNA 2H3C:MBD2 16 0,0430 69,743 0,000010002 0,0060716
RHSA | ovc demethyl-  T2HIDHIST
s demethyl- ;
321484 ate histones 2H3C:HIST2 51 0,1371 29,173 0,000010547 0,006225
2
H3A
R-HSA- Pre-NOTCH Ex- KSHFF%?_;S;S
191242 pression and Pro- -I—]ISTZHSC- 109 0,2930 17,062 0,000010869 0,0062415
2 cessing HIST2H3A
nish Sk HOTSRICES
sociated Secretory ;
355958 Phenotype ‘HIST2H3C; 110 0,2957 16,907 0,000011364 0,0063538
(SASP) HIST2H3A
SLIT2;HEXI
M1;ANXA1L;
KRT1;SMAD
GO:007 circulatory system 4;SHB;SMA
2359 development D2:AMOT:B 1026  2,7584 4,350 0,000013133 0,0071122
BS7;PIK3R3
;DHX36;MB
D2
H3F3B;H3F3
R-HSA- Cellular  Senes- AHIST2H3D
255958 cence ;HIST2H3C; 195 0,5243 11,445 0,000013390 0,0071122
3 HIST2H3A;T
NIK
HEXIM1;ZIC
2;H3F3A;ME
negative regula- COM;FOXM
GO:190 tion of nucleic 1,SMAD4,S
3507 acid-templated QSTM1;ARI 1215 3,2665 3,980 0,000013823 0,0071169
transcription DSB;SMAD2
;HIST2H3C;
NEDD4L;MB
D2;MBD1
HEXIM1;ZIC
2;H3F3A;ME
COM;FOXM
GO'190 r_legative regu!a- 1;SMAD4;S
267.9 tion of_ RNA bio- QSTMI1;ARI 1217 3,2719 3,973 0,000014068 0,0071169
synthetic process  D5B;SMAD2
:HIST2H3C;
NEDD4L;MB
D2;MBD1
negative regula- HEXIML1,ZIC
GO:004 fon of nucleo- ?:;gl?ang;)'(\An/lE
5034 tgs;ep-gazgamlrggta_ 1:SMADA4:S 1418 3,8122 3,672 0,000014856 0,0073404
bolic process QSTMLARI
D5B;SMAD?2
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;HIST2H3C;

NEDDA4L;DH
X36;MBD2;
MBD1
e
150062 Meiosis L . 118 0,3172 15,761 0,000015984 0,0077187
0 :HIST2H3C;
HIST2H3A
HEXIM1;ZIC
2;H3F3A;ME
COM;FOXM
negative regula- 1;SMAD4;S
GO:001 tion of macromole- QSTMZL;ARI
0558 cule biosynthetic D5B:SMAD2 1434 3,8552 3,631 0,000016866 0,0079634
process ;HIST2H3C;
NEDDA4L;DH
X36;MBD2;
MBD1
PA446 Epidermolysis KRT1;KRT1
275 Bullosa Simplex 0:KRT9 21 0,0565 53,137 0,000023530 0,010868
RUNX1 regulates | oap. 1 ops
R-HSA- transcription of AHIST2H3D
893923 genes involved in 'I-’IIST2H3C' 130 0,3495 14,306 0,000025525 0,011539
6 differentiation  of i—|IST2H3A,
HSCs
HEXIM1;ZIC
2;H3F3A;ME
COM;FOXM
G0O:003 negative  regula- (1321'\_/:\'2?2‘5'
1327 gogu?;t?gllliloe::ret;lsc)- D5B:SMAD2 1492  4,0112 3,490 0,000026331 0,011655
y P ‘HIST2H3C;
NEDDA4L;DH
X36;MBD2;
MBD1
H3F3B;H3F3
hsa053  Systemic lupus er- A;HIST2H3D
22 ythematosus "HIST2H3C; 133 0,3576 13,983 0,000028487 0,012352
HIST2H3A
H3F3B;H3F3
R-HSA- Gene Silencing by  A;HIST2H3D
211000 RNA ‘HIST2H3C: 135 0,3629 13,776 0,000030605 0,012854
HIST2H3A
217379 AD2;NEDD4 23 0,0618 48,517 0,000031213 0,012854
5 t_ra_nscrlptlonal ac- |
tivity
HEXIM1;ZIC
2;H3F3A;ME
COM;FOXM
GO:000 negative regula- 1§¥,@Ei§|
989.0 tion of biosynthetic SSB;SMADZ 1516  4,0757 3,435 0,000031458 0,012854
process :HIST2H3C:
NEDDA4L;DH
X36;MBD2;
MBD1
CTIF;HEXIM
1;ZIC2;H3F3
GO:001 negative regula- A;MECOM;F
062-9 tion (_)f gene ex- OXM1;SMA 1733 4,6591 3,220 0,000032464 0,013014
pression D4;SQSTM1
;ARID5B;SM
AD2;HIST2H
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3C;NEDDA4L;

DHX36;MBD
2:MBD1
H3F3B;H3F3
R-HSA- L A;HIST2H3D
68875 Mitotic Prophase "HIST2H3C: 141 0,3791 13,190 0,000037701 0,014834
HIST2H3A
Regulation of cyto-
skeletal remodel-
R-HSA- ing and cell LIMS1;PAR 124,80
446388 spreading by IPP VB;PARVA 8 0,0240 0 0,000001425 ~ 0,015139
complex compo-
nents
R-HSA- MECOM;HIS
PKMTs methylate T2H3D;HIST
321484 histone lysines 2H3C:HIST2 71 0,1909 20,956 0,000039417 0,015227
1
H3A
s
147416 Reproduction o o144 0,3871 12,915 0,000041696 0,01582
5 :HIST2H3C;
HIST2H3A
R-HSA- Estrogen-depend- XSHFl‘;?_;Sng
901851 ent gene expres- 'HIST2H3C' 150 0,4033 12,399 0,000050666 0,018886
9 sion HIST2H3A
MID1;SEC22
GO:001 negative regula- B;SLIT2;PF
063.9 tion of organelle N2;LMANZ,; 371 0,9974 7,018 0,000057082 0,020596
organization H3F3A;SMA
D4
Congenital ichthy-
PA165 . KRT1;KRT1
109021 osiform  erythro- 0:KRTO 28 0,0753 39,853 0,000057193 0,020596
derma
) . . H3F3A;HIST
GO:000  chromatin  silenc- 53~ \apy 79 02124 18,833 0,000059995 0,021245
6342 ing .
:MBD1
RHSA- H3F3B;H3F3
89391 ESR-mediated AHIST2HID 156 54194 11,022  0,000061060 0,021268
1 signaling JHIST2H3C;
HIST2H3A
PA444  Epidermolysis KRT1;KRT1
062 Bullosa 0:KRT9 29 0,0780 38,479 0,000063671 0,02182
SLIT2;ANXA
. . 1:PFN2;ARI
(136%?00 ggl]ler?lfi”?:tli-;)r,]pe DSBAMOT: 381  1,0243 6,834  0,000067475 0,022756
9 PIK3R3;AM
OTL2
PA165 Ichthyosis bullosa KRT1;KRT1 148,78
108896  of Siemens 0 5 0,0134 0 0,000070499 0,023405
Factors involved in  H3F3B;H3F3
R-HSA- megakaryocyte A;HIST2H3D
983231 development and :HIST2H3C; 166 0,4463 11,204 0,000081963 0,026792
platelet production HIST2H3A
R-HSA- TGF-beta receptor SMAD4;SM
217378 signaling activates AD2;NEDD4 32 0,0860 34,871 0,000085938 0,027666
9 SMADs L
. SMAD4;ARI
GO:006 roof of mouth de-  hop.qviap2 89 02393 16,717  0,000095586 0,030312
0021 velopment .
:BBS7
H3F3B;H3F3
hsa050 . A;HIST2H3D
34 Alcoholism ‘HIST2H3C: 180 0,4839 10,332 0,000120020 0,0375
HIST2H3A
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negative regula-

GO:004 tion of gene ex- H3FSAHIST
) : . 2H3C;MBD2 95 0,2554 15,662 0,000123160 0,037925
+ 5814 pression, epige- |
h ;MBD1
netic
H3F3B;H3F3
R-HSA- A;TXNRD1;
Cellular responses HIST2H3D;H
+ 326275 to stress IST2H3C:HI 426 1,1453 6,112 0,000135270 0,041058
ST2H3A;TNI
K
Transcriptional H3F3B;H3F3
hsa052 . . . A;HIST2H3D
+ 02 (r:n;z::ee%ulatlon in ‘HIST2H3C: 186 0,5001 9,999 0,000139950 0,041797
HIST2H3A
C00791 Hyperkeratosis, KRT1;KRT1 106,27
+ 53 Epidermolytic 0 7 0,0188 0 0,000147540 0,041797
GO0:007 SMAD protein SMAD4;SM 106,27
+ 1141 complex AD2 7 0,0188 0 0,000147540 0,041797
R-HSA- Loss of Function of .
, 330434 SMAD23 in Can- Sea oM 7 0,0188 306'27 0,000147540 0,041797
9 cer
R-HSA- SMAD?2/3 MH2 .
331548 Domain Mutants in SMAD4;SM 7 0,0188 106,27 0,000147540 0,041797
* 7 Cancer AD2 0

A P-value < 0.05 was considered with adjustment using the Benjamini—Hochberg approach.

Table S3.3 The GSEA complete information, before the processing step of redundancy reduc-

tion.
Gene Set Description Size LEN NES P-value FDR
GO:Biological Process
GO-0098927 vesicle-mediated transport between 22 17 31446 0 0
endosomal compartments
G0:0044380 protein localization to cytoskeleton 33 20 28154 0 0,00127
G0:0016482 cytosolic transport 73 43 27786 0 0,00085
G0:1903311 regulation of MRNA metabolic process 185 162 2,7630 O 0,00095
G0:0097485 neuron projection guidance 50 26 27300 O 0,00127
G0:0032147 activation of protein kinase activity 102 57 2,7033 O 0,00106
G0:0051493 regulation of cytoskeleton organization 212 123 26415 O 0,002
G0:0006397 MRNA processing 346 237 24897 O 0,01114
G0:0008380 RNA splicing 297 205 24562 0 0,01273
G0:0030323 respiratory tube development 33 25 24036 O 0,01693
G0:0045088 regulation of innate immune response 101 53 2,3127  0,00199 0,02847
G0:0044782 cilium organization 139 81 2,2931  0,00417 0,03045
G0:0061564 axon development 128 62 22722 0 0,03193
G0:0042176 regulation of protein catabolic process 156 91 22383 0 0,03983
G0:0031023 gggﬁ“b”'e organizing center organi- ¢ 43 22252 0 0,04074
G0:0071103 DNA conformation change 146 108 22245 0 0,03851
GO-0031098 ;tress-activated protein kinase signal- 109 56 22052 0 004142
ing cascade
GO:0009895  Nedative regulation of cawbolic pro- ., 4, 2,1995 0,00404  0,04074

cess
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G0:0006605 protein targeting 188 106 -2,2427 0 0,03212
GO:0009141 zzgéeos'de triphosphate metabolic pro- .5 4, -2,2674 0,00108  0,03069
G0:0002181 cytoplasmic translation 65 a7 -2,4747 0 0,00762
G0:0034470 ncRNA processing 258 217 -2,5665 0 0,0045
G0:0006091 gigiﬁg?gy of precursor metabolites .o ) -2,8683 0 0
GO-0070972 E{ﬁil:q localization to endoplasmic re- 99 67 29601 0 0
G0:0006413 translational initiation 145 102 -3,0212 0 0
G0:0022613 ribonucleoprotein complex biogenesis 341 292 -3,1128 0 0
GO:Cellular Component

G0:0044441 ciliary part 102 56 2499% O 0,01976
G0:0031227 L?:S:J?:qcrﬁinr;?a?gsgt ofendoplasmicre- 55 55 0114 000612 00319
GO0:0070069 cytochrome complex 12 10 -2,3120 O 0,00444
G0:0005759 mitochondrial matrix 228 161 -2,3361 O 0,00382
G0:0101031 chaperone complex 17 10 -2,4111 O 0,00293
G0:0070469 respiratory chain 31 22 -2,6928 0 0,00036
G0:0044455 mitochondrial membrane part 82 53 -3,2805 O 0
G0:0098798 mitochondrial protein complex 128 73 -3,4443 0 0
G0:0005840 ribosome 165 114 -3,4889 0 0
G0:0044445 cytosolic part 147 99 -3,5318 0 0
G0:0005743 mitochondrial inner membrane 177 135 -3,5869 0 0
G0:1990204 oxidoreductase complex 44 35 -3,7770 O 0
GO:Molecular Function

G0:0017056 structural constituent of nuclear pore 17 16 -2,2212 0 0,03644
GO0:0070003 threonine-type peptidase activity 14 12 -2,2866 0,00198 0,03411
G0:0019843 rRNA binding 46 37 -2,4642 0 0,01448
G0:0003735 structural constituent of ribosome 116 87 -3,9336 0 0
KEGG

hsa05322 Systemic lupus erythematosus 45 32 45817 O 0
hsa05034 Alcoholism 62 40 44201 O 0
hsa04360 Axon guidance 44 30 26887 0 0,00252
hsa05203 Viral carcinogenesis 103 73 25737 0 0,00347
hsa05214 Glioma 28 25 2,4885 0,00188 0,00732
hsa04012 ErbB signaling pathway 42 34 24017 O 0,01094
hsa05225 Hepatocellular carcinoma 58 44 2,3366  0,00205 0,01461
hsa04650 Natural killer cell mediated cytotoxicity 25 18 23119 0 0,01405
hsa04660 T cell receptor signaling pathway 37 24 22409 O 0,0188
hsa05223 Non-small cell lung cancer 31 26 2,2123 0,002 0,01957
hsa01521 SE;EEC;WOS'”G kinase _inhibitor re- 54 27 2,1876 0,00197  0,02146
hsa05205 Proteoglycans in cancer 73 52 2,1457  0,00195 0,02714
hsa03040 Spliceosome 111 81 2,1313 0,00416 0,02777
hsa04722 Neurotrophin signaling pathway 49 22 2,1284 0 0,02624
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hsa05220 Chronic myeloid leukemia 37 18 2,0953 0,00197 0,03215
hsa05130 Pathogenic Escherichia coli infection 29 22 2,0893 0,00418 0,0314
hsa05010 Alzheimer disease 58 33 -2,2392 0 0,021
hsa03022 Basal transcription factors 27 18 -2,3946 0 0,00698
hsa03013 RNA transport 125 86 -24132 0 0,00734
hsa04714 Thermogenesis 81 44 -2,4890 O 0,00441
hsa03010 Ribosome 100 76 -3,8302 0 0
Panther
P00047 PDGF signaling pathway 52 44 24389 O 0,00517
P0O0005 Angiogenesis 51 18 2,1939  0,00626 0,02263
Wikipathway
WP2369 Histone Modifications 50 32 3,5679 0 0
FBXL10 enhancement of MAP/ERK
WP4553 signaling in diffuse large B-cell lym- 27 21 3,3847 O 0
phoma
The effect of progerin on the involved
WP4320 genes in Hutchinson-Gilford Progeria 33 20 3,0253 0 0
Syndrome
WP481 Insulin Signaling 78 44 28462 O 0
WP51 Regulation of Actin Cytoskeleton 58 33 25035 O 0,00873
WP673 ErbB Signaling Pathway 45 36 23914 O 0,01713
WP4656 Joubert Syndrome 28 22 23527 O 0,01871
WP1449 Ezg:;":mzy"f toll-like receptor signal- 24 23207 0,00406  0,01989
WP4685 Melanoma 26 22 2,1821 O 0,0485
WP4297 Thiamine metabolic pathways 6 6 -2,2664 0 0,04053
WP477 Cytoplasmic Ribosomal Proteins 74 56 -3,4191 O 0
Reactome
R-HSA-73728 RNA Polymerase | Promoter Opening 35 33 56718 O 0
R-HSA- Activated PKN1 stimulates transcrip-
5625886 tion of AR (androgen receptor) regu- 35 32 56012 O 0
lated genes KLK2 and KLK3
R-HSA-977225  Amyloid fiber formation 35 31 5,3247 0 0
R-HSA- Condensation of Prophase Chromo-
2299718 somes P 43 35 5,260 0 0
R-HSA-427359 sr's;?ogega“"e'y regulates rRNA ex- ¢ 31 52606 O 0
5RS;|4?1A18 DNA methylation 36 31 5,1924 0 0
R-HSA- Pre-NOTCH Transcription and Trans-
1912408 lation P 49 36 50483 0 0
R-HSA- Pre-NOTCH Expression and Pro-
1912422 cessing P 51 36 49144 0 0
R-HSA- RUNX1 regulates .genes_in.volved in
8936459 megakaryocyte differentiation and 51 38 49104 O 0

platelet function
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R-HSA-201722

R-HSA-212300
R-HSA-
5625740
R-HSA-912446
R-HSA-
2559582

R-HSA-427389

R-HSA-
5617472

R-HSA-
5619507
R-HSA-
2559580
R-HSA-
3214842
R-HSA-
5250924
R-HSA-73777
R-HSA-
1474165
R-HSA-
1500620
R-HSA-
3214858
R-HSA-
3214841
R-HSA-211000

R-HSA-427413

R-HSA-73854

R-HSA-
2559583
R-HSA-
8939211
R-HSA-
5578749

R-HSA-73864
R-HSA-171306
R-HSA-
5250941
R-HSA-
3214815
R-HSA-
9018519
R-HSA-
1266695

Formation of the beta-catenin:TCF
transactivating complex

PRC2 methylates histones and DNA
RHO GTPases activate PKNs

Meiotic recombination

Senescence-Associated
Phenotype (SASP)

ERCC6 (CSB) and EHMT2 (G9a) pos-
itively regulate rRNA expression

Secretory

Activation of anterior HOX genes in
hindbrain development during early
embryogenesis

Activation of HOX genes during differ-
entiation

Oxidative Stress Induced Senescence

HDMs demethylate histones

B-WICH complex positively regulates
rRNA expression

RNA Polymerase | Chain Elongation

Reproduction
Meiosis
RMTs methylate histone arginines

PKMTs methylate histone lysines

Gene Silencing by RNA

NoRC negatively regulates rRNA ex-
pression

RNA Polymerase | Promoter Clear-
ance

Cellular Senescence

ESR-mediated signaling

Transcriptional
RNAs

RNA Polymerase | Transcription

regulation by small

Packaging Of Telomere Ends

Negative epigenetic regulation of rRNA
expression

HDACs deacetylate histones
Estrogen-dependent gene expression

Interleukin-7 signaling
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36

31
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32

32
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34
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31
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36
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33

36
16

41

31

46

15

4,7210

4,7082
4,6426

4,6229

4,4847

4,4624

4,3208

4,3208

4,3197

4,1140

4,0192

3,9701
3,9290

3,9290

3,6263

3,5371

3,5025

3,4847

3,4823

3,4784

3,4778

3,4579

3,4528
3,4467

3,4387

3,4311

3,3685

3,3282



R-HSA-
5250913

R-HSA-68875

R-HSA-
8939236

R-HSA-157118
R-HSA-
9006931
R-HSA-
8878171

R-HSA-606279

R-HSA-774815
R-HSA-
3214847
R-HSA-194315

R-HSA-162582

R-HSA-201681

R-HSA-195258
R-HSA-72172

R-HSA-881907

R-HSA-72163
R-HSA-373755
R-HSA-
5693538
R-HSA-73886
R-HSA-
5357786
R-HSA-
1660514
R-HSA-73614
R-HSA-168638
R-HSA-73857
R-HSA-186763
R-HSA-199977

R-HSA-380320

R-HSA-
1483249
R-HSA-
8949664

R-HSA-389958

R-HSA-200425

R-HSA-418346

Positive epigenetic regulation of rRNA
expression

Mitotic Prophase

RUNX1 regulates transcription of
genes involved in differentiation of
HSCs

Signaling by NOTCH

Signaling by Nuclear Receptors

Transcriptional regulation by RUNX1
Deposition of new CENPA-containing
nucleosomes at the centromere

Nucleosome assembly
HATSs acetylate histones

Signaling by Rho GTPases
Signal Transduction

TCF dependent signaling in response
to WNT

RHO GTPase Effectors
MRNA Splicing

Gastrin-CREB signalling pathway via
PKC and MAPK

MRNA Splicing - Major Pathway
Semaphorin interactions

Homology Directed Repair
Chromosome Maintenance
TNFR1-induced proapoptotic signaling
Synthesis of PIPs at the Golgi mem-
brane

Pyrimidine salvage

NOD1/2 Signaling Pathway

RNA Polymerase Il Transcription
Downstream signal transduction

ER to Golgi Anterograde Transport
Recruitment of NUMA to mitotic centro-

somes

Inositol phosphate metabolism

Processing of SMDT1
Cooperation of Prefoldin and TriC/CCT
in actin and tubulin folding

Import of palmitoyl-CoA into the mito-
chondrial matrix

Platelet homeostasis

85

68

95

79

120
97

139

34

34
91

246
705

115

196
158

155
28

78
63

10

13
508
12
75

57

17

10

17

14

34

46

35

45
47

51

19

19
36

145
367

42

117
127

124
23

68
47

11
299

66

36

14

3,3248

3,2931

3,1417

3,1158

3,0585

3,0154

2,9874

2,9874
2,9009

2,7524
2,7415

2,7337

2,7150
2,4717

2,4390

2,4078
2,3428

2,2544
2,2196

2,1968

2,1716

2,0832
2,0770
2,0693
2,0372
1,9709

1,9558

1,9525

-1,8970

-1,9217

-1,9334

-1,9550

o o o o

o o o o O

0,002

0,00637
0,00969
0

0,01018
0,00443

0,00415

0,00426

0,01193

0,0037

0,00611

0,00398

0

0
4,7E-05

0,00023
0,00025

0,00027

0,0003
0,00171

0,00209

0,00267
0,00429

0,00807
0,01029

0,01217

0,01462

0,02669
0,02727
0,028

0,03329
0,04596

0,04907

0,04956

0,04525

0,0397

0,0377

0,03384



R-HSA-

1234176

R-HSA-69202

R-HSA-
5368286

R-HSA-163200

R-HSA-389661

R-HSA-162587

R-HSA-159231

R-HSA-180746
R-HSA-927802

R-HSA-975957

R-HSA-180910
R-HSA-
4085377

R-HSA-168333

R-HSA-176033

R-HSA-159234

R-HSA-159230

R-HSA-168274

R-HSA-170822

R-HSA-177243

R-HSA-70326
R-HSA-
8953854
R-HSA-70171
R-HSA-
6784531
R-HSA-162909
R-HSA-72306
R-HSA-
1430728
R-HSA-162906

Oxygen-dependent proline hydroxyla-
tion of Hypoxia-inducible Factor Alpha

Cyclin E associated events during
G1/S transition

Mitochondrial translation initiation

Respiratory electron transport, ATP
synthesis by chemiosmotic coupling,
and heat production by uncoupling pro-
teins,

Glyoxylate metabolism and glycine
degradation
HIV Life Cycle

Transport of Mature mRNA Derived
from an Intronless Transcript

Nuclear import of Rev protein
Nonsense-Mediated Decay (NMD)

Nonsense Mediated Decay (NMD) en-
hanced by the Exon Junction Complex
(EJC)

Vpr-mediated nuclear import of PICs
SUMOylation of SUMOylation proteins
NEP/NS2 Interacts with the Cellular

Export Machinery

Interactions of Vpr with host cellular
proteins

Transport of Mature mRNAs Derived
from Intronless Transcripts

Transport of the SLBP Dependant Ma-
ture mRNA

Export of Viral
from Nucleus

Ribonucleoproteins

Regulation of Glucokinase by Glucoki-
nase Regulatory Protein

Interactions of Rev with host cellular
proteins

Glucose metabolism
Metabolism of RNA

Glycolysis

tRNA processing in the nucleus

Host Interactions of HIV factors
tRNA processing

Metabolism

HIV Infection

86

45

61

58

46

11

106

35

29

95

95

29
27

27

32

36

30

28

25

32

56
536
47
48

97
77

642
163

33

52

32

27

10

81

31

22

63

63

22
23

26

26

32

28

27

22

30

39
390
34
32

74
45

378
125

-1,9572

-2,0643

-2,1820

-2,2507

-2,3047
-2,4041
-2,7452
-2,7516
-2,7564

-2,7564

-2,7583
-2,7675

-2,7767

-2,7881

-2,7925

-2,8224

-2,8315

-2,8382

-2,8659
-2,8839
-2,8976
-2,9133
-2,9305

-2,9754
-2,9921

-3,0306

-3,0314

0,00197

0,00195

0
0,00208
0

0

o

o o o o o o o o

0,03377

0,01808

0,00893

0,00578

0,00408
0,00187
7,1E-05
7,2E-05
7,3E-05

7,3E-05

7,7E-05
7,8E-05

8E-05

6,4E-05

6,6E-05

4,5E-05

4,6E-05

4,7E-05

4,8E-05
5E-05

5,1E-05
5,2E-05
5,4E-05

5,6E-05
5,7E-05

5,9E-05

6,1E-05



R-HSA-72312
R-HSA-
1643685
R-HSA-
6791226
R-HSA-390450
R-HSA-
8868773
R-HSA-
9010553

R-HSA-72649

R-HSA-72662

R-HSA-72702

R-HSA-72695

R-HSA-
1799339

R-HSA-975956

R-HSA-156842
R-HSA-192823
R-HSA-
2408557
R-HSA-156902
R-HSA-72764
R-HSA-168254
R-HSA-
2408522
R-HSA-
5663205
R-HSA-168255

R-HSA-168273

R-HSA-72766

R-HSA-71291

R-HSA-72613
R-HSA-72737

R-HSA-72706

R-HSA-156827

R-HSA-72689

rRNA processing
Disease

Major pathway of rRNA processing in
the nucleolus and cytosol

Folding of actin by CCT/TriC

rRNA processing in the nucleus and
cytosol

Regulation of expression of SLITs and
ROBOs
Translation
mation

initiation complex for-

Activation of the mRNA upon binding of
the cap-binding complex and elFs, and
subsequent binding to 43S

Ribosomal scanning and start codon
recognition

Formation of the ternary complex, and
subsequently, the 43S complex

SRP-dependent cotranslational protein
targeting to membrane

Nonsense Mediated Decay (NMD) in-
dependent of the Exon Junction Com-
plex (EJC)

Eukaryotic Translation Elongation
Viral mRNA Translation

Selenocysteine synthesis

Peptide chain elongation
Eukaryotic Translation Termination
Influenza Infection

Selenoamino acid metabolism

Infectious disease

Influenza Life Cycle

Influenza Viral RNA Transcription and
Replication

Translation

Metabolism of amino acids and deriva-
tives

Eukaryotic Translation Initiation
Cap-dependent Translation Initiation

GTP hydrolysis and joining of the 60S
ribosomal subunit

L13a-mediated translational silencing
of Ceruloplasmin expression

Formation of a pool of free 40S subu-
nits

87

172
431

156

165

130

55

55

55

48

88

78

77
73

74

73
74
125

93

265

117

109

226

178

101
101

96

95

85

141
300

130

138

97

45

45

45

41

71

63

63
57

58

58
59
90

71

204

86

83

151

134

79
79

81

77

71

-3,0539
-3,0988

-3,1198
-3,1671

-3,2500

-3,4062

-3,4263

-3,4263

-3,4442

-3,4963

-3,5551

-3,5751
-3,6228
-3,6359
-3,6493

-3,7561
-3,7928
-3,8447

-3,8720
-3,8920
-3,9197
-4,1139
-4,1307
-4,1372

-4,1618
-4,1618

-4,3037

-4,3605

-4,4571

O O O o o o o

o

3,2E-05
0

o O O o o o o

o



GLAD4U

PA447172 Mitochondrial Diseases 153 89 -2,9815 0 0,00086
Disgenet

C0030567 Parkinson Disease 12 12 -2,4787 0,00204 0,04888
C1836440 Increased serum lactate 31 26 -3,0848 0 0,00154

A P-value < 0.05 was considered with adjustment using the Benjamini-Hochberg approach. Due to the extent of
the GSEA enrichment data, the complete set of enriched proteins can be seen in
https://drive.google.com/file/d/1bQuUMRIBOB5HOy6e 70CoNu6nALWNnxXfvO/view?usp=sharing.
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